
ARTICLE IN PRESS
Ultramicroscopy 100 (2004) 339–346
*Corresp

31-910-432

E-mail

0304-3991/

doi:10.101
Characterization of self-assembling isolated ferroelectric
domains by scanning force microscopy

Bongki Leea, Changdeuck Baea, Seung-Hyun Kimb, Hyunjung Shina,*
aSchool of Advanced Materials Engineering, Kookmin University,861-1,Chengnun-dong, Seoul, 136-702, Republic of Korea

b Inostek Inc., Seoul, 153-023, Republic of Korea

Received 1 July 2003; received in revised form 1 December 2003; accepted 2 December 2003

Abstract

Lead zirconate titanate (PZT) thin films were prepared by a sol–gel process on platinized Si substrate. Their

microstructure and surface morphology were characterized by XRD and Scanninn Force Microscopy. Phase

transformation of the prepared PZT films from pyrochlore to ferroelectric was observed by XRD and PFM

(piezoresponse force microscopy), respectively. Self-assembling nano-structured ferroelectric phases are fabricated by

solution deposition technique followed by the controlling kinetics of the transformation. Complex structures of

ferroelectric domains in the isolated ferroelectric phases were found in the furnace annealed PZT films in the

temperature range of 400–500�C. Single ferroelectric domain structure in the isolated ferroelectric phases could be

found in thinner PZT films and used to study the size effect of laterally confined ferroelectric domains.

r 2004 Elsevier B.V. All rights reserved.
1. Introduction

Ferroelectric thin film materials show broad
range of their unique properties, such as high
dielectric permittivity, high piezoelectric constants
and electromechanical coupling, and high pyro-
electric coefficients, etc. and enjoy being many
useful components [1,2]. More recently, these
materials have been intensively studied due to
their promising applications in microelectronic
devices as well as in smart-sensing and self-
actuating-micro-systems. Advanced devices and
systems are getting smaller and smarter, nano-
structured multi-functional materials, for example
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isolated dots and ultra thin films of lead zirconate
titanate (PZT, Pb(ZrxTi1�x)O3) as well as many
other ferroelectrics, need to be prepared and
characterized.
Immediate fundamental issue, therefore, is the

scaling limitation of ferroelectric switching in
nanometer scale (o100 nm) [3]. Over 25 years the
theoretical works have been done to estimate the
minimum ferroelectric film thickness and few
experimental works, realized only in recent, below
in 100 nm in thickness, which is impetus for the
current investigation [4,5]. The investigations of
size effects in ferroelectric films were focused on
the dependencies of films’ thickness, not on the
lateral dimension [6,7]. Notable example is the
drastic increase of coercive field below a critical
thickness, as has been found in some polycrystal-
line thin films [8]. However, it has been found that
d.
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even under the same processing conditions, change
in film thickness can lead to a change in grain size
[9]. The stability of individual domains as a
function of film thickness and microstructure,
mainly grain size, were also investigated. In recent
publications [10,11], they have been shown by
Transmission electron microscopy (TEM) investi-
gations that grain size, not the thickness, is the
primary factor governing the domain structure
and consequently the electrical properties. There-
fore, fabrication and control of the single domain
in a laterally confined nanostructure is of impor-
tance to elucidate the size effect in ferroelectrics.
Ramesh’s research group in University. of Mary-
land, USA, investigated the ferroelectric and
piezoelectric properties of sub-micron sized
ferroelectric devices. E-beam lithography and
focused ion-beam milling were utilized to fabricate
the nano-devices as small as 90� 90 nm of Pt/
SrBi2Ta2O9/Pt and Pt/LSCO[(La0.5 Sr0.5)CoO3]/
PNZT[Pb1.0(Nb0.04Zr0.28Ti0.68)O3]/LSCO/Pt [12,13].
With shrinking dimensions, the side-wall damage
by the reactive etching processes will become more
important and should be addressed in an adequate
manner. More interestingly, Alexe’s group in
Germany fabricated self-assembled nano-electro-
des of d-Bi2O3 on Bi4Ti3O12/SrTiO3 [14–16]. The
self-assembled nano-cell was in the size of 0.18 mm
in diameter. In both groups, scanning force
microscopy (SFM) makes possible to analyze their
ferroelectric and piezoelectric properties of the
nano ferroelectric capacitor cells.
Several research groups have been also explored

