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As a non-destructive and subsurface detecting technique, the scanning electron acoustic
microscopy (SEAM) method has been applied to study the ferrodomain structures in
ferroelectric BaTiOs single crystal and ceramics. The domain arrangements and the
orientations of domain walls at different geometry structures in the BaTiO; single crystal,
and the relationships of domain structures with surface grains in the BaTiO3; ceramics, have
been discussed by analysing the experimental results obtained at different operation
conditions. The distributions of electron acoustic signals with modulation frequencies up to
1 MHz have been obtained. The relationship of the electron acoustic signal with incident
electron energy has also been studied. Although the thermal wave coupling mechanism
makes a certain contribution to the acoustic signal generations, the image contrast of
ferrodomains is dominated by differences in the electrical properties of ferroelectric

materials. © 7998 Kluwer Academic Publishers

1. Introduction

Scanning electron acoustic microscopy (SEAM) has
been widely applied in the characterization of various
materials since it was first developed [1-3]. Owing to
its ability for non-destructive subsurface imaging and
special imaging mechanisms which are based on elec-
trical, thermal and elastic properties of a sample and
which differ from those of other electron microscopes,
it has been used to study subsurface defects and dop-
ing information in semiconductor materials and devi-
ces [4,5], martensite structures in alloy [6], and
residual stress field distributions in structure ceramics
[7]. Recently, it has been newly applied to observe and
analyse the domain structures in ferroelectric mater-
ials [8,9]. Because it does not need any pre-treatment
of a sample surface, and a secondary electron image
(SEI) of the sample topography and an electron acous-
tic image (EAI) can be obtained at the same time
in situ, the SEAM method is very useful in the study of
domain structures and relationships with surface fea-
tures in ferroelectric materials.

Ferroelectric materials have received much atten-
tion and been used in and more applications, espe-
cially in recent years, due to their thin films which
have promising uses in various microelectronic and
photoelectric technologies [9]. The occurrence of
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spontaneous polarization and the formation of fer-
roelectric domains in ferroelectric materials are the
basis for their applications. To study the domain
structures of ferroelectric materials, numerous
methods have been developed, which include optical
microscopy [ 10], surface etching [11], powder decora-
tion [12], scanning [13] and transmission [14] elec-
tron microscopy. These methods suffer from polishing,
etching, thinning, decorating, and particularly for
TEM, difficulties of sample preparation. With the es-
tablishment of SEAM, it may be possible to overcome
the inconveniences mentioned above and to visualize
subsurface domain structures.

In this work, SEAM has been used to study the
domain structures in barium titanate single crystals,
and ceramics. The electron acoustic images of domain
structures in single crystals and ceramics at different
experimental conditions have been obtained. The rela-
tionships between domain structures and surface fea-
tures of the sample, have been analysed. The origins of
electron acoustic image contrasts of the domains are
preliminarily discussed. The experimental results
show that the SEAM method is one of the most
powerful tools available to characterize the domain
structures, and provides more information which is
complementary to other methods.
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Figure 1 Schematic diagram of the SEAM experimental set-up.

2. Experimental procedure
The SEAM experimental set-up is depicted in Fig. 1
and is modified from commercially used SEM. The
electron beam in the SEM is modulated at a certain
frequency in order to generate an acoustic wave in
a sample. The electron acoustic signal is received by
a piezoelectric detector which is in intimate contact
with the rear surface of the sample. A pre-amplifier
(PA) and a lock-in amplifier (LIA) are used to process
the signal. Both the SE and EAI obtained in situ can
be shown simultaneously on the screen of a computer.
The samples used in the experiment were barium
titanate single crystals and ceramics. BaTiO5; material
belongs to the perovskite structure, whose Curie tem-
perature is about 120 °C. When it passes its ferroelec-
tric phase transition temperature (Curie temperature),
its space group changes from cubic m3m to tetragonal
4mm. The orientation of spontaneous polarization,
P, can be along any of three crystal axes because of
the equivalence in the cubic phase. So, there are only
adjacent 90° and 180° spontaneously polarized re-
gions in the BaTiO; material, which are often called
90°-domains and 180°-domains.

