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a b s t r a c t

Ferroelectric PMN–PT thin films with a thickness of 600 nm were epitaxially grown on buffered Si (0 0 1)
substrates at a substrate temperature that ranged from 550 to 700 ◦C using pulsed laser deposition (PLD).
LaNiO3 (LNO) electrode thin films with a resistivity of ∼1900 �� cm were epitaxially grown on CeO2/YSZ
buffered Si (0 0 1) substrates. The PMN–PT thin films grown at 600 ◦C on LNO/CeO2/YSZ/Si substrates
had a pure perovskite and epitaxial structure. The PMN–PT films exhibited a high dielectric constant of
vailable online 7 December 2010
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about 1818 and a low dissipation factor of 0.04 at a frequency of 10 kHz. Polarization-electric-field (P-E)
hysteresis characteristics, with a remnant polarization of 11.1 �C/cm2 and a coercive field of 43 kV/cm,
were obtained in the epitaxial PMN–PT films.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Ferroelectric thin films are of great interest due to a wide
ange of applications such as pyroelectric and piezoelectric sen-
ors, microwave devices, micro-actuators, and most remarkably,
onvolatile random access memory (NVRAM). Among all types
f ferroelectric materials, lead magnesium niobate and its solid
olutions for lead titanate have been intensively investigated in
ecent years. A combination of 0.65 at.% of PMN with 0.35 at.%
f PT is known as the morphotropic phase boundary (MPB) that
eparates the tetragonal and rhombohedral perovskite phases of
.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 (PMN–PT).

The use of silicon substrates with Pt as the bottom electrodes
Pt/Ti/SiO2/Si) is common because of the good metallic properties
nd high oxidation resistance of Pt metal [1]. The epitaxial films
re expected to exhibit improved properties compared to their ran-
omly oriented polycrystalline film counterparts [2]. Little success
as been achieved in obtaining high quality epitaxial perovskite

MN–PT films on a conductive electrode due to the appearance
f stable pyrochlore phases. To achieve oriented, or even epitaxial
lms, the PMN–PT films are prepared on single crystal substrates,
uch as SrTiO3 [3], Al2O3 [4], and LaAlO3 [5], that posses a crystal
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structure and lattice constants that approximate those of PMN–PT.
However, single-crystal substrates are expensive and can only pro-
vide a small-sized geometry, which is contrary to Si technology that
features lower cost, a larger area, and volume production. Epitaxial
PMN–PT films cannot be grown directly on a Si substrate due to a
large lattice mismatch and a severe interface diffusion. In order
to overcome these problems, structural templates and chemical
buffer layers have been developed to grow high-quality, epitaxial,
ferroelectric films on silicon substrates.

Among various buffer layer materials, metallic perovskite-
type oxides, such as La0.5Sr0.5CoO3 (LSCO) [6], LaNiO3 (LNO) [7],
YBa2Cu3O7−ı (YBCO) [8], and SrRuO3 (SRO) [9], have been used as
the epitaxial template for the growth of ferroelectric films and bot-
tom electrodes. For the selection of bottom electrodes, pseudocubic
LNO, with a lattice parameter of 0.384 nm, is a conductive oxide that
shows promise. Pseudocubic LNO has a crystal structure suitable for
integration in epitaxial heterostructures with perovskites because
of its good transport properties, simple composition, and excellent
barrier properties that include good thermal stability.

Various deposition techniques such as solution–gelation [1],
sputtering [4], electrophoretic deposition (EPD) [10], and pulse
laser deposition (PLD) [5] have been used for the growth of PMN–PT
thin films. PLD has emerged as an appropriate technique for obtain-

ing films with a desired stoichiometry without post-deposition
thermal treatment.

There are few reports on the preparation and electrical proper-
ties of epitaxial PMN–PT thin films on Si substrates with the use
of suitable buffer layers [11,12]. To the best of our knowledge, this
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Table 1
Deposition conditions of PMN–PT, LNO, CeO2, and YSZ films grown on Si substrates.

