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Transmission electron microscopy has been used to investigate the character and distribution
of the microstructural features in epitaxial (001) ferroelectric PbZr0.2Ti0.8O3 films grown on (001)
SrTiO3 substrates by pulsed laser deposition. The TEM observations revealed that the films
were predominantly c-oriented with embedded a1- and a2-oriented domains lying on {101}
planes. The substrate/film interfaces contained arrays of edge-type misfit dislocations and there
were extraordinarily high densities (� 1010 cm−2) of threading dislocations in the films. The
character and distribution of these features are consistent with the following relaxation
sequence. Firstly, the lattice misfit between the phases is accommodated at the growth
temperature by the introduction of misfit dislocations at the edges of island nuclei, and some of
these dislocations are forced away from the interface to form threading segments upon island
coalescence. Next, the film adopts the c-orientation upon cooling through the Curie
temperature with a1- and a2-oriented domains being formed to ameliorate the self-strain of the
transformation. Finally, some redistribution of the embedded domains and misfit dislocations
occurs in response to stresses caused by expansion coefficient differences. The impact of these
defects on the electrical and electromechanical properties of epitaxial ferroelectric properties is
discussed. C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Thin films of perovskite ferroelectric materials such as
BaTiO3, PbTiO3, and solid solutions of PbTiO3-PbZrO3

[Pb(Ti1−xZrx)O3 compounds, PZT] have received con-
siderable interest because of their numerous potential
device applications in micro- and nanoelectronics as
elements of non-volatile random access memories
(NVRAM), dynamic random access memories (DRAM),
high dielectric constant capacitors, optical waveguides,
tunable devices, and pyroelectric detectors. Progress in
deposition techniques has made it possible to grow these
ferroelectric ceramics as thin films with exceptional
compositional control on a variety of different substrates.

∗Present Address: Department of Materials Science and Engineering, The Ohio State University, Columbus, OH 43210-1178, USA.
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In polycrystalline ferroelectric films the grain boundaries
have a detrimental effect upon the electrical properties,
and the films must be poled to achieve maximum
polarization, piezoelectric, pyroelectric, and electro-optic
responses [1, 2]. If, however, appropriate combinations
of substrate and deposition conditions are chosen, single-
crystal epitaxial ferroelectric thin films can be grown,
and superior physical properties can be expected [3].

Although single-crystal epitaxial ferroelectric films do
not contain grain boundaries, they do exhibit a complex
defect microstructure, which may include such features as
twins (or poly-domains), anti-phase boundaries, interfa-
cial misfit dislocations (MDs) and threading dislocations
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(TDs). The evolution of this complicated microstructure
is in direct response to the internal stresses that develop
during film growth and subsequent cooling from the de-
position temperature. These internal volumetric stresses
arise due to lattice mismatch and/or thermal expansion co-
efficient (TEC) differences between the film and the sub-
strate, and the self-strain of any phase transformations that
occur upon cooling. In addition, there are “microstresses”
which are associated with, and concentrated near, defects
such as dislocations and vacancies.

Ferroelectric films are grown under conditions (temper-
atures/pressures) for which they are in their cubic para-
electric state. Depending on the film thickness, the epi-
taxial misfit strains can be reduced dramatically by the
generation of interfacial MDs [4]. For deposits that grow
initially as continuous pseudomorphic films in Frank/van
der Merwe mode, the consensus is that MDs are intro-
duced by nucleation of half-loops at the deposit surface.
These loops expand towards the substrate/deposit inter-
face in response to the internal stresses, and the final
configuration consists of a misfit segment lying in the in-
terfacial plane bounded by two threading segments that
thread from the interface to the deposit surface [5]. For de-
posits that grow initially as island nuclei in Volmer/Weber
mode, MDs can be introduced more easily at the periph-
ery of the island nuclei, and TDs are formed when MDs
are forced away from the interface during island coales-
cence. The authors have presented evidence for defect
generation by these latter processes in epitaxial barium
strontium titanate (BST) films on (001) LaAlO3 [6].

