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Abstract

Over recent years, advances in nanotechnology have led to an increased interest
towards engineering nanomaterials with defined morphologies, for applications where the
nanoparticle shape plays a significant role in processes, such as in catalysis, drug delivery and
optics. Therefore, it is essential to resolve the 3D morphology and structure of these materials
in order to gain understanding about their physical and chemical properties for further
optimization. Following this line of research, this thesis explores a set of experiments that
makes use of Scanning Transmission Electron Microscopy (STEM), incorporating both STEM
tomography and 4D-STEM techniques. These techniques were used to investigate the origin of
chiral shapes in Tellurium (Te) bipyramidal nanoparticles, where it was determined that the
chiral geometries of the nanoparticles arise from growth mediated by screw dislocations rather
than chiral ligands used in their synthesis. Gold (Au) nanoparticle self-assembled superlattices
were studied by electron tomography and their lattice structure was investigated through
determination of the 3D nanoparticle positions. The superlattices were found to have different
crystalline structures for different molecular weights of their protective ligands. Finally, gold
nanoparticles that seemed to have a twisted bipyramidal geometry were investigated through
electron tomography. A model was built from the reconstructed cross-sections which supported
the conclusion that the asymmetry in the shape resulted from the arrangement of the facets
rather than a twist. The analyses performed in this thesis were custom-developed building upon
general electron microscopy and mathematical concepts, enabling their application towards

different systems and materials.
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1 Introduction

This introductory chapter gives a brief overview of some key concepts from the fields
of electron microscopy and nanomaterials, which support the experiments presented in this
thesis. Section 1.1 gives an overview of why electron sources are used to image nanomaterials.
Section 1.2 introduces the basic modes of operation in transmission electron microscopy (TEM)
and scanning transmission electron microscopy (STEM). Section 1.3 gives an overview of the
diffraction patterns resulting from parallel and convergent beams. Section 1.4 presents the
common crystal structures in bulk metals and in particular the structures of the bulk materials
studied in this thesis: tellurium and gold. Finally, section 1.5 gives an outline of how this thesis

is organized.

1.1 Images from electrons

1.1.1 Interaction of the electrons with the specimen

When electrons interact with matter they are scattered and according to their final
energy the scattering will be either elastic, when there is no measurable loss of energy, or
inelastic. Elastic scattering happens mainly due to the interactions between the electron and the
nuclei of the specimen. On the other hand, inelastic processes primarily occur when the incident
electron beam interacts with the electrons from the atoms of the specimen. Both types of
scattering are useful for studying materials. In the past, the elastically scattered electrons used
to be the only signal used in classical TEM, since they generate the direct beam and much of

the intensity in the diffraction patterns'.
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Inelastic scattering processes are studied with electron energy-loss spectrometry
(EELS) and X-ray techniques and they are responsible for specimen damage, since the electrons
transfer energy into the specimen. These techniques provide important information about the
chemistry and electronic structure of the specimen’.

If the scattered electrons are in phase, the scattering process it is called coherent, in
contrast the process is named incoherent, when the electrons are scattered with different phases.

At low angles, elastic scattering is mostly coherent, but becomes progressively
incoherent with increasing scattering angle. On the other hand, inelastic scattering is mostly
incoherent. The coherence of electrons is important because it is associated with their angle of
scattering and therefore with the arrangement of the atoms in the specimen.

In particular, high-angle scattering, caused by the electron-nucleus interaction, can be

described by the differential Rutherford scattering cross section’:

Z2)% dQ (1.1)

647T4a(2) [sinz (g) N g_g]

or(0) =

. . h?E
Where Z is the atomic number, ao = — 22
0

is the Bohr radius of the scattering atom, 4 is the
relativistic electron wavelength, (1 is the solid angle of scattering, 8 is the scattering angle and
0, is the screening parameter.

High angle elastically scattered electrons are used for STEM Z-contrast imaging, and

this signal is due to Rutherford scattering. This will be shown in more detail in the section 1.2,

where the high-angle annular dark field (HAADF) detector is presented.
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Figure 1-1 Diagram showing a scheme with the different kinds of electron scattering in a thin specimen.

Adapted with permission from Williams, D.B. and Carter C.B.! Copyright 2009 Springer Nature.

1.1.2 Resolution

The most intuitive way of imaging a material is through the use of light sources, such
as in photography or in visible-light microscopes (VLM). However, these sources have
insufficient resolution to image features smaller than the wavelength of visible light (~400-700
nm), and therefore other sources with shorter wavelengths are needed for this purpose.

Electrons are the most adequate source to acquire information from atoms and
materials at the nanoscale. High energy electrons have short wavelengths which leads to high
resolution imaging. In TEM, the resolution is limited by diffraction effects and lens aberrations.
It is simpler to describe the TEM in terms of classic Rayleigh Criterion for VLM?, where the

minimum distance (D,) that can be resolved is given by':
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(1.1)

D, = 0.61
’ psin B,
Where A is the radiation wavelength, p is the refractive index and 3. is the semi-angle

of collection of the magnifying lens. For simplicity, p sin ., can be approximated to unity.

D, =0.61 1 (1.2)

For example, in an optical microscope, where the visible light wavelength ranges from
400 to 750 nm, this expression results in a maximum wavelength-dependent resolution of
approximately 244 to 457 nm.

In the case of electrons, the relativistic wavelength is given by:

h (1.3)

4

e
\/ZmOeV(l + Woclz)

1=

Where h is the Planck constant, m is the mass of the electron, e is electron charge, V is the
accelerating voltage and c; is the speed of light in a vacuum.

Therefore, by increasing the acceleration voltage, the electron wavelength is
decreased, and the resolution is improved. As an illustration, for an accelerating voltage of 200
kV, which is common for electron microscopes, the wavelength of the electron is 2.51 pm and
according to equation (1.2), the corresponding Rayleigh limit is 1.53 pm, which is much smaller
than the lower limit of the VLM as presented above, and smaller in fact than the diameter of an
atom (0.1-0.5 nm). In practice, the resolution of electron microscopes are far from the Rayleigh
limit; the resolution of the electron microscopes are limited by aberrations in the electron lenses

and the current resolution record is around 50 pm*.
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1.2 Transmission electron microscopy

A transmission electron microscope consists of three basic components: the
illumination system, the objective lens system and the imaging system.

The main role of the illumination system is to accelerate and transport the electron
beam to the sample, whereas the convergence of the beam at the sample plane (convergence
angle, a.) determines the mode of operation. In TEM mode the condenser lenses provide the
illumination system and they are set to generate a parallel beam at the sample level, equivalent
to a near zero a, angle.

In TEM the imaging mode is selected by the objective aperture. When the objective
aperture is centred on the direct beam, bright-field images are formed (Figure 1-2, a). On other
hand, a dark-field image is formed when the objective aperture is centered on a diffracted spot
- or the electron beam is tilted, such that a Bragg reflection is collected on-axis (Figure 1-2, b).
The beam-tilt method is more commonly used for DF-TEM since it minimizes the aberrations
and astigmatism caused by an off-axis beam'?.

Image contrast between both imaging modes is inverted. The direct beam is composed
of electrons that were not deviated from their trajectory when interacting with the specimen.
Regions of the specimen that scatter a significant proportion of electrons therefore appear dark
on a bright background in bright-field imaging mode. By contrast in dark-field mode the high
intensity regions indicate significant electron scattering. Scattering materials therefore look
bright against a dark background during dark-field imaging.

TEM mode is ideal to image defects and the crystal structure of nanomaterials since it
offers great image contrast and also precise information about the crystal structure of materials
through their diffraction patterns. It is also advantageous compared to STEM mode in relation

to contamination growth during the imaging due to smaller electron beam flux on the sample.
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Interpretation of diffraction patterns compared to convergent beam electron diffraction (CBED)
patterns in the STEM mode are also more straightforward.

STEM consists of a convergent beam that is rastered across the sample to collect the
signals resulting from the interactions between sample and electron beam at each probe
position. To achieve this, magnetic lenses are used to focus the electron beam into a small probe,
which is scanned across the sample. The transmitted electrons from each area of the specimen
are projected onto the STEM imaging system.

The STEM mode also can generate Bright-Field (BF-STEM) and Dark-Field (DF-
STEM) images from the direct and scattered beam, respectively. However, the collected
electron signal is determined through choice of detectors!, where the electron collection angle
(B.) of the detector is adjusted by the camera length.

DF-STEM uses the signal from scattered electrons and incorporates annular dark field
(ADF) and high angle ADF (HAADF) imaging. A schematic of the different modes of the
STEM can be seen in Figure 1-2-b. The ADF detector is centred on the optical axis, but it is
hollow in the middle to avoid electrons in the direct beam (where a BF detector is placed) in
order to select the Bragg scattered beam. The contrast in the images produced from the ADF
detector is derived from diffraction contrast and there is a close link between ADF-STEM and
dark-field TEM images, produced by selecting a specific spot in the diffraction pattern®.
Therefore, ADF images are very suitable for the study of defects and dislocations in crystalline
materials’.

In HAADF-STEM the collected electrons are scattered through high angles.
Conventionally the inner HAADF angle is greater than 50 mrad', however there are different
opinions about this limit and the angle will depend of the convergence angle used®. As
mentioned above, this type of imaging provides Z-contrast, since for high angles, the scattered

electron signal is primarily due to Rutherford scattering. However, the Z dependence of the
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scattering cross-section ay is reduced from Z2 to Z™ (n = 1.0 — 1.8) due to electron screening
effects’.

