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Finite element analysis of domain structures in epitaxial PbTiO 3 thin films
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Equilibrium domain structures commonly observed in epitaxial Pb-based ferroelectric thin films are
analyzed by the finite element meth¢gBEM) using a commercial packageBAaQus (Hibbit,
Karlsson & Sorensen, Inc., 1080 Main Street, Pawtucket, Rl 02860y484lictures of periodic

90° domains in epitaxial PbTigthin 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 temperatureTg). The degree of-axis orientation(«) 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 compositioncedomain 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 Steess at

is not fully relaxed and the unrelaxed misfit stress is inversely related tocfidainain abundance.

© 2001 American Institute of Physic§DOI: 10.1063/1.1418002

I. INTRODUCTION theoretically or to measure experimentally the magnitude of
misfit strain relaxation by the generation of misfit disloca-

Epitaxial ferroelectric thin films attract considerable in- tions. Therefore, theoretical considerations have usually as-
terest in view of their potential applications in advanced mi-symed that the misfit strains are fully relaxedTat.**?
croelectronic and optoelectronic devices, especially as ca- |n this article, the misfit strain developed during fabrica-
pacitors in high-density random access memories. Th@on of epitaxial PbTiQ thin films on MgQ001) substrate
fabrication of epitaxial heterostructures is frequently accomang its relaxation in the course of cooling down to ambient
panied by the formation of elastic domaiﬂS\/inS) in the temperature is ana'yzed by finite element met(ﬁM) us-
films below the Curie temperature. Multiple 90° domain pat-jng a commercial packageBAQus. The degree of-domain
terns have been observed in lead based perovskite materig{gundance ) is determined as a function of temperature
such as PbTi@and Pb(ZTi; ) Os(PZT) films grown on  pelow T, and compared to the recent experimental results.
various cubic substratés® These patterns mainly contain The final domain structure was found to be a strong function
alternating domains with the tetragorméxis perpendicular  of the degree of initial misfit strain relaxation & . Large
and parallel to the film surface in a periodic sequence thafesidual misfit strain was required in order to satisfy the ex-
may be termed a/a/c/a domain structure. The understand- perimental results. Additionally, the effect of film composi-
ing of such domain structures and their formation mechation was simulated from the viewpoint of strain relaxation
nism is essential to control and achieve desirable ferroeleGnechanism.
tric properties for practical applicatiofis®

The final domain structures are controlled by various
strain factors such &4) misfit strain due to lattice mismatch [I. FEM MODELING AND ABAQUS SIMULATION
between the film and substrate at the growth temperature, o . i
Te, and its relaxation by dislocation generati¢®) thermal ~1he finite element method is applied to analyze the pe-
strain caused by different thermal expansion coefficients ofidic 90°-domain structures and the initial misfit strain re-
the film and substrate during cooling, af8] transformation ~ '@xation in PbTiqQ thin film epitaxially grown on Mg@o01)
strain at and below the Curie temperatuT@,.g'loAs such, it substrgte_. The thickness of film is 200 nm. Flg_u_re 1 |Ilus-_
is extremely difficult, if not impossible, to analyze theoreti- frates finite element meshes and boundary conditions used in
cally the final domain structures. Among these strains, therthiS analysis. This modeling consists of 1100 nodes and 990

mal and transformation strains can be estimated by experCPS4T elements, which were selected to simulate 4-node

ments. On the other hand, it has not been possible to analyRiane stress thermally coupled with quadrilateral, bilinear
displacement, and temperature. Since tetragonal ferroelec-

trics such as BaTi@ PbTiO;, or Pb(ZxTi,_,) O3 form 90°-
dpresent address: Electronic Materials and Devices R.C., Korea Institute Q{iomain twin structures to minimize the elastic energy at and
Science and Technology, Seoul 136-791, Korea.

