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Defects exist in almost all materials1 and defect engineering at the
atomic level is part of modern semiconductor technology2,3.
Defects and their long-range strain fields can have a negative

impact on the host materials4,5.In materials with confined dimensions,
the influence of defects can be even more pronounced due to the
enhanced relative volume of the ‘defective’ regions. Here we report 
the dislocation-induced polarization instability of (001)-oriented
Pb(Zr0.52Ti0.48)O3 (PZT) nanoislands,with an average height of ~9 nm,
grown on compressive perovskite substrates. Using quantitative high-
resolution electron microscopy4, we visualize the strain fields of edge-
type misfit dislocations, extending predominantly into a PZT region
with a height of ~4 nm and width of ~8 nm. The lattice within this
region deviates from the regular crystal structure.Piezoresponse force
microscopy indicates that such PZT nanoislands do not show
ferroelectricity. Our results suggest that misfit engineering is
indispensable for obtaining nanostructured ferroelectrics with 
stable polarization.

The polarization instability of thin ferroelectrics (that is,
ferroelectricity vanishing below a critical thickness) has remained an
open question for several decades6,7. This size-effect issue currently
receives considerable experimental8–11 and theoretical12–17 attention due
to the potential integration of nanoscale ferroelectrics into non-volatile
semiconductor memories9–11. Considering the electrode/ferroelectrics/
electrode geometry used in electrical characterization, the origin of
polarization instability in ultrathin simple ferroelectric perovskites11–17

can be categorized into extrinsic and intrinsic11. Two extrinsic origins
claimed in the literature are the depolarization field resulting from the
incomplete screening of the dipole charges by the electrodes, and 
the strain imposed by the thick substrate or electrode11–16. The effects 
of relaxation of the free surface of ferroelectrics are rather regarded 
as of intrinsic origin11–14,17.

Experimental reports on the critical dimension of simple
ferroelectric perovskites9–11 may be su mmarized as follows: an
ultimate thickness of ~4 nm was determined for tetragonal (001)-
epitaxial Pb(Zr1-xTix)O3 (x ≥ 0.48) films9,11 and randomly oriented

PbTiO3 islands10.Although the origin of the polarization instability was
not clearly addressed therein9–11, it was pointed out that the ferroelectric
size effect should be three-dimensional in nature10,11.Theoretical studies
of single-crystalline and single-domain (001)-oriented tetragonal
perovskites12–16 indicate that ferroelectrics can be either free from size
effects at a thickness of several unit cells, in consideration of only the
elastic accommodation of biaxial in-plane compressive strain and/or
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Figure 1 Cross-sectional and plan-view micrographs and calculated contrasts of
the PZT nanoislands.a,Cross-sectional HREM image of a (001)-oriented PZT nanoisland
in [010] projection; misfit dislocations indicated by T.b,An enlarged interface zone of a; the
inserted small white rectangle and square indicate respective PZT and STO lattices; inset
(dark area on the left),multislice contrast simulation at t = 4 nm and ∆f = –60 nm with 
PbO-(Zr,Ti)O2-SrO-TiO2 stacking across the interface. At this imaging condition,bright and
dark contrasts represent the cation and anion columns,respectively.c,Bright-field plan-
view image recorded under g = [220] on specimens annealed at 950 °C for 1 h, the dark
contrasts showing the network of misfit dislocations.
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the surface effects12–15, or exhibiting a polarization instability below the
ultimate limit of six unit cells (~2.4 nm, BaTiO3), taking into account
both the elastic accommodation of biaxial in-plane compressive strain
and the depolarization field16. The above divergence in the theoretical
predictions12–16 arises from the different electrical and mechanical
boundary conditions considered in the computations16, for example,
screening length of the electrodes, strain conditions, and degree of
surface relaxation. The disagreement between experimental results9–11

and theoretical predictions12–15 can be associated with the simplification
of the electromechanical boundary conditions12–16 involved in
calculations by neglecting defects frequently formed at the
interfaces18,19. To bridge these experimental9–11 and theoretical12–16 gaps
it is essential to probe the role of interfacial defects in nanoscale
ferroelectrics with a tetragonal perovskite structure.

We performed a high-resolution electron microscopy (HREM)
study on epitaxial Pb(Zr0.52Ti0.48)O3 (PZT) nanoislands prepared at
800 °C on cubic Nb-doped SrTiO3(001) substrates (STO) that serve 
also as bottom electrodes. Details on the growth of the nanoislands 
by chemical solution deposition (CSD) were reported separately20;
advanced knowledge in CSD preparation of nanostructured
ferroelectrics can be found in ref. 21. The specimens for HREM

investigations were prepared by mechanical polishing, dimpling,
and then ion milling in a Gatan PIPS system at 3 kV. HREM images 
were taken on a JEOL 4010 operating at 400 kV with a point 
resolution of 1.6 Å. Piezoresponse force microscopy (PFM, Autoprobe
CP Research, Veeco) measurements of polarizations of the bare
nanoislands were performed.