The main advantage of HAADF-STEM is that the chemical composition of the sample
can be resolved in many cases due to the variation in contrast for different elements (different
7), for example metal oxides and metal alloys. Also, by combining HAADF-STEM with
aberration correction it is possible to image the atomic structure and composition of materials
with sub-angstrom resolution'’. Disadvantages of STEM microscopy include specimen damage
from the electron beam, the focused electron probe is known to induce heating!! and also build-

up of organic contamination during imaging.

>
=
oy
oy

B)

Specimen
[ I |
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Figure 1-2 Comparison between BF and DF image formation in TEM and STEM modes. a) The BF
mode formed in the TEM mode by selecting the direct beam through the objective aperture. b) a dark-
field image is formed by tilting the beam such that a diffracted beam is on-axis. c) In STEM mode, the
direct beam is collected by the BF detector, adjusted to a long camera length L;. d) The ADF and
HAADF are annular detectors that collect the scattered beam, by varying the camera length to shorter
lengths (L, and Lj, respectively). Adapted with permission from Williams, D.B. and Carter C.B.!
Copyright 2009 Springer Nature.
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1.3 TEM and STEM diffraction

1.3.1 Ewald sphere and Laue zones

The Ewald sphere is a theoretical construction which defines the spots that will be
visible in the diffraction pattern for a given incident electron beam with wavelength A. In other
words, the Ewald sphere determines the points in reciprocal space that are formed from
constructive interference, i.e. the points obey the Bragg condition'? (1 = 2d - sinfy), forming
a sphere with radius 1/A. In reality, the reciprocal lattice is composed by rods instead of

spherical spots, due to the effects from a finite sample shape. Figure 1-3 shows a 2D schematic

where the Ewald sphere intercept a lattice - where K ; and K p are the incident and diffracted
beam wave vectors, respectively. In reality, as mention earlier, in TEM the electron wave is
very short and therefore the radius of the Ewald sphere is very large. Thus, the diagram in
Figure 1-3 is only to illustrate the concept, but in practice the sphere has a very small curvature.

During imaging in the TEM, it is standard procedure to tilt the sample until the crystal
is oriented on axis, i.e. to rotate the sample until the normal to the lattice plane of interest is
parallel to the electron beam direction. This is equivalent to tilting the sample until the Ewald
sphere intersects the lattice at the intended direction - instead of cutting the lattice at

intermediate points.
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Figure 1-3 Scheme showing the Ewald sphere in 2D. The Ewald sphere has radius 1/4, where A is the
wavelength of the electron beam. The lattice points intersected by the sphere will be visible in the

diffraction pattern.

Since the lattice and Ewald sphere are in three-dimensional space, there are different
reflection planes intersected by the Ewald sphere as shown in Figure 1-4. Each individual plane

is called a Laue Zone and given by'*:

hu+kv+Ilw=N (1.4)

where [uvw] is the electron beam direction and hk! are the coordinates of the allowed reflection
in the Nth order Laue zone. N = 0 gives rise to the circular and central diffraction pattern where
the electron beam 000 is contained (Figure 1-4, b) and is called the Zero Order Laue Zone
(ZOLZ). Analogously, N =1 gives the first outer diffraction ring and it is denominated first
Laue zone (FOLZ). The same applies for the high order Laue zones (HOLZ)'.

Since the electron wavelength A is very short, the curvature of the Ewald sphere is

small and most of the electrons are scattered into the directions that are present in the ZOLZ".
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Thus, a lower camera length is required and a wide field of view are required to acquire

HOLZ.'®
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Figure 1-4 Scheme showing the Ewald Sphere and Laue circles. a) Lateral view showing zero (ZOLZ),
first (FOLZ) and second (SOLZ) Laue zones. The highlighted circles are the spots observed in the
diffraction pattern in each Laue zone circle b) In-plane view showing the Laue circle zones as observed

in the electron microscope.

1.3.2 Diffraction pattern from different convergence angles

In TEM and STEM modes the difference in the convergence of the electron beam will
result in different types of diffraction patterns. As mentioned earlier, in TEM mode the incident
beam is parallel. The diffraction patterns are formed in the back focal plane, and the region of
interest is selected by an aperture in the image plane of the objective lenses. The resulting
diffraction pattern is formed by bright points (Figure 1-5, a). On the other hand, since in STEM
mode the electron beam is convergent, the diffraction pattern formed will depend on the
convergence angle a. and, instead of using a mechanical aperture, the region from where

diffraction information is extracted is selected by the area illuminated by the electron beam!'®.
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In STEM mode, instead of points, the diffraction patterns are formed by disks. The
patterns contain different information depending of their characteristics. At high convergence
angles each disk is full of crystallographic details and patterns are denominated convergent-

beam electron diffraction (CBED) patterns (Figure 1-5,b).

Figure 1-5 Different modes of diffraction according to the convergence angle «, for a [111] Si sample.
a) SAD pattern from a parallel beam, b) CBED pattern, from a convergent beam showing disks and
Kikuchi lines. Adapted with permission from Williams, D.B. and Carter C.B." Copyright 2009 Springer

Nature.

Therefore, the type of diffraction data will highly depend on the convergence angle
used in the experiment. Changing the convergence angle will not only result in the acquisition
of different crystallographic information from different types of diffraction patterns, but will
also result in the trade-off between real-space resolution and angular resolution in reciprocal
space!”!®. Smaller convergence angles produce probes with lower resolution, but on the other
hand, they will result in more well-defined disks. In addition, when the convergence angle
becomes very small, i.e. tends to zero, since the disks converge to a SAD pattern, only statistical
crystal information from a relatively large area (> 100 nm in diameter) of the specimen is
acquired - and local information and deviations in the lattice structure are difficult to detect

from these patterns'®.
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Conversely, when the convergence angle is increased but the beam is still nearly
parallel, the size of the diffraction disks increases, and they will form a nanobeam electron
diffraction (NBED) pattern — the origin of the name is derived from the fact that the focused
probe can produce diffraction patterns from areas with less than 1 nm in diameter?’. As a result,
the diffraction pattern is formed from a much smaller volume of the specimen and local atomic
variations and structure can be easily resolved by indexing and comparing NBED patterns
acquired at neighbouring probe positions. The pattern recorded in NBED is similar to the ones
observed in SAD!®, and this is illustrated in Figure 1-6 (a).

As mentioned above, larger convergence angles form CBED patterns. The reduced
probe size results in better real-space resolution. However, the trade-off is decreased precision
in reciprocal space, since the disks becomes larger and start to overlap'’, as can be seen in
Figure 1-6 (b). Ideally the convergence angle must be limited to a maximum Bragg angle 63 to
avoid the overlap of adjacent diffraction disks, or in other words, the crystal periodicities need
to be smaller than the diameter of the incident electron beam?’.

In the analysis of CBED patterns, there are two ways to study the orientation of
crystalline materials: fitting Kikuchi lines when the sample analysed is thick or indexing the
diffraction disks for thinner specimens. The former method is in general more precise due to
the sharpness of the lines but it can lose accuracy for regions with deformation where the
intensity becomes imprecise!”. Another advantage of using CBED patterns is that thicker
specimens can be used since they result in more dynamical scattering effects'. One challenge
in the use of CBED is that this technique is very susceptible to hydrocarbon contamination, due

to the focussed electron beam, which compromises the resolution of dynamical details'®.



CHAPTER 1. INTRODUCTION 41
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Figure 1-6 Diffraction disks from different convergence angles in the electron microscope. a) Small
convergence angles generate non overlapping disks. b) If the convergence angle is progressively

increased the disks start to overlap.

1.4 Common crystal structures of metals

The most common structures in solid metals are the body-centered cubic (BCC), face-
centered cubic (FCC) and hexagonal closed packed (HCP) structures?!. Bce is a cubic structure
with atoms at each corner and one atom at the center of each unit cell. They form a non-close
packed structure because the atoms at the edges are only in contact with the central atom but
are not in contact with each other. Thus, the BCC atomic packing fraction, i.e. the fractional
volume in the unit cell filled by spheres is 0.68 - and the coordination number (i.e. the number
of first nearest neighbours) is 8. Examples of materials with BCC structure are W and Fe?>%,

Fcc is a cubic structure with atoms at each corner and at the centre of each face in the
unit cell. Because the atoms at the corners are in contact with the atoms at the adjacent faces,

they form a close-packed structure. Examples of bulk materials with FCC structure are Au, Ag

and Pt>*%_ Materials with HCP structures, such as Ti and Co**?’, have a hexagonal unit cell.
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Both FCC and HCP have a packing fraction of 0.74, i.e., the spheres fill 74% of the cubic

volume, and a coordination number of 12.
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Figure 1-7 Stacking assembly of the most common closed packed structures, FCC and HCP. a) The first
layer is organized in a hexagonal pattern, with each sphere being surrounded by six nearest neighbours.
b) The second layer on both structures is slightly shifted with respect to the first and lies in the hollow
sites of the layer below. c) The third layer in HCP structures lies exactly above the first layer. d) On the
other hand, in FCC, the third layer is also shifted, and it lies in the hollow sites of the second layer.

