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Phase-field model of domain structures in ferroelectric thin films
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A phase-field model for predicting the coherent microstructure evolution in constrained thin films is
developed. It employs an analytical elastic solution derived for a constrained film with arbitrary
eigenstrain distributions. The domain structure evolution during a eulgittagonal proper
ferroelectric phase transition is studied. It is shown that the model is able to simultaneously predict
the effects of substrate constraint and temperature on the volume fractions of domain variants,
domain-wall orientations, domain shapes, and their temporal evolutiorRO@L American Institute

of Physics. [DOI: 10.1063/1.1377855

A common feature for ferroelectric materials is the for- structure evolution is described by the time-dependent
mation of domain structures when a paraelectric phase i§inzburg—LandaTDGL) equation§™®
cooled through the ferroelectric transition temperature called 9P

. i(x,t) oF

the Curie temperatureThe crystallography and thermody- =— ,
namics of domain structures in bulk systems have been ex- i oPi(x.t)
tensively studied and reasonably well understddtie situ-  wherelL is the kinetic coefficient related to the domain wall
ation can be dramatically different in ferroelectric thin films. mobility andF is the total free energy of the system. In this
The existence of a free surface and substrate constraint derork, we ignore any possible surface and interface contribu-
stroys the macroscopic symmetry of the system and can sigions to the free energy as discussed in Refs. 10 and 11 and
nificantly affect the relative volume fractions of domains assume that the surface of the film is compensated with free
with different orientations and the Curie temperature. Recharge carriers so the depolarization energy is neglected.
cently, a number of theoretical models have been proposed, We assume the bulk thermodynamics is characterized by
which allow the construction of domain stability maps— the Landau free energy density expansion,
volume fractions of domains as a function of lattice mis- 2, p2. p2 4, pd, pa 212
match with substrate and/or temperattifeHowever, due to fL(P)=a(P1+P3+P3) + ayy(P{+P3+ P3) + ayo( P1P3

i=1,23, (1)

the analytical nature of the theoretical models, they are fo- +P3P2+ P2P2) + aryq4( PS+ PS+ PS)

cused on the thermodynamics. Moreover, a given domain PUTIP ORI PRI,
structure with a particular domain wall orientation has to be +ay1 P1(P5+P3) + Py(P1+P3) + P3(P1+P3)]
a_\ssumed as p.riori in ord'er. t(_) determine the volume frac- +a123(P§P§P§), %)
tions of domains that minimize the total free energy at a

given temperature and substrate constraint. whereay, a1, @15, @1110112, anda;pzare the expansion co-

The main purpose of this letter is to describe a phaseefficients. The contribution of domain walls to the total free
field approach developed for predicting the domain strucenergy is introduced through gradients of the polarization
tures in constrained ferroelectric thin films. It does not makefield. For a cubic system,
any a priori assumptions with regard to the possible domain 1 2 2 2
structures that might appear under a given temperature an@( P11 = 2Gu(PL1T Pyt P39 + G PriP2 2t P2 oPss

substrate constraint. It is able to predict not only the effect of 1 2 2
+P11P339)+ 5Gu (P o+ Py )+ (Pygt+P

substrate constraint on phase transition temperatures and the 14P3 3+ 2Gad (P12t P2 ™+ (Pogt P3))

volume fractions of orientation domains, but alsp the de_talled +(PrgtP3 2]+ 1Gyl (P~ Py )2

domain structures and their temporal evolution during a

ferroelectric transition. Although similar approaches have +(Py3—P3)%+ (P13~ P37, ©)

been applied to ferroelectric domain evolution in bulk Si”glewhereGi- are gradient energy coefficients. In this letter, a
crystals!® the presence of a stress-free surface and latticgomma in a subscript stands for spatial differentiation, for
constraint by the substrate requires an efficient elastic solysyample p, ;= dP;1dx; . Since the ferroelectric transition in-
tion for a constrained three-dimensioriaD) film. volves a structural change, strain appears as a secondary or-

We consider a cubic thin film grown heteroepitaxially on ger parameter. The stress-free strain caused by the polariza-
a cubic substrate. The film undergoes a cubic-to-tetragongjyn, field is given by?

ferroelectric phase transition below the Curie temperature. 0 5 by 0
For a proper transition, the polarization vect®s (P;,P,, €11=QuP1+ QAP+ P3),  €3=QasP2P3,

P3) is the primary order parameter and the temporal domain 0 2 2, 52 0
) P y P P €2,= QiP5+ Q1A P11+ P3), €157 QusP1P3, 4
ic mai 9= Q1P+ QAP+ P3), €2,=QuP.P
¥Electronic mail: Igc3@psu.edu €33= U113 12AF1TF2), €= Wagm 12,
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FIG. 3. A predicted domain structure consisting of oalyanda, domains.

FIG. 1. Schematic illustration of a thin film coherently constrained by ai.e., Ui3|x3=hf:0' Wherehf is the film thicknes$see Fig. J—-

substrate. . . ]
while the bottom surface is coherently constrained. We sepa-

o . rate the total strain into a sum of a homogeneous strain and a
WhereQij_are the electrostrictive cqeffluents. If we assUMenatarogeneous strain, i€ (x) :?ij + 7;(x). Consequently,
e e et PSS 5,0 Wi 7~ 0)—cyul ()

It W Interte W ! ' NEe(x)]. Let €,4, (a,8=1,2 represent the macroscopic
substrate are coherent, elastic straéjs and thus elastic shape deformation along the film plane, we have
sftrain energyfg will be generated during the phase tranSi_anaﬁ(X)d3X=0, (a,8=1,2). The other three components
tion, ‘63 meet the requirement that ;= ;3 e =0.

