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Abstract

Composite Bag g9L-a¢ 06727009 Ti0.9103~
CoFe,0, (BLZT-CFO) thin films were prepared
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by rf-magnetron sputtering from a 0.68 BLZT—
0.32 CFO mixed target at a substrate
temperature of 1033 K in a high oxygen pressure
atmosphere. Single-crystal conducting Nb-doped
(1%) SrTiO5 and Pt-coated Si substrates were
used. X-ray diffraction (XRD) patterns revealed
that the films had both BLZT and CFO phases.
Scanning electron microscopy (SEM) showed
that the CFO phase was intermixed into a BLZT
matrix. X-ray photoelectron spectroscopy (XPS)
data in depth profile mode showed that all
constituent elements were present and confirmed
the favourable TiOg-octahedron distortion in the
BLZT-perovskite structure. The Au/BLZT—
CFO/substrate capacitors were ferroelectric and
magnetic at room temperature. The
magnetoelectric nature of the composite thin
films was demonstrated through the reduction of
measured ferroelectric polarization with the
application of an external magnetic field.

Keywords: Thin films; Composite materials;
Magnetron sputtering
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1. Introduction

Ferroelectric materials are attractive candidates
for the next generation of non-volatile memories
(FRAM), given unique properties, such as
spontaneous polarization, low operating voltage
and high fatigue resistance [1], [2], [3] and [4]. In
the development of high-density ferroelectric
memories, density must be increased by
reducing both lateral and thickness dimensions
occupied by a memory capacitor. At the same
time, measurable and stable ferroelectric
properties must also be maintained [5]. Two
families of these materials, lead zirconate titanate
(PZT) and strontium bismuth tantalate (SBT),
have been investigated widely for memory
applications [6]. Other ferroelectric lead-free
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materials of the same family have emerged, such
as barium lanthanide zirconate titanate (BLnZT;
Ln = La, Nd) compounds, which have very high
dielectric constants and good ferroelectric
response [7] and [8]. In terms of recent advances
in magnetic materials, the potential impact on
society is extensive. Some examples, such as
dramatic increases in data storage density are
already evident [9]. The discoveries of giant and
colossal magneto-resistive materials, where
magnetic fields cause order of magnitude
changes in conductivity, have been particularly
significant. Sensors, read heads, and memories
based on giant magneto-resistive [10], [11] and
[12] magnetic multilayers [13], [14] and [15] are
already commercially available.

In this paper, we explore the BLZT-CFO
multiferroic composite. Multiferroic materials [16]
and [17] display simultaneous electric and
magnetic ordering and a coupling exists between
the ferroelectric and magnetic polarizations. A
whole range of new applications can be
envisaged given additional degrees of freedom in
device design. The BLZT-CFO composite thin
films were deposited by rf-magnetron sputtering
from a Bag gol-ag gg7Zr0.09Ti0.9103-COFe,0,
mixed target. The films were grown on Nb-doped
SrTiOg, which is electrically conducting and
considered an adequate substrate for the
preparation of epitaxial films [18] and [19], and on
PUTIO,/SiO,/Si [20] substrates, which is a
common bottom-electrode for the fabrication of
capacitor devices. Emphasis was placed on the
structural, morphological and chemical
characterization and on how magnetic properties
influence the ferroelectric properties of BLZT—
CFO thin films.

2. Experimental

BLZT-CFO composite thin films were prepared
on single-crystal Nb-doped SrTiO5 (1 0 0) -
Nb:STO-and Pt(1 1 1)/TiO,/SiO,/Si —Pt—
substrates by rf-magnetron sputtering in a high
pressure-oxygen atmosphere. Deposition
conditions for the multiferroic were tuned by
optimizing the condition to obtain a good epitaxial
film, as shown in Table 1.
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Table 1.

