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Finite element analysis of domain structures in epitaxial PbTiO 3 thin films
Kilho Lee, Kyeong Seok Lee,a) and Sunggi Baikb)

Department of Materials Science and Engineering, Pohang University of Science and Technology,
Pohang 790-784, Korea

~Received 4 May 2001; accepted for publication 17 September 2001!

Equilibrium domain structures commonly observed in epitaxial Pb-based ferroelectric thin films are
analyzed by the finite element method~FEM! using a commercial package,ABAQUS ~Hibbit,
Karlsson & Sorensen, Inc., 1080 Main Street, Pawtucket, RI 02860-4847!. Structures of periodic
90° domains in epitaxial PbTiO3 thin films on cubic single crystalline substrates are analyzed as a
function of decreasing temperature in order to simulate cooling process after the film deposition at
elevated temperature (TG). The degree ofc-axis orientation~a! is determined as a function of
temperature below the Curie temperature and compared to the experimental results. It is then
possible to calculate the magnitude of misfit strain during film growth and its relaxation due to
dislocation generation. The effect of PZT composition onc-domain abundance is also simulated.
FEM simulation is performed with the assumption that the major driving force for such domain
formation is thermoelastic strains arising from the film–substrate interaction and the
cubic-tetragonal phase transformation. The FEM analysis also suggests that initial misfit stress atTG

is not fully relaxed and the unrelaxed misfit stress is inversely related to finalc-domain abundance.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1418002#
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I. INTRODUCTION

Epitaxial ferroelectric thin films attract considerable i
terest in view of their potential applications in advanced m
croelectronic and optoelectronic devices, especially as
pacitors in high-density random access memories.
fabrication of epitaxial heterostructures is frequently acco
panied by the formation of elastic domains~twins! in the
films below the Curie temperature. Multiple 90° domain p
terns have been observed in lead based perovskite mate
such as PbTiO3 and Pb(ZrxTi12x)O3~PZT! films grown on
various cubic substrates.1–6 These patterns mainly contai
alternating domains with the tetragonalc axis perpendicular
and parallel to the film surface in a periodic sequence
may be termed ac/a/c/a domain structure. The understan
ing of such domain structures and their formation mec
nism is essential to control and achieve desirable ferroe
tric properties for practical applications.6–8

The final domain structures are controlled by vario
strain factors such as~1! misfit strain due to lattice mismatc
between the film and substrate at the growth temperat
TG , and its relaxation by dislocation generation,~2! thermal
strain caused by different thermal expansion coefficients
the film and substrate during cooling, and~3! transformation
strain at and below the Curie temperature,TC .9,10As such, it
is extremely difficult, if not impossible, to analyze theore
cally the final domain structures. Among these strains, th
mal and transformation strains can be estimated by exp
ments. On the other hand, it has not been possible to ana
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theoretically or to measure experimentally the magnitude
misfit strain relaxation by the generation of misfit disloc
tions. Therefore, theoretical considerations have usually
sumed that the misfit strains are fully relaxed atTG .11,12

In this article, the misfit strain developed during fabric
tion of epitaxial PbTiO3 thin films on MgO~001! substrate
and its relaxation in the course of cooling down to ambie
temperature is analyzed by finite element method~FEM! us-
ing a commercial package,ABAQUS. The degree ofc-domain
abundance~a! is determined as a function of temperatu
below TC , and compared to the recent experimental resu
The final domain structure was found to be a strong funct
of the degree of initial misfit strain relaxation atTG . Large
residual misfit strain was required in order to satisfy the
perimental results. Additionally, the effect of film compos
tion was simulated from the viewpoint of strain relaxatio
mechanism.