Deposition parameters YSZ CeO2 LNO PMN–PT

Target YSZ ceramics CeO2 ceramics LaNiO3 ceramics 0.65PMN–0.35PT single crystal
Deposition temperature (◦C) 750 750 600 550–700
Film thickness (nm) 75 50 200 600
Deposition pressure (Torr) 5 × 10−4 5 × 10−4 0.3 0.3
Energy density (J/cm2) 1.5 1.5 1.5 1.5
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film showed an extremely smooth structure with a root mean
square (rms) roughness of about 1.9 nm, showing promise for
the subsequent growth of the defect-free ferroelectric thin films.
The resistivity of the epitaxial LNO films was approximately
1900 �� cm. Moreover, the rms roughness of the 600-nm thick
Target-substrate distance (cm) 8 8
Substrates Si YSZ/Si

s the first report on the epitaxial growth of PMN–PT thin films
n LNO/CeO2/YSZ-coated Si substrates using the PLD method. In
he present study, 600-nm thick PMN–PT films were deposited on
uffered Si (0 0 1) substrates at various substrates temperatures by
ulsed laser deposition, and the electrical properties of the epitaxial
MN–PT films grown at 600 ◦C are discussed.

. Experimental methods

The 0.65PMN–0.35PT/LNO/CeO2/YSZ thin films were grown at a substrate tem-
erature that ranged from 550 to 700 ◦C on Si (0 0 1) substrates by pulsed laser
eposition (PLD) using a pulsed KrF excimer laser (248 nm, Lamda Physik COMPex-
ro 201). A PMN–PT single-crystal target with a diameter of 2.54 cm was used for
eposition of the PMN–PT thin films. However, the sintered ceramic disks of LaNiO3

LNO), CeO2, and Y0.15Zr0.85O1.93 (YSZ) were used as the target for each buffer layer.
he Si (0 0 1) substrates were attached to a heater plate by silver paste in order
o maintain a uniform temperature. The details of the conditions for deposition of
he PMN–PT/LNO/CeO2/YSZ heterostructure onto Si substrates are summarized in
able 1. After deposition, high-purity oxygen was introduced into the growth cham-
er up to 300 Torr and then the films were cooled naturally to room temperature.

Film thicknesses were measured using cross-sectional scanning electron
icroscopy (SEM) images. The surface morphology and buffer layers of the PMN–PT

lms were studied by atomic force microscopy (AFM, AUTOPROBE CP, PSI). The
hase, crystallinity and epitaxial relationships of the heterostructure were inves-
igated by �–2�, �-scan and �-scan, respectively, using a high-resolution X-ray
iffraction (HRXRD, Rigaku RINT2000). The microstructure and the interface of the
lms were studied using high-resolution transmission electron microscopy (TEM:

EM-2100F). The elemental distributions in the PMN–PT/LNO/CeO2/YSZ/Si structure
ere investigated using secondary ion mass spectroscopy (SIMS). The resistivity

f the LNO thin films was measured by an electrometer (CMT-SR 1000) using a
our-point probe.

For measurement of the electrical properties of the PMN–PT films, the Pt top
lectrodes were deposited onto the PMN–PT surface at room temperature by dc
puttering using an appropriate shadow mask. The polarization vs. electric field
P-E) curve of the films was measured using an RT66A ferroelectric tester (Radiant
echnology) operated in the virtual ground mode. The dielectric constant and losses
ere obtained by impedance analysis with a HP4194A apparatus in frequencies that

anged from 100 Hz–1 MHz. Permittivity vs. field curves were also measured.

. Results and discussion

Fig. 1 shows the XRD �–2� scans for PMN–PT films deposited
n LNO/CeO2/YSZ/Si at various temperatures ranging from 550 to
00 ◦C. The thicknesses of the PMN–PT films and LNO electrodes
ere maintained at 600 and 200 nm, respectively. The XRD pat-

erns showed that the PMN–PT films as-grown at 600 ◦C were
ree of the pyrochlore phase and exhibited the (0 0 l) reflections
rom each of the respective layers. Films grown at 550 ◦C showed
oor crystallinity, which included a pyrochlore phase. A mixture
f the perovskite and the pyrochlore phase was observed at sub-
trate temperatures above 650 ◦C. The peak intensity exhibiting the
yrochlore phase increased as the substrate temperature increased
rom 650 to 700 ◦C. Simultaneously, the films grown at a high
eposition temperature showed deficient Pb and Mg concentra-
ions because they were easily evaporated, and then the pyrochlore

hase began forming with the perovskite phase [13]. However, at
low substrate temperature of 550 ◦C, the energy to crystallize

he film into a complete perovskite phase was not sufficient, at
hich point the pyrochlore phase had already started to appear

14]. These results show that there is a narrow window of oppor-
6 6
CeO2/YSZ/Si LNO/CeO2/YSZ/Si

tunity for the growth of PMN–PT thin films with a pure perovskite
structure [15].