3. Results and discussion

3.1. SEAM of BaTiO; single crystal

The sample of BaTiOj; single crystal in the experiment
was about 0.5 mm thick and the a-axis of the sample
was perpendicular to the observed surface. The do-
main structures in the centre have been investigated.
Fig. 2 shows the experimental results observed in the
middle of the sample.

Fig. 2a shows the SEI which gives only the surface
topography features. Fig. 2b—d are EAIs obtained at
different modulation frequencies at the same position.
Neat arrangements of domain structures with alter-
nate black and white strips, occur in the electron
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acoustic images. The widths of the domains are uni-
form in all of the picture and have average values of
8um. In addition, the defects on the surface (for
example, arrow C in Fig. 2¢) and in the subsurface
(arrow D in Fig. 2¢) of the sample are also revealed in
the EAL By comparing Fig. 2b, ¢ and d, more informa-
tion about the surface defects of the sample can
be observed with the increase of the modulation
frequency.

However, the acoustic signal of domain structures
does not change, in principle, with modulation fre-
quencies. Fig. 3 shows the acoustic signals of domain
structures in a linescan. The line scan position is the
same for three different modulation frequencies, as
illustrated as AB line in Fig. 2b. The profiles basically
exhibit no changes due to the uniformity of thermal
properties and the domain structures in the bulk of the
observed single crystal. Not further details concerning
the domain structures can be found with increasing
modulation frequency, as shown in Fig. 3.

Fig. 4 shows the domain wall distribution on two
different planes. The samples has two surfaces: one
plane (abcd) with optical flatness, the other plane
(cdef) with a cleavage plane (Fig. 4¢). Fig. 4a shows the
SEI of the two planes. Because the SEI is only a two-
dimensional image, the boundary line (line cd in
Fig. 4) between the two planes is not clear in Fig. 4a.
Fig. 4b shows the EAI at f = 119.3 kHz of the sample,
and the domain structures and domain walls can be
seen clearly. The schematic arrangements of the
domain structures and the possible orientations of
domain walls are shown in Fig. 4f. The same sample
has been thinned 30 um along the plane abcd, by
direct grinding and an EAI at f = 198.1 kHz (Fig. 4c)
has been achieved. It can be seen that domain struc-
tures on the newly formed plane abcd are destroyed
and the domain structures on the plane cdef, to which
nothing has been done, are also changed. Fig. 4d is the
EAI at f = 169.1 kHz of the same sample, which has
been thinned a further 24 um, in the same way for the
second time. It can be seen that all the regular distri-
butions of domain structures on both planes have
totally vanished. This phenomenon could be ex-
plained by the assumption that the changes in the
internal energy of the ferroelectric material can influ-
ence the domain structures. When the sample in thin-
ned along the plane abed for the first time (Fig. 4c), the
domain structures on this plane are changed. Further-
more, the thinning also has some influence on the
domains in the plane cdef and the domain structures
on this plane are also changed. When the sample is
thinned a further 24 um, along the plane abcd for the
second time, the internal energy of the sample is
changed so greatly that the regular domain structures
on both surfaces vanish. We can also see that the
crystal has a break in the middle of the sample (as
illustrated by arrows in Fig. 4d).

3.2. SEAM of BaTiO; ceramics

The observed BaTiO; ceramics sample was made by
in standard sintering technique and the thickness
of the sample was about 1.0 mm. The surface of the
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Figure 2 (a) SEL and EAI at (b) f = 38.3kHz, (c) f = 84.5kHz and (d) / = 182.8kHz of BaTiOs single crystal.
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Figure 3 Dependence of the lateral resolution of the electron acous-
tic signal on the modulation frequency in SEAM of BaTiO; single
crystal. f: (- - -) 38.3kHz, (— — —) 84.5kHz, (—) 182.2kHz.

sample was only coated with a gold film. Many well-
grown grains (see Fig. Sa as illustrated by the arrows)
have domain structures which can be clearly observed
in Fig. 5b. A typical photograph of the domain struc-
ture relationship with surface grains, taken by SEAM,
is given in Fig. 5. By comparison of Fig. 5a and b, it
can be seen that one kind of orientation of domain
arrangements can cross several grains and multi-ori-
entations of domain arrangements can be found in
a single grain. The first phenomenon requires that the
sample has a minimum energy at a stable state, and

the second phenomenon implies that the grain is
a “twin grain”. Moreover, the domains either cross the
boundary or are parallel to each other on the bound-
ary of two neighbouring grains. Thus the observed
domains are always in the surface which is a well-
known fact for BaTiOj. The arrangements and the
widths of domains in the interior of the grains are
uniform.

