JOURNAL OF MATERIALS SCIENCE 41 (2006)259-270

FRONTIERS OF FERROELECTRICITY
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Three kinds of near-field microscopy imaging mode including SEAM (Scanning electron
acoustic microscopy), PFM (Piezoresponse force microscopy) and SPAM (Scanning probe
acoustic microscopy) have been developed to investigate domain structures of ferroelectric
ceramics, crystals and thin films in our studies. The domain imaging mechanisms are
presented individually in three imaging modes. Sub-surface micro-domain configuration of
ferroelectric BaTiO3 ceramics and single crystal and their dynamic behavior under external
fields were clearly visualized by SEAM. Ferroelectric domain structures of ferroelectric PZT thin
film and PMN-PT single crystal were characterized by PFM. Nanoscale switching behavior and
local field-induced nanoscale displacement behavior of domain structures in ferroelectric thin
film were studied by PFM. Antiparallel domain patterns in ferroelectric transparent PLZT
ceramics were also characterized by SPAM. The combination of SEAM, PFM and SPAM in
application to imaging domain structures undoubtedly enrich our understanding of the nature
of piezoelectricity and ferroelectricity at submicro-, even nano-meter scale.

© 2006 Springer Science + Business Media, Inc.

1. Introduction

Piezoelectric and ferroelectric materials have been widely
used in microelectronics and micro mechanical applica-
tion fields due to their piezoelectric, ferroelectric, pyro-
electric effects, and so on [1, 2]. These properties and
application background are closely related to the domain
structure of ferroelectrics and their dynamic behavior un-
der different conditions. Thus in-situ imaging and char-
acterization of domain structure with high resolution are
very important and imperative to understand local fer-
roelectric phenomena in ferroelectric materials. In the
present study, three kinds of near-field microscopy imag-
ing mode including SEAM (Scanning electron acoustic
microscopy), PFM (Piezoresponse force microscopy) and
SPAM (Scanning probe acoustic microscopy) have been
implemented based on the commercial SEM and AFM,
and used to perform studies of domain structures and their
dynamic behavior under external fields.

*Author to whom all correspondence should be addressed.
0022-2461 © 2006 Springer Science + Business Media, Inc.
DOI: 10.1007/s10853-005-7244-2

2. Experimental

2.1. Scanning electron acoustic microscopy
Scanning electron acoustic microscopy (SEAM) is a tech-
nique which can produce images that show variations in
an object’s thermal and elastic properties with a resolu-
tion on the order of microns [3—7]. The SEAM system
was shown in Fig. 1. SEAM was installed on a con-
ventional SEM KYKY-1000B by attaching an electron
beam chopping system consisting of a pair of deflection
plates, an electron beam blanking power, a square-wave
signal generator, a PZT and a signal preamplifier EG&G
Model 5316A with a lock-in amplifier Model 5302. A
computer control system was also established to allow
the control of the scanning parameter, image capturing
and image processing. The electron acoustic image (EAI)
and secondary electron image (SEI) can be obtained si-
multaneously. The physical processes involved in electron
acoustic microscopy are shown in Fig. 2. A periodically
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Figure I The schematic of scanning acoustic electron microscope.
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Figure 2 A diagram for physical principle of SEAM.

chopped electron beam serves as a local probe on mate-
rials being examined, causing periodic heating and local
thermal expansion in the dissipation volume. The peri-
odic expansion and contraction produce acoustic waves
that propagate through the sample and are detected by
a piezoelectric transducer coupled to the sample. Spatial

Photo

variations or discontinuities in any of these thermal and
elastic properties produce contrast in the EAIL