Upon cooling, additional internal stresses will develop
in epitaxial ferroelectric films both due to the differences
in the TECs of the film and the substrate, and due to
the self-strain of the ferroelectric phase transformation.
The ferroelectric phase has a lower symmetry than the
high-temperature paraelectric phase giving rise to several
crystallographically equivalent transformation variants or
“elastic” domains [7, 8]. In poly-domain structures the do-
mains are twin-related and, in each case, the composition
plane is parallel to the habit plane of the domain boundary.
Thus, the twin domains are mechanically compatible and
the interdomain interface is stress-free. After the phase
transformation, a twinned film can usually give a lower
effective misfit to the substrate than a single domain film.
As such, the formation of a poly-domain microstructure
decreases the misfit contribution to the elastic energy of
an epitaxial system and is, therefore, a thermodynami-
cally driven phenomenon. For example, in BaTiO3 and
PbTiO3, the TiO6 octahedra are linked in a regular cubic
array forming the high-symmetry Pm3̄m prototype in the
paraelectric state. In the ferroelectric state below the Curie
transition temperature TC (130◦C and 490◦C for BaTiO3

and PbTiO3, respectively), a spontaneous polarization
arises due to the non-centrosymmetric displacement of
Ti4+ and O2− ions relative to Ba2+ or Pb2+ ions resulting
in a tetragonal lattice (P4mm) [9 ]. Should this transfor-

mation occur in a constrained medium, as is the case in
an epitaxial film, the formation of poly-domain structures
may reduce the total energy of the system [10–15].

Over the past few years, there have been numerous
experimental studies of the microstructure in ferroelectric
films using transmission electron microscopy (TEM) [16–
26], in-situ X-ray diffraction (XRD) [27, 28], and atomic
force microscopy in the piezoelectric mode (P-AFM) [29–
36]. While these studies have resulted in a generally ap-
plicable description of the microstructural evolution, they
have mostly concentrated on one aspect of the defect mi-
crostructure. In this report, we present a detailed TEM and
high resolution TEM (HRTEM) analysis of all aspects of
the defect structure in one particular epitaxial ferroelectric
system. The system is (001) PbZr0.2Ti0.8O3 (PZT 20/80)
grown by pulsed laser deposition (PLD) onto (001) SrTiO3

substrates. This system was chosen because it exhibits a
greater diversity of defect types than any other system
we have analyzed, and previous studies have shown that
both poly-domain twins and interfacial MDs can occur
in the same film [23, 37, 38]. As such, this constitutes
an excellent case study and enables us to investigate the
interaction of the defect types. The defect configurations
observed have been used to deduce the way in which
the defect microstructure evolves during deposition and
subsequent cooling to room temperature. The likely im-
pacts of the various types of defects on the electrical and
electromechanical properties are also discussed.

2. Experimental methods
Epitaxial PZT 20/80 films of ∼300 nm in thickness were
grown by PLD onto (001) single-crystal STO substrates
using a 248 nm KrF excimer laser source. The growth con-
ditions used were those that have been shown previously
to result in high quality epitaxial films with the orien-
tation: (001)PZT//(001)STO and [100]PZT//[100]STO [37].
Briefly, the substrates were heated to 600◦C and films
were deposited from a PZT 20/80 ceramic target with a
pulse repetition rate of 5 Hz and an energy of 600 mJ/pulse
under an O2 partial pressure of 100 mTorr. The chamber
was then back-filled with O2 before allowing the films
to cool to room temperature at a rate of 5◦C per minute.
Both plan-view and cross-sectional TEM specimens were
prepared in the usual manner by mechanical pre-thinning
followed by Ar+ ion-beam milling to perforation in a
Gatan PIPS 641 at an accelerating voltage of 3.5 kV. Plan
view samples were thinned from the substrate side only:
a thin glass cover slip was placed over the deposit side
during milling to protect the sample surface from con-
tamination. Microstructural analyses were performed in
a JEOL JEM-2010 FasTEM equipped with an ultra-high
resolution objective lens pole-piece (spherical aberration
coefficient Cs≈0.5 mm) and operating at an accelerating
voltage of 200 kV. In this configuration, the point-to-point
resolution at Scherzer defocus is <0.19 nm.
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Figure 1 Data from the PZT film surface obtained at the [001] zone axis
using a plan-view specimen back-thinned from the substrate side only:
(a) many-beam BF image of a region containing intersecting embedded
domains—a higher magnification image showing TDs in a region between
the domains is inset, (b) SADP showing the main reflections from the c-
oriented matrix together with h/2 k/2 0 superlattice reflections (examples
marked by arrows)—spot splitting due to embedded a1- and a2-oriented do-
mains is evident in higher order reflections as shown in the inset enlargement
of the 440 matrix reflection.