II. FEM MODELING AND ABAQUS SIMULATION

The finite element method is applied to analyze the
riodic 90°-domain structures and the initial misfit strain r
laxation in PbTiO3 thin film epitaxially grown on MgO~001!
substrate. The thickness of film is 200 nm. Figure 1 illu
trates finite element meshes and boundary conditions use
this analysis. This modeling consists of 1100 nodes and
CPS4T elements, which were selected to simulate 4-n
plane stress thermally coupled with quadrilateral, biline
displacement, and temperature. Since tetragonal ferroe
trics such as BaTiO3, PbTiO3, or Pb(ZrxTi12x)O3 form 90°-
domain twin structures to minimize the elastic energy at a
below the Curie temperature, the elements of 4
parallelograms were adopted for the simulation of dom

of

il:
7 © 2001 American Institute of Physics

e or copyright; see http://jap.aip.org/about/rights_and_permissions



tiv
la

s

s

he
la

.

r-

i
ot

t o
ia

t
,
th

he

he

to
rain

at
f

d as
c-
ace

red

s is
l

ure

lt.
-
ust
s
film

xed

6328 J. Appl. Phys., Vol. 90, No. 12, 15 December 2001 Lee, Lee, and Baik

Down
structure. However, the results were found to be insensi
to the types of discretization elements, and the rectangu
shaped element gave similar results.

In ABAQUS simulation, the point of origin (x5y50) is
fixed and the symmetry condition is applied along they axis.
The boundary conditions applied for the film are~1! its top
surface is stress free, and~2! the film/substrate interface i
coherently constrained.

The initial misfit strain after the film deposition wa
simulated using the lattice parameters of cubic PbTiO3 and
MgO substrate atTG . The in-plane stresses applied to t
film during the cooling process were obtained using the
tice parameters of PbTiO3 at each temperature13,14 as well as
the thermal expansion coefficient of MgO single crystals15

The degree ofc-domain abundance belowTC was calculated
by minimizing the strain energy. Domain wall energy, inte
facial energy, and electrostatic factors were assumed to
insignificant. Young’s modulus and Poisson’s ratio used
the simulation are shown in Table I neglecting slight anis
ropy for tetragonal PbTiO3 below TC .

III. RESULTS AND DISCUSSION

A. Domain structures in fully relaxed PbTiO 3 thin film

Because the lattice constant of MgO is larger than tha
PbTiO3, in-plane tensile stress is expected in the epitax
PbTiO3 film on MgO~001! due to large misfit strain. Withou
misfit strain relaxation by generation of misfit dislocationsa
domains should prevail in any temperature because of
large in-plane tensile stress. Although, Leeet al.9 observed
experimentally that, just below the Curie temperature,a do-
mains were dominant. As the temperature decreased, ta
domains turned into thec domains, which implies clearly
that initial misfit strain should be relaxed extensively by t

FIG. 1. Finite element mesh used for theABAQUS simulation of PbTiO3 thin
film on MgO~001! substrate.

TABLE I. Material properties used inABAQUS simulation.

PbTiO3
a MgOb

Young’s modulus~GPa! 134 310.5
Poisson’s ratio 0.16 0.166
Thickness~mm! 0.2 500

aReference 14.
bReference 15.
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generation of the misfit dislocation. However, it is difficult
estimate or measure quantitatively the extent of such st
relaxation.

The first assumption on misfit strain relaxation is th
initial misfit strain atTG is fully relaxed by the generation o
misfit dislocations in the epitaxial PbTiO3 thin films.11,12Ad-
ditionally it is assumed that no residual stress is develope
a result of the formation of periodic 90°-domain twin stru
tures below the Curie temperature. As such, relaxation tr
follows the schematics shown in Fig. 2~a!. In this case, the
effective lattice constant of MgO substrate can be conside
identical to the lattice constant of cubic PbTiO3 thin film at
TG . Since the thermal expansion coefficient of PbTiO3 is
smaller than that of MgO substrate, compressive stres
produced during cooling toTC . Such compressive therma
stress is beneficial for the enhancement ofc-domain abun-
dance as the cubic film transforms to tetragonal struct
with c/a/c/a domains.

In Fig. 2~b!, the simulation result of fully relaxed PbTiO3

thin film is shown and compared to the experimental resu9

The simulation overestimates thec-domain abundance. Dis
crepancy with experimental results is particularly large j
below TC , which implies that initial tensile misfit strain ha
been relaxed incompletely and tensile strain remained in
aboveTC should be significant.

