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ABSTRACT ARTICLE HISTORY

Since their discovery in 1981, quasicrystals have challenged traditional crystallography, show- Received 24 October 2023
casing the diversity of material structures. Quasicrystals are ordered structures in higher- Revised 6 September 2024
dimensional Cartesian coordinate systems projected into lower dimensions. Exploring whether Accepted 16 September 2024
materials can grow into high-symmetry ordered structures in different mathematical coordi- KEYWORDS

nate systems is an intriguing topic. This paper reports a new crystallization growth mode in InSiO; cylindrically

InSiO thin films, exhibiting high symmetry in spherical and cylindrical coordinate systems, symmetric-rotating crystal;
named cylindrical symmetric rotating crystals (CSRC). These crystals show rotational symmetry Kikuchi pattern; electron
in their lattice structure, consistent with cylindrical symmetry. They are also part of spherical diffraction; SEM
crystals, which theoretically have one of the highest symmetries. Theoretical predictions

suggest that a two-dimensional slice of a spherical crystal in conventional grating mode SEM

images will display relatively complete Kikuchi patterns due to the wave properties of incident

electrons, unlike crystals or quasicrystals, which show surface morphology from the particle

properties of incident electrons. We formed InSiO CSRC by heating InSiO amorphous films and

observed relatively complete Kikuchi patterns that quantitatively relate to the incident electron

beam direction and energy. These findings align with theoretical predictions, indicating that

the Kikuchi patterns in SEM images result from Bragg diffraction through coherent electron

scattering within the crystals. Quantitative analysis of these patterns provides information on

the lattice structure, constants, crystal orientation, stress information, defect concentration,

and Brillouin zone of the InSiO material. This method of obtaining microstructural information

directly from SEM images applies only to CSRC, not to conventional or quasicrystal samples.

IMPACT STATEMENT

Unveiling a unique rotating crystal, this study expands the understanding of scanning electron
microscopy (SEM) contrast mechanisms by simultaneously capturing real-space morphology
and momentum-space lattice information in a single image.

CONTACT Bo Da @ DA.Bo@nims.go.jp @ Center for Basic Research on Materials, National Institute for Materials Science, Tsukuba, Ibaraki 305-0044,
Japan

© 2024 The Author(s). Published by National Institute for Materials Science in partnership with Taylor & Francis Group

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://orcid.org/0000-0001-9599-2257
http://orcid.org/0000-0001-5767-1145
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/27660400.2024.2406743&domain=pdf&date_stamp=2024-10-03

Sci. Technol. Adv. Mater. Meth. 4 (2024) 2

1. Introduction

When a sample material is observed using scanning
electron microscopy (SEM), electrons interact with the
surface, emitting an electronic signal containing
a variety of diagnostic information. Surface morphol-
ogy and sample composition are the most important
factors affecting SEM imaging [1,2]; the basis of SEM
image formation requires contrast between backscat-
tered electrons, the most common types of which are
morphology contrast [3-6] and composition/element
contrast [7-10], applicable to almost all specimens. In
addition, some special contrast mechanisms such as
electric field [11,12], magnetic [13,14], electron char-
ging [15,16] and proton gain [17-20] exist in certain
types of materials and are closely related to specific
material properties and are well explained by the par-
ticle nature of electrons. SEM also produces diffrac-
tion contrasts [21-27], such as electron backscatter
diffraction (EBSD), which usually reflect structural
information of the specimen, such as grain orienta-
tion, local texture, and phase identification/distribu-
tion. To observe the relatively complete diffraction
pattern of a crystalline or polycrystalline sample with
SEM, a different mode of operation is typically needed,
to utilize the wave nature of the electrons.

However, theoretically, there exists a very special
class of crystals that can exhibit unique diffraction
contrast in standard SEM imaging mode. This class
of crystals must possess continuous rotational symme-
try and is named spherical crystals. Ideal spherical
crystals have perfect spherical symmetry, meaning
their atomic structure remains unchanged when
rotated in any direction. They are one of the theoreti-
cally highest symmetry structures possible. In ideal
spherical crystals, due to the continuous rotation of
internal crystal orientation, their slices perpendicular
to the radius will exhibit unique symmetry, theoreti-
cally predicted to display unique diffraction contrast
in standard SEM imaging mode. In this paper, con-
tinuous symmetry refers to the property of a system
where certain transformations, such as rotations or
translations, do not alter the system’s appearance or
properties. However, when considering the atomic
nature of crystals, true continuous symmetry is not
achievable because atoms are arranged in a discrete
lattice structure. Thus, while macroscopic observa-
tions may suggest continuous symmetry, at the atomic
level, this symmetry is inherently limited by the dis-
crete arrangement of atoms.