2.2. Piezoresponse force microscopy
Piezoresponse force microscopy (PFM) has now been
used as a powerful tool for imaging and characterization of
nanoscale domain structures in ferroelectrics [8—12]. PEM
in our studies was developed based on the commercially
available atomic force microscope instrument (Seiko SPA
300/SPI3800). The working principle for PEM in imaging
domain structures are shown in Fig. 3, where an ac-voltage
Vae = Vo sin wt is applied between the conductive tip and
the bottom electrode of the sample. Due to the converse
piezoelectric effect, the alternating external electric field
gives rise to the piezoelectric vibration of the sample,
or a change in the sample’s local thickness. The sign of
piezoelectric coefficient depends on the polarization di-
rection, and thus the regions with opposite polarization
states will vibrate out of phase upon the action of the
ac field. The amplitude and phase of the vibration signal
provide information about the magnitude of the piezo-
electric coefficient and the direction of local polarization,
respectively. Therefore, regions with opposite polariza-
tion directions, which vibrate in counter phase with re-
spect to each other under the applied ac filed, will ap-
pear as regions of different contrasts in the piezoresponse
image.

2.3. Scanning probe acoustic microscopy

The experimental set up of the scanning probe acoustic
microscopy (SPAM) is shown in Fig. 4. The SPAM is a
modified commercial atomic force microscope [13]. An
ac voltage is applied between the bottom electrode of
the piezoelectric sample and the conducting tip. The tip
acts as a local excitation source of acoustic waves due to
the converse piezoelectric effects. The induced acoustic
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Figure 3 The schematic of piezoresponse force microscope.
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Figure 4 The set up of scanning probe acoustic microscope.

waves are detected by a piezoelectric transducer that is in
intimate contact with the bottom surface of the sample.
A PC unit is installed to in-situ process samples topogra-
phy and acoustic imaging. In this work, only longitudinal
acoustic waves were detected.
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3. Results and discussion
3.1. Scanning electron acoustic microscopy of
ferroelectric domain
3.1.1. Electron acoustic image of sub-surface
micro-domain configuration in BaTiOs
ceramics

Fig. 5a is the SEI of surface topography of BaTiOj3 ferro-
electric ceramics without any pretreatment. The SEI only
shows the grain and grain boundaries of BaTiO; ceram-
ics. Fig. S5b—d are the corresponding EAI of the same area
at different modulation frequencies. The electron acoustic
images exhibit 90° domain configurations with different
orientation occurring in the individual BaTiO3 grains, as
symbol “S” indicated in Fig. 5b. Some domain structures
cross in the grain boundaries of the neighboring grains, as
symbol “Q” showns in Fig. 5b. The domain-crossing grain
boundary phenomena are also clearly seen in Fig. 5e and
f. Based on the SEAM imaging principle [14], the EAIs
at different modulation frequencies reflect microstructure
information at different depth profile away from the sam-
ple surface. As a result, the square and circle symbol in
Fig. 5b—d represent sub-surface domain configuration in
BaTiO; ceramics. So SEAM provides a nondestructive

¥ dafin
¥ >

Figure 5 SEI of BaTiO3 ceramics, (a) EAI at different modulation frequencies of f = 98.9 kHz ,(b) 114.7 kHz (c) and 133.7 kHz, (d) respectively (e) and

(f) showing domain structure crossing the grain boundary of BaTiO3 ceramics.
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Figure 6 Modulation frequency dependence of domain structure in BaTiO3 single crystal. (a) SEI, (b) EAI at 79.7 kHz, (c) EAI at 80.6 kHz, and (d) EAI

at 132.7 kHz.

tool to image subsurface domain structures in ferroelec-
tric materials through modulating imaging frequency.

3.1.2. Modulation frequency dependence of
ferroelectric domain imaging
contrasts

Fig. 6a is the SEI of the surface morphology of BaTiO3
single crystals. Fig. 6b—d are the corresponding EAI of
BaTiO; single crystals at modulation frequencies of 79.7,
80.6, and 132.7 kHz, respectively. The electron acoustic
image contrasts of domain structures in Fig. 6b—d reveal
an interesting frequency dependence of domain contrasts.
In Fig. 6b, both domain groups contribute nearly the same
degree of domain contrasts. But in Fig. 6c, strong and
sharp contrasts appear in the domain group at the right
side, and the left-side domain contrasts are suppressed.
When the modulation frequency is increased to 132 kHz,
the domain contrasts at right side of Fig. 6d are sup-
pressed, while the left-side domain contrasts show very
strong and sharp imaging contrasts. From the above re-
sults, we proposed that frequency characteristics of EAI
of ferroelectric domain might be related to the frequency
resonant properties of domain structures.