Growth conditions of BLZT-CFO composite
thin films by rf-magnetron sputtering

Sputtering parameters Conditions

Target Bay gol-89.067470.09 !
Substrates Nb:STO; Pt

Target-substrate distance 28 mm

Atmosphere 0,

Vacuum pressure 2.7 %1074 Pa
Work pressure 1.2 x 10% Pa
Deposition time 10-60 min

RF power 60 W

BIAS 400-650 volts

Substrate temperature 1033 K

The target was synthesized by mixing of 68% (by
mass) Bag gol-89,067270.09 Ti0.9103 PUre
perovskite-type compound obtained from oxalate-
peroxide method [21], and 32% CoFe,0, pure
spinel-type compound obtained from solid-state
reaction. The films grown were structurally
characterized via X-ray diffraction (XRD) using a
Phillips MRD diffractometer with parallel optical
beam, Cu Ka radiation and a Bartel-type
monochromator. Film surface roughness and
morphology were examined by atomic force
microscopy (AFM) in a Veeco Metrology Group
microscope and by scanning electron microscopy
(SEM) in a LEICA Cambridge S360 microscope
with a Steroscan 260 EDX analyzer. X-ray
photoelectron spectroscopy (XPS) analysis of the
surface was performed in a Perkin Elmer PHI
5500-ESCA System. The analysis was done in
depth profile mode and the sputter was achieved
using a Ar* ion gun with accelerating voltage of

4 keV and emission current of 15 mA. The
ferroelectric polarization and leakage current
density of a Au/BLZT-CFO/substrate capacitor
were measured at room temperature using a
Precision LC Radiant Technologies ferroelectric
measurement system. The round gold top

electrodes had an area of 6.5 x 1073 cm? and
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were deposited by thermal evaporation using a
shadow mask. The magnetic properties of the
composite thin film were measured using a
superconducting quantum interference device
(SQUID) magnetometer. A linear diamagnetic
background was subtracted from the
magnetization measured as a function of
magnetic field.

3. Results and discussion

Several thin films obtained from a pure composite
target were evaluated by XRD measurements.
The diffraction peaks were identified as
reflections of the barium zirconate titanate
perovskite (JCPDS 36-0019) and spinel cobalt
ferrite (JCPDS 22-1086). As a representative
sample, Fig. 1 shows the XRD 6-26 scans of
composite thin films grown on (a) conducting Pt
and (b) single-crystal Nb:STO substrates.

Full-size image (47K)

Fig. 1. XRD patterns of BLZT-CFO composite
deposited on (a) Pt and (b) single-crystal
Nb:STO substrates.

For samples deposited on Pt (Fig. 1a), the BLZT
showed initial <1 1 1>-oriented growth along the
[1 1 1]-direction of the platinum film,
perpendicular to the sample's surface. After

30 min of deposition the perovskite (1 0 0)-peak
was observed, which is parallel to the c-axis
direction. The (4 0 0)-crystal plane of the spinel
cobalt ferrite could not be clearly observed until
the perovskite growth was started, and no
additional peaks were detected showing a

<0 0 I>-crystal growth. For the composite thin
films deposited on Nb:STO (Fig. 1b), growth
along the <0 0 1>-direction was observed.
However, the CFO (4 0 0)-crystal plane
overlapped with BLZT (2 0 0)-peak and therefore
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it was not possible to distinguish between them.
Furthermore, films deposited on Nb:STO
substrate have better crystallinity due to the
similar lattice parameters (3.899 A) and same
perovskite-type structure with respect to the first
layers deposited.

The surface morphology of crystallized BLZT—
CFO thin films was analyzed by AFM (Fig. 2).

The scan area of analysis was 3 x 3 pmz.

Full-size image (67K)

Fig. 2. AFM image of BLZT—-CFO grown on (a)
Pt and (b) Nb:STO substrates for 30 min of
deposition.

