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application to the three dimensional imaging of BaTiO3; nano-crystals
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We report the development of an apparatus for Bragg coherent X-ray diffraction imaging (Bragg-CDI) at BL22XU of SPring-8, and show some
typical results of the three dimensional imaging of BaTiO3 fine particles obtained using the apparatus. We studied two types of sample—particles
with cubic-like shapes, and particles rich in curved surfaces. The shapes and sizes of the particles were successfully reconstructed, and are
approximately consistent with results from scanning electron microscope (SEM) measurements. Further, details of the internal structure and
reverse surface of the particles was obtained, information which is not available from SEM measurements. Our technique can currently be used to
study particles as small as around 100 nm in size. Bragg-CDl is a powerful technique for investigating nanosized crystalline particles, and will open
the door to studying particles located within devices such as multi-layered ceramic capacitors, inaccessible by electron beam techniques.

© 2019 The Japan Society of Applied Physics

1. Introduction

BaTiO3; have attracted considerable scientific and industrial
interests over the past few decades because they often show
high permittivity, and have been used as key materials for
dielectric devices such as multilayered ceramic capacitors
(MLCCs). In recent years, demands on downsizing and
higher capacitance of the MLCC devices require very thin
dielectric layers with high permittivity. BaTiO; fine particles
are used as materials for MLCC devices, with sizes which
can be varied from several hundreds to tens of nanometers.
Recently, not only the size'” but also the shape™® can be
well controlled.

In the nanoscale regime, the dielectric properties of
BaTiOj; fine particles strongly depend on particle size (the
so-called size effect).’™” It has also been reported that the
physical properties depend on the sample synthesis condition.
Figure 1 shows a typical example.®” Generally, the dielectric
constant of the BaTiOj; fine particles increases as the average
particle size decreases, with a rapid drop below a critical size.
The reported critical sizes show a wide variation. This is
believed to be due to non-uniform structures inside the
particles.

At these sizes, the BaTiO; fine particles can no longer be
treated as a simple bulk with tetragonal crystal system. The
inset to Fig. 1 shows a schematic drawing of a proposed
complex structure of BaTiO; fine particles. The crystal
structure of the particle is composed of a core region with
tetragonal crystal system and a shell region with cubic crystal
system. A gradient lattice strain layer (GLSL)'” bridges
between the core and shell regions, and nanosized domains
can exist in the core region.

To obtain a true picture of what is occurring within a
BaTiOj fine particle, it is essential to precisely investigate the
structure of individual single particles, including particle size,
shape, global structure (such as domains and GLSL), and
atomic structure, and compare this information with the
physical properties of the same particle obtained for example
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Fig. 1. (Color online) Average particle size dependence of dielectric

constant. The values and the critical sizes strongly vary according to
reports.®” The inset shows a schematic drawing of the proposed composite
structure of BaTiOj; fine particles.

using a piezoresponse force microscope.''"'* The conven-
tional powder diffraction technique,'>'® which gives the
average atomic structure of whole particles is not sufficient.
The atomic structure in a single particle can be now routinely
determined in three dimensions by precise X-ray structural
analysis.'> The development of three dimensional visualiza-
tion techniques for individual particles is in progress.
Coherent X-ray diffraction imaging (CDD)'*'” is a
powerful technique for visualizing the structure of nm to
sub-um particles. CDI is a lens-less imaging technique which
was rapidly developed following the availability of coherent
X-ray light sources (3rd generation synchrotron light sources
such as SPring-8). Several CDI techniques are in use at
present,'” however, the following approach is common to all
techniques. If an object is illuminated by the coherent X-rays,
the far-field diffracted wave is proportional to the Fourier
transform of the object. This situation guarantees the possi-
bility of image reconstruction. However, the diffracted

© 2019 The Japan Society of Applied Physics
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images are actually measured as a square of the Fourier
transform, the phase information is lost, and therefore we
cannot obtain the image by a simple inverse Fourier trans-
form. This is called the phase problem. The image of the
object can, however, be reconstructed by using a phase
retrieval algorithm. The diffracted images must be sampled at
a frequency finer than the Nyquist interval (this oversampling
will be mentioned in Sect. 2).

Here we especially focus on the Bragg-CDI'®*2” tech-
nique for visualizing individual fine particles. Bragg-CDI is a
method dedicated to crystalline fine particles, where Bragg
scattering can be obtained. In Bragg-CDI, a fine particle is
illuminated by coherent X-rays and the diffraction patterns
around a Bragg position are measured in three dimensions.
Therefore, the three dimensional image of the fine particle
can be obtained by the phase retrieval of the diffraction
patterns. The retrieved amplitude and phase are related to the
electron density and displacement/strain field of the crystal
lattice in the fine particle, respectively.”” Since the Bragg
scattering profile and intensity are sensitive to degree of the
decoherence of the crystal lattice, the Bragg-CDI method can
therefore sensitively image the displacement or strain field in
the fine particle. Since the orientation of particles is random
in a powder, polycrystalline or ceramic sample, the Bragg-
CDI technique should be a powerful tool for investigating
individual particles in such samples. Because the Bragg
peaks from individual particles can be separated in scattering
space, the individual particles can be distinguished from their
neighbors. Moreover, in most cases, three dimensional data
can be obtained by changing the crystal angle by the order of
1 deg., which is an advantage over other CDI techniques.