Figure 1-7 shows the stacking arrangement in FCC and HCP structures. In a
monolayer, the closest assembly of spheres is intuitive, and can be observed when a set of
spheres are in contact, and the arrangement forms a hexagonal structure in plane?® (Figure 1-7,
a). In close packed structures the next layer is stacked in order to minimize space and therefore
it is shifted with relation to the bottom layer such that the spheres in the second layer sit in the
hollow sites of the first layer (Figure 1-7, b). The third layer defines the packing structure: in
the hexagonal close packed structure (HCP) this layer will match registration of the first layer,
whereas in FCC structures the third layer sits in hollow sites of the second layer that are not
directly above the first layer. The resulting stacking order repeats every two layers for HCP and

three for FCC, where the stacking orders are referred to as ABAB and ABCA respectively.
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1.5 Thesis outline

This thesis is structured as follows: Chapter 1 provided a general introduction. Chapter
2 introduces the main concepts of electron tomography and the 4D-STEM technique. Chapter
3 presents experimental results obtained from the application of these techniques in the
investigation of the formation of chiral shapes in tellurium nanoparticles. Chapter 4 presents
electron tomography experiments from gold polymer grafted superlattices to investigate their
3D-lattice structure. Chapter 5 covers the investigation of Au bipyramidal nanoparticles
produced by seed-mediated processes. The investigation of the morphologies of these
nanoparticles, was also performed through electron tomography and a model that simulated
their shapes from the geometry of their cross-sections. Finally, chapter 6 presents the

conclusions of the thesis and outlook. Supplementary information is provided in appendix A.



2 Principles of Electron Tomography and 4D-STEM microscopy

This chapter introduces the basics concepts associated with the two techniques used in
this thesis for the study of materials: STEM tomography and 4D-STEM techniques. The
structure of this chapter is as follows: Section 2.1 gives an overview of the field of electron
tomography. Section 2.2 describes the experimental procedure used to acquire a tomography
series in the electron microscope and the main challenges that need to be confronted to obtain
a dataset that will result in a good reconstructed volume with minimum artefacts. Section 2.3
present the main methods and algorithms used for the alignment which represents, the most
critical task to achieve a satisfactory tomography reconstruction. The mathematical theory of
tomographic reconstructions is covered in the Section 2.4. Section 2.5 is a more comprehensive
section, where the mathematical concepts previously presented are applied to the most used
reconstruction methods. Section 2.6 presents the resolution of an electron tomography dataset.
Section 2.7 shows the main problems and experimental errors associated with the final
reconstruction. Finally, section 2.8 presents the main concepts related to the 4D-STEM

technique.

2.1 STEM tomography

Tomography is a wide field that is comprised of any technique that uses penetrating
waves to acquire images at different angles of orientation and therefore reconstruct a volumetric
object from these projections. The single projections from the reconstructed volume are called
slices, and while the 2D-projections are constituted from pixels, the volumetric object (3D) is

composed of voxels.
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The tomography technique has its origins in the mathematical concept proposed by
Radon (1917)%, who showed how a 2D function can be retrieved from its 1D projections. Since
this theorem can be applied to higher dimensions, one of the first applications of this concept
was x-ray tomography, where images of an object are acquired at different angles by rotating
an x-ray source and detector around the object. X-ray tomography is an efficient and non-
destructive method which is routinely used in medicine to visualize the interior features within
the human body, such as bone, leading to precise medical diagnosis™’.

Although x-ray tomography is the most popular application of tomography, there are
many other types®!, including microwave tomography?, neutron tomography?, muon
tomography>*, etc. — since the principles of tomography can be applied to many different types
of probe.

The main focus of this thesis regards the application of electron tomography?® , which
is a powerful tool towards generating a complete volumetric description of the structure of
nanomaterials and biological components. Electron tomography is an advantageous technique
when compared with regular TEM imaging, where material information is only acquired in 2D,
leading to ambiguity in the interpretation of the 3D shapes of nanoparticles*®.

Moreover, one of the main benefits of electron tomography is that it can lead to the
reconstruction of volumes with atomic resolution®’~*°. This is achieved despite some drawbacks
and hurdles of STEM tomography which include specimen damage caused by scanning the
high energy, condensed electron beam across the specimen which can cause structural changes,
specimen shrinkage and loss of material®’. Also, due to the highly focused beam, carbon
contamination growth can build up during data acquisition, compromising the quality of the

final reconstructed volume*’.
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2.2 STEM tomography data acquisition

2.2.1 Single tilt acquisition and the missing wedge

The most common method used for electron tomography data acquisition is the single-
tilt technique since it is one of the most convenient ways to acquire the data and it has the
simplest geometrical approach for reconstruction. In the particular case of the electron
microscope, the sample holder rotates around the eucentric single axis, denotated as the
Cartesian x-axis and projections are acquired at each of the tilt angles?® which make up the
dataset; this is called a tilt series. According to the mathematical theory underpinning
tomography reconstructions, a volumetric object can be completely and perfectly retrieved
when the set of angles in a tilt series is acquired over the entire angular range?’, i.e. from -90°
to 90°. However, this is not possible in a conventional STEM single tilt acquisition (Figure 2-1),
since the side of the holder or the mesh of the TEM grid start to obstruct the electron path and
thus shadow the features of interest at high tilt angles*'; this limits the feasible angular range of

around -75° to 75° in a conventional STEM tomography experiment.
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Figure 2-1 Scheme of an electron tomography series acquisition with a single-axis tilting. The object is
rotated through a range of angles (o) and around a single fixed axis, where each projection is recorded.

A typical electron tomography series is taken in the range 75 in 1-2° increments.

Therefore, there is a region along the beam direction (z-axis) where the volume is left
unmeasured during the data collection, termed as the missing wedge (Figure 2-2). This region
of missing information results in distortion of the shapes and intensities of the reconstructed
features*” — mainly causing blurring and elongation of the objects along the z-axis. These
problems are a big inconvenience in electron tomography datasets since they add complications

and ambiguity to the interpretation of structures.
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Missing wedge

Figure 2-2 The missing wedge in the sampling of an object in the Fourier space.

One of the experimental strategies to minimize this problem in the single tilt setup is

to choose more suitable TEM grids for the electron tomography experiments, i.e. ones with

lower mesh density and appropriate geometry. Grids with low mesh densities, i.e. larger grid

squares, such as 100-200 mesh have shown good promise for this purpose as well as geometries

such as hexagonal grids. In order to obtain data from a larger range of tilt angles, it is necessary

to choose features of interest in the samples that are located near the centre of the grid. Another

good practice to improve the tilt range during the data acquisition is to load the TEM grid with

their square sides at 45° with respect to the x-axis, so the grid square diagonals are perpendicular

to the rotation axis, thus creating a wider area without the shadowing from the TEM grid. Using

these strategies, it is possible to increase the range of feasible tilt angles to +75°.

Obviously, these experimental practices only improve the tilt range to the limits set by

the inherent missing wedge, due to the mechanical and geometric limits of the microscope. To

effectively improve the acquisition of information in ranges outside the conventional single-tilt

limits, the dual-axis acquisition technique may be used, which allows for complementary data

acquisition along two orthogonal axes®. In the dual-axis method, the grid is rotated 90° with
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relation to the orientation of the first acquired tilt images set, resulting in a reduction of the
missing wedge to a missing pyramid*?. The tomograms are afterwards aligned with each other
through 3D linear operations. The inverse 3D Fourier transform of these tomograms are then
combined to form the final reconstructed object*’. The downsides of this method are that the
sample is exposed over a long period to the electron beam which makes it more susceptible to
beam damage and also that the alignment step of the tomograms can introduce a fair amount of
complexity to the reconstruction process.

Another solution that completely solves the missing wedge problem is the use of
samples with a cylindrical geometry, such as a tungsten needle**. A sample with this symmetry
allows access to the full range of tilt angles, however their fabrication still remains very
challenging since tomography experiments require the milling of tips with perfect cylindrical
symmetry and with apex radii on the order of nanometers.

Another artefact that comes from the electron tomography geometric setup is the
increase in the specimen thickness with increasing the tilt angle*. A sample with thickness of
100 nm, for example, will be 2.9 times thicker when tilted at 70° - than when the sample is
normal to the beam®® — and this will degrade the image contrast due to multiple electron
scattering signals.

Moreover, during the acquisition of series it is important to ensure that the electron
microscope is well aligned and also that the stage is in the eucentric position, so when the holder
is rotated around the x-axis, the sideways movement of the sample across the projection screen

is minimized.
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2.2.2 Automatic tomography acquisition

During electron tomography acquisition the microscope parameters need to be
constantly adjusted and compensated according to the tilt angle. These corrections need to be
precisely controlled in order to obtain a tilt series that will result in reasonable reconstruction.
Therefore, although manual acquisition is feasible - and it has been done in the past*® - the
quality of the image series is critically dependent on a level of automation in the data
acquisition, since manually tuned parameters are influenced by subjective errors from the
microscope operator. Also, manual acquisition can be unsuitable for electron beam sensitive
samples, since manual operation tends to be much less efficient and slower than automatic
algorithms®’.

Automatic tomography acquisition can be performed by software developed in the
academic domain (e.g. SerialEM* EMACT?®) and commercial software (e.g. Thermo
Scientific Tomography, Hitachi 3D tilt image acquisition)*’. These softwares provide tools to
automatically correct and compensate parameters during acquisition, such as translational shifts
in the sample position (when the eucentric height is not accurate) or changing the focus, while
deflecting the beam during these tasks, to prevent over exposure and beam damage®’.

Typically, the algorithms for these tasks use cross-correlation methods to track the
features of interest while the sample is tilted during data collection® .

All of these tomography acquisition softwares rely on a microscope with good
alignment*’ and proper parameter input. In general, a tomography experiment is quite time

consuming, taking from 2 to 3 hours to be completed - beyond the time spent for STEM

alignment.



CHAPTER 2. PRINCIPLES OF ELECTRON TOMOGRAPHY AND 4D-STEM MICROSCOPY 51

2.3 Electron tomography series alignment

All the reconstruction algorithms assume that the projections represent slices from a
3D object rotated around a unique axis>’. However, mechanical limitations and instability in
the sample holder, result in shifts, rotations and potentially changes in magnification of the
projections during acquisition of the tilt series. These will lead to blurring or smearing of the
reconstructed objects*! and therefore they need to be corrected prior to reconstruction.

