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We prepared highly aligned, biaxially textured BaxPb1−xTiO3 (PBT) on amorphous Si3N4 by using
an ion-beam-assisted deposited MgO as a template layer. PBT was deposited on a biaxially textured
MgO using sol-gel synthesis, metal-organic chemical-vapor deposition, and molecular beam
epitaxy. The biaxial texture of the PBT was inherited from the MgO template. The reflection
high-energy electron diffraction(RHEED) and cross-section transmission electron microscopy
(TEM) experiments suggest that exposure of the MgO template to atmospheric moisture before PBT
heteroepitaxy resulted in a significant narrowing of the PBT in-plane orientation distribution. The
microstructures of the biaxially textured PBT films were analyzed by x-ray diffraction, RHEED, and
TEM. The dynamic contact mode electrostatic force microscopy polarization hysteresis loops
confirmed that these films are ferroelectric.
© 2004 American Institute of Physics. [DOI: 10.1063/1.1806994]

I. INTRODUCTION

The vertical integration of microelectromechanical sys-
tems(MEMS) with silicon electronics could be an important
pathway for the next generation of device miniaturization, as
well as for increased device functionality. A greater latitude
in silicon electronics integrated MEMS active materials
choice could be achieved by fabricating MEMS devices dur-
ing a backend process, i.e., after the silicon electronics have
been fabricated and protected from contamination. One of
the challenges with this approach is that the surfaces avail-
able for growth(metal layers and low-k dielectric materials)
are not single crystalline and not suitable for heteroepitaxy. A
flexible materials integration strategy that allows for the
growth of new materials on amorphous surfaces is desirable.
One class of materials that possesses interesting properties
for MEMS applications, which is incompatible with conven-
tional silicon electronics processing but could potentially be
integrated with silicon following this strategy, are perovskite
ferroelectrics.

High-strain ferroelectrics, such as BaTiO3 and PbTiO3,
are candidates for actuator materials because they combine
high work/volume with high-frequency response. One pos-
sible route for ferroelectric/silicon integration is to create bi-
axially textured ferroelectrics using a buffer layer as a het-
eroepitaxial template. The biaxially textured materials are
polycrystalline with preferred in-plane and out-of-plane crys-
tallographic orientations, where the degree of alignment is
characterized by the full width at half maximum(FWHM) of
the orientation distribution around the nominal zone axis di-
rection. Using ion-beam-assisted deposition(IBAD ), the bi-
axially textured films can be fabricated on amorphous sur-
faces. Wanget al. demonstrated that the IBAD MgO on

amorphous Si3N4 develops a narrow biaxial texture in the
films only 11-nm thick.1 Previous work has demonstrated the
heteroepitaxy of BaTiO3 and PbTiO3 on a (001) single-
crystal MgO. The out-of-plane orientation was defined by
f001gFerroparallel tof001gMgO and the in-plane orientation by
f100gFerro parallel tof100gMgO.2,3 It is therefore expected that
heteroepitaxial perovskite ferroelectrics will reproduce the
biaxial texture of the MgO template.

The literature is silent on the properties of biaxially tex-
tured, perovskite ferroelectric thin films. The grain-boundary
properties are important for ferroelectric thin-film domain
switching, where the trapped charges at the domain walls
have been implicated in the domain-wall pinning in lead zir-
conate titanate.4 Investigations in superconducting
YBa2C3O7−x show that the biaxially textured films can ex-
hibit functionality that approaches that of single crystalline
material because of the special properties of the low-angle
grain boundaries.5 With the low-angle grain boundaries, it is
reasonable to expect that the domain-wall pinning would be
reduced in the biaxially textured ferroelectrics. A biaxial tex-
ture is also important for polycrystalline actuator perfor-
mance because the film elongation is directed and switchable
only along the(100) crystal planes. A randomly oriented
polycrystalline film performs less than half of the actuation
that a single-crystal film produces, whereas the biaxially tex-
tured ferroelectric films, with a biaxial texture comparable
with the IBAD MgO films,1 can produce over 90% of the
single-crystal actuation.

