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Large electric field induced strains in ferroelectric islands

J. X. Zhang,? G. Sheng, and L. Q. Chen
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Pennsylvania 16802, USA

(Received 4 February 2010; accepted 4 March 2010; published online 29 March 2010)

An effective mechanism that generates large recoverable electric field induced strains in
ferroelectric islands is studied by phase-field modeling. The large strains originate from the
reversible 90° domain switching between a; (a,) domains and ¢ domains, driven by an applied
electric field and an internal stress field. The electric field induced strains could be effectively
controlled by the magnitude of island-substrate misfit and the aspect ratio of islands. © 2010

American Institute of Physics. [doi:10.1063/1.3373915]

Ferroelectric materials exhibit superior piezoelectric
properties and are used in a wide range of applications such
as actuators and sensors. The large piezoelectric response of
these materials is due in part to intrinsic contribution (piezo-
electric lattice strain) and in part due to extrinsic contribu-
tion, i.e., non-180° domain switching. The extrinsic contri-
bution could be significantly enhanced through the control of
domain switching. Large electric field induced strains were
obtained in a single BaTiOj; crystal with the use of external
compressive stress and oscillating electric field."? At zero
applied electric field, the applied stress forces the polariza-
tion along the [100], or [010],, direction, where the subscript
p denotes pseudocubic indices. When an external electric
field is applied along the [001], direction, a large strain is
achieved due to extensive 90° domain switching. More im-
portantly, the strain is recoverable as the applied stress could
drive the polarization back to the [100], or [010], direction
after the applied electric field is removed. However, a com-
plicated loading system is required to provide the constant
stress in this approach, which limits its application in piezo-
electric devices. To overcome such limitation, Ren and his
colleagues.3’4 found a different mechanism for large electric
field induced strains stemming from non-180° domain
switching, where the interaction between polarization and
point defects is the driving force for recovering the strains. A
large recoverable strain of 0.75% at a low field generated
from an aged BaTiOj; single crystal is reported.3

In this paper, we report an effective mechanism that gen-
erates large recoverable electric field induced strains in ferro-
electric islands. The large strains originate from the revers-
ible 90° domain switching between a; (a,) domains and ¢
domains, driven by the applied electric field as well as the
internal stress field originating from the misfit between is-
land and substrate. The electric field induced strains could be
effectively controlled by the magnitude of island-substrate
misfit and the aspect ratio of islands, which facilitates its
potential applications.

A recently developed phase-field model of ferroelectric
islands is employed in this work.” In the model, temporal
domain structure evolution is described by the time-
dependent Ginzburg—Landau equations,
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i=1,2,3, (1)

where P; is spontaneous polarization field, L is a kinetic
coefficient that is related to the domain evolution, and F is
the total free energy of the system,

F=Fypux+ Fyan + Fetee + Felass (2)

where Fiu Fyals Feeer and Fgp, are the bulk free energy,
domain wall energy, electrostatic energy, and elastic energy,
respectively. The mathematical expressions of these energy
terms are given in Ref. 5.

As an example, (001), oriented PbZr,,Ti;305 (PZT)
islands grown on a cubic substrate are studied in this
paper. We employ a model of 128A X 128A X 36A, and the
thickness of the substrate is taken as h,=16A. The Landau
free energy coefficients, electrostrictive coefficients, and
elastic constants of PbZry,Tig30; are collected from
literature:® @, =3.44(T-456.4) X 10° (C2 m? N), a;;=-3.05
X107 (C*m°N), a;,=6.32X10% (C*m®N), a;;;,=2.48
X108 (C*m'°N), @;,=9.68X10% (C*m'"N), ax
=-490x10° (C*m'°N), ©0,,=0.081 (C?m*, 0,
=-0.024 (C2m?), 0.,4=0.064 (C>m*), c=1.75
X 10" (Nm™), ¢,,=0.794x10"" (Nm™), and cy=1.11
X 10" (N m™2), and T=25 °C. The cell size in real space is
chosen to be A=, where ly=\G o/ @y and ay=|a;|7=os oc.
We choose the gradient energy coefficients as G/ Gyg
=0.6. If [,=1.0 nm, G,;,=1.73%x 1071 (C2 m* N), and the
corresponding domain wall thickness is about 1.5 nm.

For PbZr(,Tiy 303, there are six possible orientation
variants at room temperature with the polarization along the

[100],, [100],, [010],, [010],, [001],, and [001], directions

su\)'ﬁ“a‘e

FIG. 1. (Color online) Schematic illustration of a ferroelectric island.