FIG. 2. ~a! Schematics showing the change in in-plane stress in fully rela
PbTiO3 thin film grown on MgO~001! substrate.~b! ABAQUS simulation re-
sult on thec-domain abundance in fully relaxed PbTiO3 thin film. Experi-
mental value is taken from Ref. 9.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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B. Domain structures in partially relaxed PbTiO 3 thin
film

The initial unrelaxed misfit strain should play a critic
role in the subsequent domain structure. In order to estim
the magnitude of the initial misfit strain relaxation,c-domain
abundance belowTC is determined usingABAQUS simulation
as a function of the initial misfit stress remaining in the fi
at TG due to insufficient dislocation generation. As su
stress relaxation follows the trace illustrated in Fig. 3~a!.
Even though further stress relaxation is possible due to
thermal expansion mismatch with the substrate, in-plane
sile stress remains in the film atTC just prior to the cubic-
to-tetragonal phase transformation. In the simulation, it
assumed that the residual stress is completely removed
low TC by the phase transformation. Figure 3~b! shows the
ABAQUS simulation results on the degree ofc-domain abun-
dances with varying the initial unrelaxed misfit stresses.
though some discrepancy is obvious between the simula
results ofc-domain abundances in partially relaxed film a
corresponding experimental results nearTC , the behavior of
c-domain evolution belowTC is reasonably simulated b
FEM. As the initial unrelaxed misfit stress increases,
c-domain abundance decreases due to the increase in th
sidual tensile strain. When the initial misfit stress reac

FIG. 3. ~a! Schematics showing the change in in-plane stress in part
relaxed PbTiO3 thin film grown on MgO~001! substrate.~b! ABAQUS simu-
lation result on thec-domain abundance in partially relaxed PbTiO3 thin film
for varying initial misfit stresses. Experimental value is obtained fr
Ref. 9.
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about 1 GPa or above, the estimatedc-domain abundance
shows good agreement with the experimental result.

As mentioned previously, these calculated results
based on the bulk data reported in the literature instead of
data on the film but the thin film grown on bulk substrate
highly constrained; the lattice constants of the film are of
different from those of the bulk. For this reason, residu
stress in the film belowTC was estimated by considering th
differences in lattice constants measured with the film16 and
those for the bulk.13 As shown in Fig. 4, the residual stres
developed in the epitaxial PbTiO3 thin film below TC is ten-
sile and gradually increases as the temperature decreas

The c-domain abundance taking into account of the
sidual stress in the film was simulated and the result is sho
in Fig. 5. As theABAQUS simulation is optimized with initial
misfit stress of 1.54 GPa, the simulation result shows ex
lent agreement with the experimental result.

As a consequence, the stress in the 200-nm-thick PbT3

thin film grown on MgO~001! substrate follows the trace
illustrated in Fig. 6. Initial tensile misfit stress, 8.65 GPa,
relaxed to 1.54 GPa atTG , and decreased further durin
cooling toTC due to the difference in the thermal expansi
coefficients. After the phase transformation atTC , in-plane

ly

FIG. 4. Residual stress estimated belowTC in epitaxial PbTiO3 thin film
grown on MgO~001! substrate.

FIG. 5. c-domain abundance in PbTiO3 thin film with the initial misfit
stress, 1.54 GPa. Experimental result is taken from Ref. 9.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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residual stress increases as the tetragonality increases i
course of cooling down to ambient temperature.

C. Effect of PZT composition on c-domain abundance

The magnitude of strains developed in the film should
affected by the composition of the film. Leeet al.10 studied
experimentally the effect of PZT compositions on doma
structures in the epitaxial PZT films on MgO~001! substrate.
They reported the lattice constant of PZT thin films me
sured from x-rayu–2u scans as a function of the temperatu
for various film compositions. As the Zr concentration i
creases, the lattice constants ofa axis gradually increase
while those ofc axis exhibit relatively insignificant change
Hence, Zr substitution in Pb~Zr, Ti!O3 for Ti results in reduc-
tion in thec/a ratio of tetragonal unit cell.

