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Three-domain architecture of stress-free epitaxial ferroelectric films
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Epitaxial ferroelectric films undergoing a cubic-tetragonal phase transformation relax internal
stresses due to the structural phase transformation and the difference in the thermal expansion
coefficients of the film and the substrate by forming polydomain structures. The most commonly
observed polydomain structure is thec/a/c/a polytwin which only partially relieves the internal
stresses. Relatively thicker films may completely reduce internal stresses if all three variants of the
ferroelectric phase are brought together such that the film has the same in-plane size as the substrate.
In this article, we provide experimental evidence on the formation of the three-domain structure
based on transmission electron microscopy in 450 nm thick~001! PbZr0.2Ti0.8O3 films on ~001!
SrTiO3 grown by pulsed laser deposition. X-ray diffraction studies show that the film is fully
relaxed. Experimental data is analyzed in terms of a domain stability map. It is shown that the
observed structure in epitaxial ferroelectric films is due to the interplay between relaxation by misfit
dislocations at the deposition temperature and relaxation by polydomain formation below the phase
transformation temperature. ©2001 American Institute of Physics.@DOI: 10.1063/1.1328781#
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I. INTRODUCTION

Polydomain ~polytwin! formation in epitaxial films
undergoing a phase transformation is a mechanism
relaxes internal stresses that are a result of the la
misfit due to the structural phase transformation and
difference in the thermal expansion coefficients of t
film and the substrate. This phenomenon has been pred
theoretically1 and was studied to epitaxial ferroelectric film
and multilayer heterostructures.2–6 The polydomain structure
of tetragonal epitaxial ferroelectric films consists of t
three possible orientational domains of the tetragonal ph
separated from each other by elastically compatible
domain walls. Figure 1~a! shows all possible orientationa
variants of the ferroelectric phase and possible polydom
structures due to a cubic-tetragonal transformati
Ferroelectric films are deposited at temperatures ab
the transition temperature and the internal stresses
usually completely relaxed by misfit dislocations
this temperature.3,7 There are no significant thermal stress
during cooling down since the difference between
thermal expansion coefficients of PbTiO3 and tetragonal
PbZrxTi12xO3 ~PZT! solid solutions and popular perovski
substrates such as SrTiO3 and LaAlO3 is very small.
Thus, just before the structural phase transformation atTC ,
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the films are stress-free and tensile internal stresses dev
just below TC due to the phase transformation. Therefo
the most common microstructure observed in epitax
films PbTiO3 ~Ref. 2! and tetragonal PZT solid solutions8

is the c/a/c/a polydomain consisting of alternating thi
platelets ofc domains with the tetragonal axis perpendicu
to the film–substrate interface anda domains with the
c axis of the tetragonal film along@100# or @010#
directions, called a1 and a2 domains, respectively
@Fig. 1~b!#.

The c/a/c/a polytwin structure only partially relaxes
the internal stresses by reducing the biaxial stress s
to a uniaxial one. The internal stresses due to latt
misfit can becompletelyreduced if all of the three variant
of the tetragonal phase are arranged such that the
has the same in-plane size as the substrate.1,9–11 In this
article, we present experimental results that confi
the existence of three-domain structures in epitax
ferroelectric films and we show that the internal stres
in these ferroelectric films are indeed completely relax
The experimental data is analyzed using a domain stab
map.

II. THEORY

If a ferroelectric film is grown epitaxially on a thick
cubic substrate such that (001)film //(001)substrate, the misfit
due to the difference in lattice parameters of the film and
substrate may be described by the following misfit str
tensors fora1 , a2, andc domains, respectively, as
© 2001 American Institute of Physics
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ê1
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D ê3
M

5S ēM 0 0

0 ēM 0

0 0 eT8
D , ~1!

whereeT85 ēM1eT , ēM5(a2āS)/āS is the effective misfit
strain, eT5(c/a)/a is the tetragonality of the ferroelectri
lattice,a andc are the unconstrained lattice parameters of
film, and āS is the effective substrate lattice paramete3,6

given in terms of the equilibrium linear dislocation densityr
at the deposition temperatureTG as

āS~T!5
aS~T!

r~TG!aS~T!11
. ~2!

For a homogeneous mixture of domains, the condition
complete relaxation of the average stress is^exx&5^eyy&
50, where ^exx& and ^eyy& are the average strains alon
@100# and @010# directions, i.e.,

a1ê1
M1a2ê2

M1a3ê3
M

5S 0 0 0

0 0 0

0 0 ~a11a2!ēM1a3eT8
D . ~3!

