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a b s t r a c t

Epitaxial 0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 (PMN–PT) thin films were deposited on LSCO/CeO2/YSZ tri-
buffered Si substrate by pulsed laser deposition (PLD) using sintered ceramic and single-crystal targets.
The PMN–PT films deposited using both targets were single crystalline and exhibited cube-on-cube
growth epitaxy with the substrate. The films deposited using the single-crystal target showed higher crys-
tallinity and a smoother surface morphology than those grown using the ceramic target. The crystallinity
of films can be affected by the in-plane lattice mismatch of PMN–PT/LSCO interfaces. The low density and
low absorption coefficient of the sintered ceramic target were responsible for the severe compositional
lectrical properties
ulse laser deposition
ingle crystal target
eramics target

deviation from the desired stoichiometry of the PMN–PT films. Dielectric constants of approximately 1926
and 1540 at 10 kHz were obtained for the films deposited using the single-crystal and sintered ceramic
target, respectively. In addition, the PMN–PT films fabricated using the single-crystal target exhibited
well-developed polarization hysteresis loops with a remnant polarization of 11.9 �C/cm2. Single-crystal
targets are an indispensable candidate for the growth of epitaxial PMN–PT films with high crystallinity
and good electrical properties.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.
. Introduction

Due to high dielectric permittivity and piezoelectric proper-
ies, lead magnesium niobate Pb(Mg1/3Nb2/3)O3 (PMN) and its
olid solution with PbTiO3 (PT), in both bulk and thin film
orms, are potentially promising candidates for various micro-
lectromechanical systems (MEMS) [1]. A combination of 65 at.%
f PMN with 35 at.% of PT is known as the morphotropic phase
oundary (MPB), which separates the tetragonal and rhombo-
edral perovskite phases of 0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3
PMN–PT). The interest in PMN–PT thin films results from the
rowing need for miniaturized electromechanical actuators, trans-
ucers, and sensors in various fields of science and technology.
owever, PMN–PT films on noble metal electrodes like Pt exhibit

ignificant fatigue after the long bipolar switching pulses used in
emory application. To overcome this fatigue problem in PMN–PT,

etallic oxide electrodes such as La0.5Sr0.5CoO3 (LSCO) [2], SrRuO3

SRO) [3], and LaNiO3 (LNO) [4], replacing the noble metal elec-
rodes like Pt [5], are thought to be one possible solution.
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Epitaxial films are expected to exhibit improved properties
compared to their randomly oriented polycrystalline film counter-
parts. Although researchers have already obtained good epitaxial
PMN–PT thin films on some single crystal substrates such as SrTiO3
[6], Al2O3 [7], and LaAlO3 [8] using different deposition methods
(sputtering, pulsed laser deposition, and metal-organic chemical-
vapor deposition), fabrication on silicon is preferred for industrial
applications, because it is a much cheaper substrate and also pro-
vides the promise that it can be integrated with a complementary
metal-oxide semiconductor process. In order to grow epitaxial
PMN–PT thin films on an Si substrate, suitable buffer layers with
good diffusion barrier properties and Si epitaxy must be used. LSCO
is an example of a metallic oxide with a cubic perovskite struc-
ture. The resistivity at 300 K is approximately 2,300 �� cm, which
makes LSCO a favorable electrode candidate for ferroelectric thin
films.

The major challenge of thin film processing is the deposition of
pyrochlore-free PMN–PT. Pulse laser deposition (PLD) is a power-
ful technique for stoichiometric transfer from a multicomponent
oxide target to a growing film. For PMN–PT targets, both ceramic
and single-crystal forms can be used. Since the single-crystal form

exhibits higher thermal conductivity and a perfect structure, the
surface can homogeneously absorb the incident laser energy. Com-
pared with ceramics, single-crystal PMN–PTs continue to exhibit
better electrical properties [9]. However, few systematic reports

ghts reserved.
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Fig. 1. (a) XRD �–2� pattern of a typical LSCO bottom electrode deposited on CeO2/YSZ/S
(a) shows the three-dimensional AFM image of the LSCO film grown on CeO2/YSZ/Si subs

Table 1
Deposition conditions of PMN–PT, LSCO, CeO2, and YSZ films onto Si substrates.