In general, in order to obtain a well aligned tomography series it is important to: 1)
determine the direction of the tilt axis, ii) perform rotational, and iii) translational corrections>’.

The tilt axis direction can be determined by considering that the object of interest
should follow a path that is perpendicular to the tilt axis in a single-axis geometry — and this
can be checked by summing the entire set of images and verifying if there is an angle with the
horizontal in the resulting image>2.

The most basic methods to align a tomography series are based on cross correlation,
center-of- mass and the fiducial marker method.

The cross-correlation method measures the similarity between two subsequent images
pixel by pixel and is generally used for coarse and translational corrections®. The distance
between the correlation result center (which represents zero shift) and the correlation result
maximum gives the lateral misalignment between the images. When performing the cross-
correlation alignment, in order to detect the feature of interest in all the projections it is

necessary to correct stretching in the image in the direction perpendicular to the tilt axis by

p where «a is the tilt angle between two consecutive projections®!. Disadvantages of the

cross-correlation technique are that a successful alignment is only obtained when the object has

well defined density and high contrast in the image*®.
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The center-of-mass technique calculates the lateral shift of each projection through its
intensity center of mass. As such this technique is most relevant where the pixel intensities in
each image are meaningful, as is the case for metal nanoparticles in HAADF-STEM.

It is common to use the cross correlation and/or center-of-mass techniques for the
initial coarse alignment and then, if fiducial markers are available, the fiducial marker method
for fine alignment.

In general, the fiducial marker technique consists of depositing gold nanoparticles of
suitable diameter on the sample prior to the tomography experiment. The advantage of using
fiducial markers is that the gold markers can be easily identified with subpixel precision due to
their spherical shapes and they exhibit high contrast in ADF-STEM images even at high tilt
angles. Also positional errors on individual markers can be averaged out when a large number
of markers are used >*. The gold nanoparticles need to have small sizes in relation to the image
field-of-view used such that their center can be identified in each projection, but they have to
be large enough to be detected in the images. Normally the sizes of the markers vary from 5-20
nm> and good alignment is possible using 8-10 markers. Disadvantages of this method are that
sample preparation can be challenging when the markers interact with the substrates and
agglomerate. This simultaneously makes it difficult to find regions of interest with enough
markers and subsequent identification of single nanoparticles in each frame. Moreover, the
detection of each marker in each frame can be very time consuming and the markers can
interfere with the reconstruction causing artefacts.

The fiducial alignment works by building a 3D model that uses the 2D coordinates of
the fiducial markers in each projection. Once the coordinates of the projections from the 3D-
model are calculated, they are compared with the coordinates of the markers in the 2D

projections. Final alignment is achieved by solving an optimization problem that consists of



CHAPTER 2. PRINCIPLES OF ELECTRON TOMOGRAPHY AND 4D-STEM MICROSCOPY 53

computing the corrections for the translation, rotation and magnification that minimize the
residuals between the coordinates and the model?’.

As mentioned above, some electron tomography series cannot be aligned using fiducial
markers or cross correlation methods. For these series, one option would be to apply the
common lines method>. This technique is applied for single-tilt series, and makes use of the
Fourier Slice theorem, which will be presented in the next section, to find the common lines for
each projection and therefore the whole stack is aligned to a common axis. However, this
method only works well for free-standing objects with defined boundaries and with low noise

in the vicinity of the object®>.

2.4 Mathematical background in tomography reconstruction

In order to understand the principles of a tomography reconstruction it is important to
introduce two fundamental mathematical concepts: The Radon transform and the Fourier Slice
theorem. These two concepts are introduced here for two-dimensional objects since it is easier
to assimilate the reconstruction mechanism. Thus, in general terms, the Radon transform is built
on the geometric problem of sampling projections of a 2D object at different orientations and
calculating the corresponding 1D line profiles. The Fourier Slice theorem states that the Fourier
transform of a projection from an object at a determined angle (Radon transform) is a central
slice with the same orientation through the 2D Fourier transform of the 2D the object™. This
formulation is the basis of all reconstructions algorithms and will be presented in detail in this

section.
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2.4.1 Radon transform

Consider a function f(x, y) that describes an object in the Cartesian plane. Each point
(x,y) can be projected onto a reference system orientated at the direction determined by the
angle 6 with respect to the x axis (Figure 2-3). The integrals along all possible lines that are
perpendicular to 6 form a projection curve that can be written as the line integral function

Ry(6,0):

Rg(0,t) = f(x,y)ds (2.1)

(CHY)

Where 8 and t are shown in Figure 2-3 and s is the coordinate perpendicular to t. The
only region that needs to be integrated is the portion inside the object, the equation (2.1) can be

rewritten using the delta function as:

Ry(6,t) = j j f(x,y)6(xcosO + ysind — t) dxdy 22

Ry (6,1t) is the Radon transform of the function f(x,y). The Radon transform is often
called a sinogram since the curves obtained from objects located away from the axis of rotation
follow a sinusoidal shape. The discrete Radon transform of a three-dimensional object is the

equivalent to the experimental case in which 2D projections are taken at different angles.
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Figure 2-3 Schematic showing the concept of a Radon transform. A) A 2D object in a Cartesian xy
system and its projection at angle 8. Each point of the projection curve (Radon transform) is formed by
the line integrals taken within the object and along lines (t1, t2 ...) that are perpendicular to 8. B) Radon
transforms taken at different 6. Adapted with permission from Pan S.X. and Kak A.C>®. Copyright 1983
IEEE.

2.4.2 Fourier Slice Theorem

The Fourier slice theorem (or projection theorem) states that the 1D Fourier transform
of the Radon transform of an object will result in a central slice in the 2D Fourier transform
space of the object®® - where this slice crosses the origin and is oriented by the same angle 6

(Figure 2-4). This can be represented algebraically as:

Fip[(Re (8, )](w) = Fop[f (wcosh, wsind)] (2.3)

Where w is the spatial frequency in Fourier space. Therefore, the slice of the object

can be recovered from taking the 2D inverse Fourier transform. When a set of projections are
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taken at different angles, they will form radial lines in Fourier space and the whole frequency

series will enable full retrieval of information about the 2D shape of the object in real space.
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Figure 2-4 Schematic of the concept of the Fourier slice theorem. A projection of a 2D object in real
space is converted to a line (1D) projected density. The 1D Fourier transform of the projection results
in a central slice of the 2D Fourier transform of the original object. Adapted with permission from Pan

S.X. and Kak A.C>¢. Copyright 1983 IEEE.

Thus, in a tomography reconstruction, the discussed concepts are valid for objects in
3D spaces with 2D projections. Each Fourier transformed image will form a plane in the 3D
Fourier space of the object and all planes will intercept a central line (Figure 2-5). This central

line has the same direction as the tilt axis and is commonly referred to as the common line*.
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Figure 2-5 Projection theorem applied in a tomography experiment. A) Real space 2D-projections B)
The intersection of the planes forms the common line and has the same direction of the tilt-axis of the

series. Adapted with permission from Liu et al.>*. Copyright 1995 Elsevier.

2.5 Reconstruction methods

In this section the most common procedures for reconstruction from 2D projections of
an object are presented. In general, the reconstruction techniques are based on one of two
methods: 1) Fourier reconstruction, which is based on solving the reconstruction by the inverse
Fourier transform and i1) direct methods in which the reconstructed 3D volume is calculated in
real-space?’.

Any reconstruction method will have intrinsic imperfections, and although the
alignment of the tilted image series is the most critical step for a satisfactory reconstruction, the

final result will always contain artefacts regardless of the quality of the performed alignment.
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2.5.1 Direct Fourier reconstruction

The Direct Fourier reconstruction method is a straight application of the Fourier Slice
theorem in 3D°’. As mentioned previously, taking 2D projections of the object over the full tilt
range would be analogous to obtaining Fourier slices over the entire tilt range - and the 3D
Fourier inverse transform would be able to retrieve the volumetric object*!. However, the
missing wedge is one of the factors that compromises the application of this method. Another
big issue is that the inverse Fourier transform is not easily implemented due to the discrete
nature of the tomography data, which is typically acquired at angles of equal increments>®. The
inverse Fourier transform requires an interpolation from polar to Cartesian coordinates (Figure
2-6), and there is no fast or direct method for this interpolation®”. These problems make Direct

Fourier methods difficult to implement and computationally intensive — and therefore less

popular than the more efficient back-projection based methods>2.

X X X X X x X X X x
° ©
° ®
X X X X ‘ ‘ X X X X
e ° ° °
X X X. X )(. .)( X .X X X
° L L ©
X X ® X & X o e X b o X ® X X
o - . o
B b o .
X e X Xe X q®Beg X ex X L3 X
° @ ) °
® .
L °
o ° X
.. ..
© ©
X e X xXe x ®oge® x ox X [ 3 X
© = ° ° = °
L] °
X X ® X & L4 ® x e X ® X X
[ ° ° °
X X X. X )(. .)( X .X X X
° L L °
X X X X & ’ X X X X
L L ]
X X X X .X )(. X X X X

Figure 2-6 Superposition of polar (red dots) and Cartesian (black dots) coordinate systems. A
tomography reconstruction with the direct application of the slice theorem requires an interpolation to
convert the polar (experimental data) to the Cartesian (Fourier space) system, compromising the

feasibility of this method.
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2.5.2 Simple and filtered back projection reconstruction methods

The back-projection method is a real space technique that relies on the basic idea that
the intersection of three lines will describe a unique point in the space — and more complex
objects will need more lines to create a unique description of them®. Therefore, by inverting a
sufficient number of projections the object may be retrieved. Basically, in the 2D case the 1D
projections (Radon transform) are projected back to generate a reconstruction of the object. The
main drawback of the simple back-projection method is also related to the discrete nature of the
experimental acquired projections. To achieve a reasonable result using this technique many
projections are required to reduce the artefacts caused by higher sampling at low frequencies
which is shown in Figure 2-6, where there are a higher density of polar coordinates around the
axes origin. Since the low frequencies represent smooth features in the object and the high
frequencies account for the sharpest details, the resulting image of the back-projection will be
blurred due to increased contribution from the low frequencies. A high pass filter needs to be
applied to solve this problem, this constitutes a filtered back-projection (FBP) or weighted back-
projection (WBP). The filtered back-projection is the most widely used method in x-ray
tomography and industrial applications®' since it can be applied to data series with irregular

sampling and it is also efficient at reconstructing large datasets’>.