© 2010 American Institute of Physics
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FIG. 2. (Color online) (a) P5 vs applied electric field and (b) strain &33 vs
applied electric field curves of a continuous PZT thin film (A=16 nm). The
corresponding domain structures at (¢) 0 MV/m and (d) 50 MV/m) (sub-
strate induced strain = 0.8%). Each color represents one type of domain.
The corresponding domain is indicated in the figures.

of cubic paraelectric phase. They are labeled as af, aj, a3,
a,, c¢*, and ¢~ domain, respectively. Under an applied electric
field or stress, the polarization could switch among these
orientations, i.e., 90° domain switching and 180° domain
switching. In this work, an external electric field (E) is ap-
plied perpendicular to the film surface as shown in Fig. 1,
and a single ¢* (or ¢”) domain structure is expected with a
large enough electric field. Therefore, to maximize 90° do-
main switching and hence the electric field induced strain, a;
and a, domains are preferred at zero electric field.

It has been well studied that the volume fraction of vari-
ous domains in ferroelectric PZT films could be effectively
controlled by substrate induced strains.”” Large compressive
strains prefer ¢ domains while large tensile strains result in a
mixture of a; and a, domains. In between, the coexistence of
a,, a,, and ¢ domains is expected. As an example, Fig. 2(c)
shows the domain structure of a PZT film with a 0.8% tensile
strain, and it consists of 97% a, (a,) domains and 3% c
domains. When an external electric field is applied along the
[001], direction, the electrostatic energy drives the switching
of a; and a, domains to ¢* domains. However, there is a
large elastic energy penalty for such switching process
caused by substrate constraint since elastic energy was mini-
mized with the original volume fractions of various domains.
As shown in Fig. 2(d), there are still a large amount of a,
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FIG. 3. (Color online) (a) P5 vs applied electric field and (b) strain &3 vs
applied electric field curves of a PZT island (w=[/=112 nm, =16 nm, and
substrate induced strain=0.8%). The corresponding domain structures at (c)
0 MV/m, (d) 50 MV/m, and (e) —16 MV/m. Each color represents one type
of domain. The corresponding domain is indicated in the figures.

(a,) domains left (39%) even with a large electric field, so
90° domain switching is limited.

Previous studies demonstrate that™'*'? by cutting a con-
tinuous film into isolated islands, the substrate constraint
could be partially removed due to the free surfaces. Thus the
90° domain switching from a; and a, domains to c¢* domains
is easier than the continuous film, and a nearly pure ¢* do-
main is obtained with an electric field of 50 MV/m, as shown
in Fig. 3(d). However, to obtain a recoverable electric field
induced strain, the a; and a, domains need to be restored
when the applied electric field is removed. As studied
previously,5 inside the island, there exists internal in-plane
stress generated by the misfit between the island and sub-
strate, which could be used as the restoring driving force for
a; and a, domains. The sign and magnitude of the internal
stress depend on island-substrate misfit and the aspect ratio
of island, i.e., lateral dimension over island thickness w(l)/h.
A tensile in-plane stress was generated under a tensile sub-
strate induced strain (0.8%), favoring a; and a, domains. As
a result, with the decrease of the applied electric field, ¢*
domains switch back to a;/a, domains gradually. Eventually,
as much as 77% a, (a,) domains have been restored as

wik=104/16

FIG. 4. (Color online) Strain &35 vs
applied electric field curves as a func-
tion of (a) substrate induced strains
(w=[=112 nm, h=16 nm) and (b) as-
pect ratio w/h. (h=16 nm, substrate
induced strain=0.8%).
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shown in Fig. 3(e). As a result, a large recoverable electric-
field induced strain of ~3% was obtained [Fig. 3(b)], which
is about three times larger than that of the continuous film
under the same electric field [Fig. 2(b)].

By controlling the substrate induced strains, the driving
force for restoring a;/a, domain could be effectively
changed. As shown in Fig. 4(a), when the tensile substrate
induced strains decrease, a much smaller recoverable electric
field induced strain was obtained since only a small fraction
of a;/a, could be restored. The maximal &35 achieved (de-
formation at electric field of 50 MV/m), however, increases
with the decrease of substrate induced strains. It should be
noted that large compressive substrate induced strains prefer
¢ domains and 180° domain switching. For such a case, the
intrinsic contribution dominates and a ferroelectric island be-
haves as a single domain single crystal, as shown in experi-
mental observations.'> On the other hand, the internal stress
inside islands also depends on the aspect ratio of islands. As
shown in the previous study,5 the smaller the aspect ratio, the
smaller the average in-plane stress. Therefore, the electric
field induced strains could also be controlled by the aspect
ratio of islands as shown in Fig. 4(b).

In summary, we report an effective mechanism that gen-
erates large reversible electric field induced strains in ferro-
electric islands without using complicate loading systems.
The mechanism takes advantage of the misfit between the
islands and substrate to recover the strain. The electric-field
induced strains could be effectively controlled by the magni-

Appl. Phys. Lett. 96, 132901 (2010)

tude of island-substrate misfit and the aspect ratio of islands,
which further facilitate its potential applications.

The authors are grateful for the financial support from
the National Science Foundation through Grant No. ECCS-
0708759.
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