3.1.3. Domain structures dynamic behavior
under electric fields and temperature
fields

The domain evolution of 0.65PMN-0.35PT single crys-

tal under external electric fields are shown in Fig. 7
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[14]. Fig. 7a is the initial domain configuration when
external field £ = 0. There are two groups of domains
with different orientations in the figure. The domains
shown in Fig. 7b—d evolve gradually with increasing
electric field E perpendicular to the sample surface. All
domains coalesce together when electrical field reaches
7.2 kV/cm. It approaches to a single domain state. Ac-
tually some micro-domains distributing in the macro-
domains might be observed if enhancing SEAM’s resolu-
tion. The results indicate that the proper poling conditions
can be designed for exploring performance of PMN-PT
crystal.

Fig. 8a is an EAI that shows the macroscopic ferro-
electric domains present in a sample at room temperature
prior to annealing [15]. The macrodomains have the well-
defined lamellar morphology of tetragonal 90° domains.
Fig. 8b demonstrates that the tetragonal 90° macrodomain
structure still exists after the annealing process. Geaner-
ally speaking, no ferroelastic domain structure was ob-
served in the sample prior to annealing, but this was not
the case after annealing. Many complex domain struc-
tures were found on the surface of the annealed sample,
as illustrated in Fig. 8c and d. The twofold symmetri-
cal butterfly- shaped domains with alternate black and
white contrasts are clearly revealed in the EAls Fig. 8c
and b. The butterfly-shaped domains pattern was sup-
posed to be due to ferroelastic domains induced by dis-
locations, and might regarded as ferroelastic domains
induced by the presence of dislocations in the crystal
formed during the slow cool step of the cooled annealing
process.
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Figure 7 Domain evolution on 0.65 PMN-0.35PT crystal in poling process. (a) EAl at 133.3 kHz, E = 0; (b) 133.1 kHz, E = 4.5 kV/cm; (c) 133.4 kHz, E

= 5.4kV/cm; and (d) 133.4 kHz, E = 7.2 kV/cm.

Figure 8 The comparison of ferroelectric domain structures of 0.65 PMN-0.35PT single crystal before (a) and after annealing (b) at 154.8 kHz; (c) and (d)
are EAI image of the butterfly shaped domain structure in the annealed 0.65 PMN-0.35 PT single crystals at 154.8 and 153.2 kHz, respectively.

3.2. Piezoresponse force microscopy of
ferroelectric domain
3.2.1. Piezoresponse image of domain
structures in ferroelectric PZT thin film

Fig. 9a shows a topographic image of as-deposited
Pbg.49Z1y.60TiO3 thin film with 300 nm thickness, which
reveals a polycrystalline structure with ~200 nm sized
grains. A corresponding piezoresponse image is shown

in Fig. 9b, where the areas appearing as bright and dark
contrasts were undoubtedly 180° domain with antiparal-
lel polarization direction, as indicated in Grain 1 and 2 of
Fig. 9, which were usually visualized in many PFM stud-
ies of ferroelectric thin films. But interestingly, 90° do-
main configurations with 80-100 nm in width presenting
stripe contrasts were clearly shown in Fig. 9b, as shown in
Grain 3 of Fig. 9. The similar phenomena were remarkably
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Figure 10 The topography image (a) and the corresponding piezoresponse image (b) of ferroelectric PZT thin film.

demonstrated in Fig. 10. 90° domain structures as small
as 30 nm in size were clearly observed in the individ-
ual grains of Fig. 10b. Noted that the grains dominated
with 90° domain walls are separated from each other in
Fig. 10, so grain-calmping effect can be excluded, and
nanoscale 90° domain configuration are induced by the
periodic lattice constant mismatch between the substrate
and the film. It is believed that the local mechanical stress
is the predominant cause of the extensive equal-width do-
main configuration, which is compatible with the periodic
stress inside the grains in the film.

