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diffraction mappingf

Structural characterization of individual nanosized boron-rich nanowires has been carried out through
analysing the three-dimensional (3D) electron diffraction intensity distribution. Not only can the cyclic
twinning structure of these nanowires be easily determined, the new approach also reveals the
heterogeneous strain relaxation within the intact nanowire, through the accurate determination of the

orientation relationship between the constituent crystallites. The quantitative analysis of the fine
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structure in the 3D diffraction dataset indicates that this may be related to the distribution of defects

such as stacking faults, microtwins and dislocations. It is envisaged that the non-destructive nature of
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Introduction

In recent years, both material growth energetics and kinetics
have been explored to produce a wide range of nanomaterials
with interesting structures and form factors, such as nano-
tetrapods,’ icosahedral nanoparticles,”> decahedral
particles,>* nanowires,*® and nanostars,’ to just name a few
well-known examples. Identification and characterization of
those complex nanostructures have always been a challenge.
Real-space imaging through transmission electron microscopy
is the conventional tool of choice to study the internal structure
of materials, but it cannot be realized routinely with atomic
resolution even using state-of-the-art aberration corrected
microscopic techniques because of the large dimensions of the
nanostructures involved in many cases. In general, the atomic
resolution electron microscopy is a destructive structural char-
acterization technique for complex nanostructures,'>" due to
the need for preparing ultrathin cross-sectional samples, yet the
knowledge on the structure of intact complex nanostructures
maybe important as it could be the key behind the enhanced
mechanical,’** optical®** and -catalytic properties of the

nano-
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this approach could open the way for the in situ study of the structural evolution of complex
nanomaterials and polycrystalline materials in general.

nanostructures.”® Non-destructive characterization of the
nanostructures can be achieved through real-space electron
tomography,' however it often suffers from a ‘missing wedge’
problem,’ and it cannot yet routinely be used to determine the
crystallographic information about the internal structure such
as orientation relationship and internal strains.

In this paper, we will demonstrate an application of 3D
intensity analysis of electron diffraction to a non-destructive
study of the internal structure of a cyclic twinned nanowire.
Until now, analysis of electron diffraction distribution has only
been applied to the determination of crystal structures and the
morphology of single crystalline nanoparticles."”* Here we
apply the 3D diffraction intensity mapping to reveal informa-
tion about polycrystalline materials for which cyclic twinned
nanowires are special cases with the crystalline components
joined by twinning planes. The cyclic twinning nanostructure
can have real or pseudo five-fold symmetry that is not seen in
the bulk materials, usually it is always due to the result of a
balance between the surface energy minimization and the
reduction of the strain energy associated with such poly-
crystalline structures.*** The twinning structure may be a
factor influencing the mechanical properties of nanomaterials.
For example, five-fold cyclic twinned silver nanowires exhibit
anomalous strength and brittle failure.’ We will show that the
retrieval of 3D diffraction intensity distribution allows us to not
only identify the cyclic twinned structure directly, but the
technique also reveals quantitatively the orientation relation-
ship of the internal crystallites and information about defor-
mation and defects associated with the internal strain
relaxation, all non-destructively.

The complex nanostructure we choose to study as a model
system is boron-rich cyclic twinned nanowires that have shown
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Rhombohedral
Unit Cell (T1)

(a) A structural model of a five-fold cyclic twinned boron carbide nanowire. (b) The orientation relationship between the rhombohedral unit cell in one of the

five components of the cyclic twinned nanowire (shown in black) and the corresponding reciprocal lattice (as shown in red color). Also shown are diffraction patterns,
corresponding to the intersection of the reciprocal lattice points by the Ewald spheres (which are approximated by planes of different colors, corresponding to various
plane waves of different incident angles). The @ plane is defined to be perpendicular to the rotation axis (RA) of the nanowires and passes through the (112), lattice
point, so it will contain peak intensities of all five (112), reflections of the cyclic twinned nanowire as labelled.

promising applications, such as high temperature thermoelec-
tric nanomaterials® and reinforcing phases in ceramic
composites.?* The boron-rich materials (B¢O, B4C, etc.) share a
common o-rhombohedral crystalline structure with a space
group R3m (no. 166).>° Despite its complexity, the best way to
understand the rhombohedral unit cell is to consider it as a
distorted cubic close packing structure with the lattice points
occupied by nominally By, icosahedral clusters and charge
balancing atoms such as carbon or oxygen atoms occupying the
interstitial sites within this lattice (see Section 1 in the ESIT).
Our early studies”® suggest that these multiply twinned nano-
wires can be understood as a cyclic twinning of five such elon-
gated tetrahedral crystallites sharing a common [001]; axis
(Fig. 1a), where the subscript r refers to the rhombohedral
representation.