3. Results
3.1. Plan-view samples
TEM data obtained from the plan-view samples con-
firmed that the PZT films were single-crystal and con-
sisted mainly of c-axis domains. Typical data are shown
in Fig. 1. Fig. 1a is an axial bright-field (BF) image ob-

tained from an untilted plan-view sample (i.e., with the
beam direction, B, parallel to [001]). Since these spec-
imens were back-thinned from the substrate side only,
the microstructure observed in such images corresponds
to that at the PZT deposit surface. The microstructure
appears to consist mainly of a single “matrix” domain
with two orthogonal sets of thin embedded laths of other
domains. The corresponding selected area diffraction pat-
tern (SADP) is shown in Fig. 1b. There is no evidence for
tetragonal distortion in the positions of the main peaks,
indicating that for the majority of the film the c-axis of
the tetragonal structure is perpendicular to the substrate,
as expected. One of the more interesting aspects of these
SADPs is the presence of pronounced intensity in 1

2 h, 1
2 k,

0 positions, and two examples are indicated by arrows in
Fig. 1b. The presence of pronounced maxima at fractional
positions in SADPs is usually indicative of long-range or-
dering. For PZT, there are several ways in which this could
occur including ordering of Zr and Ti on the tetravalent
cation sublattice, ordering of oxygen vacancies on the
anion sublattice, or coordinated rotations of oxygen oc-
tahedra [39–42]. Further experiments are underway in an
attempt to distinguish between these possibilities.

The embedded laths have lengths of up to 1 µm and
lie with their major axes parallel to the [100] and [010]
directions in the matrix. The laths exhibit characteristic
fringe contrast at their edges with the fringes lying paral-
lel to the major axes, indicating that the habit planes for
the laths are inclined to the [001] direction in the matrix.
The character of these laths was confirmed by analysis
of SADPs. Careful examination of the higher order re-
flections revealed spot splitting as shown in the inset to
Fig. 1b, which is an enlargement of the 440 matrix reflec-
tion. The positions of the satellite spots are consistent with
the laths being a1/a2-oriented domains overlapping with
the c-oriented matrix. We note that in some regions with
a very high density of these laths (e.g., Fig. 2), occasional
lath-like features were observed lying parallel to 〈110〉 in
the matrix, usually at the intersections of packets of laths
lying parallel to [100] and [010].

In regions of c-oriented matrix between these lath-like
domains, dark/bright lobe-like strain contrast revealed the
presence of high densities of TDs, as shown in the enlarged
inset to Fig. 1a. From such images we estimate the density
of TDs at the deposit surface to be ≈1011 cm−2. Since most
of the TDs in these films have line directions, ξ , parallel
to [001], they are revealed more clearly in BF images
obtained using two-beam conditions with the sample tilted
several degrees away from the [001] zone axis. Three such
images are shown in Fig. 3: these are part of a series of
images used to identify the Burgers vectors of the TDs
using diffraction contrast analysis. Four different sets of
TDs are present in the films and examples of these are
indicated by the letters A, B, C and D in Figs. 3(a) and
(b). The TDs in sets A and D have ξ = [001] and Burgers
vectors, b, of [010] and [100], respectively. Thus, set A
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Figure 2 Many-beam BF TEM image obtained at the [001] zone axis from
a back-thinned plan-view specimen showing domains oriented along [11̄0]
at the intersection of domains parallel to [100] and [010].