3.2.2. Piezoresponse image of domain
structures in PMN-PT single crystals

Fig. 11a and b show the topography and domain images

of the investigated (001)-oriented PMN-30%PT single
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crystals. The topography image of Fig. 11a only repre-
sents the surface image of the sample without any addi-
tional information. The piezoresponse image contrast in
Fig. 11b is determined by the out-of-plane component of
polarization, where black and white areas correspond to
the opposite polarization directions. Irregular, fingerprint-
like domain patterns with average size of 200 nm were
clearly observed in Fig. 11b. The remarkable contrasted
domain regions are not uniform but a mixture of small
domain regions with opposite contrasts. The irregular do-
main patterns are not the unique features of the domain
structures visualized in the sample. Another type of reg-
ular domain structure was surprisingly imaged in other
scanning areas of the same PMN-30%PT single crystal,
as shown in Fig. 11c and d. Fig. 11c shows the regular,
narrow strip-like domain patterns as compared with ir-
regular those in Fig. 11b, while narrow strip-like domain
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Figure 11 The spatially inhomogeneity of domain structure in PMN-PT single crystal. (a) the topography image and (b) the corresponding piezoresponse
image of 15x 15 um? scanning areas. (c) and (d) are the piezoresponse image in different scanning areas of PMN-PT single crystal.

pattern and finger print domain configuration appear si-
multaneously in Fig. 11d. The spatially inhomogeneity of
domain structure in PMN-PT single crystals reflect that
random fields from nanoscale structure irregularity af-
fect greatly the domain arrangement of PMN-PT single
crystals [16].

Fig. 12a s the piezoresponse image of domain configu-
rations in (110)-oriented PMN-PT single crystal. The fin-
gerprint domain patterns and the tweed-like domain pat-
terns are simultaneoustly visualized in the piezoresponse
image. The former is the antiparalle, non-ferroelastic do-
main, and the latter ferroelastic domain structures. A ques-
tion arises is that what is the relationship between them.
Fig. 12b shows that the gradual transition regions between
non-ferroelastic domain (fingerprint pattern) and ferroe-
lastic domain (tweed pattern) appeaing in PMN-PT single
crystal, which reveals that dynamic transformation behav-
ior from non-ferroelastic to ferroelastic domain existing
in the crystal due to the local stress during cooling process
from high temperatures [17].

3.2.3. Nanoscale domain switching behavior
in PZT thin film

The polarization reversal behavior of the PZT 40/60 thin
film at the nanometer scale was studied with SFM in order
to gain a better understanding domain switching mecha-
nism in ferroelectric thin films. The 5x5 um? area was
successively scanned with the tip bias of —1.5 V and
+1.5 V. Immediately after each application of the bias,
the SFM piezoresponse mode was used to image the area
to obtain simultaneously the topographic image and the
corresponding piezoresponse image. Fig. 13a is the topo-
graphic image of the PZT 40/60 thin film, showing a dense
polycrystalline structure with an average lateral grain size
of ~180 nm. The corresponding piezoresponse image af-
ter application of —1.5 V and +1.5 V are shown in Fig.
13b and c, respectively. The most significant differences
in comparison of Fig. 13b with c are the formation of step
structure as arrows indicated in Fig. 13c, but not in Fig.
13b. In addition, the step width is found nearly equal in a
grain, and the smallest step width is ~30 nm, The presence
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Figure 12 (a) The piezoresponse image of domain structure in PMN-PT single crystal, (b) is the zoomed piezoresponse image with scanning central point

located in “+” position marked in Fig. 12a.

of the step domain structure formed during polarization
reversal indicates that the domains grow sideways faster
than forward in which each of the step doesn’t broaden.
Our present results substantiate the validity of Hong et
al.’s claim, i.e. the forward domain growth mechanism
being the rate limiting mechanism prevails in our (111)
oriented PZT thin films. The presence of the step structure
observed by the SFM piezoresponse mode is the reflection
of real physical process of nanoscale domain switching
[18].