Finally, we would like to note that, in the field of fine
particles development, the scanning electron microscope
(SEM) is frequently used for characterizing the particles. In
this case, the shape and surface of the particles can be
observed, however information on the internal structure
(domains) and the shape and surface of the back of the
particle can not be obtained. Furthermore, particles in
devices, such as inside MLCC devices cannot be measured
using electron beams. The use of (hard) X-rays can overcome
its disadvantage.

The Bragg-CDI method and related techniques have been
already developed in the United States (Advanced Photon
Source) and applied to the study of various nanoparticles so
far,”' 2 however, no dedicated apparatus for Bragg-CDI
exists in Japan. We are now aiming to construct an apparatus
for investigating the structure of individual fine particles by
the Bragg-CDI method. The Bragg-CDI method and the
precise X-ray structural analysis of individual fine particles
will be key techniques for obtaining a true picture of what is
occurring in a single particle. In this report, the development
of an apparatus for Bragg-CDI and three dimensional
imaging of BaTiO; fine particles by the apparatus will be
shown.

2. Experimental

The Bragg-CDI apparatus was developed on the coherent
X-ray scattering station”> % installed at BL22XU of
SPring-8.%

Figure 2 shows the schematic drawing of the present
experimental setup. X-rays from an in-vacuum undulator
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Fig. 2. (Color online) Schematic drawing of the setup for Bragg coherent
X-ray diffraction imaging.

were monochromatized by a liquid-nitrogen-cooled Si(111)
double-crystal monochromator. The energy was tuned to
8.7keV (A = 1.425 A). Fine particles were mounted on a
SiN membrane with a thickness of 200 nm (X05-A200Q25,
Filgen, Inc.). The X-ray coherency was not disturbed by
passing thorough this membrane. The particles on the SiN
membrane were observed by a high-resolution lens-coupled
X-ray imaging detector’” XRDCH-S0-C1 (SIGMAKOKI
Co.,LTD.). As shown in Fig. 2, we could confirm that the
particles were dispersively supported on the SiN membrane.
In this direct imaging case, a large-area direct X-ray beam of
larger than 300 x 300 pm? was used, without focusing.

For Bragg-CDI, the X-rays were focused by a refractive
lens (Karlsruhe Institute of Technology)’” to 6 x 10
(vertical x horizontal) ,umz, with a focal length of 3.835m. A
BaTiO; fine particle on the SiN membrane is illuminated by
the focused X-rays and the diffracted X-rays were collected
by a two-dimensional photon counting detector PILATUS
300K (DECTRIS Ltd.). The pixel size of the detector was
172 x 172 umz (P?). The detector was positioned at 1.6 m
(R) downstream from the sample. The most intense 110
Bragg reflection, with a scattering angle (26) of approxi-
mately 29.2 deg., was chosen for the present measurements.
A typical coherent X-ray diffraction pattern is shown in
Fig. 2. One can clearly observe speckles around the center,
and, in general, we call the coherent X-ray diffraction
(scattering) patterns speckle®” patterns. We collected three
dimensional speckle patterns around the 110 Bragg position
by changing the Bragg angle (@ scan) by +0.6 deg. with a
0.01 deg. step.

By using the three dimensional Bragg diffraction data, we
reconstructed three dimensional images of BaTiO; fine
particles. The phase retrieval of the observed diffraction
patterns was carried out with a series of hybrid input output
and error reduction algorithms,> which are frequently used
in CDI. Most of the iterative operations converged after
~1000 cycles. The initial phase was set as random, and we

© 2019 The Japan Society of Applied Physics
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tried various initial phases and confirmed that each recon-
structed image was approximately similar.

The above experimental setting satisfies the following three
conditions required for the phase retrieval of the observed
diffraction patterns. (i) The particle size (a) is within the
transverse and longitudinal coherence lengths (£¥ > a, §¥ >a
and { > a). The transverse coherence lengths at the sample
position are {}/ §¥ ~ 6 x 1 (vertical x horizontal) gm? and the
longitudinal coherence length, directly relating to the energy
resolution of the monochromator (AE/E ~ 10~%), is approxi-
mately & ~ 1 um (i) Observed diffraction patterns are over-
sampled [speckle size (AR/a)? > 2P?]. (iii) The diffraction is
far-field diffraction (R >> a%/)\).

Three types of BaTiO; fine particles were prepared: cube-
like shaped particles with an average size (=a) of 300 nm
and 100 nm (BT-Y1 and BT-Y2, respectively, University of
Yamanashi)® and particles with rich curved surfaces (BT-S,
Sakai Chemical Industry Co., Ltd.).

3. Results and discussion

In this section, we show some typical imaging results
obtained by the Bragg-CDI method.

