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Heterostructured thin films differing either in their structure,
composition, or in both have shown novel magnetic,[1,2] super-
conducting,[3] ferroelectric, or electromechanical[4,5] responses.
In the case of ferroelectrics, multilayers or superlattices have
displayed enhanced polarization,[5–7] high dielectric permittiv-
ity[8,9] and in some instances, entirely new structural phases.[10]

These observations have been accounted for on the basis of
electric-field-induced coupling,[4] epitaxial strain,[11,12] and spe-
cific polar interactions between the interfacial layers.[5,10,13,14] As
most ferroelectrics have a strong non-negligible ferroelastic
self-strain associated with their phase transformation, an aspect
that should be equally fascinating is that of the elastic interactions
between such multilayers. The interactions lead to the formation
of ferroelastic domains, arranged in the form of period-
alternating lamellae in order to relax the excess elastic energy.
When these lamellae are of the same phase but of different
crystallographic orientations, they are generally referred to as
‘‘twins’’. The ferroelastic-domain-wall (extrinsic) contribution to
the dielectric, piezoelectric, and elastic properties of ferroelectrics
is indeed quite significant[15] in the case of bulk ceramics and
single-crystals, and this can be several times larger than the
intrinsic lattice piezoresponse.[16]

In the case of ferroelectric thin films, the issue of movement of
ferroelastic domains is not without debate. Earlier experimental
studies[17,18] proposed that the ferroelastic ‘‘herringbone’’ pattern
in thin films demonstrated very limited (if any) ability to move
under external stress or electric field. This has been contradicted
in more recent experiments on polycrystalline films.[19,20]

Nevertheless, gross quantitative enhancement has been reported
only under special conditions, such as films patterned into
[*] V. Anbusathaiah, Dr. V. Nagarajan, R. Mahjoub, M. A. Arredondo,
S. Wicks
School of Materials Science & Engineering
University of New South Wales
Sydney, NSW 2052 (Australia)
E-mail: anbu@materials.unsw.edu.au; nagarajan@unsw.edu.au

F. C. Kartawidjaja, Prof. J. Wang
Department of Materials Science and Engineering
National University of Singapore
Singapore, 117576 (Singapore)

Dr. D. Kan, Prof. I. Takeuchi
Department of Materials Science and Engineering
University of Maryland
College Park, MD 20742 (USA)

DOI: 10.1002/adma.200803701

Adv. Mater. 2009, 21, 3497–3502 � 2009 WILEY-VCH Verlag G
islands,[21] under nonuniform electric field,[22] or on specially
orientated substrates (such as (101) SrTiO3).

[23]

In this communication, we demonstrate that a bilayered
heterostructure, comprised of a tetragonal (T) PbZr0.3Ti0.7O3 film
deposited on a rhombohedral (R) PbZr0.7Ti0.3O3 film, on
electrode-buffered Si substrates leads to a nanoscale ferroelas-
tic-domain arrangement that is easily susceptible to external
electric fields. Piezoresponse force microscopy (PFM) and
cross-sectional transmission electron microscopy (TEM) analyses
of these layered structures show complex ferroelastic-domain
arrangement to be present only in the Ti-rich top tetragonal layer.
Thus, these domains are tethered only by a soft Zr-rich R
underlayer, and not by the hard substrate. They move under the
application of an external electric field leading to a giant
piezoelectric coefficient of�220 pm V�1, up to three times larger
than what is normally observed in constrained single-layered PZT
thin films. X-ray diffraction (XRD) patterns taken following
applications of an electric field reveal a distinct change in the
ferroelastic (non-1808)-domain population distribution. Most
importantly, we find that this motion in a simple thin-film
geometry is reversible and repeatable with cyclic application of
electric fields. Such ferroelastic-domain motion is very attractive
for a variety of electromechanical devices.