2.5.3 SIRT reconstruction

Another common reconstruction method is the Simultaneous Iterative Reconstruction
Technique (SIRT). A SIRT reconstruction consists of iteratively updating an original WBP
reconstructed series by comparing its projections (obtained by the Radon transform) with the

experimental projections and therefore minimizing the artefacts®.
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The SIRT technique is the most popular reconstruction technique after the WBP and
it is known for being effective when applied to datasets with low noise and high contrast®.
Also, this method requires a large number of projections to result in a good reconstruction.

It is difficult to predetermine the number of iterations to achieve an optimal
reconstruction using the SIRT technique. Since the reconstruction is relatively time-consuming,

a good practice to find the right number of iterations is to progressively increase the number of

iterations and reconstruct only a subarea where the results can be examined®'.

2.6 Tomography resolution

The most critical factor that affects the resolution of a reconstruction from an electron
tomography dataset is the missing wedge. However, as described in the previous sections, there
are many other experimental factors that contribute to resolution degradation, such as sample
drift in the microscope when acquiring data, large sample thickness, beam damage, microscope
conditions etc*®. There are also post-acquisition factors such as series alignment and the chosen
reconstruction method.

It is possible to estimate the best resolution for a determined dataset, though.
Therefore, assuming a perfectly aligned series, the resolution along the x-axis is given by the
original resolution of the projection series. The discrete nature of the dataset reduces the y-axis
resolution - the axis perpendicular to both the rotation axis and the beam direction— and an

estimation for the resolution is®>%:

(2.4)
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where N, is the number of projections and D is the final diameter of the reconstruction.
Therefore, for a nanoparticle with 50 nm, to obtain a resolution of 2 nm along the y-axis, at
least 75 projections are required*’.

For single tilt acquisitions, where the missing wedge is an issue, the z-axis direction has
the lowest resolution. As a result all the tomography reconstructions will have elongations in

this direction®. The resolution in this axis is given by®’:

D =D D a + sinacosa (2.5)
= . e = —.
z yroyz Y |a — sinacosa

where o is the maximum tilt angle and e,,, is the elongation factor. Acquisition of a tilt series
within the range +70° will result in an elongation factor of e,, <1.3, and this is a suitable

threshold to obtain reliable tomography results*®.

2.7 Reconstruction artefacts

2.7.1 Reconstruction artefacts from tilt angles range

The previous sections presented artefacts which limit the resolution of an electron
tomography reconstruction. In this section, simulations with isolated artefacts are presented in
order to give more instructive examples of the effect of these artefacts on the images. Since a
tomography reconstruction is an inverse problem that yields a three-dimensional object from
the 2D projections, an ideal reconstruction is obtained with a full range of angles and with small
angular increment. All tomography reconstruction methods are sensitive to the number of

projections.



CHAPTER 2. PRINCIPLES OF ELECTRON TOMOGRAPHY AND 4D-STEM MICROSCOPY 62

A simulated rectangular lattice was used to simulate the effect generated by an
inconsistent angular range on the reconstruction and is shown in Figure 2-7. Figure 2-7-b and
¢ show near perfect reconstructions when an angular range of [-90°, 90°] is used and a step size
of 17 and 2°, respectively. When a reconstruction is made with the full range of angles but with
lower number of projections, the reconstructed image loses resolution - although the overall
shapes have no deformations; this can be seen in Figure 2-7-d, where the tilt series has an
angular increment of 5°. If the angular step is increased further to 10°(Figure 2-7-¢), the
reconstructed image has a further decrease in quality of the resolution, although the overall
form of the shapes in the image remain consistent. As a result, low intensity features cannot be
seen anymore. Figure 2-7-f shows an extreme case, where the tilt series has a 20° angular
increment and whilst the reconstructed object keeps its symmetry, the resolution is so degraded
that the features are barely visible. In STEM tomography, typically step sizes between 1-3° give
good reconstruction results.

When the reconstruction is made without the entire range of angles, there are artefacts
that change the resolution and cause deformation of the object. Figure 2-8 c-e show the effects
when the series angular range is reduced to [-75°, 75°], [-50°, 50°] and [-40°, 40°], respectively.
The reconstructions from incomplete angular tilt ranges show a resulting image with missing
information, where some regions of the edges are undefined. There is also deformation
(elongation) of the objects and intensity artefacts - where intensities of corners in the object are
too high and also darker intensity regions surround these features.

To make these effects more evident, they are also simulated using a head phantom
image (Figure 2-9). A phantom image is a standard figure used in reconstruction examples,
which had its origins in x-ray tomography as it simulates a human head — and it is composed of

the superposition of 10 ellipses, where the artefacts can be easily noted. Therefore, a simulation
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with a phantom image was performed using an angular range of [-40°, 40°]. The results show

very pronounced elongations, missing information and distortions, as shown in Figure 2-9.
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Figure 2-7 Simulations for the effects of discretization in the reconstruction of a rectangular lattice. (a)
b) are the sinograms for a reconstruction over the angular range [-90°,90°] and with step of 1°. ¢), d) )

and f) same angular range but with steps of 2°, 5°, 10° and 20°, respectively.
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Figure 2-8 Simulations for the effects of reduced tilt range on the reconstruction. a) sinograms and b)
reconstruction over the range [-90°,90°]. ¢), d) and ¢) same as b) but with ranges of [-75°, 75°], [-50°,
50°] and [-40°, -40°], respectively. All the simulations have a step size of 1°.
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Figure 2-9 Simulations with a phantom image to evidence the distortions caused by using an incomplete

angular range in the reconstruction. a) original image, b) shows the sinograms for a reconstruction in

the range [-90°,90°] and [-40°, 40°], respectively. c) comparison of the reconstructions obtained from

these angular ranges. d) the difference between the reconstructions and the original image. All the

simulations have a step of 1°

2.7.2 Reconstruction artefacts from errors in experimental parameters

As discussed in Section 2.3, the experimental errors present in STEM tomography can

lead to diverse issues that contribute to misalignments, sometimes making the alignment a very

challenging task. In this section some examples of misalignments, applied to a simulated

rectangular lattice of atoms are presented.
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One of the main issues in the alignment of a tomography series is that reconstruction
algorithms, such as back-projection, assume that the rotation center is a horizontal line located
along the center of the image. When the rotation axis is shifted from the center or is not
orientated along a perfect horizontal line (8, = 0°) the result will be a reconstruction with
artefacts. In the tilt series this can be perceived as an object that does not follow a vertical path
over the stack. The reconstruction of such a series results in deformations such that a spherical
object is reconstructed as an arc with an orientation that depends on the direction of the

misalignment’?

- resembling a crescent moon (or the c-letter shape). Figure 2-10 shows these
effects for shifts in different directions from the horizontal axis.
Due to mechanical imperfections in the microscope stage and possible miscalibration,

another source alignment problems are systematic errors between recorded tilt angles and their

real values®. To first order, the incorrect scaling of the angles can be represented by:

Am = es.ax + Aypy (2.6)

Where e 1s the scale factor, a,, is the measured angle, a is its real value and
@, 5 accounts for an angular offset. Figure 2-11 shows the case where the measured angles are
10% larger and smaller than their actual values with zero offsets. The effects of incorrect
angular scaling can be observed at the borders of the reconstructed rectangles, where their
shapes are also deformed and form arcs. The direction (in or out) of the arcs depend on whether

the scale factor s is bigger or smaller than 1.
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Figure 2-10 Simulations of a rectangular lattice showing misalignments of the tilt axis or scan
distortions. a) original rectangular lattice, b) sinograms and reconstruction for tilt axis orientated at 0°
and an angular range of [-75°,75°]. ¢) same as b) but with a shift in the tilt axis of -20 pixels from the

central horizontal line. d) same as b) but with a tilt shift of +20 pixels from the central horizontal line.

