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Effect of electrical boundary conditions on ferroelectric domain structures
in thin films

Y. L. Li, S. Y. Hu, Z. K. Liu, and L. Q. Chena)

Department of Materials Science and Engineering, The Pennsylvania State University, University Park,
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~Received 6 July 2001; accepted for publication 14 May 2002!

The domain structures in a ferroelectric thin film are studied using a phase-field model. A
cubic-to-tetragonal ferroelectric phase transition in lead titanate thin film is considered. Both elastic
interactions and electrostatic interactions are taken into account. The focus is on the effect of
electrical boundary conditions on the domain morphologies and volume fractions. It is shown that
different electric boundary conditions may have a significant effect on the domain structures.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1492025#
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Ferroelectric thin films find potential applications
many electronic and electro-optical devices including n
volatile memories, thin film capacitors, sensors, etc.1–3 The
crystallography and thermodynamics of domain structure
ferroelectric thin films have been extensively studied.4–17 A
given domain structure with a particular domain wall orie
tation was usually assumed asa priori in these theoretica
analyses. Recently we showed that the phase-field appr
could be employed to predict the domain structures in c
strained three-dimensional ferroelectric thin films witho
any a priori assumptions with regard to the possible dom
structures.18,19 It is able to predict not only the effect of sub
strate constraint on phase transition temperatures and
volume fractions of different orientation domains, but al
the detailed domain structures and their temporal evolu
during a ferroelectric transition. In this letter, we study t
effect of the electric boundary conditions on the dom
structures by extending the phase-field approach18,19 to in-
clude the electrostatic interactions.

A cubic thin film grown heteroepitaxially on a cubic su
strate is considered. The film undergoes ferroelectric ph
transitions from the cubic paraelectric phase when it
cooled below the Curie temperature. The domain structur
described by the spatial distribution of local polarizati
P„x…5(P1 ,P2 ,P3), where x5(x1 ,x2 ,x3) is a rectangular
coordinate system originated at the film-substrate interf
with x3 normal to the film. The electric energy density of
given polarization distribution is calculated by

f elec52 1
2Ei~«0k i j Ej1Pi ![ f elec~Pi ,Ei !, ~1!

whereEi is the electric field component. It is related to th
electric displacementDi through the usual relation,Di

5«0k i j Ej1Pi , in which,«058.85310212 F m21 is known
as the dielectric permittivity of a vacuum, andk i j is the
relative dielectric permittivity. The summation conventio
for the repeated indices is employed in this letter and
subscriptsi,j run from 1 to 3.

Suppose there is no space charge inside the film,
electric displacement,Di satisfies the electrostatic equilib

a!Electronic mail: lqc3@psu.edu.
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rium equation ofDi ,i50 in the film, where the comma in th
subscript stands for spatial differentiation. On the top a
bottom surfaces of the film

D3ux350,hf
50 ~2!

for an open-circuit condition, or

fux3505f1 ,fux35hf
5f2 ~3!

if the electric potential,f, is specified on both surfaces of th
film, wherehf is the film thickness.f is related toEi through
Ei52f ,i . Thus, by assumingk i j 50 when iÞ j , the elec-
trostatic equilibrium equation is given by

k11f ,111k22f ,221k33f ,335
1

«0
~P1,11P2,21P3,3!. ~4!

For a given polarization distribution, to obtain the elect
field componentsEi and the electric displacementsDi , we
employed the same methodology to solve the electrost
equilibrium equation as that used in solving the elastic eq
librium equations in Ref. 19.

The total free energy of a film in a diffuse-interface d
scription is then given by

F5E
V
@ f bulk~Pi !1 f grad~Pi , j !1 f elas~Pi ,e i j !

1 f elec~Pi ,Ei !#d
3x, ~5!

where f bulk , f grad, f elas and f elec are the bulk chemical, gra
dient, elastic, and electric energy density, respectively, anV
is the volume of the film. The mathematical expressions
the Landau bulk free~or bulk chemical! energy and the gra
dient energy are exactly the same as those given in Refs
and 19. The calculation of the elastic energy is also descri
in detail in Ref. 19. In this work, we ignore any possib
surface and interface contributions to the energy as discu
in Refs. 20 and 21. We assume that the mechanical and e
tric equilibriums are established instantaneously for a giv
polarization field distribution.

The temporal evolution of the polarization vector field
described by the time-dependent Ginzburg–Landau eq
tions
© 2002 American Institute of Physics
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]Pi~x,t !

]t
52L

dF

dPi~x,t !
, ~6!

whereL is the kinetic coefficient related to the domain-wa
mobility. Equation ~6! is solved by employing the sem
implicit Fourier-spectral method.22

We consider lead titanate (PbTiO3) thin film as an ex-
ample for numerical simulation. The coefficients of the La
dau free energy expansion and the electrostrictive and el
constants are exactly the same as those given in Ref. 19
they are adapted from the literature.23,24 The relative dielec-
tric permittivity is taken ask115k225k33566.0.23 In the
computer simulations, we employ a 1923192340 discrete
grid points and periodic boundary conditions are appl
along thex1 and x2 axes. The grid spacing in real space
chosen to beDxi / l 05Dx/ l 051.0, wherel 05AG110/a0 and
a051.72523108 (C22 m2 N). We choose the gradient en
ergy coefficients as G11/G11052.0, G12/G11050.0,
G44/G1105G448 /G11051.0. The corresponding width of do
main wall is about 2.5Dx, and the domain wall energy den
sities atT525 °C are evaluated to be about 1.22a0l 0P0