Fig. 6 illustrates the lateral resolution of the elec-
tron acoustic signal with respect to the modulation
frequency. Two line profiles containing 200 points
have been obtained at the same location at 154.2 and
208.1khz, respectively. By comparing the two line
profiles, it is revealed that there are some variations
between them, which differs from the results for the
single crystal. This implies that the thermal coupling
mechanism affects the probing depth and resolution
due to a different thermal wavelength. The non-uni-
formity of grains which decides the domain structures
in the materials, is revealed at different modulation
frequencies.

In some areas (about 50 um) of two grain bound-
aries, the domains cross the boundary in the form of
a “grain domain”. This phenomenon implies non-uni-
form grain structures on the grain boundary. This
effect of “grain domain” is also observed in those
grains which are not well grown and have defects.
Fig. 7b is an enlargement of the square outlined in
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Figure 4 (a) SEIL, and EAI at (b) f = 119.3kHz, (c) f = 198.1kHz after thinning 30 um, (d) f = 169.1kHz after thinning 54 um, (e)
schematically depicted cross-section, and (f) arrangements of domain structures and the possible orientations of domain walls of BaTiO3

single crystal at the edge of the sample.

Fig. 7a, which shows more clearly the “grain domain”
structures in the boundary of two neighbouring
grains.

The relationships between the amplitude of the elec-
tron acoustic signals with the incident energy of the
electron beams have also been studied. As a function
of incident electron beam current, the magnitude of
the SEAM signal at 20kV accelerating voltage is
shown in Fig. 8. The position of the linescan is the
same for different incident energies, as the line AB
indicated in Fig. 5b.

Fig. 9 shows the variation of SEAM signals with
different accelerating voltages at the same incident
beam current. With increasing beam current, the
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SEAM signal has clearly increased. The clearer pic-
tures of domain structures and higher resolution are
obtained at larger electron beam currents. Along with
the alternation of accelerating voltage, the quality of
EAI and the resolution have virtually not changed.
These experimental results imply that the density of
energy dissipation determines the magnitude of the
signal in the SEAM of BaTiO; ceramics.

Fig. 10 shows the frequency dependence of the elec-
tron acoustic signal from 10-1020kHz at a fixed
scanning line. The line scanning position is the same
for different modulation frequencies. Along with the
variation of modulation frequency, the magnitude
of the electron acoustic signal undergoes undulation.



Figure 5 (a) SEI, and EAI at (b) f = 154.2kHz and (c) f = 208.1
kHz of BaTi; ceramics.

The ranges of the relatively stronger electron acoustic
signal are mainly in the areas of 10-600 kHz. This may
be related to the distribution of the frequency response
curve of the transducer used.

3.3. Discussion of electron acoustic
image contrasts
Many papers have been devoted to the electron
acoustic signal generation mechanisms [16-207]. How-
ever, comprehensive and mature theory of electron

.ﬁu
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Figure 6 Dependence of the lateral resolution of the electron acous-
tic signal on the modulation frequency in the SEAM of BaTiOj;
ceramics; the scanning line position is indicated in Fig. 5b. f: (- - -)
154.2kHz, (—) 208.1 kHz.

Figure 7 EAI of a “grain domain” in BaTiO; ceramics; EAI at (a)
f = 206.8kHz and (b) f = 186.1 kHz; (b) is an enlargement of the
square outlined in (a).

acoustic imaging mechanisms has not yet been given
because various factors (electrical, thermal and elastic)
make simultaneous contributions to the acoustic sig-
nal generation. It is difficult to vary one of the material
parameters without changing another. A detail review
of several possible acoustic signal generation mecha-
nisms in SEAM is given elsewhere [20].