An angular offset (Figure 2-11) will not introduce real artefacts in the reconstruction-
although it laterally translates the center of the sinogram. An angular offset has only the effect

of inducing a rotation of the reconstructed object with relation its original orientation.
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Figure 2-11 Simulations of a rectangular lattice showing incorrect angular scaling. a) original

rectangular lattice, b) sinograms and reconstructed data for angles with correct scaling and over the

angular range [-75°,75°]. ¢) same as b) but with an incorrect tilt scaling where the tilt angles are 10%

bigger than their actual values. d) same as c) but the tilt scaling is 10% smaller. d) an angular offset

(here exaggerated to improve the perception of the effects) will not introduce an artefact but rotate the

object with relation to its original orientation.
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Another typical experimental error in a STEM tomography comes from the use of the
dynamic focusing during acquisition of the tilt series. Since tilting the sample results in different
defocus values across the field of view (especially at high angles), the dynamic focus acts to
keep the probe focused during the tilt series acquisition by changing the strength of the
condenser lens at each scan line®. Defocus adjustment is required for each scan line instead of
each pixel as the fast scan direction is typically parallel to the axis of rotation®. The defocus

from the jth line to the next j'th is given by®¢:

Az = (j' = j)d,tana (2.7)

Where a is the tilt angle and d,, is the pixel size. Figure 2-12 is a schematic that shows this

effect and the interpretation of Equation (2.7).
In the presence of misalignments in the objective lens rotation center, the sample will

be shifted! in the y direction proportional to the beam misalignment angle (8) given by®’:

Ay = Az tan f (2.8)

Combining equation (2.8) with (2.7), results in the following shift:

Ay =d, (j'—j)tanftana (2.9)

Figure 2-13 shows simulations for the case of 4y = 0.05 tana, e.g. for the case that

S =d, - (j' —j)tanp is constant and causes an error of 5% of the tilt angle in y.
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Focused electron beam

-
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Figure 2-12 Defocus in a function of the sample position in a STEM microscope. Figure adapted from

reference Feng at al®®.

The artefact caused by the dynamic focus in an experiment with misaligned rotation
center can be partially corrected by scaling the angles in the sinogram. Although the optimal

correction in the angles will have value of:

Aecorr = (1 — S -tan ) (2.10)

This value is normally not known a priori and needs to be found by inspection. Thus,
the most efficient method to find it is performing the reconstruction for one slice and adjusting
the scaling factor in the angles accordingly, until the artefacts presented in Figure 2-13 are

minimized.
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Figure 2-13 Simulations of a rectangular lattice showing the effect of error from automatic defocus in a
STEM tomography. a) original rectangular lattice, b) sinograms and reconstruction for angles with no
errors from the automatic defocus and over the angular range [-75°,75°]. ¢) same as b) but with an error
Ay = 0.05 tan a, d) the incorrect reconstruction ¢) can be partially corrected €) by scaling the angles of

the sinogram.

2.8 Four-Dimensional scanning transmission electron microscopy

Four-dimensional scanning transmission electron microscopy (4D-STEM) or scanning
electron nanodiffraction (SEND)®® is a position resolved diffraction technique®® that consists
of the acquisition of 2D diffraction patterns for each probe position (pixel) in a 2D-STEM raster

scan, hence the name 4D-STEM!’. Therefore, these experiments result in 4D data, composed
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of two real space (x,y), and two reciprocal (ky, k) coordinates®® , as shown in Figure 2-14. In
the context of this work, the 4D-STEM setup refers to a combination of an ADF detector with

a pixelated camera, in place of a BF detector, as shown in Figure 2-15.

T
L

A
\ 4

S
\ 4

kex

Figure 2-14 Schematic showing the data structure resulting from the 4D-STEM technique. A diffraction

pattern image (k, X k,) is acquired at each pixel in the area of interest (x X y). The resulting data cube

has dimensions (x X y X ky X ky,) .

The 4D-STEM technique may be used to create a map of the crystal orientations within
materials, extracted from the combination of the real and reciprocal space images. The maps
obtained from diffraction patterns are rich in fine details of the atomic arrangement and lattice
parameters can be determined with high accuracy’®. With 4D-STEM, the techniques mentioned
earlier such as nanodiffraction, CBED, high resolution imaging and dark field electron

71,72

holography’"’~ can be used to determine the strain in materials.
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Figure 2-15 Schematic showing the 4D-STEM setup used in this thesis. A focused beam scans a sample
and the signals are recorded by the ADF detectors, which record a single number per probe position. A
pixelated camera replaces the BF detector and records a full CBED pattern for each probe position.

Reprinted with permission from Ophus et al.”. Copyright 2017 AIP Publishing.

A recent review of the applications of 4D-STEM by Ophus'” highlights the strengths
of the technique. Precise lattice orientations can be determined from the recorded diffraction
patterns which enables the high precision studies of material parameters, including grain
orientations in metals and their changes under applied tension, local lattice structural change
and misorientation, and strain mapping.

Some disadvantages of diffraction disk data are that the disk intensities are typically
not uniform, which can make the accurate identification of their positions difficult. The spatial
resolution can be improved when the convergence angle is increased, but, as discussed
previously, it may cause the diffracted disks to overlap and also become more susceptible to
non-uniform intensities’'. Pekin et al’*, compared different correlation methods to estimate the
measurement error due to nonuniform intensity of the diffracted disks. They concluded that

prefiltering the diffraction patterns with a Sobel filter before performing cross-correlation or
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performing a square-root magnitude weighted phase correlation returned the best results for
disks which had internal structure. Another common issue is that 4D-STEM experiments result
in large datasets, a gigabyte of data can easily be generated in under a minute’”. The capacity
to process big data with lossless compression is a challenge that has to follow the development
of the field.

The analysis of 4D-STEM datasets will depend of the configuration of the experiment
and the kind of diffraction patterns formed, so normally analysis tools are custom developed.
However, there are some softwares available that can be used for analysis of such data, for
example py4DSTEM”. Also computational tools developed to work with multidimensional

data, such as HyperSpy’®, can be applied to analysis of 4D-STEM data.

2.8.1 Virtual dark-field (bright-field) reconstructions from the electron diffraction
patterns

The diffraction disks in the data obtained through 4D-STEM experiments can be
selected and combined in different ways; the resulting images are denominated as virtual
images, and the combination of different disks may show different sample characteristics. A
virtual reconstruction (VR) is a method that retrieves an object from the full set of diffraction
images acquired in a 4D-STEM experiment. VR is performed by summing the intensities of the
pixels within a selected region, for each diffraction pattern recorded at each probe position —
and the region is limited by a digital virtual aperture®, as shown in Figure 2-16.

The main advantage of VR is the versatility of selecting the features of interest from a
full dataset, without the physical limitations in conventional TEM’. The virtual aperture can be
customized according to the underlying crystal structure and can have any size and shape (e.g.

circle, square, ring) defined by the user. Also, this technique is not limited to summing the
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diffraction spots, but it is also possible to subtract the diffraction spots that obfuscate the
features of interest.

Two types of reconstructions can be performed, depending of the region selected by
the virtual aperture: virtual bright-field (VBF) or virtual dark field (VDF) reconstructions®. This
is possible because each frame acquired by the CCD camera contains a complete set of disks:
selecting the central disk (direct electron beam) will form a VBF, while selecting the diffracted
disks will create a VDF reconstruction. However, it is important to note that the total signal is
truncated by the data resolution — for example, an 8-bit image has 256 grey levels and therefore
not all information can be retrieved®. Another drawback is that the images are susceptible to the
distortions in the scanning beam.

The features present in these reconstructions are very similar to the ones in classical
diffraction contrast TEM images. Therefore, these reconstructions can also be used for the
analysis of crystallographic defects®, as will be shown in chapter 3. The advantage of virtual
reconstructions for this purpose is that different crystal features can be highlighted choosing the
different diffraction disks, without the limitation of a physical aperture containing multiple and
adjacent holes. Other advantages are that the virtual reconstructed images do not have their
resolution limited by the size and lens aberrations. Also, virtual apertures can be customized

and designed according to the underlying crystal lattice to optimize image contrast’.
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Figure 2-16 Schematic showing the virtual reconstruction technique in a 4D-STEM experiment. In

addition to the ADF image, a diffraction pattern is recorded at each probe position. The sum of intensities

within a virtual aperture (blue circle) can be calculated for each diffraction pattern and a dark-field image

can be reconstructed. By selecting a certain area in the resulting image (red circle) and summing the

corresponding diffraction patterns will result in a virtual selected area aperture. Reprinted with

permission from Gammer et al’ Copyright 2015 Elsevier.



3 Electron tomography and 4D-STEM of chiral Te nanoparticles

This chapter presents electron tomography and 4D-STEM experiments of chiral
tellurium nanoparticles as part of an investigation into crystal growth and polyhedral shape
formation of these nanocrystals. The main result in this chapter demonstrates a new mechanism
for the formation of chiral shapes without using chiral ligands, based on screw-dislocation-
mediated growth. Section 3.1 gives an overview of the concepts of chirality and how it is
inserted in the context of this work. Section 3.2 presents the results from the electron
tomography datasets acquired for Te nanoparticles prepared under different conditions to
investigate the role of the chiral ligands and the growth of these nanoparticles. Section 3.3
presents the 4D-STEM experiments performed on Te nanorods to explore whether evidence of
screw dislocation mediated growth can be established. Finally, section 3.4 presents the

conclusions from these experiments.

3.1 Chirality and the relation between chiral shapes and crystal structures

Chirality is the term used when two objects are mirror images of each other but are not
superimposable. The two non-identical mirror versions of the chiral object are called
enantiomers and they are assigned as left or right-handed according to their symmetry
orientations. A mixture is said to be racemic when it has equal amounts of enantiomers’’.
However, in most chiral systems one of the enantiomers is predominant over its counterpart’®,

Indeed, most systems found in nature are homochiral, i.e. have their components composed by
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the same enantiomer — and it is believed that they are originated from a small excess of one of
the enantiomers and over time the difference in the proportions was amplified’”®”.
Shapes with chiral symmetry are present in different scales in the universe, from

galaxies, to DNA molecules and nanoparticles®®®!

. In biological reactions, for example,
organisms have a natural preference for the absorption of chiral amino acid molecules®?.
Understanding the chirality of nanoparticles is critical when considering drugs and chemical
reactions, as is exemplified by the accident involving the tranquilizer Thalidomide
(C13H10N204) in the 1960’s, where the lack of understanding about the chiral properties of this
molecule led to worldwide birth defects in up to 12,000 children and an unknown number of
miscarriages, where the children’s mothers had taken this drug. These effects were brought
about by one of the two enantiomers. Thus, with better knowledge about the chiral properties
of Thalidomide, and appropriate controls and restrictions, the suitable enantiomer could have
been used successfully and safely in the treatment of cancer and cutaneous conditions (i.e.
leprosy) 8.