Figure 1a shows a representative cross-sectional HREM image of a
PZT nanoisland in the [010] zone axis,revealing the truncated-pyramid
morphology with {111} and {110} facets20 and an average height of
~9 nm and base length of ~50 nm. A careful examination of the
experimental contrast of PZT indicates its tetragonality (Fig. 1b).
This conclusion was confirmed by multislice image calculations 
taking into account the [010] orientation and the interfacial stacking22

of PbO-(Zr,Ti)O2-SrO-TiO2. From the good agreement between the
simulated and experimental contrasts (Fig. 1b),the tetragonal structure 
of the nanoislands, their epitaxial orientation relationship
(001)PZT[100]PZT||(001)STO[100]STO, and an atomically sharp interface
were deduced.Most importantly,PZT appears as single-crystalline and
single-c-domain, that is, the crystallographic c-axis is entirely
perpendicular to the interface plane.In the absence of the top electrodes,
the stabilization of single-c-domain nanoislands (that is, absence of
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Figure 2 Geometric phase analysis of a misfit dislocation in a PZT nanoisland.a,Cross-sectional HREM image of a (001)-epitaxial PZT nanoisland in [010] projection revealing
contrasts around the dislocation core and the Burgers circuit indicating b = a<100>.b,Fourier transform of a; (101) and (001) Bragg reflections of STO being used for calculating the
respective geometric phase images c and d.The scale bar on the right shows a normalized phase variation from –π to π.
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180° domains) strongly suggests that the imperfectly screened
depolarization field16 plays a negligible role in the polarization
instability of these structures.This can,most probably,be ascribed to the
non-zero conductivity11,14,15 or the homogeneous compensation for
dipole charges by possible intrinsic surface conducting layers9,23.

The misfit dislocations at the interface were also visualized in
bright-field plan-view transmission electron micrographs (TEMs)
(Fig. 1c) recorded under two-beam conditions with g= [220],where g is
the diffracting reciprocal lattice vector.The dark line contrasts in Fig. 1c
represent the orthogonal network of misfit dislocations, and the
nanoislands show a rounded square base.The nominal misfit δδ is ~3.4%
taking aSTO = 3.905 Å, aPZT = 4.036 Å, and cPZT = 4.146 Å into account24.
The Burgers circuit (Fig. 2a) indicates that the misfit dislocations are of
edge type with Burgers vectors b= a<100>,the extra half-plane residing
on the STO side. Evaluation of the dislocation spacing over tens of
nanoislands gives an average of ~13 nm in good agreement with the
theoretical value22 (b/δδ  for a relaxed mismatched system) of ~12 nm.
This close agreement indicates that the internal strain resulting from the
misfit and the spontaneous lattice deformation due to the improper
ferroelectric–ferroelastic transition is fully released by misfit
dislocations. Taking into account the anisotropic elastic constants of
PZT25 and STO22, the critical thickness hc for misfit dislocation
formation was calculated within the anisotropic elastic theory22,26 as
hc ~ 1.3 nm. This low value suggests that the misfit dislocations emerge
in the early nucleation and growth stage of the paraelectric phase.

In the core region of the misfit dislocation (Fig. 2a), experimental
contrasts of PZT are strongly modified by the associated strain fields27.
To further investigate long-range strain fields within the dislocation
core, we performed a geometric phase analysis4,28 (part of Digital
Micrograph 2.5 package, Gatan) on the displacements of atomic
columns in Fig. 2a,digitized at an image density of 0.041 nm per pixel.

Taking STO as the reference lattice, its two local g vectors with the
best signal-to-noise ratio (Fig. 2b), g1 = [101] and g2 = [001], were used
to calculate the geometric phase images (Fig. 2c,d) exploiting gaussian
masks4,28, and the corresponding resolution is estimated to be within
1 nm. On the PZT side of Fig. 2c,d, the observed phase gradient with a
period of 2π, that is,a lattice periodicity of STO,indicates a difference in
spatial frequency across the interface.In Fig. 2d,the apparent geometric
phase fluctuation of STO,arising from the slight sample misorientation,
thickness variation, and image noise, leads to locally non-zero phase
components of STO, subsequently adding certain errors to the
geometric phase of PZT.

The geometric phase obtained is related to a corresponding two-
dimensional displacement field u(r) by the following formula4,28,
u(r) = −(1/2π)[Pg1(r)a1 + Pg2(r)a2] where r is a position in the image,
Pg1(r) and Pg2(r) are the two geometric phase images (Fig. 2c,d
respectively), and a1 and a2 are the associated lattice vectors of g1 and g2

in real space ([100] and [
–
101],respectively).The x and y components of

the two-dimensional displacement field, ux(r) and uy(r), can thus be
determined by further referring the respective x and y axes to [100] and
[001]. Moreover, the local distortion of the PZT lattice with respect to
STO,e, is given by the gradient of the displacement field (exx = ∂ux(r)/∂x,
exy = ∂ux(r)/∂y, eyx = ∂uy(r)/∂x, and eyy = ∂uy(r)/∂y), and the symmetric
term of the gradient indicates the strain matrix (ε)28.We can thus derive
the symmetric,biaxial strain fields εxx (in-plane),εxy (=εyx,shear),and εyy