the chemical solution deposition technique, that a
precursor solution containing metal-organic mole-
cules in either aqueous or organic solvent is used
to form a solid precursor film on a substrate by
either spin coating or dip-coating. The precursor
film is pyrolyzed followed by crystallized with a
heat treatment to form a polycrystalline thin film.
Many studies of PT (PbTiO3), PZT, and PLZT
((Pb,La)(Zr,Ti)O3) films report a metastable inter-
mediate, known as ‘‘pyrochlore’’, phase at lower
temperatures [17]. It is a well-known fact that
the kinetically stable ‘‘pyrochlore’’ phase degrades
overall ferroelectric properties of the films [18].
Therefore, most investigations are mainly focused
on the elimination of the ‘‘pyrochlore’’ phase.
In this work, however, the metastable phase
will be utilized as non-ferroelectric matrix contain-
ing isolated ferroelectric islands. Chemical solu-
tion deposition provides a great chance to
grow or fabricate isolated and self-assembled
ferroelectric islands by controlling the growth
kinetics.
Recently, SFM has emerged as a powerful tool

for analysis of nanometer-sized objects in surfaces
and further improvement provides many other
SFMs, based on magnetic, electric, mechanical,
and piezoelectric interaction between the tip and
the surfaces. In comparison with other analytical
characterization techniques, such as TEM as well
as Scanning Electron Microscopy (SEM), SFM
can provide more information by allowing the
study of 3D geometry and better statistics with
larger area scanning. Above all sample prepara-
tion for SFM is much easier and all kinds of flat
surfaces can be characterized.
Spatial inhomogeneity in ferroelectric films at

the nanometer scale became recently an important
issue due to the increasing efforts to scale down to
be integrated them with the advanced memory
devices as well as sensors and actuators in smart
microsystems [19]. Until now, functionality of the
ferroelectric materials has been interpreted using
microstructural characterization techniques com-
bined with their properties’ measurements in
macroscopically. As feature size decreases, how-
ever, local probe techniques become essential.
SFM has opened up a new vista of research into

the nanoscopic responses of ferroelectric materials
[20–22]. Particularly, SFM in the piezoresponse
detection mode has been employed recently as an
effective tool for visualization of domain structure
in ferroelectric thin films together with their
surface morphology [23–24]. This technique allows
non-destructive and high-resolution domain ima-
ging as well as local piezoelectric measurements
[25–28]. Several groups [29,30] have demonstrated
the ability to explore and exploit the inverse
piezoelectric effect that is available through the
interaction ferroelectric materials and the AC
signal imposed on the SFM tip. In very recent,
using local piezoelectric measurement technique,
Roelof et. al. [31] differentiated 180� and 90�

domains switching in ferroelectric polycrystalline
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Fig. 1. Schematic diagram for the experimental set of PFM
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PT films. Fatigue studies using this technique are
notable examples [32]. Colla et. al. [33] recently
observed ‘‘ferroelectrically dead’’ regions in fati-
gued PZT films. The ability to probe the micro-
scopic details and to write a sub-100 nm ‘‘artificial
domain’’ has already been demonstrated in con-
tinuous thin films and heterostructures, in which
the in-plane dimensions are much larger (essen-
tially infinite) compared to the thickness dimen-
sion [34–36]. In this work, isolated ferroelectric
dots are investigated by the SFM in the piezo-
response detection mode.
Fabrication and investigation of the domain in a

laterally confined nanostructure is of importance
to elucidate the size effect in ferroelectric materi-
als. In this study, the isolated nanostructures
were prepared in the course of microstructural
development in the sol–gel processed PZT
(Pb(Zr0.52Ti0.48)O3) thin films and characterized
them by the piezoresponse mode of SFM —
hereafter piezoresponse force microscopy (PFM).
2. Experimental procedure