An important property of chiral systems is that they exhibit optical activity when
interacting with polarized light, absorbing left or right circularly polarized light to different
degrees, according to its chiral orientation®®. Therefore methods such as circular dichroism
(CD) are widely used to determine the proportion of enantiomer orientations in crystals®® .

It is interesting to note that chiral crystals, such as quartz and calcite, also selectively
absorb chiral molecules on their surfaces, for example, when their interfaces interact with an
aqueous solution®®. This property is of great interest for geochemists, since these reactions are
present in numerous natural processes such as soil formation and biofilm depositions®?.

When investigating chirality in inorganic crystals there are two possible situations to
consider: chirality in the assembling of the atoms in the unit cell (e.g. Te, Se and Quartz), and

the chirality in the overall geometric shape of the crystal (e.g. Quartz). A material is said as



CHAPTER 3. ELECTRON TOMOGRAPHY AND 4D-STEM OF CHIRAL TE NANOPARTICLES 79

having cooperative chirality when an overall chiral morphology is built from chiral units®’ .
However, it is possible to have either lattice or geometric chirality without having the other -
Te and Se often form achiral nanoparticles, for example®®>. Louis Pasteur, in his famous
experiments with chiral tartaric acid molecules obtained chiral shapes, but subsequent
experiments with other chiral molecules only resulted in achiral shapes, demonstrating that
chirality in the unit cell is not enough to form overall chiral shapes®®. On the other hand, there
are many reports of chiral shapes for non-chiral crystal structures, such as chiral Au (FCC)
shapes®®?® (of which Chapter 5 provides a further example).

There are two main directions in the study of chiral crystals. The first one focusses on
the analysis of the formation of minerals for phenomenological research. The second one is
dedicated to investigate chemically synthesised samples, where metallic nanoparticles are often
used as model systems®?, as is the case in this work.

Regarding the synthesis of chiral nanoparticles, there are two possible explanations for
the formation of chiral shapes. In the first case the differential growth of crystal facets, induced

84,8791

by ligands , creates chiral facets. The most common chiral biomolecules used to passivate
metallic nanoparticles are penicillamine, cysteine and glutathione. They act as reducing agents
and shape control of the resulting nanoparticles can be achieved by the control of the reagents,
temperature and the total reaction time®>2,

The second hypothesis is based on the evolution of screw dislocations which determine
the final shape of the nanoparticles. Screw dislocations are often assumed to be the cause of
twisting in nanorods®®, but to our knowledge, have not been discussed in the literature for the
formation of chiral polyhedral shapes prior to this work.

In this work, the system of interest consists of tellurium nanoparticles which were

prepared under different conditions in order to investigate chirality in different polyhedral

shapes. The unit cell of Te has a trigonal structure where the atoms are arranged in spiral chains
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and packed in a hexagonal array®®, as shown in Figure 3-1. Tellurium crystallizes in the chiral
space group of P3121, which is formed by right-handed spirals or its enantiomorph P3,21 (left-
handed orientation), as shown in Figure 3-1-b and c, respectively. The lattice constants for the
unit cell of Tellurium are a = 4.458 A and ¢ = 5.925 A.>® Bulk tellurium is one of the rarest
elements on earth and has applications in solar cells’®, thermoelectric’’ and optoelectronic

devices®®.

@) p

5.92A

C

-

a=446A

Figure 3-1 Schematics of the Te unit cell (a) and the chiral right (b) and left-handed (c) structures.
Reprinted with permission from Okuyama et al.”. Copyright 2017 Elsevier.

Therefore, the experiments in this work explore chirality in the two different contexts
introduced above, i.e., in the overall shape of these nanoparticles and the Te lattice, as the
atomic assembly of Te can be arranged in one the two enantiomorphic space groups P3i2;1 or
P3221. These experiments demonstrate that chiral morphologies form not as a result of the chiral
crystal structure, or due to the presence of chiral ligands, but rather from growth mediated by
screw dislocations.

The growth mechanism proposed here has the potential to form a basis for a more

fundamental understanding of the driving forces involved in the synthesis of chiral crystals.
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This can help not only to understand the relationship between macroscopic and microscopic
chirality but could also enhance our ability for controlled synthesis of chiral nanoparticles from

a variety of materials.

3.2 Electron tomography experiments

3.2.1 Sample preparation and electron tomography setup

The Te nanocrystals imaged in electron tomography were synthesized by our
collaborator Assaf Ben-Moshe from the Alivisatos Group, at the Materials and Sciences
Division - University of Berkeley. The reaction with the chiral ligands consisted of the
reduction of tellurium dioxide in the presence of chiral thiolated penicillamine ligands with
hydrazine (N2H4) used as a reducing agent. The handedness of the chiral nanoparticle is
determined by using one of L- or D- penicillamine ligands in the reaction (left and right,
respectively). D-penicillamine was the ligand used for the nanoparticles presented in this
chapter, where the right-handed enantiomers are formed in a large excess (85%), but yet the
mirror-image was also formed in a non-negligible amount.

Sodium dodecyl sulfate (SDS) was used to tune the nanoparticle thickness and shapes
(Figure 3-2), since this component blocks lateral growth and results in different morphologies
when added at different stages in the reaction. Twisted nanorods (Figure 3-2 A) with average
length between 600 and 700 nm were obtained when SDS was added after 30 minutes, and
growth was allowed to proceed for 2 hours. Even longer twisted nanorods (~1 pum) were
obtained after 6 hours of reaction (Figure 3-2 B). The diameters of these twisted nanorods were
increased when SDS was introduced after 45 minutes and nanocrystals growth proceeded for

two hours (Figure 3-2 C). The twisted bipyramids were only obtained when SDS was added
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after 75 minutes (Figure 3-2 D) and the largest nanoparticle sizes were obtained after 2.5 hours
of reaction (Figure 3-2 E-F).

The bipyramids (Figure 3-2 E-F) were the morphology chosen in this work, since they
have an interesting geometry that could not be completely understood under the 2D imaging
from regular STEM imaging and required electron tomography to understand their geometry
more fully. Also, these nanoparticles were found to be more stable under the focused electron

beam, as expected since they are thicker than the nanorods.

Figure 3-2 TEM images of different morphologies of Te nanoparticles obtained with SDS added at
different stages of the reaction. a) Twisted nanorods (600-700 nm) obtained from the regular reaction
when SDS was added after 30 minutes and growth was allowed for 2 hours. b) After 6 hours of reaction,
longer twisted nanorods (1 micron) were obtained. (c) When SDS was added after 45 minutes and
growth was allowed for 2 hours, thicker twisted shapes were obtained. (d) Small twisted bipyramids
were formed When SDS was added after 75 minutes and the growth was immediately stopped. (e) Large
twisted bipyramids obtained after 2.5 hours of reaction. (F) A view along the [0001] direction of several
large twisted bipyramids. All of the nanocrystals depicted were obtained with the ligand D-

penicillamine. Figure and syntheses of the nanoparticles were performed by Assaf Ben-Moshe.



CHAPTER 3. ELECTRON TOMOGRAPHY AND 4D-STEM OF CHIRAL TE NANOPARTICLES 83

The solutions with these nanoparticles were drop cast onto amorphous carbon film
TEM grids (200 mesh), where they were allowed to dry under ambient conditions. After drying,
a solution of Au nanoparticles (10 nm) used as fiducial markers was also drop cast.

All tomography datasets were acquired using a FEI Titan operated at 200 kV, with
semi-convergence angle of a. = 10 mrad and using an ADF detector with an inner collection
angle of . = 84 mrad. The HAADF-STEM images were typically acquired with 1024 x 1024
field of view and dwell time of 15us. The series was acquired using the Thermo Scientific
Tomography software. Once the microscope was properly aligned, the software provided
controls of parameters to minimize shifts in the x and y directions and changes in focus on the
sample.

The tilt series was aligned using the IMOD tomography package (version 4.9.10).
IMOD is a package for the 3D reconstruction and image processing of electron tomography
series. The package contains tools for aligning the stack of images through an interface®!+1%.
The main steps performed to reconstruct the tomography datasets are briefly described in the
following paragraphs.

The first step is a coarse alignment using cross-correlation to find an initial
translational alignment between successive images of the tilt data series. The IMOD interface
provides the option to the user to perform only this alignment, in the case where the sample
does not have fiducial markers, or where alignment by fiducial markers does not provide good
results. The output coarse aligned series can be aligned further using a different platform or
scripts, as was the case for some datasets in Chapter 4.

The next step consists of the creation of a 3D model based on the position of the gold
fiducial markers, as is shown for one projection in Figure 3-3 to determine their center of
masses. There are different options to generate a fiducial model, the one chosen here - that

worked best in all the series - was the one where the starting points (seeds) are picked manually
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in one projection and the program tracks the gold fiducial markers automatically over the tilt

series.

ODO

intensity (Arbitrary unit)

Figure 3-3 STEM tomography projection at 0° showing the Te bipyramids and the Au markers (the small
light blue “dots”) used for the fine alignment of the tilt series.