3.2.4. Nanoscale displacement behavior of
ferroelectric domains

Fig. 14a and b show the topography image and the cor-
responding piezoresponse image of ferroelectric PZT
thin film with graded composition. The field-induced
nanoscale displacement behavior of ferroelectric domain
was carried out in points A, B, C and D of Fig. 14b.
The related results are shown in Fig. 15a—d. Fig. 15a and
b clearly exhibit nanoscale displacement-bias butterfly
loops of ferroelectric domain under tips, especially typi-
calinFig. 15a. In contrast, asymmetry butterfly loops were
clearly observed in Fig. 15c and d indicates parabola-like
loops without any butterfly features.

Based on phenomenological field-induced displace-
ment equation and the displacement-field behavior shown
in Fig. 14, it can be deduced that Fig. 15d reflects the
square dependence of displacement with electric field due
to electrostatic effects. While the hysteresis loop in Fig.
15c implies a combination of piezoelectric and electro-
static effects. For the butterfly displacement-field loops in
Fig. 15a and b, we postulate that their origins are from
combined contribution of linear piezoelectric effect and
domain-switching effect. These combined effects were
proposed by Caspari and Merz to explain the macroscopi-
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cally strain vs field butterfly loop in bulk BaTiO3 ceramics
[19]. So Caspari-Merz’s theory is still valid at nanometer
scale.

3.3. Scanning probe acoustic microscopy of
ferroelectric domain
3.3.1. Acoustic image of domain structure in
PLZT ceramics

Fig. 16a shows the topography of the PLZT ceramics
obtained by SPAM. The main features in the topogra-
phy are the surface scratches. No information associated
with the domain structure was revealed. Fig. 16b is an
acoustic image of the PLZT ceramics using the SFM
acoustic mode, which clearly reveals fingerprint patterns
related to domains structures with antiparallel polariza-
tion [14]. These stripes show a pronounced and differ-
ent contrast in the different areas (A, B, C) appearing in
Fig. 16b due to different crystallographic orientations of
the individual grains. The bend and split of the domain
marked by arrows at the grain boundary regions may be
attributed to the existence of inhomogeneous lattice dis-
tortions or spatial defects which destroyed the continuity
of ferroelectric domains and minimized the elastic en-
ergy and depolarization fields at the grain boundaries.
The fingerprint patterns in Fig. 16b are relatively regu-
lar and are almost periodically spaced in each individual
grain. The stripe-structures in Fig. 16b are 300 nm in
width.

Fig. 17 illustrates the spatial distribution of the
phase difference signal cos ¢ (¢p—phase difference be-
tween the modulation voltage and the piezoresponse
signal). The phase difference corresponds to the direc-
tion of the polarization vector. The phase images in-
dicate that the bright and black domain images can
be ascribed to the antiparallel polarization, i.e. —c and
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film.

(a)

Figure 14 The topography image (a) and the corresponding piezoresponse image (b) of ferroelectric PZT thin film.
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Figure 15 Nanoscale displacement vs electric field hysteresis loop of ferroelectric domains in the point A (a), point B (b), point C (c) and point D (d) shown

in Fig. 14b for PZT thin film.
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Figure 16 (a) Topography of PLZT ceramics by SFM, and (b) acoustic mode SFM imaging of PLZT ceramics at f/=131.5 kHz.

+c domains, respectively. They are consistent with
the former analysis, and give confirmation of the ob-
served 180° domain structure in the acoustic image.
In addition, the domains appear as bending and split-
ting patterns at the grain boundaries, as shown in
Fig. 16b.

3.3.2. Imaging mechanism of antiparallel
domains

In SPAM, When an ac voltage is applied between the con-

ductive tip and the rear surface of the sample, the tip acts
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as an exciting source and generates acoustic waves in the
piezoelectric PLZT ceramics due to the converse piezo-
electric effect. Therefore the generation of the acoustic
signal in the SPAM is attributed to piezoelectric coupling.
The tip has a spherical shape with a radius of curvature
of 10 nm, and the excited local region under the tip is
about 50 nm in lateral dimensions, 200 nm in depth [4]
and is independent of the surrounding area. Each local
region of the sample can be considered as an indepen-
dent piezoelectric vibrator. The vibration model of each
piezoelectric vibrator is related to the interaction between
the applied electrical field and the polarization vector.
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Figure 17 Phase image of acoustic mode SFM scan on PLZT ceramics.