Platinized silicon (Pt/Ti/SiO2/Si) substrates were
used to prepare the PZT films and the evolution of
ferroelectric phase. Ferroelectric thin films were
deposited using a sol–gel process. Sol solutions
were prepared with Zr/Ti = 52/48 and Pb content
was 10% in excess of stoichiometry. The solutions
were then spun onto the platinized Si substrates at
4000 rpm for 30 s. The spun film samples were
pyrolyzed on a hot plate below 300�C for 5min.
followed by each layer of deposition. In this study,
the films of about 300 nm in thickness were
prepared by 6 consecutive depositions.
The prepared PZT thin films were annealed by

two different ways. One was annealing in the
conventional tube furnace (hereafter FA) with
heating rate of 20�C/min up to 400–650�C, and
held for 5min–60min. The other used a home-
built rapid thermal annealing equipment (hereafter
RTP) up to 400–650�C, and held for 5min–60min.
Crystallinity and microstructural characteriza-

tion was performed using X-ray diffractometer
(Bruker, D8 Discovery with GADDS) and small
angle diffraction was utilized to investigate the
near surfaces of the films.
Scanning force microscopy (Seiko SPA 400,

Japan) was used to characterize the surface
morphology of the films as well as the piezoelectric
response from the self-assembling isolated ferro-
electric domains in nanometer scale. Conductive
SFM tips used are made of either boron doped
p-type Si or metal-coated (Pt or/and Au) Si tips.
The radius of tip curvature was reported to be
10 nm by vendor (NT-MDT, Russia).
Experimental set up for PFM to characterize the

ferroelectric films at the nanometer scale is shown
in the Fig. 1. Briefly, a conductive tip probes the
sample surface with an arbitrary frequency in the
kHz range (in this work 10 kHz was used) as a
reference signal is applied between the tip and the
bottom electrode of the ferroelectric films. Due to
the converse piezoelectric effect, the sample under-
neath the tip mechanically oscillates with the same
frequency as the excitation signal and thus
generates oscillations of the cantilever. Using a
frequency modulation with a lock-in amplifier, the
piezoelectric signal is extracted from the total
deflection signal of the cantilever. All piezoelectric
measurements were performed in a contact mode
of SFM at room temperature and ambient
pressure.
3. Results and discussion

XRD experimental results are summarized in
Table 1. For the PZT films of RTP annealed at
different annealing temperatures holding for

Harbutt Han
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Table 1

XRD results of RTP and FA PZT films

Nucleation temperature

of Perovskite (�C)

Fully

Perovskite (�C)

Preffered orientation

of Perovskite

RTP 550 600 (1 1 0),(1 0 1)

FA 500 550 (1 1 0),(1 0 1) (1 0 0)

Fig. 2. (a)–(f) Scanning force micrographs of RTP PZT films’ surfaces annealed at (a) 400�C, (b) 450�C, (c) 500�C, (d) 550�C,

(e) 600�C and (f) 650�C for 30min. respectively.

B. Lee et al. / Ultramicroscopy 100 (2004) 339–346342
30min, pyrochlore phases are found in the samples
at 500�C and 550�C. Between 550�C and 600�C,
phase mixture of pyrochlore and ferreoelectric has
been observed. Above 600�C only ferroelectric
phases with (1 1 0) or (1 0 1) preferred orientations
are found.
For the FA PZT films at different annealing

temperatures for 30min, in contrary, pyrochlore
phases are found at 500�C. Between 500�C and
550�C, the phase transition from pyrochlore to
ferreoelectric has occurred. It is noted that the
transition temperature in furnace annealing was
lower than RTP annealing one. Above 550�C,
ferroelectric phases with both (1 0 0) and (1 1 0) or
(1 0 1) preferred orientations are found in the XRD
experiments. According to small angle (incident
angle of 5

�

) XRD experimental results, more
(1 0 0)-oriented ferroelectric phases are observed
and small portion of pyrochlore phases is found in
the near surface of the FA PZT films. It implies
that the (10 0)-oriented PZT started to be nu-
cleated at the Pt surface and grew to the outer
surface. Even at high-temperature annealing
(higher than 650�C) in the surface of the FA
films, kinetically more stable pyrochlore phases
are found to be remaining as a shoulder of PZT
(1 1 0), (1 0 1) peaks found in the small angle XRD
results.
Fig. 2 show the series of surface morphologies in