However, the spherical crystals discovered so far, or
their slices as cylindrical symmetric rotating crystals
(CSRCs) [28], as reported in spherical Se [29], Fe,O5
[30], V,05 [31] fibers and Cr,0O5 [31], Ta,O5 [32], Ge-
Te, TI-Se, and Cd-Te alloys [33], and single-crystal
copper-iron alloys [34], have not been able to demon-
strate unique diffraction contrast. In general, spherical
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grains are formed by a non-crystallographic branching
mechanism, in which parent and daughter fibers do
not have the same crystallographic orientation, with
a misorientation angle between adjacent fibers usually
between 0° and 15°. The growth mechanism of non-
crystalline branches sets spherulites apart from other
types of crystal formations and polycrystalline aggre-
gates that exhibit round shapes. Thus, in these pre-
viously reported crystalline films composed of
spherical grains, their local crystallographic orienta-
tion changes only slightly within the fibers, ie. the
crystal orientation rotates along the radial direction
of the crystal. In contrast, the local crystalline orienta-
tion does not exhibit a continuous rotational behavior
in the vertical direction of the fiber growth direction
(i.e. tangential direction), because of the large varia-
tion in crystalline orientation among the spherically
crystallized fibers.

Thus, the currently discovered spherical crystals
and rotating crystals do not satisfy continuous sym-
metry in their overall structure and do not strictly
belong to ideal spherical crystals. This also explains
why there have been no reports of rotating lattice
single crystals showing relatively complete Kikuchi
patterns in SEM images. To observe Kikuchi patterns,
rotating lattice single crystals must meet the require-
ment of continuous symmetry, specifically spherical
symmetry.

In this work, we demonstrate the solid-state crystal-
lization of pure InSiO amorphous films into CSRC
structures by controlling the crystallization tempera-
ture, finding that InSiO gradually crystallizes at 300°C
with the appearance of cylindrical crystal islands. In
these two-dimensional cylindrical grains, the crystal
orientation gradually shifts, both radially and tangen-
tially, maintaining a pattern that conforms to cylind-
rical symmetry.

A relatively complete Kikuchi pattern can be
observed in the SEM images of these crystals, in
good agreement with theoretical predictions.
Furthermore, by analyzing SEM images, atomic lattice
information of the presented CSRCs are obtained,
including lattice structure, lattice constant, crystal
orientation, stress information, defect concentration,
and Brillouin zone of this unique crystal material.
Such detailed atomic lattice information typically can-
not be obtained from conventional SEM imaging,
which lacks atomic-level resolution.

2. Results and discussion
2.1. Principle of Kikuchi pattern in TEM image

Transmission Kikuchi Diffraction (TKD), alterna-
tively known as transmission-electron backscatter dif-
fraction (t-EBSD), represents a sophisticated
methodology for nanoscale orientation mapping. It
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facilitates the examination of microstructural attri-
butes in thin specimens prepared for transmission
electron microscopy (TEM), employing a scanning
electron microscope (SEM). This approach has gained
significant traction in the analysis of nano-crystalline
substances, spanning oxides, superconductors, and an
array of metallic alloys.

In TEM analysis, Kikuchi lines are observable in
diffraction patterns from thick specimen regions
experiencing multiple scatterings [35]. In contrast to
diffraction spots that flicker with changes in crystal
tilt, Kikuchi bands establish a structured orientation
space with distinct intersections (referred to as zones
or poles) and pathways connecting each intersection
to the next. Discrete diffraction spots arise from the
coherent scattering of the incident beam, while the
formation of Kikuchi bands described through
a biphasic process encompassing incoherent scattering
of the primary beam followed by coherent scattering
of these forward-scattered electrons. Furthermore,
TKD has been employed for the analysis of fine-
grained ultramafic peridotite samples within the
SEM. The preparation of specimens for TKD analysis
may be conducted utilizing conventional methodolo-
gies applicable to TEM [36].

In TKD analysis, a slender foil specimen is oriented
perpendicularly to the electron flux within a scanning
electron microscope. The electron flux is precisely
focused on a small area of the specimen, causing the
crystalline lattice of the specimen to diffract the tra-
versing electrons. This diffraction pattern is subse-
quently captured by a detection apparatus and
subjected to analytical procedures to ascertain the
crystallographic orientation and microstructural char-
acteristics of the specimen [37].

Convergent beam electron diffraction (CBED) is an
additional TEM electron diffraction technique used to
study Kikuchi bands. It involves employing
a convergent or divergent electron beam (conical elec-
tron beam). First introduced in 1939 by Kossel and
Mollenstedt [38], CBED is instrumental in determining
the symmetries of point groups and space groups for
crystal structure analysis.

(a)
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2.2. Principle of Kikuchi pattern in SEM image

Two modes of operation in scanning electron micro-
scopy (SEM) are utilized to capture comprehensive
diffraction patterns. The first mode involves collecting
backscattered electrons from various directions as they
exit the sample surface, particularly when the incident
electrons strike the sample at a significant angle. This
mode, known as electron backscattered diffraction
(EBSD), involves the incident electron beam entering
the sample at a glancing angle and being scattered by
the atoms within.