(out-of-plane), as shown in Fig. 3a–c, respectively, with a resolution
comparable to that of the geometric phase images. The non-equivalent
colour scale of STO (Fig. 3a–c) is relevant to the phase fluctuation
observed in Fig. 2d and the different partial derivative performed.
The low average of PZT with respect to STO (Fig. 3c) arises from errors
in the corresponding uy(r) image that is the direct contrast inversion of
Fig. 2d. Furthermore, the contribution of the geometric phase noise—
related to loss in image contrast within the dislocation core—to the
obvious peaks around the dislocation (Fig. 3a–c),though minor,should
not be neglected. Note that Fig. 3a–c does not represent the real strain
(PZT deformation with respect to the unconstrained lattice) but 
the deformation of PZT with respect to the STO lattice. However, the
measured εxx,εxy and εyy (~ –0.025,~0.005 and 0,respectively),obtained
by comparing the nominal and averaged PZT lattices, indicate that
Fig. 3a–c gives reasonable estimations of the actual strain.

In Fig. 3a–c, the associated strain fields of the misfit dislocation are
localized on the PZT side because PZT is softer than STO25. The strain
fields of the dislocation core,triaxial in nature,exhibit a tensile-strained
region embedded in a compressive matrix, extending predominantly
into PZT and being confined within a region with a height of ~4 nm and
a width of ~8 nm.

The partial volume Vp of the truncated pyramids involving eight
edge dislocations (Fig. 1a), which is affected by the triaxial strain fields,
can be estimated as Vp ~ 0.57 ± 0.05. As ferroelectricity is a cooperative
phenomenon of a sufficient number of regular non-centrosymmetric
unit cells11, this significant ratio points to a potential long-range
influence on the ferroelectric properties of the PZT nanoislands.
On probing polarizations of a large number of bare nanoislands by
PFM, we observed that the nanoislands with Vp ~ 0.6, that is, an island
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Figure 3 Quantitative measurements of long-range strain fields of the misfit dislocations along [100] and [001] axes using geometric phase analysis.a, In-plane (εxx),
b, shear (εxy), and c, out-of-plane (εyy) strain fields imposed by the misfit dislocations.T shows the location of the end-on dislocation line.The dashed rectangles indicate the strain
fields of the dislocation core,extending predominantly into the PZT region with an estimated height of ~4 nm and width of ~8 nm.
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height of ~10nm,show an apparent polarization instability (Fig. 4) that
should be associated with the distorted PZT lattice within the triaxial
strain fields. The PZT lattice deviates from the regular tetragonal
structure, and the long-range correlations of local polarizations may
thus break down,leading to the polarization instability.By contrast,PZT
with an island height of ~20 nm, that is, Vp ~ 0.3, shows a well-defined
piezoresponse loop (Fig. 4).This triaxial strain scenario further suggests
that Pb(Zr1–xTix)O3-type nanoislands with a height of ~9nm can exhibit
long-range polarizations, if the formation of misfit dislocations is
avoided. The piezoresponse loop (Fig. 4) recorded from a tetragonal
(001)-epitaxial PbTiO3 (PTO) nanoisland grown on STO
(aPTO = 3.895 Å, cPTO = 4.142 Å,and hc = 57 nm,ref.22),~9 nm in height
and certainly free from misfit dislocations,strongly supports this triaxial
strain scenario.

We can thus conclude that misfit strain is a possible extrinsic origin
for the polarization instability11 either (i) in the plastic accommodation
regime by misfit dislocations or (ii) in the elastic accommodation
regime with a significant biaxial in-plane tensile strain imposed on
simple ferroelectric perovskites with an out-of-plane polar axis.
By contrast, the elastic accommodation of the in-plane compressive
strain could lead to an enhancement of the spontaneous polarization of
simple ferroelectric perovskites along the out-of-plane direction14,15.
In the absence of the depolarization field and with a low intrinsic
contribution of the surface relaxation, we thus suggest that elastically,
compressively strained epitaxial simple ferroelectric perovskites with an
out-of-plane polar axis should be free from polarization instabilities, in
excellent agreement with experimental results9 according to which 
(001)-epitaxial Pb(Zr0.2Ti0.8)O3/STO (a = 3.931 Å, c = 4.133 Å, and

hc =~10nm;refs 22 and 25) as well as11,29 SrRuO3/PZT/SrRuO3 (SrRuO3,
pseudo-cubic, a = ~3.923 Å) ultrathin films below 4 nm still show 
weak ferroelectricity.

Received 15 September 2003; accepted 10 December 2003; published 18 January 2004.
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Figure 4 Local piezoelectric hysteresis loops measured by PFM.The linear
piezoresponse (red) was measured on individual PZT nanoislands with a height of ~10 nm,
whereas those with a height of ~20 nm show well-defined hysteresis loops (blue).The
green hysteresis loop was acquired from a single-crystalline and single-c-domain PTO
nanoisland (~9 nm in height) free from misfit dislocations at the interface.
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