To solve the heterogeneous strajn, we introduce a set
of displacementy;(x) through #;; = %(ui,j+uj’i). The equa-
=fe(Pi,€), (5)  tions of mechanical equilibrium can be rewritten as

_1 _1 0 0
fE_Ecijkleijekl_Ecijkl(eij_eij)(ekl_fkl)

herecjj, is the elastic stiffness tensor aerf=e;; + eioj are Cijki Uk,1j = Cijki e%,j, (6)
fche_ total_ strains. The summauoE convention for the repeate\tljvith the boundary condition on the top surface changed to
indices is employed and (j,k,1,=1,2,3).

The total free energy of the film is theh=[\[f (P;) Ci3k|(uk,|_egl)|x3=hf20- )
+f5(P; )+ fe(Pi,€;)1d®, whereV is the volume of the _ o _
film. In this model, although both the polarization and strainSince the elastic perturbation in the substrate disappears far
fields appear as order parameters, one may assume that @&ay from the film—substrate interface, one can define an-
mechanical relaxation of an elastic field is faster than that oPther boundary condition, i.e.,
a polarization field. Consequently, during a ferroelectric tran- |, - =0, (8)

sition, one can assume that the system reaches its mechanical _ _ _ _
equilibrium instantaneously for a given polarization field dis-Wherehs is the distance from the interface into the substrate,

tribution. beyond which the elastic deformation can be ignofsee
Mechanical equilibrium is satisfied when; ; =0, where Fig. 1). In this work, the elastic properties of the film and the

o; are the stress components in the film and are given bgubstrate are taken to be homogeneous. Equati§rds)

O'ij:CijklekI:CijkI(ekl_G(k)l)- The mechanical boundary con- Were solved by combining a solution for a 3D full space,

dition for the film is such that its top surface is stress freeSubject to the body forcé =cjj eg, ;, and a solution for an
infinite plate of thickness$;+hg without body force. The

details will be given in a future article.

~—r T+ rr v+t~ o+ o o
O paraelectric We use lead titanate (PbTiDthin film as an example
800 ¢ e ains o ] for our numerical simulations. We solved the TDGL Et)
L2 @  c/a-domains 0o . employing the semi-implicit Fourier-spectral methiddrhe
J— . o paraclectric o ] material constants for the Landau free energy and the elec-
e & 9 0 trostrictive coefficients can be found in Refs. 14 and 15:
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FIG. 2. Domain stability map: domain configuration as a function of sub-
strate constraint and temperature. The two inserts are two-dimensional cross
section cuts of the corresponding 3D domain structures obtained from th&IG. 4. 3D representation af, anda, domains for the case with about 65%

computer simulations. ¢ domains.
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TABLE I. Volume fraction ofc domains,V,, as a function of.

€ —-0.012 —0.008 —0.006 —0.004 —0.02 0.0 0.002 0.006 0.012

V. 1.0 0.97 0.901 0.832 0.751 0.646 0.539 0.261 0.0

@11;=2.6X10°,  @;1,=6.1x10°%, a;,5=—3.7X10°, Q;; mental observatio$?° for a compressive substrate con-
=0.089,Q4,=—0.026, andQ,,=0.03375, ub Si units and is straint. At T=25 °C, the volume fraction of domains,V,
temperaturd in °C. The elastic properties are assumed to beas a function of mismatch strain is given in Table I. It is
isotropic. The elastic shear modulus and Poisson’s ratio arghown that the substrate constraint can dramatically alter the
taken asu=0.4762< 10'* m 2N and»=0.312. In the com- volume fractions of different orientation domains. The vol-
puter simulations, we defined reduced units following Ref. 8ume fraction ofc domains decreases as the magnitude of
In the reduced units, the gradient energy coefficients aréncreases and there are adomains where=0.012 or larger
G11/G110=0.6G15/G115=0.0, and Gy,/G110=G,/G11p  (also see Fig. 2
=0.3. We employed 128128x36 discrete grid points and It should be emphasized that although the domain stabil-
periodic boundary conditions are applied alongsthendy, ity map shown in Fig. 2 is similar to that obtained from a
axes. The grid spacing in real space is chosen tdgl, thermodynamic analysfsthere are two important differ-
=AX,/l;=1.0 and Ax;/l;=0.5, where l,=VGq1p/ag  ences. First, the approach presented here does not require
and ap=|ay|t-25-c. Based on recent experimental anya priori assumption on the possible domain wall orien-
measurement$'’ G, is about 0.9-6.8¢10°'° tations for predicting the domain stability map. All the data
C°m®N), which corresponds to a 90° domain-wall energy ofpoints shown in Fig. 2 were obtained by starting from an
0.04-0.12 (Nm?) and the length scalk,=0.7—2.0(nm). initial paraelectric state. As a result, thg/a, domain con-
With these values, the domain wall width in our simulationsfigurations under a large tensile substrate constraint were au-
is about 1.1-4.Gnm), which agree well with experimental tomatically predicted using the proposed approach whereas
measurementS. The time step for integration is\t/ty in the thermodynamic analysis, a domain configuration con-
=0.03, whereto=1/(agl). sisting of a rhombohedral phase and a tetrag@phase
The effect of substrate constraint and temperature on theas obtained under a similar tensile substrate consftaint.
domain volume fractions is summarized in the domain staSecond, the proposed approach allows the prediction of do-
bility map (Fig. 2). The effect of the substrate is controlled main shapes and spatial arrangement as well as their tempo-
by changing the macroscopic average st@@. We con- ral evolution. Therefore, it is possible to study domain nucle-
sider the simple case of a cubic substrate with [i6@1] ation and growth as well as the domain wall motion under an
orientation, and hence,;= e,,= € ande;,=0. We choose a applied field, i.e., domain switching.

value of hg=12Ax3=0.6n;, beyond which our simulations , i
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