The second mode, employed for observing com-
plete diffraction contrast, entails scanning the surface
of a single crystal sample by varying the incidence
direction of the electron beam. This results in
a continuously changing angle about the crystal direc-
tion, causing the electron beam to diffract on the
lattice at different locations on the sample surface
and forming a Kikuchi pattern. This mode is referred
to as the electron channeling pattern (ECP).

2.3. Cylindrical symmetric rotating crystals (CSRC)

Crystalline materials occupy a vital position in the
fields of science and engineering, with their unique
symmetry and structural characteristics being crucial
for various applications. Traditional crystalline mate-
rials exhibit symmetry through the periodic repeti-
tion of atomic arrangements, i.e. the crystal remains
invariant through translational operations in space,
as shown in Figure 1(a). This translational symmetry
in a three-dimensional Cartesian coordinate system
is the core feature of traditional crystal structures and
forms the foundation for understanding and study-
ing crystalline materials. Part of a crystal’s symmetry
can also be described by its rotational axes, where the
crystal appearance remains unchanged after rotating
by specific angles around a point, reflecting its inher-
ent order. For instance, a crystal’s symmetry can be
one-fold, two-fold, three-fold, four-fold, or six-fold,
all of which can divide 360 degrees evenly, indicating
a complete filling of a circular space.

(d)

Figure 1. (a) Traditional crystals with a regular lattice structure (cubic structure), (b) quasicrystals that do not satisfy translational
symmetry but exhibit long-range order, (c) spherical crystals that exhibit continuous rotational symmetry (with one-quarter removed
for clarity), and (d) cylindrical symmetric rotating crystals as slices of ideal spherical crystals (with one-half removed for clarity).
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The discovery of quasicrystals in 1981 challenged
the conventional concept of symmetry in crystallogra-
phy [39-41]. Unlike traditional crystals, quasicrystals
do not possess periodic translational symmetry but
instead exhibit a non-periodic long-range ordered
arrangement, as shown in Figure 1(b). This regular
yet complex arrangement disrupts the fundamental
principle of ‘periodicity’ in traditional crystallography
and exhibits symmetries such as five-fold and ten-fold,
which are absent in conventional crystal structures.
These special symmetries mean that the crystal
appearance remains unchanged after rotations of 72
degrees or 36 degrees, which is impossible in tradi-
tional three-dimensional crystallography. Despite
lacking traditional translational symmetry, quasicrys-
tals still follow strict mathematical rules. Their struc-
tures can be described in higher-dimensional
Cartesian coordinate systems and projected into
lower dimensions [42]. This discovery demonstrated
the diversity and complexity of material structures,
expanding our understanding of materials science.

Therefore, exploring new materials that form high-
symmetry ordered structures in other mathematical
coordinate systems would significantly expand the
current crystallographic framework. In theoretical
research in materials science, researchers have pre-
dicted high-symmetry structures in various mathema-
tical coordinate systems [43,44]. Among these,
spherical symmetry structures are the most intriguing.
Crystalline materials with spherical symmetry satisfy
continuous rotational symmetry in spherical coordi-
nates, making them one of the highest symmetry
material structures theoretically [45]. Such spherical
crystals not only exhibit beautiful symmetry mathe-
matically but may also display unique physical proper-
ties. Figure 1(c) shows an ideal spherical crystal, whose
symmetry and consistency in all directions make it
a key target in theoretical research and practical appli-
cations [45]. Despite the perfect spherical symmetry of
ideal spherical crystals, where atomic arrangements
remain unchanged in any rotational direction, there
have been no reports of synthesizing ideal spherical
crystals to date.

Based on the concept of ideal spherical crystals, we
propose a new crystalline structure named cylindri-
cally symmetric rotating crystals (CSRC). CSRCs are
thin slices cut from ideal spherical crystals along the
direction perpendicular to the radius, as shown in
Figure 1(d). Their symmetry lies primarily along the
axial direction of the cylinder (the radial direction of
the original spherical crystal) and the uniform distri-
bution of atoms in each ring on the cut plane. This
structure maintains its appearance and structure when
rotated around the cylindrical symmetry axis, exhibit-
ing significant rotational symmetry. Additionally,
CSRCs retain the continuous rotational symmetry of
ideal spherical crystals, leading to a continuous
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rotation of crystal orientation on the cut plane,
which also satisfies cylindrical symmetry.

2.4. Kikuchi pattern using CSRC sample

While the SEM raster scan mode is used to gather
information in the real space of the sample, the ECP
and EBSD modes are employed to acquire information
about the sample in momentum space. In this study,
a unique sample configuration involving CSRCs,
where the crystal direction continuously rotates at
a local position, maintaining cylindrical symmetry
with respect to the central position, was employed.
This allowed for the observation of a complete
Kikuchi pattern in a single SEM image acquired in
raster scan mode.

