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Effect of electrical boundary conditions on ferroelectric domain structures
in thin films
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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 Physic§DOI: 10.1063/1.1492025

Ferroelectric thin films find potential applications in rium equation oD; ;=0 in the film, where the comma in the
many electronic and electro-optical devices including non-subscript stands for spatial differentiation. On the top and
volatile memories, thin film capacitors, sensors,'&fcThe  bottom surfaces of the film
crystallography and thermodynamics of domain structures in
ferroelectric thin films have been extensively studietl.A Dsfx,-on=0 @
given domain structure with a particular domain wall orien-
tation was usually assumed aspriori in these theoretical
analyses. Recently we showed that the phase-field approach ¢|X3=0: ¢1,¢|x3=hf= b» (3
could be employed to predict the domain structures in con-
strained three-dimensional ferroelectric thin films withoutif the electric potentialg, is specified on both surfaces of the
anya priori assumptions with regard to the possible domairfilm, wherehy is the film thicknessé is related tag; through
structures®9|t is able to predict not only the effect of sub- Ei=—¢ ;. Thus, by assuming;;=0 wheni#j, the elec-
strate constraint on phase transition temperatures and ttgostatic equilibrium equation is given by
volume fractions of different orientation domains, but also 1
the_detalled domam structL_Jr_es and the|r temporal evolution K110 117 Koo 2o+ K33 33=— (P 1+ Pt P3g. (4
during a ferroelectric transition. In this letter, we study the €o

effect of the electric boundary conditions on the domaingq, 4 given polarization distribution, to obtain the electric
structures by extending the phase-field appréathio in-  figlq componentE; and the electric displacemeniy, we

clude the electrostatic interactions. employed the same methodology to solve the electrostatic

A cubic thin film grown heteroepitaxially on a cubic sub- gqjlibrium equation as that used in solving the elastic equi-
strate is considered. The film undergoes ferroelectric phasgyrium equations in Ref. 19.

transitions from the cubic paraelectric phase when it is  The total free energy of a film in a diffuse-interface de-
cooled below the Curie temperature. The domain structure i§cription is then given by

described by the spatial distribution of local polarization

P(x)=(P.,P,,P3), wherex=(x1,X5,X3) iS a rectangular

coordinate system originated at the film-substrate interface F= jv[fbu'k(Pingra‘( Pij)FTeiad Pi €ij)

with x3 normal to the film. The electric energy density of a

given polarization distribution is calculated by +feed Py, Ei)1d%x, 5

for an open-circuit condition, or

wherefpyi, forads felas@ndfeec are the bulk chemical, gra-
dient, elastic, and electric energy density, respectively\and

) o ] is the volume of the film. The mathematical expressions for
whereE; is the electric field component. It is related to the iha | andau bulk freéor bulk chemical energy and the gra-
electric_displacemenD; through the_llzjsual_lrglatlonDi dient energy are exactly the same as those given in Refs. 18
=eoki Ej+Pi, inwhich,eo=8.85<10"""Fm "is known  gnq 19 The calculation of the elastic energy is also described
as the dielectric permittivity of a vacuum, and; is the i getail in Ref. 19. In this work, we ignore any possible
relative dielectric permittivity. The summation convention g, it4ce and interface contributions to the energy as discussed
for the repeated indices is employed in this letter and thg, Refs. 20 and 21. We assume that the mechanical and elec-

subscripts,j run from 1 to 3. e _ tric equilibriums are established instantaneously for a given
Suppose there is no space charge inside the film, thﬁolarization field distribution.

electric displacement); satisfies the electrostatic equilib-

felec= = 3Ei(20kii Ej+ Pi) =feied Pi ,Ei), N

The temporal evolution of the polarization vector field is
described by the time-dependent Ginzburg—Landau equa-
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dPi(x,t) B oF 6 c-domains
gt T Pi(xt)’ ©

wherelL is the kinetic coefficient related to the domain-wall
mobility. Equation (6) is solved by employing the semi-
implicit Fourier-spectral methotf.