exhibits very strong contrast in Fig. 3a which was obtained
using the diffraction vector g = 020, but is out of contrast
in Fig. 3b for which g = 2̄00, and vice versa for set D.
These two sets constitute the majority of the TDs in the
films (>90%) but small numbers of defects from sets B
and C were observed in each area. The TDs in these sets
had ξ = 〈111〉 and b = 〈110〉. They exhibited weaker
contrast than sets A and D in images obtained using g =
020 or 2̄00, but much stronger contrast in images obtained
using g = 110 or 11̄0. One example is shown in Fig. 3c,
which was obtained using g = 110 from a region adjacent
to that shown in Fig. 3(a) and (b). The TDs with b = [l10]
are out of contrast in this image but the configuration of
those with b=[110] is revealed more clearly. These show
much more complex geometries than the straight TDs in
sets A and D, including loops, half loops, and cases where
ξ changes abruptly at twin boundaries.

HRTEM imaging was used to verify the values of b de-
termined using diffraction contrast analysis by perform-
ing circuit mapping around the TD cores. Examples of
HRTEM images obtained with B = [001] from TDs with
b = 〈100〉 and 〈110〉 are shown in Figs. 4(a) and (b),
respectively. The TD shown in Fig. 4a lies next to the
coherent boundary between the c-oriented matrix and an
a2-oriented domain. It is clear from the image that the TD
has a compact core and the Burgers circuit shows that the
projected component of b, b′ = [100]. For the TD shown
in Fig. 4b, however, b′ = [1̄1̄0] and the core appears to
be extended along the trace of (110). Circuit maps con-
structed around the two ends of the extended feature give

b′ = 1
2 [1̄1̄0] in each case, indicating that these are closely-

coupled partial dislocations separated by a stacking fault
approximately parallel to (110). Clearly, the apparent dis-
sociation of such TDs could be due to projection effects
since ξ 
= [001]. In this case, however, the displacements
do appear to be localized at the ends of the extended fea-
ture. Moreover, we note that dissociations of the type:

[110] → 1

2
[110] + 1

2
[110]

have been observed previously in a number of perovskite
films [25].

3.2. Cross-sectional samples
The distribution of the defects through the film thickness
was revealed more clearly in TEM images obtained from
the cross-sectional samples. Fig. 5a is a typical axial BF
image obtained from one such sample with B = [010],
and Fig. 5b is the corresponding SADP. The differences
in the splitting between PZT and STO peaks in the 001
and 100 systematic rows of the pattern confirm that the

Figure 3 Two-beam BF TEM images obtained from a back-thinned plan-
view specimen by tilting away from the [001] zone axis along the respective
Kikuchi bands: (a) and (b) are part of a set of images obtained from the
same area and used to determine the Burgers vectors of the sets of straight
TDs—A, B, C and D; (c) is a region adjacent to that in (a) and (b) showing
some of the other configurations of TDs with b = 〈110〉..

700



40TH ANNIVERSARY

Figure 3 (Continued).

Figure 4 HRTEM images obtained at the [001] zone axis from a back-
thinned plan-view TEM specimen showing examples of the two types of
TDs in the film.

matrix of the film is c-oriented. The density, distribu-
tion and character of the TDs are consistent with those
determined from the plan-view samples. Thus, the TDs
are distributed uniformly with a density of �1010 cm−2,
most are straight and aligned with ξ = [001], and diffrac-
tion contrast analysis reveals that these have b = [100]
or [010]. Fig. 6 is a pair of BF images obtained under
two-beam conditions using g = 002̄. The straight TDs
are essentially out of contrast in these images because
both g×b = 0 and g(b×ξ ) = 0. Other configurations are
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Figure 5 Data obtained from a cross-sectional specimen at the [010] zone
axis: (a) many-beam BF showing straight TDs extending from the interface
to the deposit surface; (b) SADP showing the superimposed zone axis
patterns from the c-oriented PZT matrix and the STO substrate.

observed, however. Occasionally “residual” g(b×ξ ) con-
trast was present from dislocation half-loops and one ex-
ample is marked H in Fig. 6a. Interestingly, the curva-
ture of these half-loops suggests that they are emanating
from the interface and propagating towards the deposit
surface, and not vice versa as one might expect. Fig. 6b
was obtained from a significantly thicker region of the
TEM sample and, as such, the contrast is more complex
because the kinematical conditions for straightforward
diffraction contrast analysis are not met. Thus, the straight
TDs marked B give rise to appreciable contrast despite the
orientation of g. Nonetheless, here again there are dislo-