The Kikuchi pattern observed in the SEM images is
created by a similar mechanism as electron channeling
patterns (ECPs). Based on our previously developed
approach [46,47], a dynamical method is employed in
this work to construct SEM patterns of CSRCs by
simulating the diffraction processes of electrons in
In,O; single crystals with different incident directions.
The simulation method will be given in a separate
paper. Here, we make theoretical reconstructions of
the experimental SEM images, using the observed
crystal orientation distribution. In our simulations,
we neglect fluctuations in crystal rotation speed for
each crystal island, and use the average rotation speed,
which is the uniform variation of the angle between
the electron incidence direction and the lattice of the
In,0; single crystal.

Theoretical simulations can show how CSRC
islands can produce complete Kikuchi patterns in
SEM images. Figure 2 shows how the electron
beam is scanned over a CSRC sample. Here, the
local crystal orientations at different positions in
the CSRC sample change slowly and continuously,
and the local crystal orientation at any position on
the CSRC, relative to the local crystal orientation at
the center of the sample, satisfies cylindrical sym-
metry. When the electron beam is scanned over the
CSRC, the change in angle 6 between the incident
electron beam and the local crystal orientation
causes the variety of backscattered signal collected
by the detector in the SEM. As the sample is excited,
electrons undergoing backscattering and meeting the
Bragg diffraction condition, expressed as 2dsinf=\,
undergo diffraction on a specific set of crystal planes
within the sample. This interaction results in the
formation of two conical diffraction patterns, each
with a central axis perpendicular to the respective
crystal planes, observable in SEM images. The inter-
section of these two conical surfaces with the receiv-
ing screen gives rise to a luminous band known as
the Kikuchi band. At points A and B, the angle 0 is
equal to the same degree as 0g. Between A and B,
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Figure 2. (a) Scanning electron microscope raster scanning schematic (b) schematic diagram of the variation of the angle 6
between the incident electron beam and the local crystal orientation for an electron-incident CSRC sample, i.e. the angle between
the red arrow and the blue arrow. As the electron beam is scanned along a line through the center of the CSRC, 8 will vary between
greater than 65 to less than 6. A and B in the figure are symmetrical positions corresponding to 8 = 6. as shown in the lower part
of the figure, the variation of 0 is related to the variation of the intensity of the backscattered signal at the corresponding position
on the CSRC. The two-dimensional CSRC satisfies cylindrical symmetry, and shows a Kikuchi pattern in the SEM backscattered
electron image. The Kikuchi pattern here is a result of theoretical simulations. The red arrows are the crystal plane rotations of
a CSRC, the blue cloud is the distribution of electron trajectories after the electron beam interacts with the material, and the darker
and lighter colors represent different electron probability densities.

0 < 05, so an enhanced backscattered signal will be
detected at these locations, while before and after
A and B, 0 > 0, so the backscattered signal will
decrease.

Over the whole CSRC, the contrast in a 2D recon-
struction of a typical 2D raster SEM survey contains
contributions from several lattice planes together, and
the resulting ‘electron channel map’ will show contrast
bands from all planes. In this map, the width of each
band is equal to twice the Bragg angle (26) at the
corresponding set of lattice planes, while the angle
between different bands is equal to the angle between
the sets of lattice planes from which those bands origi-
nate. Therefore, in conventional SEM mode, the inci-
dent electrons will diffract off the atomic lattice with
different orientations at different landing positions
even if the electron beam is scanned perpendicular to
the surface of the sample. The resulting Kikuchi pattern
is similar to that observed using EBSD.

2.5. SEM and EBSD images of CSRC sample

We use DC magnetron sputtering (Shibaura
Mechatronics, CFS-4EP-LL i-miller) to prepare a 30
nm thick amorphous film on a sapphire substrate at

room temperature. In the sputtering target, the main
components are In,O; and SiO, with Si/In ratio at 2.3
at.% [1wt.% of SiO,/(In,O5;+ SiO,)]. To obtain
dynamic crystallographic images along a precisely
fixed observation area, we use in situ SEM observa-
tions by heating the InSiO film to 300°C in the SEM
chamber. The crystallization of InSiO through an
annealing process is shown in Figure 3(a). With
a gradual increase in temperature, the amorphous
film gradually crystallizes, forming islands of circular
crystals with diameters of approximately 1-2 um and
showing a distinct Kikuchi pattern. These islands of
CSRCs grow from randomly distributed nucleation
sites in the amorphous film, growing outwards two-
dimensionally. In most cases, the nucleation sites are
isolated, causing the islands of CSRCs to be separated
from each other. In some cases, however, the growth
of CSRC islands stops because of the presence of
another crystallization point of an adjacent nucleus,
forming CSRC islands close together. This is consis-
tent with the typical island nucleation and growth
process in thin films reported in the literature [48-51].
Figure 3(a) also shows that all these crystal islands exhibit
a distinct Kikuchi-like diffraction pattern in the SEM
images. These crystalline islands are observed to exhibit
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(d) IPF X