Experimental methods

The 3D reconstruction of diffraction intensity distribution is
conducted by recording the two-dimensional electron diffrac-
tion patterns as a function of systematic tilting of either the
incident electron beams or the nanowires (see Section 2 in the
ESIt). As the Ewald sphere (which can be approximated as a
plane for the scattering of the high energy electron beam typi-
cally used in the medium-voltage transmission electron
microscopes) intersects with the reciprocal lattice convolved
with the shape function of the truncated crystallites, the three-
dimensional diffraction intensity distribution can be mapped
out through systematic tilting. To study cyclic twinned nano-
structures, we have chosen to examine a region of the reciprocal
space where the contributions from all the twinning elements
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form a symmetrical group around the nanowire axis. Fig. 1b
shows a real space rhombohedral unit cell of one of the crys-
talline components labelled T1 in Fig. 1a, together with a part of
the corresponding reciprocal lattice structure. The (112), and
(113), are the two reflections close to the [001]; axial direction of
the nanowire, and they are included in the 3D reconstruction of
electron diffraction intensity distribution. For clarity, the other
four equivalent (112), and (113), reflections for the remaining
crystallites labelled as T2-T5 are not drawn. The scanning of the
Ewald sphere through the reciprocal space is achieved through
real-space tilting of the nanowire about an axis perpendicular to
both the direction of the incident beam and the axis of the
nanowire. The tilting is conducted with a regular angular
spacing of 0.1° and an overall tilting range of +10°. Because the
resulting tilting of the diffraction pattern is pivoted about
the origin of the reciprocal space (defined to be the end of the
scattering vector of the incident beam), the volume of the
reciprocal space is not sampled uniformly. We have taken this
into account and the experimental data shown here have all
been converted into a representation with uniform voxels (see
Section 3 in the ESIY).

Results and discussion

Fig. 2a shows the experimental result for one such nanowire.
We can see clearly two groups of five diffraction peaks situated
about a common axis along the axial direction of the nanowire.
They form two pentagonal patterns, related by inversion, which
can be indexed to the grouping of the (112), and (113), reflec-
tions, respectively, about the axial direction of the nanowire as
shown in Fig. 1b. This result directly confirms the cyclic nature

This journal is © The Royal Society of Chemistry 2013
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(a) 3D reconstruction of the diffraction intensity distribution in the reciprocal space around (112), and (113), lattice points from a boron carbide five-fold

twinned nanowire whose orientation is shown at the lower left corner. The plane defined by the peak intensities of all five (112), reflections is shaded and is labelled as
the Q plane, as shown in Fig. 1. (b) The magnified view of the 3D distribution of the (112), reflections is shown in (a). (c) The 2D intensity distribution of the (112),
reflections in the Q plane, with the corresponding boron carbide nanowire with a diameter of about 80 nm is shown in the inset. (d) The 2D intensity map in the Q plane
calculated for the ideal five-fold cyclic twinned nanowire structure whose cross-sectional view is illustrated in the inset. (e) The comparison of the experimental and
simulated intensity profiles along the line AB is indicated in (c). (f) Intensity profiles across the (112), diffraction peaks of different crystalline segments, the inset is the

magnification of the area in the dashed rectangle.