Obviously, this kind of piezoelectric vibration is closely
connected with the locally effective piezoelectric constant
(dl.ejff) of the sample. The effective dlfj.ff piezoelectric ten-
sor is not only related to the piezoelectric coefficients ds,
ds3, dis, dyy of the PLZT sample which has a La/Zr/Ti
ratio of 6/65/35, but also related to the deviation angle
of the spontaneous polarization vector from the normal
direction (upward) of the sample surface. This compo-
sition is in the rhombohedral ferroelectric phase and has
eight domain states with spontaneous polarization vectors
oriented in the directions of cube diagonals of the cubic
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phase. The multi-domain state system with different ori-
entations will give different contribution to the domain
contrast observed in the amplitude image in the SFM
acoustic mode, which can be considered as an equivalent
function of the local effective piezoelectric constants. Dif-
ferent dfjff will undoubtedly give rise to different domain
contrast in the acoustic image. For a local area with the
spontaneous polarization orientation close to the normal
direction of the sample (i.e. nearly parallel to the ac-field
direction), its larger dfjff will lead to stronger piezoelec-
tric vibrations and corresponding bright domain tones as
shown in the a area of Fig. 16b. In contrast, the local area
with larger deviating angle 6 has a smaller dfjff, thus caus-
ing weaker piezoelectric vibrations and showing a gray,
dark domain tone, as reflected in the B and C area of
Fig. 16b. So the differences in the effective piezoelectric
constants of the local areas under the SPAM tip are the in-
trinsic characteristics resulting in the antiparallel domain
contrasts of the PLZT ceramics in SPAM [13].

Fig. 18 shows a magnified acoustic imaging of the
stripe-domains. A line scan (A-A’) drawn in Fig. 18a
is shown in Fig. 18b. The amplitude distribution of the
acoustic signal is periodically spaced, reflecting the peri-
odicity of the domain distribution and the homogeneity of
the piezoelectricity in PLZT ceramics. In addition, by ob-
serving the minimum resolvable peak separation marked
by arrows in Fig. 18b, the estimated spatial resolution of
acoustic mode SFM imaging in this work is about 70 nm.
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Figure 18 Acoustic mode SFM scan (a) and a line scan (C-D) on PLZT ceramics.
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4. Conclusions

In summary, three kinds of near-field microscopy imaging
mode including SEAM (Scanning electron acoustic mi-
croscopy), PFM (Piezoresponse force microscopy) and
SPAM (Scanning probe acoustic microscopy) have been
successfully developed based on the commercial SEM and
AFM, and used to perform studies of domain structures
and their dynamic behavior under external fields in our
studies. The domain imaging contrast mechanisms were
discussed in terms of their imaging principle, respectively.
Sub-surface micro-domain configuration of ferroelectric
ceramics and single crystal were clearly visualized by
SEAM, and their evolution behavior with dependence of
the modulation frequency, temperature and electric field
were investigated in details. Ferroelectric domain struc-
tures of ferroelectric PZT thin film and PMN-PT single
crystal were characterized by PFM. Nanoscale switching
behavior and local field-induced nanoscale displacement
behavior of domain structures in ferroelectric thin film
were studied by PFM. SPAM provides a powerful, non-
destructive, near-field imaging tool to explore subsurface
domain structures at nanometer scale. Acoustic images of
ferroelectric transparent PLZT clearly reveal domain ar-
rangement associated with polarization modulations and
homogeneity in the samples. The combination of SEAM,
PFM and SPAM in application to imaging domain struc-
tures undoubtedly enrich our understanding the nature of
piezoelectricity and ferroelectricity at submicro-, evern
nano-meter scale.
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