bAuthor to whom correspondence should be addressed; electronic maiP€lOW the Curie temperature, the .elem_ents of 45?'
sghaik@postech.edu parallelograms were adopted for the simulation of domain
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FIG. 1. Finite element mesh used for th@aqQus simulation of PbTiQ thin compression
film on MgO(001) substrate.
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structure. However, the results were found to be insensitive 09 F o—o——0—00g |
to the types of discretization elements, and the rectangular- g 08 © S
shaped element gave similar results. S 07k —— ° ]

In ABAQUS simulation, the point of originX=y=0) is 153 3 .
fixed and the symmetry condition is applied along yteis. £ 06F ]
The boundary conditions applied for the film dfg its top £ 05} \ -
surface is stress free, ari@d) the film/substrate interface is g 04| ABAGUS it \_ ]
coherently constrained. g O Experimerzfsu .

The initial misfit strain after the film deposition was 0'3_' '-_ ]
simulated using the lattice parameters of cubic PRTa@d g2t 1L .1 1.1
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MgO substrate affg. The in-plane stresses applied to the Temperature (°C)

film during the cooling process were obtained using the lat-
7 A 14

tice parameters of F?bT@t e"_i(?h temperat& as well as FIG. 2. (a) Schematics showing the change in in-plane stress in fully relaxed
the thermal expansion coefficient of MgO single CryS{als- PbTiO; thin film grown on MgQ001) substrate(b) ABAQus simulation re-
The degree o€-domain abundance beloWw was calculated sult on thec-domain abundance in fully relaxed PbTi@in film. Experi-

by minimizing the strain energy. Domain wall energy, inter- mental value is taken from Ref. 9.

facial energy, and electrostatic factors were assumed to be

insignificant. Young’s modulus and Poisson’s ratio used in

the simulation are shown in Table | neglecting slight anisot- . e . o e
ropy for tetragonal PbTigbelow Tc. generation of the misfit dislocation. However, it is difficult to

estimate or measure quantitatively the extent of such strain

relaxation.
lil. RESULTS AND DISCUSSION The first assumption on misfit strain relaxation is that
A. Domain structures in fully relaxed PbTIO 5 thin film initial misfit strain atT is fully relaxed by the generation of

isfit dislocations in the epitaxial PbTiGhin films1>'2 Ad-
m P

PbTIO, in-plane tensile stress is expected in the e itaxiafjitiona”y it is assumed that no residual stress is developed as
» IN-p P P a result of the formation of periodic 90°-domain twin struc-

PDTIG; film on MgO(001) due fo large misfit strain. Without tures below the Curie temperature. As such, relaxation trace

misfit strain relaxation by generation of misfit dislocatioas, . - .

. o follows the schematics shown in Fig(a2 In this case, the
domains should prevail in any temperature because of the . : ;

. . 9 effective lattice constant of MgO substrate can be considered
large in-plane tensile stress. Although, Lekal” observed . . . . o

: . . identical to the lattice constant of cubic PbTi@in film at
experimentally that, just below the Curie temperatarelo- : . - N

. . Ts. Since the thermal expansion coefficient of PbJi®

mains were dominant. As the temperature decreaseda the : .

: . : S smaller than that of MgO substrate, compressive stress is
domains turned into the domains, which implies clearly

that initial misfit strain should be relaxed extensively by theproduc_ed durln_g_coolmg tc. Such compressive thermal
stress is beneficial for the enhancementcaiomain abun-

dance as the cubic film transforms to tetragonal structure

TABLE I. Material properties used inBaQus simulation. with c/a/c/a domains.
In Fig. 2b), the simulation result of fully relaxed PbTiO

Because the lattice constant of MgO is larger than that o

POTIO® MgO” thin film is shown and compared to the experimental result.
Young's modulusiGPa 134 310.5 The simulation overestimates tikedomain abundance. Dis-
Poisson’s ratio 0.16 0.166 crepancy with experimental results is particularly large just
Thickness(um) 0.2 500 below T, which implies that initial tensile misfit strain has
aReference 14. been relaxed incompletely and tensile strain remained in film
PReference 15. aboveT should be significant.
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FIG. 4. Residual stress estimated beldw in epitaxial PbTiQ thin film
(b) ——TTT grown on MgQ001) substrate.
0.7 | i

06 1 about 1 GPa or above, the estimatedomain abundance
[ ] shows good agreement with the experimental result.