Figure 1 is a panel showing a series of PFM images and the
cross-sectional TEM image obtained for a 70 nm thick
PbZr0.3Ti0.7O3 (T)/70 nm thick PbZr0.7Ti0.3O3 (R) bilayer on a
Pt/Ti/SiO2/Si substrate. Figure 1a shows the out-of-plane R cosu
(Vertical PFM or VPFM) image. The dotted lines in this image
represent the grain boundaries traced from the topography (in
Supporting Information), which reveal a relatively large grain size
(1–3mm) for such a thin film.

Arlt[24] has previously analyzed how 3D-configured ferroelastic
domains are accommodated in bulk ceramics, and concluded that
complex self-assembled domains could not be formed unless the
material had a very large grain size (several square micrometers).
This emphasizes the critical role of the large grain size in our
bilayered films, which provides the fundamental requirement to
form complex nanodomain hierarchies. The corresponding
in-plane piezoresponse-force image (Lateral PFM or LPFM)
captured simultaneously (Fig. 1b) clearly shows the varying
domain arrangements within each grain. The bright (white) and
the dark (blue) contrast in out-of-plane and in-plane PFM images
represent the direction of orientation of the polarization vector in
their respective planes. Regions that show a strong signal in the
in-plane PFM image show a poor signal (orange contrast) in the
corresponding out-of-plane image, thus implying that these are
the ‘‘a-domain’’ fractions in these bilayered thin films. A rough
mbH & Co. KGaA, Weinheim 3497
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Figure 1. Twinned ferroelastic-domain structure for the bilayered PZT thin
films. a) Vertical PFM image with dotted line representing the grain
boundaries. b) Corresponding lateral PFM image. c) Cross-sectional profile
for the line shown in the VPFM and LPFM images. d) Similar cross-
sectional profile drawn for an alternative domain pattern. e) Cross-sectional
TEM image of the bilayered PZT thin films that reveals the twin domain
structure for the top T surface. The bottom inset is the magnified portion
that shows c/a1/c/a1 and c/a2/c/a2 domain structures.

3498
estimate from this visual image leads to a ferroelastic twin
fraction of more than 50%, normally unexpected for this
composition and especially at such small film thicknesses.[25]

This is also seen in the u �2u XRD scans (in Supporting
Information), which revealed the presence of a significant
a-domain fraction. The PFM images show fine domain twinning
throughout the entire film, and although the periodicities of these
domains vary from grain to grain and from region to region, the
pattern is overall unlike the square-grid-type structures previously
observed in epitaxial PZT.[17,22] Instead, the PFM images bear a
strong resemblance to the stripe or lamellar arrangement
demonstrated recently for single-crystal BaTiO3 nanowires,[26]

thus implying a domain state significantly distinct from
commensurate single-layered thin films. Indeed, single-layered
films of equivalent thicknesses did not display such complex
domain arrangements or grain sizes (shown in Supporting
Information).
� 2009 WILEY-VCH Verlag Gmb
To identify the domain configurations, we look at cross-
sectional profiles from the VPFM and LPFM images. Figure 1c
represents one such profile along the black line in Figure 1a
and b. It shows that both the out-of-plane and in-plane
components have the same magnitude but are in opposite
phases spatially, that is, themaxima of the out-of-planemagnitude
coincide with the minima of the in-plane magnitude, and
vice-versa. In other words, a given domain has either out-of-plane
component (c-domain) or in-plane (a-domain) component but
never both. This is the classic case of c/a/c/a domain structures
with (001)/(100) orientation, following the 3D analyses of the
PFM images by Eng and Ganpule et al.[17,27] A second case is the
cross-sectional profile shown in Figure 1d, obtained from a
different grain (not shown here) in the same thin film. In this
case, the maxima and minima for the out-of-plane and in-plane
piezoresponse are coincident along the spatial direction,
indicating that for this domain both in-plane and out-of-plane
signals exist, and thus from vector-PFM analysis[28] the
polarization is at an angle to the substrate normal. The X-ray
diffraction for this bilayered structure showed that other than
(100)/(001) grains, (111) and (110) orientations also exist. We thus
believe Figure 1d is from a (111) or (101) oriented grain. A
cross-sectional TEM image (Fig. 1e) confirms the presence of
several c/a/c/a domain configurations within a single grain. We
note that the twin domains are present only in the top Ti-rich T
layer. The bottom Zr-rich R layer is totally devoid of any form of
twinning or ferroelastic domains. Further, it also shows the
different possible c/a/c/a domain types, with the boxed inset in
Figure 1e magnified to render a clearer image of the varying
ferroelastic domain arrangements with different angles of
orientations (denoted by arrows).