Figure 6 Two-beam BF TEM images obtained from cross-sectional speci-
mens by tilting away from the [010] zone axis along the 002 Kikuchi band
showing: (a) residual contrast from a TD half-loop (marked H); (b) a thicker
region with more complex contrast arising from inclined domains (arrowed)
lying on (1̄01), straight TDs (marked B) and half-loop-type features (marked
E); (c) a region containing inclined domains lying on(1̄01) and (101).

cations in the film whose curvature indicates that they
are propagating towards the deposit surface (marked E).
These features also undergo changes in curvature when
they impinge upon the TDs and the inclined boundaries of
a1- or a2-oriented domains (indicated by white arrows on
the Figure). The domain boundaries appear edge-on and
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Figure 7 HRTEM image obtained at the [010] zone axis from a cross-
sectional specimen showing intersecting micro-domains at the PZT/STO
interface.

have [101] traces in this micrograph. Thus the habit plane
is (1̄01), which is consistent with the observations from
the plan-view samples. We note that there is a pronounced
local anisotropy in the region shown in Fig. 6b: there are
domains on (1̄01) but not on (101). In other areas, such as
that shown in Fig. 6c, there are domains on both (1̄01) and
(101), but all areas showed both some anisotropy in the
domain populations and a decrease in the number density
of domains with increasing distance from the STO/PZT
interface.

The details of the defect microstructure in the region of
the STO/PZT interface were investigated using HRTEM.
One such image is shown in Fig. 7 and we note that the
quality of such images is poorer than those obtained from
other regions due to the complexity of the strain state.
A very high density of ultra-thin (≈1 nm) microdomains
was observed (marked with white arrows). These lay on
(1̄01) and (101), with most of them originating at MDs,
and terminating within 20–30 nm of the interface at inter-
sections with other microdomains or at dislocations [43 ]
with b = 1/2〈101〉 (two examples are marked with double
arrowheads). Further details of the dislocation structure at
the interface was revealed by Fourier-filtering of HRTEM
images to reduce the effects of strain and three examples
are shown in Fig. 8. The majority of the dislocations are
edge-type with b equal to a lattice translation vector. They
are revealed most clearly in the largest a1- or a2-oriented
domains: two examples are shown in Fig. 8a and for both
of these b = [001]. It is interesting to note that there ap-
pears to be a small “standoff” with the dislocations lying
1–2 nm above the PZT/STO interface. Occasional dislo-
cations were also observed with b = 1/2〈101〉. These lay

Figure 8 Fourier-filtered HRTEM image obtained at the [010] zone axis
of STO from cross-sectional specimens at the PZT/STO interface showing:
(a) edge-type MDs lying just above the interface; (b) a dislocation with
b = 1/2〈101〉 at the intersection of an a1-oriented domain with the interface;
(c) a pair of dislocations with b = ±1/2〈101〉 at either end of a short
microdomain.
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either at the triple lines where inter-domain boundaries
met the PZT/STO interface as shown in Fig. 8b, or at
either end of short micro-domain segments as shown in
Fig. 8c.

4. Discussion
In this section we consider firstly the way in which the
observed defect microstructure might develop and then
describe the influence that these defects would have upon
the electrical properties of the films.