As mentioned previously, these calculated results are

c-domain abundance
o
[9,]
1

unrelaxed stress ]
04| —=— Experiment \. 4 based on the bulk data reported in the literature instead of the
| —o—1GPa W data on the film but the thin film grown on bulk substrate is
03} :1; gg: \-_ . highly constrained; the lattice constants of the film are often
‘ ' 8] different from those of the bulk. For this reason, residual

02 L L 1 L 1 L 1 L i [l
0 100 200 300 400 500

stress in the film below - was estimated by considering the
differences in lattice constants measured with the'filand
Temperature (°C) those for the bulk® As shown in Fig. 4, the residual stress
FIG. 3. (8 Schematics showing the change in in-plane stress in partiallyd_evel0ped in the ep|taX|aI PbTihin film below T is ten-
relaxed PbTiQ thin film grown on MgQ@001) substrate(b) asaqus simu-  Sil€ and gradually increases as the temperature decreases.
lation result on the-domain abundance in partially relaxed PbJiin film The c-domain abundance taking into account of the re-
for varying initial misfit stresses. Experimental value is obtained from sidual stress in the film was simulated and the result is shown
Ref. 9. in Fig. 5. As theaBaQus simulation is optimized with initial
misfit stress of 1.54 GPa, the simulation result shows excel-
lent agreement with the experimental result.
E_B. Domain structures in partially relaxed PbTiO 5 thin As a consequence, the stress in the 200-nm-thick PpTiO
film thin film grown on MgQ001) substrate follows the trace
The initial unrelaxed misfit strain should play a critical illustrated in Fig. 6. Initial tensile misfit stress, 8.65 GPa, is
role in the subsequent domain structure. In order to estimateelaxed to 1.54 GPa alg, and decreased further during
the magnitude of the initial misfit strain relaxatiangomain  cooling toT¢ due to the difference in the thermal expansion
abundance beloW is determined usingBAQus simulation  coefficients. After the phase transformationTat, in-plane
as a function of the initial misfit stress remaining in the film
at Tg due to insufficient dislocation generation. As such

stress relaxation follows the trace illustrated in Figa)3 ——r——T1rr—
Even though further stress relaxation is possible due to the 0.7 I —— _
thermal expansion mismatch with the substrate, in-plane ten- 1 '§ ]
sile stress remains in the film &t just prior to the cubic- § 06k ¢ |
to-tetragonal phase transformation. In the simulation, it is 3 | ° ]
assumed that the residual stress is completely removed be- S o5k "y i
low T by the phase transformation. FigurébBshows the ® X .
ABAQUS simulation results on the degree @flomain abun- -% 04+ \D°\ ]
dances with varying the initial unrelaxed misfit stresses. Al- g —eo— ABAQUS result }p\ ]
though some discrepancy is obvious between the simulation 'g 0.3 |- —O—Experiment 3 =
results ofc-domain abundances in partially relaxed film and - s
i " 1 L L 1 1 1 1 . 1

corresponding experimental results né&ar, the behavior of 0.2
c-domain evolution belowT¢ is reasonably simulated by

FEM. As the initial unrelaxed misfit stress increases, the

c-domain abundance decreases due to the increase in the (g, 5. c-domain abundance in PbTiGhin film with the initial misfit
sidual tensile strain. When the initial misfit stress reachestress, 1.54 GPa. Experimental result is taken from Ref. 9.
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FIG. 7. aBaQus simulation results on the effect of PZT composition on
c-domain abundance. Different value of initial misfit stress for PRTiOm
that in Fig. 6 is due to the use of film data instead of bulk data.