2 for
90° domain walls and 2.46a0l 0P0

2 for 180° domain walls,
respectively.P05uPuT525 °C50.757 C m22 is the spontane-
ous polarization. The time step for integration isDt/t0

50.08, wheret051/(a0L).
In this letter, we focus on the coupling effect of electr

static boundary conditions and substrate constraint on
domain structures. In the simulation, two electrostatic con
tions, ~2! ~open-circuit! and~3! at f15f25const~short cir-
cuit!, are considered. The macroscopic constraint of the s
strate is described by the average strainēab(a,b51,2)
while the continuities of the deformation and stresses
film-substrate interface provide the local/microscopic co
straint. For a simple case—a thin film grown epitaxially
~001! cubic substrate, the average strains are of the fo
ē115 ē225 ē and ē1250. We take the thickness of the film a
hf524Dx and allow the heterogeneous elastic deformat
in the substrate by choosing a value ofhs514Dx, wherehs

is the distance from the interface into the substrate, bey
which our simulations showed little changes in the result

Since the phase transition is from cubic to tetragon
there are three possible orientation variants in the film w
the tetragonal axes along the@100#, @010# and @001# direc-
tions of the cubic paraelectric phase, respectively. They
labeled bya1 , a2 , andc, respectively. The polarization vec
tor takesP5(P1,0,0) in a1 domain,P5(0,P2,0) in a2 do-
main, andP5(0,0,P3) in c domain. Thus, we present th

FIG. 1. Domain morphologies withē520.002 and open-circuit electric
condition.
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domain structures with the polarization vector component
a normalized form ofPi* 5uPi u/P0 .

First, to compare the domain structures under the t
different electric boundary conditions, we consider a th
film under a compressive constraint ofē520.002 at a
quenching temperatureT525 °C. We started the simulatio
from a homogeneous paraelectric phase created by assig
a zero value at each grid point for each component of
polarization field plus a small random noise of uniform d
tribution. The morphologies of thec domain structures nea
equilibrium are shown in Fig. 1 for the open-circuit boun
ary condition, Fig. 2 for the short-circuit boundary conditio
and Fig. 3 without considering the electrostatic interaction
all ~equivalent to assuming all the polarization charges on
surfaces and domain walls are compensated by free char!.
The morphologies are the contours ofPi* 50.6. The values
in the figures are the correspondingc domain volume frac-
tions. Thea domains occupy the rest space of the simulat
cell. As expected, the compressive substrate constraint fa
the formation ofc domains, and hence, the volume fractio
of c domains is larger than that ofa domains for all three
cases. However, the incorporation of the dipole–dipole in
actions and of different electric boundary conditions ha
significant effect on the domain morphology and arran
ment. In the case of open-circuit boundary condition~Fig. 1!,
the depolarization field caused by surface charge produ
two effects. First, the depolarization field favors the form
tion of a domains overc domains near the surfaces, resultin
in an increase in the volume fraction ofa domains. Second
it leads to the refinement of size of thec domains, and the
formation of neighboringc domains with antiparallel dipole
configurations~see the arrows on thec domains!. In contrast
to the open-circuit case, the film surface charge in the sh

FIG. 2. Domain morphologies withē520.002 and short-circuit electric
condition.

FIG. 3. Domain morphologies withē520.002, but ignoring electrostatic
interaction.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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circuit case is compensated, thus, no depolarization fiel
produced. However, the constant electrical potential on
surfaces in the short-circuit boundary condition promotes
formation ofc domains. Therefore, the volume fraction ofc
domains increases in the short-circuit condition while d
creases in the open-circuit condition. These findings seem
contradict with those in Ref. 25, where the authors conclu
that depolarizing fields did not affect the domain structu
and volume fractions.

As a second example, we considered a larger tensile
strate constraintē50.016. For both the open-circuit an
short-circuit boundary conditions, onlya1 and a2 domains
exist. Since the electric boundary conditions are defined
the film surfaces, their effect ona-domain morphology is
small, and thus the domain structures for the two elec
conditions are similar. Due to the page limit, only the res
from the short-circuit condition is presented~Fig. 4! and
compared to the case without considering the electros
energy at all~Fig. 5!. In thea-domain structures, thea1 and
a2 domains are not distinguished but the domain walls
displayed. Although thea-domain structures in both Figs.
and 5 consist of similar closely packed lamellae, the cons
surface electrical potential in the short-circuit boundary c
dition case results in larger domain sizes. Moreover,
dipole–dipole interactions considered in the short-circ
boundary condition promote head-to-tail or tail-to-head
rangement across the 90° domain walls betweena1 and a2

domains. In contrast, a random arrangement of head-to-h
tail-to-tail, or head-to-tail configurations is observed in Fig
since the dipole–dipole interaction is ignored. Finally, com
like or zigzag domain structures are observed in Fig. 4. T
is also a consequence of dipole–dipole interactions wh
prevent two domains of antiparallel polarization to conn
with head-to-head or tail-to-tail configurations. Interesting
such comb-like domain structures or zigzag domain bou
aries have been observed in experiments.26–28

In summary, a phase-field model for predicting doma
structures in a thin film is developed, which allows differe
mechanical and as well as electrical boundary conditio
Simulation results on a cubic to tetragonal transition

FIG. 4. a domain morphology withē50.016 and short-circuit electric con
dition.
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PbTiO3 thin film demonstrate that depolarization field an
dipole–dipole interaction can lead to significant changes
domain shapes and domain volume fractions.
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