Film growth on Pt (Fig. 2a) revealed grains
without clear grain boundaries on the surface,
which implies that many grains coalesced due to
high-temperature thermal annealing. Film growth
on this substrate was confirmed with a root-
mean-square (RMS) roughness value of 5.06 nm.
Thin film deposited on Nb:STO (Fig. 2b) showed
a softer texture with an RMS roughness value of
3.54 nm. The image shows spherical grains with
well-defined boundaries, from which the average
size particle was determined to be approximately
156 nm.

The SEM micrograph on BLZT-CFO/Pt depicted
in Fig. 3a shows that the phase in black is evenly
and randomly embedded in the grey matrix. The
EDS analysis on the composite thin film (Fig. 3b)
revealed strong Ba and Ti peaks with minor of Co
and Fe peaks. The results suggest that the major
composition of the matrix is the BLZT deposited
compound. The black dots were identified as
CoFe, 0, rich zones since EDS spot scan
analyses of those areas exhibit stronger Co and
Fe peaks than in the grey areas. The incident
electron beam penetrated several micrometers
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deep into the sample, which prevents a unique
single-phase EDS spectrum and results in the
appearance of other peaks, such as those
corresponding to platinum and silicon from the
substrate. Moreover, the diameter of the electron
beam was approximately 1 ym, and therefore
additional background peaks were observed
since the CFO regions in the BLZT matrix were
approximately 0.5 ym wide.

Full-size image
-l (46K)

Fig. 3. (a) Typical SEM micrograph of BLZT—
CFO thin film on Pt substrate. Black dots
detected by (b) EDS spectrum correspond to
Co- and Fe-rich zones (black dots) embedded
in the BLZT matrix (grey zone).

A similar analysis of the BLZT-CFO/STO system
was not possible due to the strong titanium peak
from STO substrate which was in the same
energy range as the peaks from the samples. In
any case, the EDS spectrum did show Co- and
Fe-peaks.

To determine the effective presence of each
constituent element in the films, XPS
measurements were performed in depth profile
by etching samples with argon ions. The analysis
was conducted in samples deposited on the Pt
substrate in order to avoid titanium interferences
from Nb:STO substrate. This allowed for accurate
element analysis, the possibility of calculating the
thickness of the thin film, and a chemical-
environment analysis of titanium of TiOg-
octahedron in the perovskite structure. Fig. 4
shows XPS survey spectra of a composite thin

film that was sputter-cleaned with 4 keV Ar” ions.
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i i | Full-size image
O (51K)

Fig. 4. XPS survey spectra of BLZT-CFO film
grown on Pt etched during (a) 1 min and (b)
5 min.

The analysis for 1 min etching time shows the
absence of platinum binding energy peaks on the
substrate. The film etched for 5 min allowed an
average depth of analysis of 100 nm. The XPS
spectra at this time revealed the presence of
platinum for the film deposited for 30 min, which
is equivalent to a growth rate of between

2 nm min~' and 3 nm min~". The presence of
each element from the ferroelectric (Ba, La, Ti,
Zr) and magnetic (Co, Fe) compounds was
confirmed throughout the film by the peaks with
the following photoelectron binding energies: La
3d3/2 =851.2eV and La 3d5/2 =833.7eV; Zr

3d =179.26 eV; Ba 3d;,, = 780.35 eV and Ba
3ds/, = 795.55 eV overlapping Co 2p,,, and Co
2p, 5, respectively; Fe 2p,, =709.18 eV and Fe
2p, 0 =722.97 eV. The Ti 2p,,, and Ti 2p,

signals are discussed later.

Possible structural modifications of the structure
were identified from modifications of the binding
energy of the titanium peaks. A possible
distortion of TiOg-octahedron in the perovskite
structure could result from the intrinsic
ferroelectric structure or from extrinsic
modifications originating from the alloying with
zirconium and lanthanum. Fig. 5 shows the fitted-
narrow scan spectrum of Ti 2p doublets in the
composite thin film.