Figure 2 is a panel showing the PFM domain-imaging result of
switching experiments performed within one large grain. The
left-column images show the VPFM and the right column show
the LPFM images (both are R cosu images). Figure 2a and b show
the as-grown domain state, 2c and d are the images after the
application of DC bias (�5V) at the center (500 nm � 500 nm),
and Figure 2e and f are the VPFM and LPFM images after þ5V
DC bias on the same region, respectively. First, the cross-sectional
profile (inset to Fig. 2c) of the VPFM image confirms a change in
sign of the phase of the VPFM signal going from the unwritten
region to inside the written square. This proves that the change in
contrast is a true domain-switching effect rather than a simple
surface-charge-induced effect. Interestingly, under applied
electric field, only the top diagonal region becomes bright,
whereas the bottom left diagonal of the region switches to the
opposite phase (dark contrast) with a significant domain
reconstruction, as marked by the arrow. The corresponding
LPFM image shows that the in-plane-oriented a-domains have
also switched to give bright contrast with twin reconstruction,
which is a clear indication of 908 ferroelastic-domain-wall
movement. In Figure 2e and f (after positive bias) the
nanodomains relax back to the original position in the top-right
diagonal, whereas in the bottom left diagonal they break down
into many more c/a/c/a nanodomain patterns.

To probe if the changes in the domain patterns are due to an
electric-field-induced phase transition (as postulated by Fu
et al.[29] and Bellaiche et al.[30]), we have studied the effect of
electric field on the X-ray-diffraction (XRD) pattern of the film
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 3497–3502
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Figure 2. PFM images that demonstrate 908 domain switching in bilayered thin films.
a) VPFM image before applying DC bias. b) Corresponding LPFM image. c,d) VPFM and
LPFM images after applying�5 V DC bias. Inset represents the cross-section profile for the
line marked in c). Arrows in this figures point the domain rearrangements. e,f) VPFM and
LPFM images after applying þ5 V DC bias.
using a lab diffractometer (Bruker D8). The smallest possible spot
size for the X-ray beamwas�3mm2, and this meant that an array
of capacitors had to be tested (see Experimental section for
details). To ensure that the capacitors were able to sustain the
electric field, each one in the array was individually confirmed to
show a polarization hysteresis loop. Figure 3 is the resultant XRD
patterns of the bilayer PZT thin film as a function of the applied
DC bias (þ and�7V). Figure 3a is the diffraction plot around the
(001)/(100) peaks. Likewise, Figure 3b is for the (110)/(101) peak
positions, and Figure 3c is a section of the diffraction pattern
showing the (111) peak of the R layer. One finds that for the (001)
Adv. Mater. 2009, 21, 3497–3502 � 2009 WILEY-VCH Verlag GmbH & Co. KGa
and (111) peaks, very little change occurs as a
function of applied bias. On the other hand,
following positive bias application, there is sig-
nificant increase in the (110) peak intensity as well
as distinct changes in the peak shape. More
importantly, we find that the peak returns to
approximately the original shape and intensity
values following subsequent negative-bias applica-
tion.