Here,a1 , a2 , anda3 are the volume fractions ofa1 , a2 ,
and c domains, respectivelya11a21a351). Full relax-
ation is attained fora15a2 , and

a35
2ēM

eT
11, ~4!

if 2(eT/2), ēM,0. The resultant domain structure is due
~i! relaxation by misfit dislocations atTG and ~ii ! relaxation
by polydomain formation below the transformation tempe

FIG. 1. ~a! Cubic paraelectric phase and the three ferroelectric tetrag
variants,~b! the simple two-domainc/a/c/apolydomain structures, and~c!
the three-domain architectures; second-order polytwin and the cellula
rangement of the domains.
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ture TC . These two different mechanisms are taken into
count through the dislocation density dependence of the m
fit strain, i.e.,ēM , and the tetragonality,eT .

The architecture of the three-domain structures is d
tated by the energy of the interdomain interfaces, the ene
of the junctions where the three domains come together,
by the microstresses at the film–substrate interface.
crostresses are created because of the periodic deviatio
the actual misfit from the average misfit on the film
substrate interface.12 These factors increase the total ener
of the system although the elastic energy of macrostress13

is effectively reduced to zero. Their interplay results in
critical thickness below which the three-domain state is
stable.9 It can be shown that the second-order polydom
structure is favored for smallc-domain fractions, a3,
whereas for relatively largera3, the cellular arrangement i
more stable@see Fig. 1~c!#. A complete theoretical treatmen
of the three-domain structures will be presented in a fut
article.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Experimentally, 450 nm thick~001! PbZr0.2Ti0.8O3 ~PZT
20/80! films on ~001! SrTiO3 ~STO! substrates were depos
ited at 650 °C and 100 mTorr oxygen partial pressure

FIG. 2. ~a! XRD pattern of the sample in the 40°–50° range,~b! 200 u
rocking curve, and~c! 002 u rocking curve.
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pulsed laser deposition. The details of the deposition pro
dure were given elsewhere.14 X-ray diffraction ~XRD! ex-
periments for all samples were done on a four-circle Siem
D5000 diffractometer with monochromatic CuKa radiation
with a Ni filter to remove CuKb diffractions. Crystallo-
graphic characterization was accomplished with stand
u–2u scans,u rocking curves, andf scans. Epitaxial growth
in the samples was established fromf scans and the pres
ence of only 00l type reflections in theu–2u diffraction pat-
tern. A Phillips 430 transmission electron microscope~TEM!
operated at 300 keV was employed to obtain plan-view
crostructures. The samples were prepared by dimpling
ion milling from the substrate side and were not cooled d
ing ion milling.

The u–2u diffraction pattern in the 40°–50° range
shown in Fig. 2~a!. The lattice parameters calculated fro
the 200 and 002u–2u diffraction of PZT 20/80 givea
50.3930 nm andc50.4130 nm, very close to their respe
tive bulk values,15 indicating that the epitaxial stresses a
completelyrelieved. The fraction ofc domains is approxi-
mately 0.80, established from the relative integrated inte
ties of the 200 and 002 PZTu rocking curves@Figs. 2~b! and
2~c!, respectively# following the methodology of Hsu and
Raj16 and Kanget al.17

The plan-view TEM micrograph in Fig. 3~a! displays the

FIG. 3. ~a! Bright field micrograph taken from a plan-view TEM samp
showing the cellular arrangement of all the three domains; two dark fi
images taken with~b! ~100! and ~c! ~010! reflections. Spacing between th
dislocations is;40 nm.g3b criteria and visibility of the dislocation lines
suggests Burgers vectors of the dislocations to beb5@010# andb5@100#.
Downloaded 23 Feb 2006 to 137.99.19.166. Redistribution subject to AIP
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microstructure that consists of all the three possible doma
of the tetragonal ferroelectric phase. The film is divided in
cells of c domains in the~001! plane bound bya1 and a2

domains along the@100# and@010# directions, respectively. It
should be noted that since the interdomain interfaces ma
inclined by 45° or 135° with respect to the@100# or @010#
directions, these cells are not rectangular boxes. Their e
three-dimensional geometry depends on the specific cry
lographic planes of the interdomain interfaces. Thec domain
fraction is consistent with XRD results and the fraction ofa1

anda2 domains are equal as predicted theoretically. Furth
more, the micrographs in Figs. 3~b!–3~c! reveal the presence
a pseudo-orthogonal network of misfit dislocations with Bu
gers vectorsb5@100# andb5@010#. Spacing between dislo
cations is ;40 nm, corresponding to a linear density
0.0025 nm21.