4.1. Microstructural development
One of the most significant influences on the defect mi-
crostructure is the lattice misfit between the deposit and
the substrate. No accurate data are available for the lattice
parameters at the deposition temperature, but these have
been estimated previously as 0.4001 and 0.3932 nm for
the paraelectric cubic phase of PZT 20/80 and for STO,
respectively [37]. This would give a lattice misfit of 1.75%
during epitaxial deposition. As such, one would expect the
PZT deposits to form initially as islands growing in the
3D Volmer-Weber mode. In this mode, edge-type MDs
are usually introduced periodically at the periphery of the
growing islands to minimize the strain in the deposit. This
would give orthogonal arrays of MDs with b = [100] or
[010] as observed here (e.g. Fig. 8a). To explain the high
densities of TDs, we recall some of the earliest work on
epitaxy of metals, wherein it was shown that TDs can
form when adjacent islands which are misaligned and/or
misoriented with respect to one another coalesce [44].
This results in some of the MDs being forced away from
the interface. Studies on other heteroepitaxial oxide on
oxide systems grown by PLD have shown that islands
with substantial misorientations can be deposited whilst
still resulting in single-crystal epitaxial films after coa-
lescence [45]. Thus, if the density of island nuclei were
high enough, and coalescence were to occur at an early
stage in the growth, then a high density of TDs could arise
with Burgers vectors parallel to the interface, as observed
experimentally. At densities of >1010 cm−2 the distance
between the TDs is low enough that the magnitudes of
elastic interactions between adjacent threading segments
will be significant. Where the forces between these seg-
ments are attractive, the interaction would lead to the
combination or mutual annihilation of adjacent segments,
giving a decrease in TD density with increasing film thick-
ness. Due to the complexity of the final microstructure,
we have not been able to determine whether or not such
a reduction does occur. We note, however, that the small
proportion (<10%) of TDs with b = 〈110〉 (sets B and C
in Fig. 3) could arise due to the combination of TDs with
b = ±[100] and b = ±[010].

Upon cooling, additional stresses may develop in
the film due to both TEC mismatch and the self-
strain of the phase transformation. The mean TEC for

PZT 20/80 above the Curie temperature (TC≈450◦C)
is ≈15×10−6 ◦C−1, whereas the value for STO is
11×10−6 ◦C−1. As such, the TEC mismatch strain pro-
duced on cooling from the growth temperature to TC will
be 0.08% and the corresponding stresses will be tensile,
i.e., in the opposite sense to the misfit stresses at the
growth temperature. Since the magnitude of the TEC mis-
match strain is small, it could be accommodated elasti-
cally. The TD density is, however, certainly high enough
for the MD content to be modified by the lateral glide of
TDs in the manner described by Matthews and co-workers
[46].

Upon cooling through TC PZT undergoes a transforma-
tion from the cubic paraelectric phase to the tetragonal
ferroelectric phase. The lattice parameters for PZT 20/80
just above and below TC have been estimated as: a(451◦C) =
0.3989 nm, a(449◦C) = 0.3977 nm, and c(449◦C) = 0.4023 nm
[37]. Thus, one would expect the transformation stresses
to be somewhat higher for a1- or a2-oriented domains
than for c-oriented domains, which may help to explain
why the c-orientation constitutes the matrix of the film. If
one assumes that the stresses due to lattice misfit are fully
relaxed by MDs just above the transformation tempera-
ture, then the transformation stresses will also be tensile.
These stresses can be accommodated, at least in part, by
the introduction of a1- or a2-oriented domains [47]. The
stress state in a1- or a2-oriented domains will be mixed
with a compressive component parallel to the c axis of the
domain and a tensile component parallel to a2 or a1, re-
spectively. As such, a combination of a1- and a2-oriented
domains could help to accommodate the transformation
stresses in the c-oriented matrix. The HRTEM data ob-
tained here indicate that these domains nucleate at MDs
in the PZT/STO interface and propagate into the film on
{101} habit planes, in accordance with theoretical predic-
tions [48]. The number density of these domains decreases
rapidly, with the vast majority terminating within a few
nm of the interface at intersections with other domains.
In many areas this process leads to the development of an
anisotropic population in the domains. It is tempting to
speculate that this bias in the population could be due to
small vicinal deviations from the nominal (001) substrate
surface orientation as observed previously for yttrium bar-
ium copper oxide on (011) STO [49]. In the present case
a vicinal surface could arise due to unintentional surface
offcut or locally due to surface roughness.