To enable the investigation of the ferroelectric properties
of biaxial-textured perovskites, we have grown biaxially tex-
tured BaxPb1−xTiO3 (PBT) on biaxially textured MgO.
BaxPb1−xTiO3 is a perovskite ferroelectric, where Ba and Pb
equivalently exchange positions on theA site of theABO3
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structure, and thea-axis/c-axis ratio(the material actuation)
can be continuously tuned from 1.01 to 1.06 by changing the
fraction of Ba from 1 to 0.6

II. EXPERIMENT

A. Film growth methods: Sol-gel synthesis, metal-
organic chemical-vapor deposition (MOCVD),
and molecular beam epitaxy (MBE)

The biaxially textured MgO films were grown on amor-
phous Si3N4/Si substrates using IBAD. MgO was supplied
from an e-beam evaporator at 0.2 nm/s with a simultaneous
1200-eV Ar+-ion bombardment at a 45° incidence angle. The
MgO biaxial texture was controlled by varying the ion/MgO
molecule flux ratio during the deposition.7 The IBAD MgO
film was either directly used as a heteroepitaxial template for
PBT or was first coated with a 20-nm layer of homoepitaxial
MgO grown at 600 °C.

The PBT was grown on biaxially textured MgO using a
sol-gel solution system of Pb-acetate trihydrate: Ba-acetate:
Ti-isopropoxide dissolved in ethylene glycol in a 1:1:2 ratio,
with acetylacetone for Ti chelation in a 4:1 molar ratio.8

Water was added to the solution such that the molar ratio of
H2O to Ti was eight. This solution was spin coated onto the
biaxially textured MgO templates at 4000 rpm, pyrolyzed at
450 °C for 3 min, and then calcined at 600 °C for 2 h. Ru-
therford backscattering spectroscopy(RBS) measurements
show that a single coating following this procedure results in
a 47-nm-thick film with a Ba0.55Pb0.45TiO3 composition. This
same deposition process was followed for deposition on a
(001) single crystalline MgO substrate as well. On the
single-crystal film, instead of only one layer, three layers
were grown. Each additional layer was deposited after sin-
tering the previous layer at 600 °C.

PBT was also grown using MOCVD in a vertical, stag-
nation flow reactor. The Ba, Pb, and Ti precursors are
Bastmhdd2, Pb stmhdd2, and TisOPrid2stmhdd2, where tmhds
is 2,2,6,6-tetramethylheptane-3,5-dionate and OPri is diiso-
propoxy. Using Ar as a carrier gas, the precursors are com-
bined in a gas line at 250 °C before being introduced into a
mixing chamber with oxygen. The well-mixed gas is intro-
duced into the deposition chamber through a shower head
nozzle, where it is deposited onto the MgO substrate at
15 torr and 750 °C.

The stoichiometry is controlled using UV absorption and
control loop feedback techniques.9 The Typical PBT deposi-
tion rates are 4 nm/min and the films were grown to about
100-nm thick. PBT was grown on both the biaxially textured
MgO substrates and (001) single-crystalline MgO.
Ba0.03Pb0.97TiO3 and Ba0.2Pb0.8TiO3 were grown using this
method.

MBE was performed at 700 °C by a co-evaporation of
0.40 nm/min Pb(99.999% pure), 1.08 nm/min Ba(99%
pure) from effusion cells, and 0.54 nm/min Ti from a Varian
Ti-ball sublimation pump10 with a HP 6673A power supply,
as measured with a quartz-crystal monitor prior to the intro-
duction of oxygen into the MBE chamber. The oxygen
source was an Oxford Applied Research HD25 rf atom
source operating at 500 W with O2 introduced into the back

of the source through a leak valve creating an O2 partial
pressure of 6310−5 torr. The rf atom source has been esti-
mated to have an O2 cracking efficiency of 30% at 500 W.11

The film composition, measured using the RBS, was
Ba0.67Sr0.03Pb0.002Ti1.3O3 and it was 70-nm thick. The low Pb
content can be attributed to an insufficient partial pressure of
atomic oxygen for an efficient Pb oxidation.12 The Sr origi-
nated as a 0.5% impurity in the 99% pure Ba source material.
The low Ba content resulted from the suppression of Ba
evaporation when oxygen was introduced into the MBE
chamber.12

Despite the unusual film composition, x-ray scattering,
transmission electron microscopy(TEM), and reflection
high-energy electron diffraction(RHEED) consistently indi-
cate that the crystal structure of the MBE grown film is an
ABO3 perovskite. To be a perovskite film, part of the tita-
nium must substitute for Ba2+ in theABO3 structure as Ti2+.
It is therefore useful to compare the biaxial texture and the
film structure of the MBE perovskite film to the films grown
using sol gel and MOCVD. Given the absence of Pb in this
film, we refer to it hereafter as BT instead of PBT.