We consider lead titanate (PbTjthin film as an ex-
ample for numerical simulation. The coefficients of the Lan-
dau free energy expansion and the electrostrictive and elastic
constants are exactly the same as those given in Ref. 19, and
they are adapted from the literatff?* The relative dielec-
tric permittivity is taken aski;= kp=Kk33=66.02% In the
computer simulations, we employ a 19292x40 discrete
grid points and periodic boundary conditions are applied
along thex; andx, axes. The grid spacing in real space is domain structures with the polarization vector components in
chosen to be\x; /1,=Ax/ly=1.0, wherd ;= |Go/ap and & normalized form oP}" =|P;|/Py.
ap=1.7252<10° (C"2m?N). We choose the gradient en- First, to compare the domain structures under the two
ergy coefficients as G;;/Gy10=2.0, Gy,/G;;5=0.0, different electric boundary conditions, we consider a thin
Gua/Gr10= G4 G110=1.0. The corresponding width of do- film under a compressive constraint @=—0.002 at a
main wall is about 2.8x, and the domain wall energy den- dquenching temperature=25°C. We started the simulation
sities atT=25 °C are evaluated to be about 103P,P3 for ~ from a homogeneous pa_raelef:tric phase created by assigning
90° domain walls and 2.46),P3 for 180° domain walls, @ Z€ro value at each grid point for each component of the
respectively.Py=|P|1_,5-c=0.757 Cm 2 is the spontane- polarization field plus a small random noise of uniform dis-
ous polarization. The time step for integration Agt/t, tribution. The morphologies of the domain structures near
=0.08, whereto=1/(aoL). equilibrium are shown in Fig. 1 for the open-circuit bound-

In this letter, we focus on the coupling effect of electro- ary condition, Fig. 2 for the short-circuit boundary condition,
static boundary conditions and substrate constraint on thand Fig. 3 without considering the electrostatic interaction at
domain structures. In the simulation, two electrostatic condi@ll (équivalent to assuming all the polarization charges on the
tions, (2) (open-circuit and(3) at ¢, = ¢, = const(short cir- surfaces and domain walls are compensated by free charges
cuit), are considered. The macroscopic constraint of the sublhe morphologies are the contours Bf =0.6. The values
strate is described by the average straip(e,3=1,2) in the figures are the correspondinglomain volume frac-
while the continuities of the deformation and stresses oriions. Thea domains occupy the rest space of the simulation
film-substrate interface provide the local/microscopic con-=cell. As expected, the compressive substrate constraint favors
Straint_ For a Simple case—a thln f||m grown epitaxia”y Onthe formation ofc domainS, a.nd hence, the V0|ume fraction

(001) cubic substrate, the average strains are of the forn@f ¢ domains is larger than that @f domains for all three
€11= €20= € and e;,= 0. We take the thickness of the film as cases. However, the incorporation of the dipole—dipole inter-
h;=24Ax and allow the heterogeneous elastic deformatiorctions and of different electric boundary conditions has a
in the substrate by choosing a valuetf=14Ax, whereh,  Significant effect on the domain morphology and arrange-
is the distance from the interface into the substrate, beyonfient. In the case of open-circuit boundary conditibiy. 1),
which our simulations showed little changes in the results. the depolarization field caused by surface charge produces
Since the phase transition is from cubic to tetragonalfWO effects. First, the depolarization field favors the forma-
there are three possible orientation variants in the film witHion of a domains ovec domains near the surfaces, resulting
the tetragonal axes along tfi200], [010] and [001] direc- N an increase in the volume fraction afdomains. Second,
tions of the cubic paraelectric phase, respectively. They art léads to the refinement of size of tikedomains, and the
labeled bya,, a,, andc, respectively. The polarization vec- formation of neighboring domains with antiparallel dipole
tor takesP=(P,,0,0) ina, domain,P=(0,P,,0) ina, do-  configurationgsee the arrows on thedomaing. In contrast
main, andP=(0,0P5) in ¢ domain. Thus, we present the t0 the open-circuit case, the film surface charge in the short-

FIG. 2. Domain morphologies witle=—0.002 and short-circuit electric
condition.

c-domains

c-domains i 57%

FIG. 1. Domain morphologies witk= —0.002 and open-circuit electric FIG. 3. Domain morphologies witk= —0.002, but ignoring electrostatic
condition. interaction.
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FIG. 4. a domain morphology withe=0.016 and short-circuit electric con- FIG. 5. a domain morphology withe=0.016, but ignoring electrostatic
dition. interaction.

PbTiO; thin film demonstrate that depolarization field and
circuit case is compensated, thus, no depolarization field igipole—dipole interaction can lead to significant changes in
produced. However, the constant electrical potential on th@omain shapes and domain volume fractions.
surfaces in the short-circuit boundary condition promotes the
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