Significant additional stresses can develop in the films
upon cooling from TC to room temperature due to
TEC mismatch. The TEC for PZT over this tempera-
ture range is highly anisotropic with average values of
≈25×10−6 ◦C−1 in the (001) plane and ≈64×10−6 ◦C−1

in the c direction. For the single-crystal c-oriented films
considered here, the TEC mismatch strain that would de-
velop on cooling from TC to room temperature is ≈0.6%,
and this will give significant additional tensile stresses in
the PZT film. These stresses could be alleviated somewhat
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by the formation of additional a1- or a2-oriented domains
or by the growth of the ones introduced in response to the
transformation stresses. An alternate mechanism is, how-
ever, suggested by the dislocation arrangements shown
in Fig. 6. If the misfit and transformation stresses were
accommodated completely by the MDs and a1- and a2-
oriented domains just below TC then the effects of TEC
mismatch could be ameliorated by the elimination of some
of the MDs from the PZT/STO interface. Given that the
MDs have b = [100] or [010], this would have to occur
by climb rather than glide, but it would account for the
dislocations which appear to be emanating from the inter-
face and bowing out until they are impeded by inclined
domains and/or TDs (Fig. 6). It is also conceivable that
such processes might account for the 1-2 nm “standoff”
between the MDs and the interface.

4.2. Effect of microstructure upon
ferroelectric properties

Many of the useful properties of ferroelectrics including
the high piezo- and pyroelectric responses are of “extrin-
sic” nature, i.e., they are related to reversible domain wall
movements of the poly-domain structure in response to
changes in external conditions such as variations in the
temperature, the stress, or the applied electric field. This
extrinsic contribution may be an order of magnitude larger
than the intrinsic response due to relative displacements
of ions in the ferroelectric lattice, in particular for “hard”
ferroelectrics such as PbTiO3 and Ti-rich PZT with a high
tetragonality (i.e., the c/a ratio) [1]. If ferroelectric mate-
rials are deposited as films on a thick substrate, the sub-
strate will essentially clamp the film and prevent it from
deforming in the presence of an applied field [50], thus
resulting in weaker intrinsic dielectric, pyroelectric, and
piezoelectric responses [51–55]. Moreover, the internal
stresses will result in a shift of the phase transformation
temperature that will decrease or increase the strength of
the intrinsic electrical and electromechanical responses
depending on whether the in-plane stress state is tensile
or compressive [56].

Theoretical estimates show that extremely high ferro-
electric coefficients can be expected in epitaxial ferro-
electric films with a poly-domain structure if the domain
walls are mobile [57]. However, should a poly-domain
state form in an epitaxial ferroelectric film, microstresses
will be generated at the film-substrate interface due to the
periodic deviation of the actual misfit from the average
misfit [58]: this will certainly inhibit the movement of do-
main boundaries under the influence of an applied external
field. Furthermore, as shown in this study, the domains
emanate from MDs that have formed at the deposition
temperature. The domains are, therefore, pinned due to
the microstresses around the MD cores. The low mobility
of the domain walls has been verified experimentally via

in situ XRD wherein the domain fractions of poly-domain
epitaxial ferroelectric films were not affected significantly
by an applied electric field [59]. Furthermore, P-AFM re-
sults indicate that the domain structures of ferroelectric
films do not change even in the presence of highly lo-
calized electric fields [38]. However, we note that experi-
mental measurements of the domain fractions in PbTiO3

and Ti-rich PZT show that the poly-domain structure is
extremely sensitive to variations in the temperature [10,
14, 27, 47, 60]. This clearly suggests that the relaxation
kinetics are extremely sluggish since the relaxation times
involved in temperature dependence experiments are in-
evitably far greater than those in electrical measurements,
which are performed at frequencies of � 1 Hz. There-
fore, we can conclude that a poly-domain microstructure
in epitaxial ferroelectric films results in inferior electrical
and electromechanical responses as compared with bulk
material, due to the clamping effect of the substrate and
the immobilization of the domain walls due to the highly
localized stresses at the film-substrate interfaces.