Figure 3. (a) SEM images of backscattered electron (BSE) detection of InSiO films observed during the crystallization of amorphous
films at 300°C. (b) EBSD image quality map (EBSD-Q) with distribution of crystal quality, EBSD-Q is the sum of the detected peaks in
the Hough transform, and describes the quality of an electron backscatter diffraction pattern. (c) EBSD misorientation map (EBSD-
M) with the distribution of misorientation, describing the relative orientation of two grains with respect to each other, the unit is
degree. And (d) x-axis, (e) y-axis, (f) z-axis Inverse Pole Figure (IPF), respectively.

different Kikuchi patterns, implying different crystallo-
graphic orientations of these crystal islands. All the
observed Kikuchi patterns belong to cubic (bixbyite
type) In,O; structures.

Similar to previous studies [52], according to
preferred nucleation orientations during crystalliza-
tion, the observed Kikuchi patterns have several
characteristic features. The preferred lattice orien-
tation in In,O; with [440] orientation is easily
shown from the observed Kikuchi patterns, the
characteristic features of which are shown in
Figure 3(a). This orientation is derived from the
In,0;5 crystal Kikuchi pattern, which allows the
assignment of indices to the Kikuchi band using
the spherical projection of the Kikuchi pattern. The
nuclei always appear in pairs while showing strong
lattice curvature, corresponding to the small con-
tour distances between the Kikuchi bands (hkl) and

(-h-k-1). The SEM image in Figure 3(a) shows two
sets of (—22-2) type planes, two sets of (-22-6) type
planes, one (00-4) type plane and one (4-40) type
plane, totalling six visible major Kikuchi bands.
Different bandwidths are shown in different sets
of Kikuchi bands, forming a bright ‘pole’ as
a complex hexagon. Similarly, Kikuchi patterns
with different characteristics for the [400], [222]
zone axis are also shown in Figure 3(a).

These conditions are further confirmed by electron
backscatter direction (EBSD) measurements as shown
in Figure 3(c-e). The EBSD plot in the normal direc-
tion (EBSD-ND) is inhomogeneous. Figure 3(c) shows
the different orientations within the CSRC islands
with an EBSD-ND map using different colors. In
each CSRC island, only one snowflake-like crystal
‘grain’ is apparent, and no obvious crystal misalign-
ment boundaries can be observed.
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Figure 3(b) shows the EBSD image quality (EBSD-
Q). The EBSD-Q map shows that the crystal island
have a snowflake-like mass distribution. The branched
morphology of crystal mass originates from
a relatively uniform central region, with the mass
decreasing as larger features develop. This suggests
that it is the density difference between the crystalline
and amorphous InSiO films that forms the CSRC
orientation during the crystallization process.

The EBSD misorientation (EBSD-M) map
(Figure 3c) shows that the misorientation distribution
in each CSRC island possess a pattern of snowflake
outlines, within which the misorientation is almost
identical at approximately 1°. This can also be deter-
mined by the distribution of misorientation shown in
the right panel of Figure 3(c). This result implies that
the crystal orientation shown by any pixel in the
images of these CSRC islands is almost equal to that
of the surrounding neighboring pixels.

Figure 4 shows, for three adjacent CSRC islands,
quantitative information on the rotation of the local
crystal orientation in five randomly selected directions.
The variation of crystal orientation on the CSRC islands
in the five selected directions is plotted in Figure 4.
Although the three neighboring CSRC islands are of
different sizes and have different crystal orientations,
the rotation rates of the five randomly selected direc-
tions of the local crystal orientations are approximately
equal. The average rotation rate of the crystal rotation
angles is obtained with a linear fit. For this sample of
CSRCs, the average crystal orientation rotation rate of
the three adjacent CSRC islands is 16.62°/pm.

2.6. Analysis of SEM images

As previously determined, the observed Kikuchi pat-
terns in secondary electron (SE) images can be
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attributed to the diffraction of electrons on the peri-
odic atomic lattice of the sample. It is interesting to
simultaneously observe the diffraction contrast and
the morphology contrast in the SEM image. Here,
the InSiO film is first annealed in air to 250°C and
then transferred to the SEM chamber for further
annealing to 300°C. Following this, many small bul-
bous protrusions with radii approximately 20-30 nm
can be observed in the SEM images, caused by In,0;
nanocrystals separating out from the InSiO surface
because of the interaction of amorphous In,O; with
water vapor in air. These In,O; nanocrystals on the
InSiO film surface provide a clear morphology con-
trast in both the BSE and SE images.