B. Film characterization

The ferroelectric film phase purity andc/a-axis ratios
were investigated with x-ray diffraction(XRD). The biaxial
texture of the IBAD MgO templates and of the heteroepi-
taxial ferroelectric films were measured using a RHEED-
based technique.13,8 The quality of the ferroelectric/MgO in-
terface and the film structure were examined with TEM. The
ferroelectric behavior of these films was probed using dy-
namic contact mode electrostatic force microscopy
(DC-EFM).14

III. RESULTS AND DISCUSSION

Both BaTiO3 and PbTiO3 grow heteroepitaxially on
(001) single-crystal MgO with an alignment of the ferroelec-
tric and MgO in-plane and out-of-plane(001) directions,2,3

so the same heteroepitaxial relationship was expected from
PBT on MgO. The crystallographic orientation of PBT and
BT deposited on a template layer of the biaxially textured
MgO and PBT deposited on(001) single-crystal MgO was
measured using x-raysCu Kad diffraction u–2u curves(Fig.
1). All the films show a(100) and/or(001) orientation[the
extra peak at 2u=32° for the sol-gel sample is Si(002), at-
tributable to the Si3N4/Sis001d substrate]. The Pb-rich
MOCVD films, with a large difference in the magnitudes of
the a axis andc axis, show a clear tetragonal splitting. For
the sol-gel films, with intermediate composition, the differ-
ence between thea axis andc axis is smaller, but a tetragonal
splitting can still be observed. In comparison to deposition
on a single-crystal MgO, deposition on the biaxially textured
template MgO, regardless of the route utilized, produces
highly a-axis oriented films. This result can be understood in
terms of the stresses imposed on the ferroelectric thin film by
the coefficient of the thermal-expansion mismatch between
them and the substrate.15,16 The coefficient of the thermal
expansion for silicon is 2.59310−6 K, whereas the coeffi-
cient of the thermal expansion for MgO is 14.8310−6 K; for
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PbTiO3, it is 12.6310−6 K, and for BaTiO3, it is 9.8
310−6 K.17–19 Because the template layer is extremely thin,
the thermal expansion of the substrate for the biaxially tex-
tured MgO films is dominated by the silicon wafer. Thus, all
the PBT and BT films grown on MgO at a high temperature
on the biaxially textured MgO substrates experience tensile
stresses upon cool down, resulting in the predominantly
a-axis oriented films(the longerc axis orients parallel to the
substrate). In contrast, the films grown on a single-crystal
MgO experience a compressive stress during cooling, which
promotes thec-axis orientation. Thec-axis component of the
MOCVD film grown on a single-crystal MgO is higher than
for the sol-gel film, because it was grown at a 150 °C higher
temperature and accumulated more compressive stress dur-
ing cooling.

A. Biaxially textured MgO substrate

The heteroepitaxy of PBT was performed on two types
of the biaxially textured MgO templates. The first type of
substrate was a 8-nm IBAD MgO/Si3N4/Sis100d. The sec-
ond type of substrate was a 20-nm homoepitaxial MgO
grown at 600°C/8-nm IBAD MgO/Si3N4/Sis100d. The
x-ray u–2u scans of PBT, grown by both sol gel and
MOCVD, exhibit much stronger diffraction when grown on
the homoepitaxial MgO surfaces(shown in Fig. 1) than
when grown on the IBAD MgO surfaces(not shown). While
the sol gel on IBAD MgO only displays(h00) diffraction
peaks(albeit much weaker than for the films grown on ho-
moepitaxial MgO surfaces), the MOCVD film grown on
IBAD MgO displays diffraction peaks from all the possible
orientations.