Deposition parameters YSZ CeO2 LSCO PMN–PT

Deposition temperature (◦C) 750 750 550 550
Film thickness (nm) 70 35 90 500
Deposition pressure (mTorr) 0.5 0.5 300 300
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property for the subsequent growth of highly oriented ferroelectric
thin films. Resistivity of the epitaxial LSCO films was approxi-
mately 2100 �� cm. The epitaxial relationship was confirmed by
means of phi-scans measured at (1 1 1) reflection of each layer
Energy density (J/cm2) 1.5 1.5 1.5 1.5
Target–substrate distance(cm) 8 8 6 6

ave compared the structures and electrical properties of films
eposited using different targets. As far as can be ascertained, this

s the first report of the effect of different targets on the composi-
ion, crystallinity, morphology, and electrical properties of PMN–PT
lms. In the present study, 500-nm-thick PMN–PT epitaxial thin
lms were grown by PLD on a LSCO/CeO2/YSZ trilayer buffered Si
0 0 1) substrate at 550 ◦C using a single-crystal and a ceramic tar-
et. The effect of the target forms on the properties of PMN–PT films
as systematically investigated in the present study.

. Experimental

500-nm-thick 0.65PMN-0.35PT films were fabricated using the PLD technique
ith a 248 nm KrF excimer laser from a sintered ceramic and a single-crystal tar-

et. The laser beam hit the target at an incident angle of 45◦ . The substrate was
laced parallel to the target. The YSZ, CeO2, and LSCO targets used in the present
tudy were prepared by standard solid-state reactions of the constituent oxides. The
.65PMN–0.35PT ceramic target was fabricated by first processing stoichiometric
MN–PT powder at the desired 65/35 ratio, followed by the columbite method. A
0 wt.% excess of PbO was added to the PMN–PT powder to compensate for the loss
f PbO during sintering, and the powders were ball-milled in ethanol for 4 h to insure
omogeneous distribution. Pellets with a diameter of 1 inch were uniaxially pressed
ithout binder. The samples were sintered at 950 ◦C in ambient air for 1 h, and their
ensity was approximately 90%. The 0.65PMN–0.35PT single-crystal target, above
8% density, was provided by a Korean crystal manufacturer, IBULE Photonics, Inc.
www.ibule.com).

The deposition conditions of the PMN–PT/LSCO/CeO2/YSZ heterostructure onto
i (0 0 1) substrates are summarized in Table 1. PMN–PT films using both the ceramic
nd single-crystal target were deposited at a substrate temperature of 550 ◦C at an
xygen pressure of 30 mTorr. After deposition, high-purity oxygen (99.99%) was
ntroduced into the growth chamber to maintain 600 Torr pressure, and the as-
repared films were maintained at the same temperature for 10 min and then cooled
aturally to room temperature.

The film thicknesses were measured through cross-sectional scanning elec-
ron microscopy (SEM) images. The surface morphologies of the PMN–PT films and
he buffer layers were measured by atomic force microscopy (AFM, AUTOPROBE
P, PSI). The phase, crystallinity, and epitaxial relationship of the heterostructure
ere investigated by �–2�, �-scan and �-scan, respectively, using high-resolution
-ray diffraction (HRXRD, Rigaku RINT2000). The resistivity of the LSCO thin

lms was measured by an electrometer (CMT-SR 1000) using a four-point
robe. The composition of each element in the PMN–PT films was determined
y Electron Probe Micro-analysis (EPMA). The elemental distribution in the
MN–PT/LSCO/CeO2/YSZ/Si structure was investigated using secondary ion mass
i (0 0 1) and (b) phi-scans measured at (1 1 1) reflection of each layer. The inset in
trate.

spectroscopy (SIMS). The microstructure and the interface of the films were studied
using high-resolution transmission electron microscopy (TEM: JEM-2100F).

To measure the electrical properties of the PMN–PT films, conventional pho-
tolithography was used to pattern the Pt top electrodes of 100 �m diameter
deposited by direct-current sputtering. The polarization vs. electric field (P–E) curve
of the films was measured using a RT66A ferroelectric tester (Radiant Technol-
ogy) operating in the virtual ground mode. The dielectric constant and losses were
obtained by impedance analysis with a HP4194A apparatus with a frequency that
ranged from 100 Hz to 1 MHz.