Fig. 2(a) shows the �-scan (rocking curve) of the PMN–PT
(0 0 2) and LNO (0 0 2) reflections in the case of the PMN–PT films
deposited at 600 ◦C on an LNO/CeO2/YSZ/Si substrate. The full width
at half maximum (FWHM) corresponding to the PMN–PT and LNO
was approximately 1.17◦ and 0.98◦, respectively. In order to fur-
ther determine the epitaxial relationship between the films and
the substrate, phi scans of the hetero-structures were performed.
Fig. 2(b) shows the phi scans of the PMN–PT (1 1 1), LNO (1 1 1),
CeO2 (1 1 1), YSZ (1 1 1) and Si (1 1 1), which are four-fold sym-
metry reflections exhibiting a typical cubic structure. These scans
show that the CeO2 and YSZ layers have a cube-on-cube epitax-
ial relationship to the Si substrate: (0 0 1) [1 0 0]CeO2//(0 0 1)[1 0 0]
YSZ//(0 0 1)[1 0 0]Si. The scans also show that the PMN–PT and the
LNO layers have a 45◦-rotated epitaxial relationship to the Si sub-
strate: (0 0 1)[1 1 0]PMN–PT//(0 0 1)[1 1 0]LNO//(0 0 1)[1 0 0]Si. This
was attributed to a low (0.1%) mismatch between the diagonal
of the face of the LNO pseudocubic unit cell and the CeO2 lattice
parameter [16].

The epitaxial nature of each layer with respect to the Si sub-
strate was further verified with a high-resolution TEM using the
PMN–PT/LNO/CeO2/YSZ heterostructure. Here, the PMN–PT films
were grown at 600 ◦C. Fig. 3(a) shows a cross-sectional TEM image
of each layer, indicating well-matched films with high density.
The orientation was confirmed by the electron diffraction pattern
(Fig. 3b), which indicated that each layer showed an epitaxial rela-
tionship.

Figs. 4(a) and (b) shows the AFM three-dimensional images
of the LNO films grown on CeO2/YSZ/Si and the PMN–PT films
grown on LNO/YSZ/CeO2/Si, respectively. The 200-nm thick LNO
Fig. 1. XRD �–2� patterns of 0.65PMN–0.35PT/LNO/CeO2/YSZ/Si (0 0 1) thin films
as-grown at various substrate temperatures (550–700 ◦C) in an oxygen ambient of
300 mTorr.
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Fig. 4. AFM three-dimensional images over 3 �m × 3 �m of (a) 200-nm thick epitax-
ial LNO film grown on CeO2/YSZ buffered Si substrate and (b) 600-nm thick PMN–PT
film grown on the LNO.

F
a

ig. 2. (a) Rocking curves of the PMN–PT (0 0 2) and the LNO (0 0 2) and (b) Phi scans
f the PMN–PT (1 1 1), LNO (1 1 1), CeO2 (1 1 1), YSZ (1 1 1), and Si (1 1 1) plane.

MN–PT films grown on an LNO bottom electrode was approxi-
ately 5.9 nm.
The homogeneity of each layer in the grown films was con-

rmed using the SIMS. Fig. 5 shows the SIMS depth profiles of
he PMN–PT/LNO/CeO2/YSZ heterostructure. The ion-count profiles

f Pb, Mg, Nb and Ti showed a uniform compositional distribu-
ion in the PMN–PT layer. The depth profiles of the lanthanum
nd the nickel in the LNO film showed a slight diffusion into the
MN–PT layer. However, it should be noted that the LNO layer effec-

Fig. 5. SIMS depth-profile of the PMN–PT/LNO/CeO2/YSZ/Si stacked layer.

ig. 3. (a) Cross-sectional TEM image of the PMN–PT/LNO/CeO2/YSZ/Si stacked layers and (b) the nano-beam electron diffraction pattern observed from the [0 1 0] direction
t each layer. The PMN–PT films were grown at 600 ◦C.
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ig. 6. (a) Frequency dependence on the dielectric constant and the dissipation fac-
or in the epitaxial PMN–PT films grown at 600 ◦C. (b) Dielectric constant vs. electric
eld characteristics of the PMN–PT capacitor measured at different frequencies.

ively blocked the inter-diffusion and chemical reaction between
he PMN–PT and the buffer layers.