There are also striking differences in the RHEED pat-
terns from the PBT deposited directly on the IBAD MgO
surfaces and from the films deposited on the homoepitaxial
MgO surfaces. Figure 2 shows the RHEED patterns from the
sol gel and MOCVD PBT grown on the IBAD MgO surfaces
and on the IBAD MgO films with an additional 20 nm of the
homoepitaxial MgO grown at 600 °C. The films grown di-

rectly on the IBAD MgO surfaces[Figs. 2(b) and 2(d)] ex-
hibit broad out-of-plane orientation distributions, evident
from the broad diffraction rings, which appear instead of the
sharp diffraction spots. The out-of-plane orientation distribu-
tion cannot be measured for these films using our standard
RHEED method because it is only valid for narrow orienta-

FIG. 1. X-rayu–2u curves from PBT deposited by MOCVD and sol gel on
the single-crystal MgO(001) and biaxially textured MgO. An x-rayu–2u
curve from MBE BT on the biaxially textured MgO is also included.

FIG. 2. RHEED images of PBT grown on biaxially textured MgO. Sol-gel
(a) and MOCVD (c) PBT RHEED images from the films deposited on the
MgO templates made from 8 nm of the IBAD MgO and an additional 20 nm
of the homoepitaxial MgO grown at 600 °C. Sol gel(b) and MOCVD (d)
PBT RHEED images from the films deposited on the MgO templates made
from 8 nm of IBAD MgO.
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tion distributions.13 The PBT films grown under the same
conditions on biaxially textured MgO with a homoepitaxial
layer show sharp diffraction spots characteristic of narrow
out-of-plane orientation distributions(Dv=3° FWHM for
MOCVD and Dv=4° FWHM for sol gel, whereDv repre-
sents the out-of-plane orientation distribution FWHM). All
the diffraction patterns in Fig. 2 have significant broad back-
ground intensities, which can arise from the scattering from a
rough surface, grain boundaries, lattice defects, or amor-
phous regions in the film.

A RHEED image from a MBE grown BT on a biaxially
textured MgO(with a 20-nm homoepitaxial MgO layer) is
shown in Fig. 3. The out-of-plane orientation distribution for
the MBE film is similar to the out-of-plane orientation dis-
tribution measured for the sol gel and MOCVD film(Dv
=2.5° FWHM), however, the diffuse background scattering
is much weaker than for the sol-gel and MOCVD films.

The IBAD MgO surfaces may not function as good het-
eroepitaxial templates for PBT because of the high defect
density inherent in ion bombardment processes. Because the
heteroepitaxy is generallyex situ, the IBAD MgO surface is
exposed to moisture from the atmosphere. While water ab-
sorbs readily on the MgO(100) surface, experimental evi-
dence and calculations suggest that a perfect MgO(100) sur-
face is stable against hydroxylation, and that MgO
dissolution and pitting only occur at the surface defects.20

The IBAD MgO samples stored in the atmosphere(or even
in a nitrogen purge box for extended periods) will change
from a smooth mirrorlike surface to a pitted, rough finish.
The IBAD MgO samples were exposed to the atmosphere for
the minimum possible time before heteroepitaxy, however,
some exposure to the atmosphere was inevitable during the
sample transfers between the deposition chambers. We
speculate that the homoepitaxial layer grown on IBAD MgO
reduces the defect density from ion bombardment and makes
the substrate less susceptible to damage from water absorp-
tion. During one experiment, the homoepitaxial MgO film
was left in room ambient overnight before the MOCVD PBT
heteroepitaxial growth. The resulting PBT demonstrated bi-
axial texture commensurate with the MgO template, despite
its exposure to the atmospheric moisture. Therefore, the ho-
moepitaxial biaxially textured MgO templates are at least
somewhat stable in atmospheric moisture.

B. Ferroelectric biaxial texture inheritance

Experiments to study the biaxial texturing of PBT on
biaxially textured MgO used the IBAD MgO films with an
additional 20 nm of homoepitaxially grown MgO at 600 °C
in 3310−5 torr of O2. The biaxial texture of the MgO tem-
plate was controlled by changing the ion/MgO flux ratio dur-
ing IBAD. The homoepitaxial MgO deposition rates varied
from 0.15 to 0.03 nm/s(according to the quartz-crystal
monitor), but the deposition rate showed no significant effect
on the homoepitaxial MgO biaxial texture. We measured the
sticking coefficient for MgO at 600 °C to be 0.4, so the
actual deposition rates varied between 0.06 nm/s and
0.012 nm/s. A series of biaxially textured MgO templates
were grown with various in-planesDfd and out-of-plane
sDvd orientation distributions. PBT was deposited on these
MgO templates using sol gel and MOCVD. BT was also
deposited on biaxially textured MgO using MBE. The biaxial
texture of the MgO templates and the heteroepitaxial PBT
and BT were measured using RHEED and compared.