3. Results and discussion

The XRD �–2� pattern of a typical LSCO bottom electrode
deposited on CeO2/YSZ/Si (0 0 1) at an optimized temperature
of 550 ◦C and an oxygen pressure of 300 mTorr is shown in
Fig. 1(a). The peaks corresponding to the (0 0 1) reflections of the
heterostructure were observed with no other minor peaks. The
full-width at half-maximum (FWHM) of the rocking curves for the
LSCO (0 0 2) peaks (not shown here) was about 1.29◦. The inset
in Fig. 1(a) shows the three-dimensional AFM images of the LSCO
films grown on a CeO2/YSZ/Si substrate. No cracks or laser-induced
droplets were observed on the surface of the LSCO films. The 90-
nm- thick LSCO films showed an extremely smooth structure with
a root mean square (rms) roughness of about 1.9 nm, a promising
Fig. 2. Elemental compositions of films S and C. The horizontal lines show the
elemental composition of each PMN–PT target.

http://www.ibule.com/
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Fig. 3. Elemental distribution in

Fig. 1(b)). The 4-fold symmetry peaks revealed that the epitax-
al relationship between the 3 different layers and the substrate

as: (0 0 1)[1 1 0]LSCO//(0 0 1)[1 0 0]CeO2//(0 0 1)[1 0 0]YSZ//(0 0 1)
1 0 0]Si. The 45◦ in-plane relationship was attributed to the low

ismatch between the diagonal of a face of the LSCO pseudocubic
nit cell and the CeO2 lattice parameter.

The compositions of the PMN–PT films are represented in terms
f the cation ratios of Pb/Nb, Mg/Nb and Ti/Nb, as shown in Fig. 2.
he films deposited using the single-crystal and the ceramic target
re denoted as films “S” and “C”, respectively. Compared to their
nitial composition in the targets (indicated as horizontal lines), a
light loss of Pb and Mg content was attributed to the volatiliza-
ion of the elements by the elevated deposition temperatures of
50 ◦C [10], and an unexpected Ti loss was observed. Film C shows
larger deficiency of Pb and Mg than film S, although the films were
eposited under identical conditions. The difference in the compo-
itions of film S and film C may be attributed to the difference in
he density of the targets used.

The elemental distribution in the epitaxial PMN–PT films grown
sing the ceramic and single-crystal targets is shown in Fig. 3(a)
nd (b), respectively. Film S showed more homogeneous thick-
ess profiles than the films grown using a ceramic target. The
intered ceramic target is known to have a granular structure with
arious degrees of porosity (meaning a relatively lower density)
nd a lower thermal conductivity than the single-crystal target.
hen the incident laser beam was applied to the porous sintered

arget, off-stoichiometric evaporation occurred due to anisotropic

bsorption of the incident laser beam [10]. During laser ablation
or a long period, both the deposition rate and the visible plume
ength decreased to smaller values in the case of the ceramic
arget. This could be the reason for severe compositional devia-

Fig. 4. (a) XRD �–2� patterns and (b) rocking curves for PMN–PT (0 0 2) peaks of films
layer of (a) film C and (b) film S.

tion from the desired stoichiometry in the case of the PMN–PT
films deposited using a ceramic target. On the other hand, the
single-crystal target had a large laser absorption coefficient, which
resulted in maintenance of the deposition rate and the plume
length.

Fig. 4(a) shows the XRD �–2� patterns for the as-grown film C
and film S. It is clear that the orientations of the PMN–PT films are
strongly correlated with those of the underlayers, and no evidence
of misoriented peaks, such as (1 1 0), or of a metastable pyrochlore
phase was observed. Fig. 4(b) shows the rocking curves for the
PMN–PT (0 0 2) peaks of both samples. The FWHM values of film
S and film C were about 1.18◦ and 1.25◦, respectively, indicating
higher crystallinity in the case of film S, which agreed well with
the XRD results. To evaluate the in-plane texture, a �-scan of the
PMN–PT (1 1 1) and LSCO (1 1 1) was also performed. As shown in
the inset of Fig. 4(b), four strong peaks were observed and the aver-
age FWHM value was about 1.51◦ for film S and 1.75◦ for film C.
These results suggest that film S shows better epitaxial texture than
film C, and the epitaxial nature of the tri-buffered substrate was
transferred well to the PMN–PT film in both cases. The crystallinity
of films can also be affected by the kinetics of the species deposited
on the substrate. During the laser ablation process, the kinetics of
the deposited species is determined by the substrate temperature
and by the energy of the atoms in the plume. Even at the same
substrate temperature, due to a low absorption coefficient of the
sintered ceramic target, insufficient reaction between the ambient
oxygen and ions in the laser-induced plume leads to a relatively

lower quality of the epitaxial PMN–PT films.