The dielectric constant (εr) and the dissipation factor (tan ı)
ere measured as a function of frequencies that ranged from 100 Hz

o 1 MHz, as shown in Fig. 6(a). The PMN–PT films grown at 600 ◦C
howed a dielectric constant of about 1818 at 10 kHz, which was
igh when compared with the published results [13,15,17]. The dis-
ipation factor did not exceed 0.06 between 100 Hz and 100 kHz.
owever, a sharp increase in the dissipation factor above 100 kHz
as observed and the result was attributed to the high resistivity of

he LNO bottom electrode (1900 �� cm). The increase in losses at
igh frequencies is an artifact that is due to the limited conductivity
f the oxide bottom electrode.

Fig. 6(b) displays the dependence of the dielectric constant as a
unction of the electric field (εr-E) of Pt/PMN–PT/LNO/CeO2/YSZ/Si
apacitors. During the sweep up and down of the dc bias voltage,
he dielectric constant showed a maximum value in the vicinity of
he switching of the spontaneous polarization. Therefore, two max-
ma, which were due to ferroelectric polarization reversals, were
learly seen in the sweep up and down processes. Further, εr-E
haracteristics were found to be asymmetric in nature owing to
he different top and bottom electrodes. The various reasons – the
resence of different chemical defects on both interfaces [18] and
ifferent electrode material used for the contacts [19] – must be
onsidered when accounting for the asymmetric characteristics of

he dielectric constant-electric field.

Fig. 7 shows the P-E hysteresis loop of the epitaxial
MN–PT/LNO/CeO2/YSZ/Si films taken at a frequency of 1 kHz using
he Pt (100 �m diameter) as the top electrode. A good hystere-
is characteristic of the remnant polarization (Pr) of 11.1 �C/cm2
Fig. 7. Polarization-electric field (P-E) hysteresis loop of the PMN–PT thin films
grown at 600 ◦C.

and a coercive field (Ec) of 43 kV/cm was observed under an elec-
tric field of 200 kV/cm. The Pr value of the optimized PMN–PT/LNO
films on buffered Si substrates in the present study was signifi-
cantly higher than that of the oriented PMN–PT film on LNO coated
SiO2/Si (Pr, 8 �C/cm2) [17]. They are also comparable to that of epi-
taxial PMN–PT films grown on an MgO/TiN-buffered Si substrate
(Pr, 9 �C/cm2) [20] and even the epitaxial PMN–PT film grown
on an LAO single-crystal substrate (Pr, 12 �C/cm2) [13]. The high
polarization values obtained in this work are possibly due to the
excellent epitaxial quality of the PMN–PT films grown on the tri-
layer buffered Si substrates, which indicates that LNO/CeO2/YSZ/Si
can be used as an appropriate structure for the epitaxial growth of
PMN–PT films. Moreover, the obtained ferroelectric properties of
the epitaxial PMN–PT films on buffered Si are comparable to those
of epitaxial Pb(Zr0.53Ti0.47)O3 of MPB composition on buffered Si
(Pr, 10 �C/cm2) [21]. Further work is needed to improve the ferro-
electric properties of these kinds of heterostructures, which show
promise for application to ferroelectric memory and other micro-
electronic elements.

The above-mentioned electrical properties are inferior to those
of the PMN–PT sintered bodies and single crystals. A possible reason
could be the effect of the grain size associated with the stabilization
of intermediate sub-micrometer/nanoscale polar domain configu-
rations [22]. In addition, Maria et al. [9] demonstrated that if a better
lattice-matched substrate/electrode/film system were used, elec-
trical properties similar to those of single crystals could be realized.
Other effects, such as substrate clamping, and residual strain may
also contribute to the electrical values that are lower than those of
the films grown on a single-crystal substrate.

4. Conclusions

The 600-nm thick perovskite PMN–PT films on LNO/CeO2/YSZ
tri-layer buffered Si (0 0 1) substrates were epitaxially grown at
600 ◦C by PLD technique. XRD and high-resolution TEM study of the
PMN–PT and LNO films revealed that the CeO2 and YSZ layers have
a cube-on-cube epitaxial relationship to the Si substrate and a 45◦-
rotated epitaxial relationship to the PMN–PT and LNO films. The
LNO films have a smooth surface with an rms roughness of 1.9 nm,
which are favorable for the growth of defect-free over-layers. The
capacitors showed a dielectric constant of 1818 and a dissipation
factor of 0.04 at 10 kHz. The hysteresis loop for the pyrochlore-free
PMN–PT films demonstrated the ferroelectric behavior of the films

with a remnant polarization of 11.1 �C/cm2 and a coercive field of
43 kV/cm. The present study showed excellent epitaxial growth of
PMN–PT films on an LNO/CeO2/YSZ/Si substrate with an improved
ferroelectric behavior.
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