2.6.1. Analysis of symmetry

Figure 5 shows the BSE and SE images of three
selected rotational crystal islands whose central
region is in the [222], [400], and [440] crystal
directions, respectively. It is clear that the charac-
teristic Kikuchi pattern observed in both BSE and
SE images originates from Bragg reflection from
sets of lattice planes oriented perpendicular to the
surface. In the CSRC island in the [222] direction
(Figure 5a), three major Kikuchi bands visibly arise
from the one set of (0-44)-type planes. As for the
CSRC island in the [400] direction (Figure 5b),
four major Kikuchi bands are visible from the
two sets of (004)-type planes, and two sets of
(0-44)-type planes. The CSRC island in the [440]
direction (Figure 5c¢) shows six major Kikuchi
bands due to the two sets of (—22-6)-type planes,
two sets of (-22-2)-type planes, one (4-40)-type
plane, and one (00-4)-type plane. In each CSRC
island, different sets of Kikuchi bands process dif-
ferent bandwidths, and they intersect in a ‘pole’,
forming a bright polygon with filigree-like internal

18
16 |

14 |
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10 F

Misorientation
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Figure 4. Crystal misorientation angle profiles measured along the yellow arrows inside the rotational crystallization island.
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Figure 5. SEM images of the CSRC islands whose central region is (a) [222], (b) [400], and (c) [440] crystal directions, obtained by
a backscattered electron (BSE) detector, secondary electron (SE) detector with incident electron energy of 15 keV, and correspond-
ing simulated SEM images. The Miller indices are labeled on the simulated Kikuchi pattern. The red lines indicate the projections of
lattice planes (hkl) shown by the labels. The size of the brillouin zone (brightest central polygon) in the projection plane for the
CSRC island with a [440] direction is demonstrated in both measured SEM images and simulated images.

structures. The shape of the bright intersected
region for the CSRC island in the [222] direction,
and [400] direction are quite clear, while for the
CSRC island in the [440] direction, it is relatively
complex. The bright intersected region for the
CSRC island in the [440] direction is a complex
polygon composed of a bright central hexagon being
the zone axis, i.e. the intersection region of the (004)
Kikuchi band, (-22-6) Kikuchi bands, and (-22-6)
Kikuchi bands, as well as six adjacent triangles
being the intersection of two of these three bands.
The sets of blurry lines originate from the higher-
order reflection of the (-440) plane, flanking those
major Kikuchi bands, and can be observed in the
CSRC island in the [440] direction as a rounded
bright region with a clear dark outline. The

intersections between these blurry lines and the
major Kikuchi bands, form some brighter nodes in
those major bands.

A highly symmetric Kikuchi pattern can be
observed in both SE and BSE images with almost the
same features, while the contrast of the SE images is
significantly lower than that of BSE images. This result
implies that the diffraction information observed in SE
images does not arise from the interaction when the
SE is transported inside the crystal, but from the
cascade SE produced by the backscattered electrons
while traversing the crystal lattice. Therefore, the
quantities for SE emitted from the different regions
of the crystal surface are influenced by the local crystal
direction where primary electrons land on different
regions of the rotational crystal.



Sci. Technol. Adv. Mater. Meth. 4 (2024) 9

The simulated Kikuchi pattern agrees well with the
experimentally observed Kikuchi pattern in the pre-
sented BSE and SE images, showing a good match with
the bandwidths of different types of Kikuchi bands
and the angles between them. The simulated pattern
also effectively reproduces even the fine features in the
intersection region of the Kikuchi bands, i.e. the bright
complex polygons with filigree internal structures, as
well as the rounded bright region and its dark outline.

Another notable point is that for the major Kikuchi
bands observed in the CSRC island with the same
direction, the widths all remain relatively consistent,
even when they are far from the center of the CSRC
island edges. One exception is for the (—404) plane in
the rotational crystal island in the [222] zone axis
because of the distorted lattice, as shown in
Figure 5(a). This shows that the presented CSRC
island has a highly consistent rotation speed, allowing
further analysis of the Kikuchi pattern in the SEM
image, to obtain useful physical quantities related to
the crystal structure. It is generally not possible to
obtain this information from SEM images of
a conventional sample.

2.6.2. Analysis of lattice constant

According to the previous analysis for the CSRC sam-
ple, the Bragg angle can be determined by multiplying
the rotation speed of the CSRC by the width of the
Kikuchi band in the SEM images, as 205=I-d®/dx.
Therefore, the lattice plane spacing is given by the
expression, d=A/(l-d®/dx). In the presented SEM
images, the band widths for each plane direction in
the CSRC islands can be measured as listed in Table 1,
together with the calculated corresponding lattice
plane spacings.

Using the relation a = dyv'h? + k? + I2, the calcu-
lated lattice constant a, determined from the lattice
plane spacing is also listed in Table 1. The average
value of the calculated lattice constants obtained for
the CSRC islands with zone axis of [222], [400], and
[440] are 8.49 A, 13.03 A+2.11 A, and 11.61 A +2.84
A, respectively. The total average value of the calcu-
lated lattice constant is 11.57 A +2.65 A. These values
are slightly larger than those obtained from the analy-
sis of band width variations in the SEM image of the
CSRC island with different incident electron energies.