of twinning in the boron-rich five-fold twinned nanowires.”?
Compared to the more conventional methods of identifying the
cyclic twinning internal structure in decahedral nanowires,
which requires either one-off destructive cross-sectional sample
preparation™ or taking systematic zone-axis diffraction patterns
by rotating the nanowire about its axial direction by +18°,%7* 3D
diffraction intensity mapping is visually direct and requires a
much smaller tilting range (about +10°) and can be done non-
destructively. The latter is important for in situ experimental
investigation of the structural changes inside nanowires, an
important area of development in nanoscience research.?®
New information can be deduced by studying the three-
dimensional reconstruction of the diffraction intensity in
detail. We focus on the five-fold (112), reflections as shown in
Fig. 2b. A striking feature is the large difference between
the intensity distributions of the five reflections, showing the
inhomogeneous nature of the internal structure of the
nanowire. However, it is still possible to define a point,
labelled ‘O’, equidistant from the peaks of all five reflections
in the cross-sectional map of the five (112), reflections shown
in Fig. 2c. We regard it as the projection of the [001], axial
direction of the nanowire on the cross-sectional map. This is
supported by the measurement of angles sustained by each
reflection with respect to the nanowire axis. They are found
to be in the range of 8.1-8.5°, consistent with the angle of
8.4° between [001]; and (112), reflections, calculated using the

This journal is © The Royal Society of Chemistry 2013

rhombohedral lattice parameters defined for this boron
carbide nanowire (see Section 4 in the ESI{). Therefore, it can
be concluded that all five twinning segments of the boron
carbide nanowire share the same growth axis, ie the
common [001], twinning axis.

Using the axial direction of the nanowire that we have
deduced, we can find out the dihedral angles sustained by each
pair of neighbouring planes formed by the (112), reflections and
the nanowire axis. They define the orientation relationship
between the neighbouring crystallites, and more significantly
they are also found to be all different, as shown in Fig. 2c. Two
of the dihedral angles are about 78°, while the other two are
about 66°, very different from the average value of 72° expected
of the uniformly strained twin boundary**®* or the 73.68°
expected of the unstrained twining structure. As we have
mentioned before, intrinsic strain is known to be important for
decahedral nanostructures because there is an angular misfit in
joining five regular crystallites by twinning operation alone.>**
For example, in face centered cubic (fcc) materials, there is a
well-known angular deficiency of 7.35° in decahedral nano-
structures and it is the cause of the intrinsic strain in the fcc
cyclic twinned systems such as Au, Ag and Cu nanoparticles and
nanowires or that of the related semiconductors (Si, Ge or dia-
mond) and has been subject of extensive studies (see ref. 2 and
21). Using the result of cross-sectional transmission electron
microscopy performed on samples prepared by a microtome
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Fig.3 HRTEM of the T3 and T4 twinning segments of the boron carbide nanowire shown in the inset of Fig. 2c. The inset shows the corresponding diffraction pattern
of the boron carbide nanowire. At this orientation, T3 and T4 are at [100], and [010], zone-axis diffraction conditions, respectively, while other crystalline segments (T1,
T2 and T5) are far from major zone-axis orientation and do not show atomic scale contrast in the HRTEM image.

technique, Chen et al.** have discovered that the misfit angle of
7.35° is shared by three crystallites in a silver cyclic twinned
nanowire with a diameter of 100 nm. However, as Ag nanowires
are easily deformed, one has to be careful in extrapolating this
result to the intact nanowires.

In the case of boron carbide cyclic twinned nanowires under
investigation, because the dihedral angle between neighbour-
ing {100}, twinning planes is about 73.68°, there is an ‘angular
excess’ of about 8.4° when joining five boron carbide crystallites
by {100},-type twinning. In contrast to the silver nanorods where
three of the dihedral angles are very close to the dihedral angle
between the {111}, twinning planes,™ our result showed for
the first time, on an intact boron-rich nanowire, that none of the
five grain boundaries have the pure wedge angle expected of the
single twinning relationship.