The SEM surface images of films C and S studied by SEM are
shown in Fig. 5(a) and (b), respectively. Faceted shape outgrowth
features were observed in both films. With the exception of the

S and C. The inset in (b) shows �-scans of the PMN–PT (1 1 1) and LSCO (1 1 1).
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Fig. 5. SEM images of (a) film C and (b) film S. Th

roplets and the out-growths, the surface itself showed a very
mooth and crack-free morphology. Compared with film C, film S
howed a low density and small out-growths of less than 0.1 �m in
ase diameter. These microstructural features were similar to those
reviously reported for epitaxial thin films of perovskite oxides
11]. As shown in the insets of Fig. 5(c) and (d), 3-dimensional AFM
mages of films C and S, respectively, were taken on a 3 �m × 3 �m
cale. Root-mean-square (rms) roughness of film C and S was
pproximately 8.9 and 6.1 nm, respectively. This result indicates
hat the quality of film S is better than film C.

Further study of the microstructure of the PMN–PT films was
one by transmission electron microscopy (TEM), including the
elected area electron diffraction (SAED) pattern. Fig. 6(a) and
b) displays the cross-sectional TEM image and SAED pattern
f PMN–PT film grown using ceramic and single-crystal targets,
espectively. Both of the heterostructures show a uniform dense
orphology and clear interfaces between the continuous layers.
oreover, the size of the out-growth developed on top of the

niform PMN–PT layer (film C) is larger than that of film S, as
etermined by SEM investigations (Fig. 5). Fig. 6(c) shows a high-

esolution TEM image measured at the PMN–PT/LSCO interfaces
circle part in Fig. 6(b)). Misfit dislocations and lattice deformation
f PMN–PT were clearly observed in the image. The SAED patterns

ig. 6. Cross-sectional TEM image of the PMN–PT/LSCO/CeO2/YSZ film grown using (a) cera
nterfaces. SAED patterns of (d) CeO2/YSZ and (e) PMN–PT/LSCO interfaces. SAED pattern
mensional AFM image of (c) film C and (d) film S.

of the PMN–PT/LSCO interface (zone axis: [0 0 1]) and the CeO2/YSZ
interface (zone axis: [0 1 1]) are shown in Fig. 6(d) and (e), respec-
tively. From the SAED patterns, the alignments between CeO2/YSZ
and LSCO/PMN–PT showed a 45◦ twisted cube-on-cube epitaxial
relationship. Fig. 6(f) and (g) show the SAED images of an epitaxial
PMN–PT layer in films C and S, respectively. For film C, the broad
width of PMN–PT reflections [see blow-up], when compared with
that of film S, was attributed to the degraded hetero-epitaxial crys-
talline quality of PMN–PT films, which is consistent with the FWHM
values obtained from the rocking curves [Fig. 4(b)].

The dielectric properties of film C and film S were measured at
room temperature using the Pt top electrode (100 �m diameter).
The frequency dependences of the dielectric constant (εr) and the
dielectric loss (tan ı) of film C and film S are shown in Fig. 7(a).
In comparison with reported data [12], both the PMN–PT films
possessed a relatively higher dielectric constants within the fre-
quency range, and film S had a higher dielectric constant than film
C. For film S, εr and tan ı were approximately 1,926 and 0.05 at
1 kHz, respectively. The enhanced crystalline quality of film S could
be responsible for the improvement of the dielectric constant. No

noticeable change in tan ı in either film was found in the present
study below the frequency of 100 kHz. The ferroelectric behavior of
the PMN–PT thin films was confirmed from the irreversible nature

mic and (b) single-crystal target. (c) High resolution TEM image of the PMN–PT/LSCO
s of PMN–PT layers of (f) film C and (g) film S.
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Fig. 7. (a) Frequency dependence on the dielectric constant and the dielectric loss of film
film C.
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Fig. 8. Polarization–electric field (P–E) hysteresis loops for film S and film C.