B. DA et al.

2.6.3. Analysis of reciprocal lattice vector

Based on the determined lattice plane spacing d, the
lengths |gp| of the reciprocal lattice vectors can be
calculated by the formula, gy = 2. Consequently, the
reversed reciprocal lattice vectors for different planes
in three different crystals can be calculated as listed in
Table 1. According to the special relationship between
the bandwidth of the Kikuchi band I and the Bragg
angle 0p in the presented CSRC sample, i.e. 20p=1-d®/
dx, the lengths |gyx| of the reciprocal lattice vectors
can be rewritten as

Skl = 2771 AT djb/de (1)
where, d®/dx is the rotation speed of the CSRC, and A
is the electron wavelength. Because d®/dx is 20°/um
and A is 10 pm for electrons with 15 keV, the reversed
reciprocal lattice vector, gy, is only dependent on the
bandwidth of Kikuchi band I, measured in the SEM
images. Therefore, in the SEM image of the CSRC
sample, each pixel corresponds to both the different
spatial positions on the sample surface according to
real-space coordinates and also to the different angle
between the electron beam and a given crystal surface
according to reciprocal-space coordinates, i.e. on
a momentum scale. The transformation coefficient
from the spatial scale to the momentum scale is,
M. It is interesting to note the momentum scale
of the presented SEM image of the CSRC sample at
a given incident electron energy. For the incident
electron energy of 15 keV, the transformation coefti-
cient from the spatial scale to the momentum scale is,
0.0022 A% The presented SEM images are composed
of 512 by 512 pixels, every pixel corresponds to 20.8 A,
24.1 A, 23.2 A, in the real space coordinate and 0.046
A7, 0.053 A7, 0.051 A" in the momentum coordi-
nate in the BSE and SE images of three rotational
crystal islands at the zone axis of [222], [400], [440],
respectively. This property makes it possible to deter-
mine the size of the two-dimensional Brillouin zone in
the projection plane in momentum scale whose out-
line could be determined by extending prominent
Kikuchi bands. Here, the side length of the two-
dimensional Brillouin zone in the projection plane
for the [440] crystal is marked in the BSE and SE

Table 1. The plane index, Bragg angle, bandwidth, plane spacing, reciprocal lattice vectors, calculated lattice constant, strain,
Burgers vector and building-in geometrically necessary dislocation (GND) density in the observed CSRC island with zone axes of
[222], [400], and [440]. Data were obtained by analyzing SEM images as shown in Figure 4.

Zone Bragg angle  Bandwidth Plane reciprocal lattice calculated lattice Burgers GNDs density
Axis h kI (degree) (nm) spacing (A) vectors (A™) constants (A) Strain  vector (A) (10"m™?)
[222] -4 4 0 1.91 190.6 1.5 4.19 8.49 0.52% 24.00 14.57
[400] 0 -4 4 1.40 140 2.04 3.08 11.54 0.52% 32.64 10.73
[400] 0 -4 0 0.79 78.8 3.63 173 14.52 0.52% 29.04 12.04
[440] 0 0 4 1.06 105.59 271 2.32 10.83 0.52% 21.67 16.14
[440] -2 2 -6 1.66 166.15 1.72 3.65 11.42 0.52% 37.87 9.23
[440] -2 2 -2 1.14 113.89 251 250 8.70 0.52% 15.07 23.21
[440] -4 4 0 1.05 104.37 2.74 2.29 15.50 0.52% 43.84 7.97
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images. The conventional SEM adopted for this special
CSRC sample can be regarded as a momentum-
microscopy like those reported by Fedchenko
et al. [53].

2.6.4. Analysis of strain value

A simple estimation of the strain value in the CSRC is
possible from the SEM image of this CSRC island, by
assuming an elastic cylindrical bending of the CSRC in
the radial direction. The maximum strain ¢ of the
surface film can be estimated according to Kolosov
and Tholen [54], as

thp  tdd/dx

I 2

= )
where 8 is the Bragg angle, I is the bandwidth of the
Kikuchi band, ¢ is the thickness of the CSRC film, and
d®/dx is the average measured gradient of monoto-
nously increasing misorientation angle for a CSRC.
This can be expressed by the ratio of the angle spanned
by the CSRC of the Kikuchi band to its bandwidth, as
d®/dx =260g/l. Considering the film thickness is 30
nm, and d®/dx is 50°/um the strain values calculated
from each plane in three CSRC islands are consistent,
as listed in Table 1. The presented strain value of
CSRC islands is 0.52%, which is a relatively small
value. According to Goh et al. [55], the microstrains in
In,O; NPs at different calcination temperatures
(200°C, 300°C, 400°C, 500°C and 600°C) are 0.0736,
0.0944, 0.1144, 0.1500 and 0.1647, respectively. Our
resulting strain value is far lower than the measured
microstrain of In,O; nanoparticles so, during anneal-
ing of the crystal, the inter force did not exceed the
maximum strain value, so the crystal can rotate homo-
geneously without breaking, allowing the rotational
crystal to form differently to normal crystals.