We can learn more about the possible structural features
present by analyzing the fine structure in the individual (112),
reflection peaks and their flares (or streaks). However to
understand them quantitatively, we need to take into account
the finite beam coherence, which is different in the transverse
and longitudinal beam directions (X direction and Y direction
in Fig. 2c, respectively). We estimated the transverse coherence
length of the incident beam to be about 22 nm from its angular
width (about 0.045 nm ™', after being deconvoluted out of the
instrumental broadening effect) without the beam passing
through the sample. The transverse coherence is about the
same size as the dimension of the crystallites in the cross-
sectional plane. Together with the much longer longitudinal
coherence length of the beam, the individual components of
these cyclic twinned nanowires will be considered to be
approximately coherently illuminated in the cross-sectional
plane. Examination of the angular widths of the five (112),
reflections along the axial direction of the nanowire shows that
they are in the range of 0.047-0.063 nm™'. These values are
similar to the angular width for the incident beam, but signif-
icantly smaller than the typical angular widths of the (112),
reflections seen in the cross-sectional map (Fig. 2c). This shows
that the microstructure present in the nanowire is mostly axial.
So we will focus on the features in the cross-sectional intensity
map now.
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The flare in the diffraction patterns of a finite sized nano-
structure is known to be affected by shape factors,* strain and
surface relaxation.*** The possible presence of the flare (or the
diffuse scattering) has been known because they, for example, are
believed to contribute to the forbidden reflections in the zone-axis
diffraction patterns.**> The advantage of the 3D diffraction
dataset is that it allows us to analyze the intensity of the diffuse
scattering more quantitatively. For example, the pure shape effect
can be easily simulated. Because of the long extinction distance
for boron-rich materials (see Section 5 in the ESIt), a simple
kinematic calculation is sufficient. This has been carried out for
an ideal five-fold cyclic twinned boron carbide nanowire (i.e.
without strain and defects) with the same diameter of 80 nm as
that shown in the inset of Fig. 2d and the result is shown in Fig. 2d.
A comparison of the simulation and the experimental line profiles
along the A-B line marked in the experimental intensity map of
Fig. 2¢ shows a good agreement both in the relative intensity and
the pitch of oscillation (0.04 nm™") (Fig. 2e). However, the simu-
lation result based on an ideal shape effect cannot explain the
intense flares along the directions linking (112), reflections of T3
and T4, as well as those between T2 and T3 (Fig. 2f).

We believe that these anomalous flares are due to the pres-
ence of stacking faults (SF) and microtwins (MT) that are
common in such nanowires.”»* Fig. 3 shows the high resolu-
tion transmission electron microscopy (HRTEM) evidence of
their presence in the T3 and T4 crystallites of the nanowire. As a
result of the stacking faults or microtwins, the widths of the
defect-free regions in T3 are reduced to about 11 nm and 13 nm.
This is comparable with the observed spacing of the ripples in
the flare from the (112), reflection of T3 to that of T4 (about
0.087 nm™" as indicated in the inset of Fig. 2f, or in other words
the width of the coherently diffracting region is about 11.5 nm).
This suggests that the flare we have observed is not due to the
coherent diffraction from the whole crystallites, but only a small
fraction of the volume is involved. To mimic that, we have
represented the crystallite segment with microtwin defects
(shown in the cross-sectional view in Fig. 4b) by an elongated
tetrahedral boron carbide crystallite with 2 layers of parallel
regular-spaced {100}, microtwin lamellae (each lamella has 2
layers of close packing boron clusters). Given the transverse

This journal is © The Royal Society of Chemistry 2013
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Fig.4 (a) The cross-sectional morphology of an ideal five-fold twinned nanowire
with five elongated tetrahedral crystalline segments labelled as T1-T5. (b) and (c)
The cross-sectional views of the proposed defective structural model of an elon-
gated tetrahedral boron carbide crystallite oriented as the T3 segment in (a) with
2 and 13 layers of regular-spaced parallel {100}, microtwin lamellae (each lamella
has 2 layers of close packing boron clusters), respectively. The model in (b) is used
to simulate the crystalline segment T3 with microtwin lamellae parallel to the
twinned plane between T3 and T4. The model (c) assumes that the 13 layers of
microtwin lamellae in the T3 segment are parallel to the T2-T3 twinned plane. (d)
The comparison of the simulated intensity line-profiles along the direction
perpendicular to the twinning plane. All are purely coherent simulation results
except for L2 that is obtained by assuming that the intensity is the incoherent
summation of the different coherent reflections from microtwin-free regions. L1 is
the reference result for the ideal five-fold twinned nanowire shown in (a). L2 and
L3 are for the structural model shown in (b). L4 corresponds to the structural
model shown in (c). Also shown are the simulated results for structural models
with 13 layers of irregular-spaced microtwin lamellae in the sequence of 1-2-3-1-
2-3-1-2-3-1-2-3-2-2 (L5) and 2-2-2-1-1-1-3-3-3-2-2-2-1-3 (L6) respectively. The
sequence is labelled in the unit of the {100}, atomic layer.

nature of the defect, we have tried to estimate the effect of
partial beam coherence by adding the diffraction intensities
from those defect-divided subunits either incoherently or
coherently. The simulated intensity profiles for both cases have
been shown as L2 and L3 (Fig. 4d). We found that the intense L2
profile is more consistent with the experimental observation
shown in the inset of Fig. 2f.