If the films had undergone any electric-field
induced transformation, distinct changes in the
peak positions (and hence d-spacings) or intensities
of the (001)/(100) and (111) peaks would be expected
as the filmwould undergo significant lattice changes
from a T to an R structure (or vice versa). The plots
show that as a result of the field application there is a
significant change in the ratios and peak shapes of
only the (110)/(101) peaks, and the (001)/(100) and
(111) peaks have remained relatively unperturbed.
Thus, we conclude that the dominant mechanism is
the occurrence of twin-boundary-motion (ferroelas-
tic-domain-wall motion)-induced population redis-
tribution of twin variants. We propose that upon
electric-field application, in order to maintain
energetically least expensive head-to-tail domain
configurations, any change in the out-of-plane
polarizations must be accompanied a concomitant
change in the in-plane polarization. This entails that
a ferroelectric switching is necessarily accompanied
by a ferroelastic switching (identified as changes in
the 110/101 variant fractions). In other words, it can
create a very large surface displacement under the
electric field and therefore can account for the
observed high piezoelectric coefficient discussed
below. This key experiment thus demonstrates that
indeed upon application of an electric field, it is the
change in the ferroelastic domains (non-1808
domain switching) that dominates the electrome-
chanical response, as opposed to a field-induced
transformation into the R-phase. We also note here
that the length scale of the XRD experiment (several
square millimeters) is approximately six orders of
magnitude larger than that of the local PFM studied
area in Figure 2 (on the square-micrometer scale). In
the present XRD experiment, given the relatively
large sampling area, redistribution of variants
occurred in such a way that only the average
population ratio of (110)/(101)-oriented grains was
affected.
To quantify the degree of electric-field-induced changes in the
X-ray diffraction, the macroscopic strain comprised of both the
microscopic lattice strain and the strain due to the ferroelastic
domain switching (ef) has been calculated. From the changes in
XRD peak position for the (110) peak before and after applying
the electric field (Fig. 3b), the variation in d-spacing, and hence
the microscopic lattice strain associated with these changes, was
calculated as 0.00525. Then using the multiples of a random
distribution (MRD) approach developed by Jones et al.,[31] the
strain associated with the ferroelastic domain switching was
A, Weinheim 3499
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Figure 3. Electric-field dependent X-ray-diffraction pattern. Magnified XRD
plots for the virgin structure and after applying positive and negative
biases. a–c) T-phase (001)/(100), T-phase (101)/(110) and (111) R-phase
peaks, respectively.

3500
calculated. The degree of texture for the tetragonal (110) and (101)
peak is given as[31]

MRD110 ¼ 3
I110=IR110

2ðI101=IR101Þ þ ðI110=IR110Þ
(1)

where I110 and I101 are the integrated intensities of the (110) and

(101) peaks, respectively, after applying the electric field. IR110 and
IR101 are the intensities obtained for the bilayered thin film at its
� 2009 WILEY-VCH Verlag Gmb
as-grown state. Thus, the electric-field-induced ferroelastic

texture for these peaks is MRD110¼ 1.3691, which also

emphasizes the preferred orientation of the polar vector for

(110) along the direction of the applied electric field. From MRD,

the strain due to ferroelastic domain switching (ef) is calculated
using the following expression[31]

"f ¼
c � a

a

Za¼p
2

a¼0

½MRD110ðaÞ � 1� cos 2a sina:da (2)

as 0.00536. In the above expression, c and a are the lattice

parameters for PbZr0.3Ti0.7O3 thin films, and a is the angle of

rotation. Thus, the total strain associated with this ferroelastic-

domain-wall motion is 0.0106 (that is, 212 pm V�1 for the 500 kV

cm�1 applied electric field), which agrees with the PFM-

measured piezoelectric coefficient value (effective d33, Fig. 4a).
We also carried out quantitative PFM measurements on

smaller capacitance pads to estimate the magnitude of this
ferroelastic-domain-wall motion. The piezoelectric coefficient
(effective d33) of these thin films obtained via PFM is shown in
Figure 4a. To avoid complications from an inhomogeneous field
distribution often created by the AFM tip on a ferroelectric
thin-film surface, all the quantitative measurements were
performed on a top electrode (Pd) deposited on the ferroelectric
surface. For comparison, we also plot in Figure 4a data for a
standard PZT single layer of the same composition as the
present top T layer. The bilayered thin film shows a piezoelectric
constant of nearly 220 pm V�1, which is three times larger than
the constrained single-layered thin film. Also, the coercive field
from the hysteresis loop for these bilayered thin films is of the
same magnitude as the single layer, hence demonstrating
significant potential in thin-film-based actuator applications
using the present bilayer films. In the case of 908 (non-1808)
domain-wall motion, it has been reported that the electro-
mechanical parameter such as piezoelectric or dielectric
coefficient is excited non-linearly by the AC amplitude.[20,32]

Hence, a pertinent question is whether the giant piezoelectric
coefficient observed in the bilayered thin film is an intrinsic or
extrinsic behavior.