Full-size image (35K)
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Fig. 5. Ti 2p photoelectron spectrum of the
BLZT-CFO composite deposited on Pt.

The scan confirmed typical barium titanate
signals at 464.06 eV for Ti 2p,,, and 458.32 eV

for Ti 2p,,, (AE = 5.74 eV), and a second doublet
at lower energies at 461.65 eV for Ti 2p,, and
455.94 eV for Ti 2p5, (AE = 5.71 V). The signal
at 471.0 eV corresponds to the Ti 2p shake-up
satellite peak. These results confirm the TiOg-
octahedron distortion and we can thus predict a
possible enhancement of the ferroelectric
properties in BLZT-CFO composite thin films,
when compared to a similar BaTiO5/CoFe,0,

system.

The BLZT-CFO composite thin film exhibited
ferroelectric and magnetic properties at room
temperature. The composite film shows a well-
defined ferroelectric loop, as shown in Fig. 6.

weises ] Full-size image (35K)

Fig. 6. Polarization hysteresis loop of the
composite film measured at room temperature.

The remanent polarization (P,) and coercive field
(E,) values were approximately 4.2 pC cm~2 and
65.1 kV cm™", respectively. The P, and E_ for
pure BLZT thin films has been measured to be

8.5uC cm~2 and 53.6 kV cm™", respectively [7].
The smaller value of P_in the composite film

could be due to the presence of non-ferroelectric
CFO regions which may also hinder ferroelectric
domain wall motion, thus resulting in the larger £
of the composite film. An analysis of the leakage
current density was used to make sure that the
hysteresis loops were not due to leakage through
the film.

The magnetization dependence on the magnetic
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field was measured at room temperature by
applying a magnetic field up to 8 KOe. Fig. 7
shows the magnetic hysteresis loop for the
BLZT-CFO composite film.

BRI Full-size image (37K)

Fig. 7. In-plane magnetization versus magnetic
field curve of the sample measured at room
temperature. Inset: same data for small fields.

The saturation magnetization (M,

~.348 emu cm'3) of BLZT-CFO is similar to that
reported for bulk CFO measured at 300 K (M

~+350 emu cm'3) [22]. However, the remanent
magnetization for CFO bulk (M,

~+150 emu cm'3) is approximately three times
the value measured for BLZT-CFO composite
thin films (M, ~.45 emu cm'?’).

The coupling between the ferroelectric and
magnetic orderings was demonstrated by
measuring the dielectric polarization hysteresis
curve in the presence of a magnetic field, as
shown in Fig. 8. The remanent polarization value
was reduced from 4.2, 2.2 and 1.8 uC cm™2 by
increasing the magnetic field from 0.0, 0.6 and

0.8 T, respectively. Similar behaviour has been
reported for Biy gTh, sLag {FeO4 thin films [23].

Full-size image (46K)

Fig. 8. (a) Dielectric polarization as a function of
electric field for a BLZT-CFO thin film

measured in magnetic fields of 0.6 and 0.8 T.
(b) The ferroelectric remanent polarization (P,)
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of BLZT-CFO films at room temperature as a
function of magnetic field.

4. Conclusions

Nanostructured BLZT-CFO composite thin films
were prepared on Nb:STO and Pt substrates by
using the rf-magnetron sputtering technique. The
films were obtained from

Bag gol8g 067£r0.09 Tig.9103—CoFe,0, mixed
target in a high oxygen-pressure atmosphere.
The thin films showed hetero-epitaxial growth
and were composed of randomly dispersed CFO
nanopillars in the BLZT matrix. XPS studies in
depth profile mode confirmed the elemental
composition of the film, but was different from
BaTiO, in chemical titanium environment. The
film exhibited both polarization and magnetization
hystereses at room temperature. The
magnetoelectric nature of the composite also was
demonstrated through the reduction of measured
ferroelectric polarization with the application of an
external magnetic field.
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