The MDs that relieve the internal stresses at the growth
temperature have another detrimental effect. Recently, we
have carried out a preliminary thermodynamic analysis
on the effect of dislocations in ferroelectric materials [61]
that was supported by polarization hysteresis, dielectric,
and piezoelectric measurements [62, 63]. It was shown
that there is a drastic variation in the polarization near the
dislocation due to the coupling with the stress field of the
dislocation. These polarization gradients result in strong
depoling fields that suppress the polarization in a region
that might extend over several nanometers [64], giving
rise to the formation of dead layers that severely degrade
ferroelectric properties [65]. These findings have signifi-
cant implications in terms of the properties of ferroelectric
films. Firstly, these regions may serve as pinning centers
for reversible domain wall motion in the presence of an
applied field, as mentioned previously. Secondly, there
exists a volume within the ferroelectric film that will not
contribute to the polarization, dielectric, piezoelectric, and
pyroelectric responses. Furthermore, because of this dead
layer, the applied electrical field that is necessary to acti-
vate the unique properties of ferroelectrics will essentially
be screened. The detrimental effect of such regions is de-
pendent on the thickness of the ferroelectric film and will
obviously be enhanced in ultra-thin films. Similar con-
clusions can be drawn for vacancies in ferroelectric films
due to their stress fields that couple with the polarization,
resulting in localized polarization variations.

Based on the discussion above, it is clear that for device
applications in micro- or nanoelectronics a ferroelectric
film would ideally exhibit a mono-domain structure with
no defects. Although it might, in principle, be possible
to produce a defect-free pseudomorphic film by careful
selection of deposition conditions, the clamping effect of
the substrate might still result in a substantial reduction
in the intrinsic response [50]. There are three main ways
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in which this problem can be addressed. Firstly, one can
manipulate the degree of constraint in a pseudomorphic
deposit by modifying the film or substrate geometry [51].
For example, post-deposition patterning of ferroelectric
epitaxial films through the film thickness to give “nanos-
tripes” or “nanopillars” with a width less than the film
thickness would effectively eliminate the constraint in
certain directions. P-AFM studies of patterned epitaxial
ferroelectric films indicate that this is indeed the case,
resulting in a significant improvement in the electrome-
chanical response [51, 66]. Secondly, one could use post-
deposition annealing of relaxed films or ultra-thin buffer
layers to give final microstructures with vastly reduced
TD densities. Such films would obviously still contain
MD arrays at the interface but the associated dead layers
would be confined to the region at or near the interface.
Finally, we note that most of these issues could be avoided
by using a lattice-matched substrate but, to date, no eco-
nomically viable substrate materials have been identified.

5. Summary
The defect microstructures in epitaxial PZT films grown
on (001) STO substrates by PLD have been investigated
using TEM and HRTEM. The character and distribution of
the features has been used to infer that they are introduced
into the films to relieve internal stresses according to the
following relaxation sequence:

• Firstly, the para-electric cubic phase of PZT is de-
posited upon the STO substrate in Volmer/Weber
island-growth mode. The lattice mismatch is accom-
modated at the growth temperature by arrays of edge-
type MDs with b = 〈100〉. These are introduced at
the periphery of the growing island nuclei and a high
density of TD segments is formed during coalescence
of misoriented islands when MD segments are de-
flected out of the interface plane. Interactions of the
closely-spaced TDs leads to annihilation of some seg-
ments and the combination of others to give TDs with
b = 〈110〉.

• Small TEC mismatch stresses develop upon cool-
ing to TC: these are accommodated elastically or by
the glide of TDs to modify the MD content in the
PZT/STO interface.

• Upon cooling through TC the cubic PZT transforms
to the tetragonal ferroelectric structure and the film
adopts the c-orientation. The resultant transformation
stresses are relieved by the introduction of a1- or a2-
oriented domains, which nucleate at the MDs. These
domains lie parallel to {101} and their number re-
duces rapidly with distance from the interface as most
terminate at intersections with other domains. Only
a small proportion of the a1- or a2-oriented domains

propagate into the film and in many cases a profound
local anisotropy results due to substrate vicinality.

• Significant TEC mismatch stresses develop during
cooling from TC to room temperature and these are
alleviated in part by a re-arrangement of the a1/a2-
oriented domains and MDs. In the latter case this
occurs by climb processes giving dislocation half-
loops with b = 〈100〉, which emanate from the inter-
face and propagate towards the interface until their
progress is blocked by TDs or a1/a2-oriented do-
mains.

Such defects can have a profound and detrimental effect
on properties of ferroelectric thin films. Observations such
as those presented here highlight the pressing need for de-
fect reduction or avoidance strategies in such systems.
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