2.6.5. Analysis of building-in geometrically
necessary dislocations (GNDs)
If we assume that the lattice rotation in the CSRC has
a contribution from building-in geometrically neces-
sary dislocations (GNDs) which accommodate
a lattice curvature from a deformation gradient [56],
we can approximately estimate the lower bound of the
GND density from SEM images of the CSRC.

If one assumes a homogeneous distribution of
GNDs in the CSRC, a lower bound estimation of the
GND density can be found with [57]

Phom = 11742 (3)

where 8, is the lattice bending angle over distance Ax,
determined from dislocations with Burger’s vector
b [58]. Therefore, for the CSRC, 0,,/Ax can be
expressed as the ratio of the angle spanned by the
CSRC of the Kikuchi band to its bandwidth, 26g/1.
Consequently, the formula can be rewritten as

B.DA et al.
293 dCD/dx
= — 4
Phom |b|l |b| ’ ( )
substituting our experimental values of % taken

from the SEM image, with |b| being the size of the
crystal axis along each plane direction,

|b| = $Vh*+k?>+ I for bee crystals as listed in
Table 1. The GND densities calculated from each
plane in three CSRC islands are listed in Table 1.
The average value of the GND density obtained for
the CSRC islands with zone axes of [222], [400], and
[440] are 1.46x10"° m™?, 1.14 x 10" m ™2, 1.41 x 10"
m™?, respectively. Thus, the total averaged GND den-
sity is 1.34 x 10" m~>. Such a large dislocation density
has also been observed in nanostructured In,O5 thin
film. For example, Dasari et al. [59] find that the
dislocation density in In,O5 thin film is 4.25 x 10"
m 2 when the substrate temperature is approximately
350°C, and can be reduced to 1x10"> m~> when the
substrate temperature reaches 500°C.

It should be noted that the Kikuchi patterns in the
experimental SEM data exhibit inhomogeneous band-
widths and shape distortions as shown in Figure 6,
which are slightly different from those calculated in
simulations. In the center of the CSRC island, the
Kikuchi bandwidth and its direction are closer to the
simulated results; when at the edge of the CSRC island,
the fluctuations in the Kikuchi bandwidth and its
direction become significantly larger. This means
that in the actual CSRC, the rotation speed is approxi-
mately the same in the central region, while it becomes
different in the local position away from the center of
the CSRC island. Accordingly, by measure, the local
bandwidth of the Kikuchi band in a given CSRC
island, it is possible to determine the distribution of
the Bragg angle, plane spacing, lattice constant, strain,
and building-in GNDs density on the local region of
a CSRC island where the Kikuchi pattern is presented.
Figure 6 shows the measured distribution of band-
width in the CSRC island with the zone axis of [400],
as well as the corresponding distribution of Bragg
angle, plane spacing, calculated lattice constant, strain,
and building-in GND density.

3. Conclusions

We present a cylindrically symmetric rotating crystal
(CSRCQ) film, prepared and observed using SEM and
EBSD techniques. The discovery of CSRCs expands
our understanding of material symmetry. Traditional
crystals exhibit rotational symmetries ranging from
one-fold to six-fold, all conforming to periodic struc-
tures. The discovery of quasicrystals challenged this
concept by introducing five-fold, ten-fold, or other
non-traditional symmetries. The emergence of
CSRCs further extends the definition of symmetry,
showcasing a unique, continuous rotational symmetry
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Figure 6. Distribution of bandwidth, Bragg angle, plane spacing, calculated lattice constant, strain, and building-in geometrically
necessary dislocation (GND) density, determined by analysis of Kikuchi band widths in the CSRC island with a zone axis of [400].

based on cylindrical coordinates, which is unattainable
in traditional crystals or quasicrystals. This material’s
local continuous rotational symmetry provides
a unique SEM comparative case study. The
observed SEM patterns can only be well inter-
preted by considering the wave-particle duality of
electrons. In SEM normal mode, the CSRCs pre-
pared here demonstrate not only the particle
properties of the incident electrons in the surface
morphology of the sample but also the wave prop-
erties of the incident electrons in the full Kikuchi
pattern contrast. Based on these SEM images, we
can obtain information related to the sample lat-
tice, including the lattice constant of the InSiO
material, crystal orientation, stress information of
the crystal, defect concentration, and Brillouin
zone. This information is not available from con-
ventional non-atomic level resolution SEM ima-
ging mode when using other types of crystal
samples.
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