To answer this, we used AC-field-dependence analysis, where
the piezoresponse of the bilayered thin films was measured as a
function of AC amplitude using the lock-in amplifier, keeping the
AC frequency constant without DC bias, to quantify the field
dependence of the piezoelectric coefficients.[32,33] The first-,
second-, and third-harmonic responses of the piezoresponse were
captured and plotted against the AC amplitude (inset to Fig. 4a).
The piezoresponse shows distinct nonlinear first-harmonic
response, and particularly beyond the threshold AC amplitude
(2.5 Vpk-pk), there is a rapid increase. This rapid nonlinear
increase after the threshold field can be attributed to the drastic
movement of the 908 domain wall.[32] In the case of second- and
third-harmonic response, it shows negligible response confirm-
ing that the major contribution to the large piezoelectric response
is from the 908-domain-wall movement in these bilayered thin
films. This also proves that the enhanced dielectric response
observed for such bilayered systems[8,9] has a significant
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 3497–3502
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Figure 4. Piezoelectric and ferroelectric properties. a) Piezoelectric coeffi-
cient (effective) of the PZT bilayered thin films with AC-dependence plot as
inset. The first-, second-, and third-harmonic responses are plotted with
open squares, triangles, and circles, respectively. b) P–E hysteresis loop
acquired for the bilayered thin films at a function of frequency from 25 kHz
to 0.5Hz. c) PUND measurements as a function of electric field and pulse
width. Inset in c) is the pulse-width dependence of the switchable polar-
ization at 213 kV cm�1.
domain-wall-motion contribution and not solely space-
charge-induced interface effects.

Finally, the ferroelectric hysteresis and positive-up negative-down
(PUND) properties of this bilayered thin-film structure have also
been investigated. Polarization-hysteresis loops for the bilayered
PZT thin films captured as a function of frequency ranges from
25kHz to 0.5Hz are plotted in Figure 4b. The bilayered structure
shows a remanent polarization (Pr) of �15mC cm�2 at low
frequencies. This low value is a reflection of the majority in-plane a
Adv. Mater. 2009, 21, 3497–3502 � 2009 WILEY-VCH Verlag G
domains that are present in the film. We find that as a function of
frequency, there is a change in the value of the remanent
polarization from �15mC cm�2 (0.5Hz) to�7mC cm�2 (25 kHz).
To eliminate contributions from leakage and other non-switching
components, PUND measurement was carried out using the
same capacitance pad as a function of applied electric field (Fig.
4c) for different pulse widths. It also displays a rapid drop in the
switched polarization (DP) with shorter pulse widths (the inset,
which plots theDP at 213 kVcm�1, shows that nearly 50% ofDP is
lost), signifying that for shorter pulse widths, the ferroelastic
domains are too slow to respond to the applied field.

It is thus evident that the enhanced electromechanical
coefficient measured in Figure 4a is a signature of increased
ferroelastic-domain activity, particularly under relatively slow
sweeping DC bias. An irreversible change would result in a large
change in the Pr value, as was demonstrated on nanoscale
ion-milled islands.[21] Instead, here these domains move
reversibly instead of being completely eliminated in an
irreversible manner after initial bias, and the reversibility may
merely contribute to the increased hysteresis (widening of the P–E
loop) rather than giant polarization. Notably, the same character-
istic is also observed in the quantitative piezoelectric loops.