Since the tetragonality for PZT 20/80 is approximate
5.2%15 and the observedc-domain fraction is;0.80, ēM

5(a– āS)/āS should be equal to;0.5%. Therefore,āS

should be 0.3954 nm at room temperature~compared to the
bulk lattice parameter of STO which is 0.3905 nm15!, corre-
sponding to a 73% relaxation by misfit dislocations wh
extrapolated to the deposition temperature~thermal expan-
sion coefficient of STO51131026 °C21!. The theoretical
linear dislocation density is approximately 0.0030 nm21, in
good agreement with experimental observation. The res
can be elegantly combined on a domain stability map
shown in Fig. 4 using the effective misfit strain concept a
the temperature dependencies of the lattice parameters o
film and the substrate. The domain stability is constructed
comparing the total elastic energies of all possible sin
domain and polydomain structures following the formalis
of our previous article.6 Full theoretical derivation leading to
the domain stability map and its analysis will be given els
where. It can be shown thata1- anda2-single domains are
not stable for any given pair ofēM andeT . Furthermore, the
c/a/c/a polytwins are also unstable because for any pair

FIG. 4. Domain stability map for 450 nm thick~001! PZT 20/80 films on
~001! STO substrates. Filled circles represent the expected position o
theoretical effective misfit strain and tetragonality pairs at different tempe
tures from 25 to 400 °C. On the thin line in the three-domain reg
~equifraction line!, thec-domain fraction is constant and is equal to 0.80
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ēM and eT , their energy is always larger than either t
single domainc, thea1 /a2 /a1 /a2 polydomain, or the three
domain structure. The lower and upper limits of t
c-domain fractiona3 @see Eq.~3!# for the three-domain
structure define the phase stability boundaries betw
a1 /a2 /a1 /a2 and the three-domain state and the thr
domain state and the single domainc, respectively (a350,
i.e., e1522eM , anda351, i.e.,eM50!. Within the stabil-
ity area of the three-domain structure,a3 gradually changes
from 0 to 1 as the misfit approaches 0.

To compare theoretical analysis with experimental
sults, the effective misfit strain and tetragonality pairs for
PZT 20/80 film on a STO substrate are evaluated at diffe
temperatures and their respective positions on the dom
stability map are marked~see Fig. 4, full circles!. On the thin
line given byeT52103 ēM ,a3 is constant and is equal t
0.80 @see Eq. ~3!#. This line passes through the poi
@ ēM(25 °C),eT(25 °C)#, indicating that thec-domain frac-
tion is ;0.80 at room temperature.a3 increases with in-
creasing temperature since the slopes of the equifrac
lines approach the vertical axis given byēM50.

The domain structure shown in Fig. 3~a! may play an
important role in the switching characteristics of ferroelect
films. Recently, we have demonstrated experimentally
the switching in~001! PZT 20/80 films on~001! LaAlO3

substrates proceeds faster in thicker films~;400 nm! com-
pared to thinner films of thicknessh<100 nm under pulsed
testing conditions.14 The so-called activation fieldEa , a
measure of the impedance to switching,18,19 fell substantially
as the film thickness was increased. The microstructure
the films observed via TEM changed from a single-dom
state (h,60 nm! to a polydomain structure (h>60 nm! with
gradual decline in thec-domain fraction coupled with in-
crease in the density of 90° domain walls. The polydom
formation was accompanied by a drop in the saturation
larization and relaxation of internal stresses.20 Although it is
difficult to single out the formation of polydomain structu
as the only reason for faster switching in these films w
increasingh, together with atomic force microscope studi
that show heterogeneous nucleation of reversed domain
90° domain walls in 400 nm PZT 20/80 films on ST
substrates,21 it is reasonable to hypothesize that they hav
distinct contribution to the process of polarization revers
However, it may be due to a pure size effect or it may
related to the different internal stress levels in the films.

IV. CONCLUSION

We have shown that in epitaxial tetragonal ferroelec
films, the internal stresses may be completely relaxed w
Downloaded 23 Feb 2006 to 137.99.19.166. Redistribution subject to AIP
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the formation of a polydomain structure that consists of
the three variants of the ferroelectric tetragonal phase. T
observations prove the existence of such structures and X
studies show that the internal stresses are indeed relieve
the creation of the three-domain architectures. A domain
bility map is constructed that takes into account the possi
ity of the formation of the three-domain structures. Theore
cally predicted domain fraction is in excellent agreeme
with experimental results. In a future article, we will prese
a full thermodynamic treatment of the formation of thre
domain structure and analyze its effect on the electrical
electromechanical properties.
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