It is well known that when an electron beam is
directed into the sample, a thermal wave will always
be generated due to the difference in thermal proper-
ties of the sample. It could be deduced that the thermal
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Figure 8 Dependence of the amplitude of the electron acoustic
signal on the incident electron beam current at 20kV accelerating

voltage. (— -- —)22mW,(— - —)52mW, (- - -) 8.0mW, (—)
13.4mW.

wave coupling mechanism will play a certain role in
the electron acoustic signal generations in the SEAM
of BaTiO5; materials. By comparing Fig. 2b, ¢ and d,
more information about features, such as defects on
the surface and in the subsurface, etc., can be found at
high modulation frequency. This is because of the
decrease of detecting depth with increase of the modu-
lation frequency, according to the thermal wave coup-
ling mechanism. Moreover, the domain structures in
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Figure 9 Dependence of the amplitude of the electron acoustic
signal on the accelerating voltage at the same electron beam current.
(—) 20kV, (---) 18kV,(— — —) 16kV.

Fig. 2b—d show no changes with increasing modula-
tion frequency. This implies that the image contrast of
domain structures in SEAM would not be due to the
thermal wave coupling mechanism. The differences in
the electrical properties among the domain structures
in the sample, such as spontaneous polarization, di-
electric nature and electric conductivity, would be
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Figure 10 Frequency dependence of the electron acoustic signal in SEAM of BaTiO; ceramics.
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dominant over the origins of image contrasts of the
domains. The same conclusion can be deduced by
analysing the profiles of the dependence of the elec-
tron acoustic signal on the modulation frequency in
Fig. 3. According to the thermal wave coupling mech-
anism, the resolution, 4, is directly proportional’? and
more detailed information about the domain struc-
tures should be given with the increase of modulation
frequency. No evidence of this phenomenon can be
found by comparing Figs. 3 and Fig. 2b—d.

In the same way, we can deduce that the different
electrical properties (spontaneous polarization, dielec-
tric nature and electric conductivity) among the do-
main structures in the BaTiO; ceramics are also
related to the origins of the electron acoustic image
contrasts of the domains. However, from Fig. 5b and ¢
it can be seen that the image contrasts between the
domain structures in ceramics have relatively greater
variations than those in single crystals. This is because
the uniformity of composition in the ceramic materials
of BaTiO; is worse than that in BaTiO; single crys-
tals. The changes in thermal properties in ceramics are
greater than those in single crystals. Moreover the
domain structures exhibit variations at different
depths in the ceramic sample. Thus, the variations of
electron acoustic image contrasts in the ceramics are
comparatively distinct from those in single crystals,
together with the changes of modulation frequency.

From the above discussion, we can deduce that the
thermal wave coupling mechanism plays only a cer-
tain role in the acoustic signal in SEAM. When an
electron beam is directed into the sample, the energy
of the electron beam will be partially absorbed by the
sample. The absorbed energy will affect the interior
electric field and set up a new electric field in the
sample. Because of the piezoelectric properties of the
sample, an acoustic wave will be directly generated in
the sample. Therefore, the origins of image contrasts
of domain structures will be decided by the difference
in the electrical properties in the BaTiOj; single crystal
and ceramics. In addition, non-linear electron acoustic
images in the SEAM of BaTiO 3 materials could not be
obtained.

4. Conclusion

The usefulness and the abilities of SEAM for studying
and visualizing domain structures at different geomet-
rical conditions in ferroelectric materials, have been
shown. The observation of domain structures is pos-
sible without pre-treatment of the sample surface, and
the sample is not destroyed. Because both the electron
acoustic image of domain structures and the second-
ary electron image of the sample surface topography
can be obtained at the same time in situ, SEAM can
provide more information about the relationships be-
tween surface features and domain structures. The
origins of the electron acoustic image contrasts of
domains have been preliminary discussed owing to the

complicated signal generation mechanisms in the
SEAM of ferroelectric materials. In addition, domain
structures may be visualized in real time in SEAM,
therefore, the study of the influence of different para-
meters on ferroelectric domains and the observation
of phase transitions of ferroelectric will be possible in
future. The study of static and dynamic domain
properties by the SEAM method is in progress.
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