The flare between T2 and T3 extends further out from the
respective diffraction peaks than that between T3 and T4

This journal is © The Royal Society of Chemistry 2013
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(Fig. 2c and f). Given the prevalence of the {100},-type planar
defects (such as microtwins and stacking faults) in such nano-
wires, it is quite feasible that this reflects much smaller lamella
spacing. This possibility has also been investigated through
simulation in Fig. 4. As the long longitudinal coherence is more
relevant for flares along the T2-T3 directions, only coherent
results are shown. The result (L1, L3-L6, Fig. 4d) demonstrated
that the presence of microtwin lamellae will indeed increase the
intensity of the diffraction flares significantly. For the model
structure with regular-spaced microtwin lamellae (Fig. 4b and
¢), the corresponding intensity plot (L3 and L4, in Fig. 4d) shows
an intense flare with a prominent feature (indicated by black
arrows in Fig. 4d) reflecting the spatial periodicity of the
microtwin lamellae. The comparison with the experimental
case can be further improved by considering the case that the
microtwin lamellae have irregular spacing. The corresponding
simulated intensity distribution shows even more intense flares
(L5 and L6 in Fig. 4d correspond to the models with 13 layers of
irregular-spaced microtwin lamella) with more diffuse peaks.
Therefore we believe that the strong flare between T2 and T3 is
due to the high-density irregular spaced planar defects. This
prevalence of high-density parallel twins is consistent with the
low stacking fault energy that is also responsible for the cyclic
twinned structure in the first place.

Finally, we comment on the anisotropy of the diffraction
peak broadening observed most strikingly in T3 and T4. In
particular, the direction of the elongation of the T4 reflection is
not aligned with the flare orientation, suggesting that they have
a different origin. It is well known that an array of the edge
dislocations, such as those present in a small angle grain
boundary capable of fixing the ‘extra-wedge’ problem in the
boron carbide cyclic twinned nanostructure, would introduce
both a tensile and a compressive strained region respectively
around each core of the dislocations. This could be responsible
for the anisotropic broadening of the diffraction peaks. The
presence of such a small angle grain boundary is consistent
with the structural model,* where a combination of small angle
grain boundary and regular microtwin array can lead to an
effective solution of the strain caused by the ‘excess-wedge’
problem in boron carbide cyclic twinned nanowires.

Conclusions

In summary, we have carried out a 3D diffraction intensity
reconstruction of cyclic twinned boron-rich nanowires to investi-
gate their internal structures non-destructively. We have found
that it is a convenient and direct method to identify the cyclic
twinning structures in such nanowires. A quantitative study of the
dihedral angles between the diffraction peaks reveals that
heterogeneous strain distribution is the norm in nanowires of
such size and none of the twinning plane remains strain-free. We
expect such nanowires should be considered ‘pre-strained’ when
discussing their mechanical responses. We have clearly identified
the presence of microtwins and stacking faults, as well as the
possibility for dislocation arrays. We believe that these defects,
collectively, are responsible for the strain relaxation in such
complex nanowires. Given its sensitivity to the microstructure of
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the complex nanowires, the non-destructive nature of our
approach is ideal for the in situ study of nanostructured materials
as a function of temperature or external action. With the rapid
development of coherent electron diffraction techniques,*** we
also expect that this approach can eventually be extended to also
include electron diffraction tomography through phasing by the
over-sampling method, to obtain real-space structure inversion,
once such method becomes more robust in strained systems and a
more coherent electron beam is used. This will allow us to study
the morphology and strains within individual crystallites in real-
space,””** as well as their real-space relationship with each other.
Even in its present form, our demonstration has shown that the
knowledge on the 3D diffraction intensity distribution is powerful
enough in revealing many hitherto unknown states of the complex
nanostructure. Therefore, we expect that our current approach
and its further extension into electron diffraction tomography can
find many more applications in characterization of polycrystalline
materials other than the cyclic twinned nanowires.
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