RTP annealed PZT films in the range from 400�C
to 650�C, respectively. RTP annealed PZT films at
400�C, 450�C, and 500�C show transformed
pyrochlore phases as white ‘‘floral’’ particles in
the amorphous phase, which is agreed well with
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the results from XRD. The transformed ferro-
electric phase at 500�C was, however, barely
detected by XRD. At 550�C, the phase transfor-
mation from pyrochlore phase to ferroelectric
phase is undergone. Smooth surfaces shown in
Fig. 2(d) indicated the ferroelectric phases are
started to nucleate underneath of pyrochlore
phases. It is proposed that the surface is covered
with pyrochlore phases and the ferroelectric phases
are nucleated near the interface between the
substrate and the film. This observation was also
confirmed by small angle XRD as mentioned
above. At higher temperature than 600�C, the
pyrochlore phases never appeared in the rapid
thermal annealing, whereas only well-developed
and distinct equiaxed ferroelectric grains were
found.
In the case of FA films, which the heating rate

(20�C/min) is slower than RTP, the formation of
kinetically more favorable pyrochlore phases is
unavoidable. Fig. 3 present the series of surface
morphologies in FA annealed PZT films from
400�C to 650�C, respectively. Featureless surface
topography was found in FA PZT at 400�C shown
in Fig. 3(a). In Fig. 3(b) transformed ferroelectric
phases were observed as white particles, which are
barely detected by XRD. Diameter and height of
Fig. 3. (a)–(f) Scanning force micrographs of FA PZT films’ surfaces a

and (f) 650�C for 30min, respectively.
the ferroelectric phases were about 50 and 20 nm,
respectively. At higher than 550�C, the so-called,
‘‘rosette’’ structured grains were observed in SFM
topographies shown in Figs. 3(d)–(f). Rougher
surface morphology (6.7 nm in roots mean squar-
e(rms)) and larger grains than the equi-axed
grained RTP PZT surfaces (1.2 nm in rms)
characterized the Rosette structure in Fig. 3(f).
Fig. 4(a)–(f) show surface topographies and

PFM images from FA PZT films at 430�C, 450�C
and 470�C, respectively, for 60min. As a result,
between at the temperature of 400�C and 500�C,
the self-assembled ferroelectric phases are formed
in the pyrochlore phase. As the annealing tem-
perature increased, the sizes of ferroelectric phases
in pyrochlore are also increased from about 200 to
460 nm in diameter and the coverage of the
transformed ferroelectric phases is also increased.
Impingement of each ferroelectric grain can be
observed at higher temperature than 450�C. The
isolated ferroelectric domains exhibit piezore-
sponse, which dark and bright contrasts indicate
two opposite ferroelectric domains interacting
with the applied AC modulation voltage, whereas
the surroundings of pyrochlore phase show non-
piezoresponse activities as shown in Figs. 4(b), (d)
and (f). At 470�C, each ferroelectric phase contain
nnealed at (a) 400�C, (b) 450�C, (c) 500�C, (d) 550�C, (e) 600�C
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Fig. 4. (a)–(f) SFM topographies and PFM images of FA PZT films at 430�C, 450�C and 470�C for 60min. respectively.

B. Lee et al. / Ultramicroscopy 100 (2004) 339–346344
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several ferroelectric domains with complex orien-
tations shown in Fig. 4(f). It is noted that the
single grain containing the single ferroelectric
domain was hardly found. It is implied that the
multi-domain structures are more stable than the
single-domain structure in the isolated ferroelectric
grains, which are larger than 100 nm in diameter.
Smaller grain is still covered by pyrochlore phases,
thereby weak piezoresponse signal prevent obser-
ving the single domain in the single grain as shown
in Fig. 4(b). It is suggested that thinner PZT films
(o100 nm) required to form a structure of stable
single ferroelectric domain.
4. Conclusions

PZT thin films were prepared by chemical
solution deposition and their microstructural
developments were characterized by XRD and
SFM. Two different annealing methods were
investigated to fabricated isolated ferroelectric
phases in the surroundings of non-ferroelectric
phases, i.e. pyrochlore phases. The isolated ferro-
electric phases in the diameter of about 200–
500 nm were found in FA PZT films at 430�C,
450�C and 470�C. Local probing technique such
as SFM in the piezoresponse mode is utilized to
analyze their piezoelectric properties and to image
their ferroelectric domain structures with very high
resolution. Piezoresponse mode of SFM shows
complex ferroelectric domains in the isolated
phase, not from the surroundings. Single ferro-
electric domain in the single grain could be
obtained in the PZT films thinner than 100 nm in
thickness.
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