A summary of the results from these experiments is
shown in Fig. 4, where the out-of-planesDvd and in-plane
sDfd orientation distributions are plotted for each sample as
a function of the film layer(homoepitaxial MgO and ferro-
electric layers). The in-plane orientation distribution mea-
surement for the MBE MgO template is actually from the
IBAD MgO surface(the in-plane distribution was not mea-

FIG. 3. RHEED image of BT grown heteroepitaxially on biaxially textured
MgO made from 8 nm of IBAD MgO and 20 nm of homoepitaxial MgO
grown at 600 °C.

FIG. 4. Out-of-planesDvd and in-planesDfd orientation distributions of the
biaxially textured MgO templates and the heteroepitaxial perovskite(BT or
PBT) deposited by MBE, MOCVD, or sol gel.
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sured after the homoepitaxial MgO growth and before the
BT heteroepitaxy), but based on the previous experiments,
the in-plane orientation distribution of the homoepitaxial
MgO layer should be within 2° of the in-plane orientation
distribution of the IBAD layer. We observe that the ferroelec-
tric inherits, to a large extent, the biaxial texture of the MgO
template. The in-plane orientation distribution of the PBT is,
in fact, narrower than that of the MgO template. Such behav-
ior has also been observed for heteroepitaxial YBa2Cu3O7−x

on MgO.21 The TEM images of MOCVD grown on the bi-
axially textured MgO show grains, which are 40–80 nm
across compared with the 25-nm grains observed in the ho-
moepitaxial MgO. This indicates that the PBT selectively
nucleates on the well-aligned grains to create a more highly
in-plane aligned film. The out-of-plane orientation of the
PBT degrades slightly relative to that of the MgO template,
but only by a few degrees. This degradation may result from
the roughness of the homoepitaxial MgO template, which is
typically measured at 0.8-nm rms by atomic force micros-
copy (AFM). The MBE grown ferroelectric film exhibited a
particularly close correlation between the in-plane orienta-
tion distributions of the MgO template and the heteroepi-
taxial BT. The strong dependence of the PBT and BT biaxial
texture on the MgO template biaxial texture confirms that the
PBT and BT biaxial texture can be controlled through the
MgO template. Therefore, developing processes to optimize
the biaxial texture of the MgO template will improve the
biaxial texture of the heteroepitaxial ferroelectric materials.

C. Ferroelectric/MgO interface

The MgO/ferroelectric interface and the ferroelectric mi-
crostructure were examined using TEM images and diffrac-
tion patterns. The quality of the interface was highly depen-
dent on the deposition method.

TEM bright field images of the MOVCD PBT/MgO in-
terface are shown in Fig. 5. Figures 5(a) and 5(b) are ex-
amples of two different regions observed for the PBT/MgO
interface. In Fig. 5(a) the lattice planes are observable
throughout the MgO layer, proving its crystallinity. There is
also a clear distinction between the highly damaged IBAD
MgO layer (the first 7.8 nm) and the homoepitaxial layer
(18-nm thick). However, in Fig. 5(b), the MgO appears to be
amorphous, although whether or not it is actually amorphous
is uncertain. A high-resolution image of the MOCVD PBT/
amorphous-looking MgO template interface clearly shows
that the crystal lattice planes of the PBT emerge from the
apparently disordered MgO[Fig. 5(c)].

Bright field TEM images show no appreciable difference
between the PBT microstructure over the crystalline MgO
and the apparently amorphous region. Strong texturing, both
in plane and out of plane, of the PBT make it unlikely that
the MgO template was(entirely) amorphous before the film
growth. MOCVD PBT depositions on amorphous Si3N4 re-
sult in a weak x-ray diffraction and peaks from all the pos-
sible orientations. The deposition on the biaxially textured
MgO template only produced diffraction peaks from the
(001)/(100) orientation. At least some regions of the MgO
layer must have been crystalline to seed this preferred out-

of-plane growth direction and then overgrow any amorphous
MgO regions present. The plan view TEM images reveal that
the biaxially textured PBT average grains size is 60 nm,
which means a single PBT grain will overgrow several
20–25-nm MgO grains.