Figure 3 shows a result obtained from a particle of the
BT-Y1 sample. As shown in Fig. 3(a), the scattering pattern
is crisscrossed and very well reflects the Fourier transform of
the cube shape. The reconstructed image shown in Fig. 3(b)
actually shows that the shape of the particle is almost cubic,
with a size of approximately 300 nm in the longitudinal
direction. Figures 3(c) and 3(d) show cross-sectional images
of the electron density and the phase corresponding to the
strain, cut by the blue plane in Fig. 3(b). The white square
line is the “support” used for the phase retrieval as the real
space constraint; with no electron density outside of the
support. The dotted black lines in Figs. 3(c) and 3(d) are a
guide to the eyes. The phase inside the particle is almost
uniform around zero, reflecting the presence of the particle.
The phase outside the particle, on the other hand, is randomly
distributed from — to & indicating no object in this outer
region. One can see some stripes in Figs. 3(c) and 3(d). The
origin of this pattern is not clear at present and this
characteristic pattern is considered to be due to a induced
structure during the particle growth, a trace of the ferroelastic
domain, or a genuine artifact. Figure 3(e) shows a SEM
image of the BT-Y1 sample. Cubic-like shaped particles are
observed. Our imaging result shown in Fig. 3(b) is consistent
with the SEM image. In addition to the shape and size of the
particle, we have observed the internal structure of the
particle.

Figure 4 shows a result obtained from a particle of the
BT-S sample. As shown in Fig. 4(a), the scattering pattern is
more complicated than that of Fig. 3(a). The reconstructed
image shown in Fig. 4(b) actually shows that the shape of the
particle is rich in curved surfaces. Figures 4(c) and 4(d) show
the cross-sectional image of the electron density and the
phase, cut by the blue plane in Fig. 4(b). The white circle line
shows the support. The dotted black lines in Figs. 4(c) and
4(d) are for a guide to the eyes. The cross section of the
particle is approximately pentagonal, and the size reaches
500 nm in the longitudinal direction. Similar to Fig. 3, the
origin of the ununiformity of the density seen in Fig. 4(c) is
not clear at present. The phase seen in Fig. 4(d) shows a
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BT-Y1

Fig. 3. (Color online) (a) Single recorded diffraction pattern for a particle
from the BT-Y1 sample. (b) Reconstructed three dimensional image of the
particle. (c) and (d) show cross-sectional image of the electron density and
the phase (strain), cut by the blue plane in (b). (¢) SEM image of the BT-Y1
sample. The white bar corresponds to 500 nm. Figure (a) was drawn using
ImageJ,34) and figures (b)—(d) were drawn using VESTA.>®

stress concentration near the two edges at the top right, which
gradually changes from top right to bottom left. Figure 4(e)
shows the SEM image of the BT-S sample. A particle similar
in shape to Fig. 4(b) can be observed. Our result is thus well
consistent with the obtained SEM image. In addition to the
shape and size of the particle, we have observed the internal
structure of the particle as well.

Reconstructed images of additional particles are shown in
Fig. 5. In the case of this figure, the phase value is limited to be
positive during the phase retrieval treatment for good conver-
gence. Figure 5(a) shows the three dimensional image of a
particle from the BT-Y1 sample. The shape is almost cubic,
and the size is approximately 240 nm. We also successfully
managed to recover the shape of a particle from the BT-Y2
sample, as shown in Fig. 5(b). The reconstructed image is still
coarse and the result requires higher data quality. Nevertheless,
the shape can be identified to be almost cubic, and the size is
also measured to be approximately 130 nm. Thus, the present
Bragg-CDI method works very well to obtain the structural
character of each individual particle. Figure 5(c) shows the
three dimensional shape of a particle from the BT-S sample.
The size is approximately 350 nm, and the shape is rich in
curved surface.

© 2019 The Japan Society of Applied Physics
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BT-S
(b)

Fig. 4. (Color online) (a) Single recorded diffraction pattern for a particle
from the BT-S sample. (b) Reconstructed three dimensional image of the
particle. (c) and (d) show cross-sectional images of the electron density and
the phase (strain), cut by the blue plane in (b). (¢) SEM image of the BT-S
sample. The white bar corresponds to 500 nm. Figure (a) is drawn using
ImageJ,34) and figures (b)—(d) are drawn using VESTA.>®

(a)

BT-Y1

()

100 nm
BT-S

Fig. 5. (Color online) The obtained three dimensional images of particles
from (a) BT-Y1, (b) BT-Y2 and (c) BT-S samples. The Figs. were drawn
using VESTA.*Y

4. Summary

We have reported the development of an apparatus for Bragg-
CDI at BL22XU of SPring-8, and have shown some typical
results of the three dimensional imaging of BaTiO; fine
particles obtained using the apparatus. We have studied two

SLLAO5-4

types of sample—particles with cubic-like shapes, and
particles rich in curved surfaces, with a size of typically
300 nm. The shapes and sizes of the particles were success-
fully reconstructed, and are approximately consistent with
results from SEM measurements. Further, details of the
internal structure and reverse surface of the particles was
obtained, information which is not available from SEM
measurements. Our technique can currently be used to study
particles as small as around 100 nm (or smaller) in size.
Bragg-CDI is a powerful technique for investigating nano-
sized crystalline particles, and will open the door to studying
particles located within devices such as MLCCs, inaccessible
by electron beam techniques.
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