It can be shown in such a system that (details found
elsewhere[34]) by applying the dense-domain model, the change
of equilibrium volume fraction of a domains is obtained as

Dbmultilayer ¼
ðec;T � ea;T þ 2eIca;T þ eIcR;T � eIaR;TÞ

4eIca;T
(3)

where ec,T and ea,T are the elastic energies of the c and a domains at

the interface plane in the tetragonal layer, eIca;T can be regarded as the

indirect interaction energy between the a and c domains, and Db is

the increase in the a domain volume fraction. The equation above is

similar to previously derived forms for obtaining the change in the

ferroelastic-domain fraction for a single-layer system,[25]

Dbsinglelayer ¼
ðec;T � ea;T þ eIca;TÞ

2eIca;T
(4)

but it additionally contains two key terms, eIcR;T and eIaR;T , as the
interaction energies between c and a domains and the underlying

rhombohedral film, respectively. Thus, we attribute the relatively

large fraction of a domains for the bilayer system to the additional

elastic-interaction-energy terms between the R and the T layer.

Notably, there is a difference in the signs of eIaR;T and eIcR;T , and
this acts as a control mechanism to achieve the optimal domain

volume fractions. Thus, interaction between the elastic self-

strains of the T and R layers leads to a control parameter that can

be easily tuned by changing themisfit strains at the T–R interface.
In summary, we demonstrate giant electromechanical coeffi-

cients in ferroelastically active bilayer ferroelectric thin-film
systems. PFM coupled with electric-field dependent X-ray-
diffraction experiments prove that the observed enhancement
can be attributed to the presence of labile ferroelastic
nanodomains in the top tetragonal layer, which show gross
(reversible) movement under external electric fields.
mbH & Co. KGaA, Weinheim 3501
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Experimental

Bilayered thin-film structures consisting of a PbZr0.3Ti0.7O3 (70 nm)
deposited on top of a PbZr0.7Ti0.3O3 (70 nm) were used in this study. The
films were deposited by a multistep sol–gel route assisted by spin-coating
on Pt/Ti/SiO2/Si substrates. X-Ray-diffraction measurements using Philips
X-pert MRD verified that the structure of the PZT layers was polycrystalline
with a preferential orientation along the (001)/(100) direction with small
fraction of (111) orientation. Cross-sectional electron microscopy and
electron-probe microanalysis confirmed that there was no intermixing
between the functional layers. Further processing details and macroscopic
ferroelectric properties are given elsewhere [35]. A multimode atomic force
microscope with Pt/Ir-coated cantilever (with typical tip radius 7 nm, force
constant 0.2N m�1, resonant frequency 13 kHz) was employed at a scan
rate of 0.8Hz for the visualization of domain structure. An AC signal
Vac¼Vo sin(vt) with amplitude 1.5 V and frequency 7 kHz was applied
between the AFM tip (movable top electrode) and the bottom electrode of
the sample to acquire the piezoresponse images of the out-of -plane and
in-plane components with the aid of two lock-in amplifiers. The as-grown
(virgin) domain structure was visualized by monitoring the product of first
harmonic amplitude and cosine of the phase, that is, the (R � cosu)
component, which is the real part, of the complex piezoresponse image.
Then through the same AFM tip, DC bias was applied locally to a grain of
interest. The d33 measurements and the Rayleigh analysis were performed
using a custom-built circuit with the help of Stanford Research Systems’
DDDA Data acquisition software. Nanotec’s WsXM software was used to
process and analyze the PFM images. For electric-field-dependent X-ray
diffraction and functional-properties measurements, 100 nm thick
50mm� 50mm Pd top electrodes were photolithographically patterned
as close as possible on top of the bilayered thin films. The typical gap
between each pad was about 10mm. The metal stage and a sample holder
allows us to apply DC bias to each pad through an Agilent LCRmeter, which
aids us to confirm that the DC bias saturates the polarization, and thus the
capacitor can sustain the applied electric field. X-ray diffraction patterns are
then recorded using the Bruker D8 with Vantec detector. Ferroelectric
hysteresis loops and PUND measurements were performed using a
Radiant Premier II at room temperature. Cross-sectional TEM analysis were
performed using a JEOL 3000F TEM operated at an accelerating voltage of
300 kV.
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