One explanation for the apparently amorphous MgO re-
gions is that these regions were amorphized by the ion mill-
ing when they became extremely thin. One TEM image
shows a hole in the amorphous-looking MgO, demonstrating
the films’ thinness.

The diffraction patterns from the plan view and cross-
section TEM of the MOCVD PBT on the biaxially textured
MgO are included as Figs. 6(a) and 6(b), respectively. In the
plan view diffraction pattern[Fig. 6(a)], the arcs of the MgO
diffraction spots are somewhat broader than the arcs from the
PBT, signifying that the PBT has a narrower in-plane orien-
tation distribution, in agreement with the RHEED measure-
ments, Fig. 4(b). This particular sample was found(by
RHEED) to have the MgO template and PBT orientation
distributions of 11° and 6° FWHM, respectively. The diffrac-
tion pattern also demonstrates that PBT(100) is oriented
along the MgO(100). The cross-section TEM diffraction pat-

FIG. 5. Cross-section TEM image of MOCVD PBT grown on the biaxially
textured MgO. In some areas, the MgO layer appears crystalline(a),
whereas in other areas it does not appear to be crystalline(b). (c) High-
resolution TEM image of the PBT/MgO interface.

FIG. 6. TEM diffraction patterns of MOCVD PBT on the biaxially textured
MgO from (a) the plan view and(b) the cross-section view.
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tern [Fig. 6(b)] shows a superposition of the diffractions
from the Si(100) substrate, the biaxially textured MgO tem-
plate layer, and the biaxially textured PBT. What is striking
about this diffraction pattern is that it illustrates the very
narrow out-of-plane orientation distribution achieved
through ion-beam-assisted deposition and PBT heteroepit-
axy. It also confirms that the PBT(001) and MgO(001) crys-
tal directions are aligned.

The cross-section TEM sample preparation for the sol-
gel PBT on the biaxially textured MgO was much more dif-
ficult than for the MBE or MOCVD biaxially textured films.
Several times during the ion milling, the samples delami-
nated at the MgO/Si3N4 interface before they were thin
enough for the cross-section TEM analysis. The failure of the
MgO film indicates that it was less robust than the biaxially
textured MgO under the MOCVD film and under the MBE
film, which were robust during sample preparation. Despite
the difficulties in preparing the TEM sample, one area was
found that was suitable for TEM imaging.

Figure 7(a) is a high-resolution cross-section TEM im-
age of the sol-gel PBT/MgO biaxially textured interface. The
measured PBT thickness is 47 nm and the MgO is 21-nm
thick (where there is no thick interface phase). The PBT
grain sizes are on the order of 20–30 nm, which is essen-
tially the same size as the 20–25-nm grain sizes observed in
the other biaxially textured MgO layers. Some sections of
the PBT/MgO interface appear sharp and others appear
rough and broad. In the regions of the sample containing a
diffuse interface, the MgO layer appears thinner than in those
regions containing a sharp interface. Figure 7(b) is a closeup
of a transition between a sharp and a broad interface region.

On the right, the MgO and PBT lattice planes are visible and
the sharp interface on this small scale appears rough. To the
left in Fig. 7(b), the interface opens up with the addition of
what appears to be amorphous material between the crystal-
line MgO and the PBT. Other biaxially textured MgO growth
experiments result in the uniformly thick MgO layers[see
Fig. 8(a)], so the apparently amorphous material should be
part of the biaxially textured MgO layer. These images are
not conclusive evidence that the amorphous material is
present at the MgO/PBT interface; however, they do demon-
strate the inhomogeneity of the interface. The presence of the
sharp interfaces between the MgO and the PBT strongly sug-
gests that the amorphous-looking regions are present in the
as-grown film and are not a TEM preparation artifact.

The biaxially textured MgO layer in the MBE hetero-
structure appears very flat and crystalline everywhere. Figure
8(a) is a high-resolution TEM image of the

FIG. 7. (a) Cross-section TEM high-resolution image of sol-gel PBT on
biaxially textured MgO and(b) closeup of a small interface region from
image(a).