FIG. 6. Trace of in-plane stress experienced by epitaxial PpTfi@ film
after being fabricated at 650 °C and cooled down to room temperature.

residual stress increases as the tetragonality increases in thlgI i f i Thed in abund d
course of cooling down to ambient temperature. phase transtormation. omain abundances al an

Tr are determined as a function of initial misfit stress. The
average values fitting the experimental datalatand Ty

C. Effect of PZT composition on  ¢c-domain abundance (Ref. 10 are adopted as the initial misfit stress. The magni-
tudes of initial misfit stress are about 0.5 GPa in

The magnitude of strains developed in the film should bePb(Zr Tigs)Os and 0.3 GPa in REry1cTigs)Os thin
i : 10 ; 0.08''0.9 3 . 0.16''0.8 3
affected by the composition of the film. Le al. ™ studied . films. As the Zr concentration increases, the initial misfit

gt);pi:'r?:sn??%;hee .f:e.;r F(':fzf lel—n sC%?pl\il)z(}]IDolgz ot')ﬁ'st(rj:tr:amstress of PZT thin films decreases, which in turn enhances
uctures | pitaxi ) u ' c-domain abundance. Tleedomain abundance beloW for

They reported the lattice constant Of PZT thin films Me&-jitterent PZT compositions is shown in Fig. 7 as a result of
sured from x-rayp—26 scans as a function of the temperature -, , simulation

for various film compositions. As the Zr concentration in- The result is also consistent with the recent experimental

\?\/rr?i?es‘iﬁé)stgeof?ggi gfﬂiﬁ??;slaﬂae)l('sinizaﬂﬁignglﬂsgsg observation on the thickness dependence of domain forma-
Hence, Zr substitution in REr, Ti)O fgr Ti r?esults in redug ' tion in epitaxial PbTIQ thin film on MgO(00]) substrates!
’ ’ 3 The reduction of effective misfit strain as the film grows

tion in thec/a raﬂ}o of tetragonal unit cell. I . enhances the degree cfixis orientation.
Pertsevet al.”® have proposed that equilibrium domain

fraction of c domain is controlled by the relative coherency
strain, @* —a)/(c—a), wherec, a, andb* are the lattice
constants of film along axis,a axis, and the effective lattice
constant of substrate, respectively. As the relative coherency The unique domain structures observed in epitaxial
strain increasesg-domain abundance should decrease acPbTiO, thin films grown on Mg@001) substrates were simu-
cording to their model. On the other hand, Leall® ob-  lated by (FEM) using a commercial packagesaqQus. Al-
served that-domain abundance increases with increasing Zthough this simulation is two dimensional and does not con-
concentration in PZT thin films & as well as affg (room  sider the domain energy, interface energy, and electrostatic
temperaturg even though the relative coherency strain in-factors, the simulated results showed excellent consistency
creases by the reduction of tleéa ratio. A possible expla- with the experimental results. For this reason, it is reasonable
nation of the discrepancy is the increase in compressivéo conclude that the thermomechanical factors such as misfit
stress due to the decreasesTig as Zr concentration in- strain, thermal strain, and transformation strain have decisive
creases. However, the magnitude of such compressive stresffiects on the domain structures in epitaxial PhsTiin
in Ph(Zrg 16T 8905 is about 50 MPa, which is too small to films.
explain such a discrepancy. Another factor that must be con- Initial misfit strain is not fully relaxed and plays a criti-
sidered is the initial misfit stress that remainsTg after  cal role in the subsequent evolution of final domain struc-
insufficient relaxation by dislocation generation. tures. When the residual strain in the 200-nm-thick epitaxial
The ABAQuS simulation was performed with varying ini- PDbTiO; thin film on MgO substrate was considered, the op-
tial misfit stresses in RBrg ggTig.920 03 and PliZrg 16Tig 9Oz  timized initial misfit stress was as high as 1.54 GPa and the
thin films. Unlike the previous simulation, there no referencecalculatedc-domain abundance below the Curie temperature
data exist on the lattice constants of Ph{dy_,)O; as a was found to be consistent with the experimental observa-
function of temperature below. Hence, the experimental tion.
data by Leeet al® were used with the assumption that in- The effect of PZT compositions azzdomain abundance
plane stress at the film below, is fully compensated by was also simulated and compared with the experimental re-

IV. SUMMARY AND CONCLUSIONS
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