Pertsevet al.16 have proposed that equilibrium doma
fraction of c domain is controlled by the relative coheren
strain, (b* 2a)/(c2a), wherec, a, and b* are the lattice
constants of film alongc axis,a axis, and the effective lattice
constant of substrate, respectively. As the relative cohere
strain increases,c-domain abundance should decrease
cording to their model. On the other hand, Leeet al.10 ob-
served thatc-domain abundance increases with increasing
concentration in PZT thin films atTC as well as atTR ~room
temperature!, even though the relative coherency strain
creases by the reduction of thec/a ratio. A possible expla-
nation of the discrepancy is the increase in compres
stress due to the decreases inTC as Zr concentration in-
creases. However, the magnitude of such compressive s
in Pb~Zr0.16Ti0.84!O3 is about 50 MPa, which is too small t
explain such a discrepancy. Another factor that must be c
sidered is the initial misfit stress that remains atTG after
insufficient relaxation by dislocation generation.

TheABAQUS simulation was performed with varying ini
tial misfit stresses in Pb~Zr0.08Ti0.92!O3 and Pb~Zr0.16Ti0.84!O3

thin films. Unlike the previous simulation, there no referen
data exist on the lattice constants of Pb(ZrxTi12x)O3 as a
function of temperature belowTC . Hence, the experimenta
data by Leeet al.10 were used with the assumption that i
plane stress at the film belowTC is fully compensated by

FIG. 6. Trace of in-plane stress experienced by epitaxial PbTiO3 thin film
after being fabricated at 650 °C and cooled down to room temperature
loaded 04 Jan 2011 to 210.212.58.229. Redistribution subject to AIP licens
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phase transformation. Thec-domain abundances atTC and
TR are determined as a function of initial misfit stress. T
average values fitting the experimental data atTC and TR

~Ref. 10! are adopted as the initial misfit stress. The mag
tudes of initial misfit stress are about 0.5 GPa
Pb~Zr0.08Ti0.92!O3, and 0.3 GPa in Pb~Zr0.16Ti0.84!O3 thin
films. As the Zr concentration increases, the initial mis
stress of PZT thin films decreases, which in turn enhan
c-domain abundance. Thec-domain abundance belowTC for
different PZT compositions is shown in Fig. 7 as a result
FEM simulation.

The result is also consistent with the recent experime
observation on the thickness dependence of domain for
tion in epitaxial PbTiO3 thin film on MgO~001! substrates.17

The reduction of effective misfit strain as the film grow
enhances the degree ofc-axis orientation.

IV. SUMMARY AND CONCLUSIONS

The unique domain structures observed in epitax
PbTiO3 thin films grown on MgO~001! substrates were simu
lated by ~FEM! using a commercial package,ABAQUS. Al-
though this simulation is two dimensional and does not c
sider the domain energy, interface energy, and electros
factors, the simulated results showed excellent consiste
with the experimental results. For this reason, it is reasona
to conclude that the thermomechanical factors such as m
strain, thermal strain, and transformation strain have deci
effects on the domain structures in epitaxial PbTiO3 thin
films.

Initial misfit strain is not fully relaxed and plays a crit
cal role in the subsequent evolution of final domain stru
tures. When the residual strain in the 200-nm-thick epitax
PbTiO3 thin film on MgO substrate was considered, the o
timized initial misfit stress was as high as 1.54 GPa and
calculatedc-domain abundance below the Curie temperat
was found to be consistent with the experimental obser
tion.

The effect of PZT compositions onc-domain abundance
was also simulated and compared with the experimental

FIG. 7. ABAQUS simulation results on the effect of PZT composition o
c-domain abundance. Different value of initial misfit stress for PbTiO3 from
that in Fig. 6 is due to the use of film data instead of bulk data.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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sults. With the Zr concentration increasing, thec-domain
abundance increased primarily due to the decrease in
initial residual misfit strain.
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