FIG. 8. (a) High-resolution cross-section TEM image of BT on the biaxially
textured MgO.(b) Diffraction pattern from the TEM cross-section image
(a). The diffraction pattern is a superposition of the diffraction spots from
MgO, perovskite BT, and Si.(c) Dark field TEM image of the BT/biaxially
textured MgO/amorphous Si3N4/Si film stack. MgO grain orientation propa-
gates into the BT layer.
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BT/MgO/Si3N4/Si film stack. The high defect density
IBAD layer is distinguishable from the homoepitaxial layer
and the lattice planes are distinguishable throughout the en-
tire MgO layer, demonstrating that the MgO can survive the
TEM sample preparation without becoming amorphous.

A diffraction pattern taken from the film stack is in-
cluded as Fig. 8(b). The diffraction pattern is a superposition
of the diffractions from the silicon substrate, the BT layer,
and the biaxially textured MgO. The biaxially textured MgO
and BT diffraction spots are small arcs, characteristic of con-
tributions from many grains slightly rotated with respect to
each other but narrowly aligned around a common nominal
(001) out-of-plane orientation. This diffraction pattern com-
pares very closely to the biaxially textured MOCVD PBT
diffraction pattern[Fig. 6(b)]. The main difference between
these two patterns is that the weak perovskite diffraction
spots are even weaker in the biaxially textured BT diffraction
pattern. Furthermore, the absence of extraneous diffraction
peaks, which could be associated with Ti-rich phases, sup-
ports the conclusion that the Ba0.7Ti1.3O3 is a single phase
perovskite.

In the dark field TEM[Fig. 8(c)], the high fidelity of the
biaxial texture adoption by the MBE BT film from the MgO
template is apparent. The grains defined in the MgO layer
propagate directly across the PBT/MgO interface, creating
similar oriented grains in the BT film. The RHEED measure-
ments confirm the close relationship between the biaxial tex-
ture of the MgO template and the heteroepitaxial BT. Com-
pared to the biaxial texture of its MgO template, the MBE
BT out-of-plane orientation distribution is only 0.5° FWHM
narrower and the in-plane orientation distribution is only 1.5°
FWHM narrower. For the MOCVD and the sol-gel deposi-
tion, a change between the biaxial texture of the MgO tem-
plate and the heteroepitaxial PBT was commonly over 3°
FWHM for the out-of-plane orientation distribution and 8°
FWHM for the in-plane orientation distribution.

D. Effect of ex situ deposition on the MgO template

The TEM, x-ray diffraction, and RHEED measurements
create a coherent picture for the biaxial texture inheritance of
perovskite ferroelectrics on the biaxially textured MgO. The
TEM images show that IBAD MgO has a very high defect
density which is reduced but not eliminated in the homoepi-
taxial layer. We speculate that neither the sol gel nor the
MOCVD growth on IBAD MgO layers yields biaxially tex-
tured ferroelectric films because the defective IBAD layer is
susceptible to damage by the moisture in the atmosphere at
the crystal defects. However, the homoepitaxial MgO makes
the biaxially textured MgO layer more stable in the atmo-
sphere, resulting in heteroepitaxy of the biaxially textured
PBT.

Of the three deposition methods, the sol-gel method
most aggressively attacks the biaxially textured MgO layer
and at the same time results in the most dramatic in-plane
texture improvement. The sol-gel solution contains water,
which is known to dissolve and pit the defective MgO
films.20 Additionally, the solution contains acetylacetone. We
have observed that acetone vapors effectively degrade the

IBAD MgO films and a similar affect might be expected for
acetylacetone. We further suggest that the TEM sample
preparation was difficult for the biaxially textured sol-gel
sample because the MgO layer was degraded during the sol-
gel deposition. The high-resolution cross section TEM shows
the fully crystalline MgO layers adjacent to the areas with
amorphous-looking material at the sol-gel PBT/MgO inter-
face. The data suggest that MgO lattice defects created dur-
ing IBAD are an important factor in the narrowing of the
in-plane orientation distribution of the sol-gel PBT with re-
lation to its biaxially textured MgO template. The IBAD
MgO biaxial texturing process produces the fewest number
of defects in the most highly in-plane aligned grains. These
grains are most likely to survive the sol-gel deposition and
provide nucleation sites for the biaxially textured PBT, re-
sulting in a film with a more well-aligned biaxial texture.