f capacitance versus voltage curve. Fig. 7(b) shows the dielectric
onstant versus voltage (εr–V) characteristics for films C and film S,
s measured at the frequency of 1 kHz. The results, which exhibited
butterfly shape in the εr–V curve, indicated that both films had
ferroelectric property. The asymmetric shape in the εr–V curve

howed that the interfaces between the bottom and the top elec-
rode were different. Several reasons may account for the difference
n the top and bottom interfaces of the grown films, among which
re the different chemical defects present at the two interfaces and
he different electrode materials used for the contacts.

The polarization-electric field (P–E) hysteresis loops of epitaxial
lms S and C were taken at a frequency of 1 kHz. Fig. 8 shows the
–E hysteresis loop, and the remnant polarization (Pr) of films S and
was 11.9 and 7.2 �C/cm2, respectively. The Pr values were higher

han those of polycrystalline films prepared by sputtering [13] or
LD [14], and comparable to the value obtained by Chaudhuri et al.
8] for epitaxial films grown by the PLD technique.
In addition, the coercive fields of films S and C were 30.6
nd 46.7 kV/cm, respectively. Crystallographic defects can pin the
omain walls during the switching of the polarization, so that larger

able 2
attice parameters and tetragonality (c/a) of the bulk PMN–PT and the PMN–PT
lms.

PMN–PT Lattice parameter (nm) Tetragonality c/a

a c

Bulk 0.400 0.404 1.010
Film S 0.391 0.400 1.023
Film C 0.387 0.403 1.041
S and film C and (b) dielectric constant versus voltage characteristics of film S and

applied voltages are needed. The lattice parameters and the occur-
rences of a tetragonal nature (c/a) of the PMN–PT films are listed in
Table 2. The lattice parameters of the bulk PMN–PT were summa-
rized from Ref. [15]. Based on the lattice parameters of the PMN–PT
bulk and LSCO films (0.381 nm from XRD), films S and C were com-
pressed at the interface between the PMN–PT film and the buffer
layer. Because of its tetragonal nature, film C experienced a higher
compressive stress than film S. Based on the fact that ferroelectric-
ity originates from crystal distortion [1], the ferroelectricity of the
PMN–PT film was strongly affected by the strain energy accumu-
lated by the lattice mismatch between the PMN–PT film and the
buffer layers. As the compressive strain increased, it made move-
ment of the domain wall difficult, resulting in the higher coercive
field of film C [16,17]. Therefore, it can be concluded that a suitable
choice for the target plays an important role in the improvement
of the crystalline quality and the electrical properties of epitaxial
films.

The electrical properties mentioned above are inferior to those
of the films grown on oxide single-crystal substrates [8]. One pos-
sible reason could be the presence of structural imperfections
in the micro-domain of the Mg/Nb site, due to local composi-
tional irregularities. In addition, the electrical properties of PMN–PT
in the present study are inferior to those of PMN–PT sintered
bodies or single crystals. This could be due to the effect of the
grain size associated with the stabilization of intermediate sub-
micrometer/nanoscale polar domain configurations [18]. Other
effects, such as thermal expansion coefficient mismatch, interface
layer, and size effects, may also contribute to the low dielec-
tric and ferroelectric properties in films grown on a buffered Si
substrate.

4. Conclusions

PMN–PT/LSCO/CeO2/YSZ heterostructures were epitaxially
grown on a Si substrate by PLD using sintered ceramic and single-
crystal targets. Compared with the films deposited using the
sintered ceramic target, the surface morphology and crystallinity
of the films deposited using the single-crystal target were greatly
improved. The crystallinity of the films was affected by the in-plane
lattice mismatch of PMN–PT/LSCO interfaces and the kinetics of the
species deposited on the substrate. The relatively lower density and
lower absorption coefficient of the sintered ceramic target were
found to be responsible for severe compositional deviation from the
desired stoichiometry of the PMN–PT films. The epitaxial PMN–PT

films deposited using the single-crystal target showed a higher
dielectric constant (1926) and remnant polarization (11.9 �C/cm2)
than the films deposited using a ceramic target. All the observations
suggest the superiority of a single-crystal target over the ceramic
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