As for the sol-gel PBT heteroepitaxy on the biaxially
textured MgO, the MOCVD PBT in-plane orientation distri-
bution improved over the in-plane orientation distribution of
the MgO template. Because the MOCVD was performed in a
separate chamber from the MgO growth, there was an oppor-
tunity for the moisture in the atmosphere to degrade the most
defective MgO regions enough to reduce the nucleation
probability on the heavily damaged, highly in-plane mis-
aligned grains. With minimal atmosphere exposure and with-
out solution to carry away dissolved MgO, the interface be-
tween the MOCVD and the biaxially textured MgO
remained sharp. The MOCVD film could be crystalline ev-
erywhere because the large grain size would enable the crys-
tals to nucleate on the well-aligned grains and overgrow sev-
eral MgO grains.

Finally, the MBE BT deposition most closely reproduced
the biaxial texture of the biaxially textured MgO template.
Because the MBE growth was performedin situ, the MgO
template was preserved as grown and the MBE BT faithfully
adopted the texture and grain size from the substrate. The
RHEED image from this film was the sharpest of the three
ferroelectric films, despite the surface roughness and the
nonstoichiometric growth.

The biaxial texture change for the heteroepitaxial films
depositedex situsuggests methods for preserving or chang-
ing the biaxial texture of the MgO template layer. To protect
the template layer against possible atmospheric moisture
degradation, the MgO could be coated with other films
which are more stable, yet are suitable heteroepitaxial tem-
plates for perovskite ferroelectrics. Alternatively, it appears
that water selectively attacks the misaligned, more ion-
damaged grains, resulting in a template that produces films
with an improved biaxial texture by encouraging nucleation
on the well-aligned MgO grains. A strategy could be devel-
oped for controlled water exposure of the MgO template sur-
face to degrade the unwanted, misaligned grains, followed
by annealing, additional MgO growth, or direct hetero
epitaxy.

E. Ferroelectric characterization

We have used a modified Park Scientific Instruments Au-
toprobe CP for DC-EFM to measure the polarization hyster-
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esis in the biaxially textured PBT and BT films.14 A local
polarization hysteresis loop was acquired by sweeping the
substrate bias from 0 to +10 V, down to −10 V, and finally
up to 0 V while applying a 3.2 kHz, 5-V ac signal to the
AFM tip, and recording the induced tip deflection through a
lock-in amplifier as a function of the dc voltage. The hyster-
esis loop frequency was 5 Hz. Figure 9 shows the polariza-
tion hysteresis loops for the biaxially textured PBT, grown
using sol gel and MOCVD, as well as for the biaxially tex-
tured BT grown using MBE. The polarization hysteresis loop
plots the applied dc voltage versus DC-EFM tip deflection
(measured as the A-B voltage in the split diode photo detec-
tor) because the electric field in the ferroelectric films was
unknown and the relationship between the DC-EFM tip de-
flection and the local film polarizationsmC/cm2d has not
been calibrated. The polarization hysteresis loops demon-
strate that the biaxially textured PBT and BT films are ferro-
electric and contain 180° switchable domains. By taking lo-
cal hysteresis loops at several points on the films, we were
able to determine that the films are ferroelectric at all points
on the size scale of the DC-EFM tip.

IV. CONCLUSIONS

The growth of biaxially textured ferroelectric films, with
excellent in-plane and out-of-plane orientation distributions,
on MgO templates has been demonstrated. Because the tem-
plate can be deposited onto amorphous substrates, this rep-
resents a significant step toward integrating ferroelectric ac-
tuators with Si-based electronics and investigations of the

ferroelectric properties of the biaxially textured thin films.
The biaxial texture of the MgO template is adopted and even
improved by the heteroepitaxial ferroelectric deposition pro-
cess. The cross-section TEM and RHEED biaxial texture
measurements suggest that theex situ(sol gel and MOCVD)
heteroepitaxial processes create more highly in-plane aligned
ferroelectrics than the MgO template by selectively nucleat-
ing on the MgO grains that are well aligned because the
defective misaligned grains are degraded by atmospheric
moisture. All the PBT and BT ferroelectric films possessed
ferroelectric properties and switchable dipole moments, as
demonstrated through the DC-EFM polarization hysteresis
loops.
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