In many cases, there were missing data in the automatically traced trajectories of the
fiducial markers over the tilt series. These missing points need to be edited manually as in order
to achieve a satisfactory alignment it is important to ensure that most of the markers are tracked
across the entire range of the tilt series. It is also important to manually fix incorrect positions
in the center of markers assigned by the automatic tracking. After the fiducial alignment is
generated, the fine alignment is performed to correct misalignments caused by rotations, tilts
and variations in magnification in the series. The program displays the residual error which
needs to be minimized to obtain a good final alignment. Finally, the data is down-sampled to
reduce the computational time and memory used in data processing for the reconstruction using
the back-projection or SIRT method.

All the volume rendering and visualization was performed using Tomviz 1.5.0+, an

open source application for the rendering and visualization of 3D tomographic data.
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3.2.2 Electron tomography of Tellurium bipyramids with chiral ligands

The first experiment consisted of preparing Te nanoparticle samples with the chiral
ligand, penicillamine, to check whether these nanoparticles also had a chiral shape.
Reconstructions of two of the tomography datasets are shown here, where in the first series,
1024 x1024 images were acquired in the angular range of -65° to 70°, with a step size of 1° , a
pixel size of 1.15 nm and with an electron beam dose of 1.6 X 10* ¢ nm™ frame™'. In the second
series, 1024 x1024 images were acquired from -69° to 70°, with a step of 1°, a pixel size of
0.82 nm and with an electron beam dose of 3.1 X 10> e nm™ frame!. The resulting reconstructed
volumes from the tomography series are shown in Figure 3-4 and Figure 3-5, respectively. It
can be observed in the reconstructed volumes of these nanoparticles that, they have a chiral

shape, where the facets are asymmetric along the c-axis.

Figure 3-4 A surface rendering of a STEM tomogram from a bipyramid with chiral ligands along the
[2110] direction (left) and along the [0001] direction (right).
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Figure 3-5 Another surface rendering of a STEM tomogram from bipyramid nanoparticles with chiral

ligands and trigonal symmetry.

It is interesting to note that depending on the type of ligand (pure D or pure L) used in
the synthesis, one of the mirror images was produced in excess. This was verified through the
statistics of a large nanoparticle population (approximately 300 nanoparticles per sample) from
SEM images, performed by a collaborator, A. Mueller. Both cases, i.e. samples produced with
pure D or pure L ligands, resulted in a roughly 85% fraction of nanoparticles with the same
orientation as the ligand used in the synthesis — the other 15% had the mirror-image orientation.
It was also observed that the nanoparticles of the less abundant orientation, were on average
smaller, indicating that the chiral ligands interfered not only in the nucleation process, but also
in the growth rates of these nanoparticles.

When comparing the tomography reconstruction with SEM images (Figure 3-6), it is
apparent the edges of the reconstructed Te nanoparticles are not as sharp as viewed in the SEM
images. The smoothed edges of the reconstructed nanoparticles are due to the limited resolution

of the data as well as post-processing with a gaussian filter (6=2) to reduce noise.
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Figure 3-6 SEM image of two Te bipyramidal nanoparticle enantiomers. Image performed by A.

Mueller.

Figure 3-7 shows the cross sections cut along the c-axis of one these nanoparticles,
evidencing the trigonal symmetry of the bipyramids and the twisting of their vertices around a

fixed trigonal axis, indicated by the white dashed lines superimposed onto the cross sections.
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Figure 3-7 Cross section slices from the reconstructed volume of one of the Te nanoparticles. Left: view
along the [2110] direction showing the cuts along the c-axis. Right: view along the [0001] direction
showing the respective cross sections with a twisted-trigonal symmetry and variations in the locations
of vertices along the growth axis. The white dashed lines are constant along the slices and here is used

as reference to highlight the twisting of the vertices.

Interestingly, another feature observed in the reconstructed Te bipyramid volumes, was
the presence of voids, as shown in the wireframe rendered view in Figure 3-8. Figure 3-9 also
shows STEM images showing these voids in both nanorods and bipyramid morphologies. As

can be observed in these figures, the voids had an almost spherical shape and were located in
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regions near the center of each nanoparticle. These features were detected in most of the imaged
nanoparticles formed though this synthesis method. Beyond the fact that these voids were
observed in the majority of hundreds of nanoparticles during the setting of the tomography
experiment, the presence of voids was also confirmed by checking the acquired STEM images,
where 92% of 25 nanoparticles exhibited central voids. This indicates that the formation of

these voids might be related with the growth mechanism of these nanoparticles.

Figure 3-8 Wireframe rendered volume from the electron tomography of a Te nanoparticle showing a

spherical void inside the bipyramid.
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Figure 3-9 ADF-STEM images showing voids on thin Te nanorods and bipyramids.

In order to estimate the dimensions of these voids, line profiles from two nanoparticles
(labeled as NP1 and NP2) were extracted along each orthogonal direction (x, y, z), as indicated
in Figure 3-10. The line profiles show regions of low intensity where there is a void and their
locations were calculated using the function signal.argrelmin from the scipy python package!!.
This function compares each point in the data with a number of neighbours, defined by the user
and gives the peak position. For the line profiles in Figure 3-10, the chosen number of
neighbours was N = 100.

Once the locations of the voids were determined, their size was calculated using the
signal.peak widths python function. This function calculates the width of a peak at a relative
distance to the peak’s prominence. For both nanoparticles, the relative height at which the peak
width was measured was half of the prominence. The calculated void diameter in each
orthogonal Cartesian direction was 10 = 1 nm, thus the voids are approximately spherical within
errors. The errors were estimated as the difference between the maximum and minimum width

obtained for reasonable fits of peak.
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Figure 3-10 Line profiles through the voids observed in the STEM tomography reconstructions for two
Te nanoparticles. a) rendered volume of nanoparticles labelled as NP1 and NP2. b) NP1: Volume cuts
normal to the three Cartesian coordinates (x, y, z), where z is along the c-axis of the nanoparticle; and
corresponding line cuts through the voids, indicated by dashed white lines. ¢) NP2: same figures as
before. Void diameters are found to be 10 = 1nm along all directions, thus the voids are spherical within
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3.2.3 Electron tomography of chiral Te bipyramids with achiral ligands

In order to investigate whether chiral ligands are necessary for the formation of chiral
shapes, a second synthesis of Te nanoparticles was performed under similar conditions,
however penicillamine was replaced with mercaptopropionic acid, which is an achiral ligand.

The tomography series was acquired over the range of -75° to 70°, with 2° step size
and a pixel size of 0.91 nm and with an electron beam dose of 2.5 X 10° ¢ nm? frame™.
Interestingly, the nanoparticles also formed a chiral shape (Figure 3-11). However, as shown
in Figure 3-12, although the cross-sections along the c-axis exhibit a trigonal symmetry in the
regions near the apex of the nanoparticle, they progressively converged into a hexagonal
geometry in the middle sections. Another difference between these nanoparticles and the ones
prepared with chiral ligands, is that the synthesis with an achiral ligand resulted in a racemic
nanoparticle solution, i.e. the left and right-handed orientations were present in the same

proportion, as was confirmed by CD experiments performed by A. Moshe.

Figure 3-11 Frontal and back views of a reconstructed Te chiral nanoparticle. The bipyramidal shape

resulted from a synthesis performed with an achiral ligand (mercaptopropionic acid).
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Slice Number

Figure 3-12 Cross sections from the same nanoparticle show in Figure 3-11 a) The slices along the c-
axis show a three-fold symmetry (1-3), which progressively converges to a six-fold symmetry (4-8) and
ends up again with a three-fold symmetry. In this chiral nanoparticle, some voids can also be noted (6).

b) shows where these cuts are made in this Te nanoparticle side view.
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This result implies that the chiral ligands are enantiomer modifiers and tune the
proportions of the mirror-imaged nanoparticles, instead of being the cause of the chiral shape
by itself. This result is important since it proves that the growth of a chiral crystal cannot be
fully explained by the presence of chiral ligands, as has been suggested in previous models®”!%2,

Voids were also observed in reconstructed volumes of these nanoparticles - and were
also detected in 64% of 39 nanoparticles present in STEM images. However, they were present
in a different form from the ones observed in the Te nanoparticles prepared with chiral ligands.
As it shown in Figure 3-13, there are multiple voids per nanoparticle and they have non-
spherical elongated shapes, which is different from the single spherical void localized in the
core of the bipyramid, as presented in the previous section. The presence of voids in both

syntheses, i.e. with and without chiral ligands, may be related to the growth mechanism of the

formation of the chiral polyhedral shapes.

Figure 3-13 Slices from the same nanoparticle show in Figure 3-11 showing multiple and elongated
voids. a) is a cross section normal to the c-axis and b) and ¢) are the other two perpendicular cuts through

the same nanoparticle.

Therefore, the results from this experiment require an alternative explanation to that
commonly put forward in the literature to describe the formation of chiral polyhedral shapes.

Our interpretation is that the chiral polyhedral shapes are formed by a growth mechanism that
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develops from screw dislocations. Screw dislocations are widely used to explain twisting

103

structures, such as nanorods'®, nanoplates'® and the slope of pyramids'®~'%. Our hypothesis

is that a screw dislocation is formed in the early growth stages, with a Burgers vector given by:

b = c[0001] G.1)

And it is dissociated in partial screw dislocations:

(3.2)

St
Il

[0001]

wla

This hypothesis was supported by a model that simulates a Te crystal with a dissociated
screw dislocation and confirmed through atomic resolution STEM imaging, both performed by
other members involved in the project and shown in appendix A. STEM imaging confirmed the
discontinuity in atomic rows of the crystal that would result from the presence of a dissociated
screw dislocation.

The formation of voids in the core of the nanoparticles is also associated with a growth
mediated by screw dislocations in the literature'®'!2, A screw dislocation generates a strain in
their surroundings material. Voids may be formed when this strain energy is larger than the
surface energy required to generate an internal surface.!9%113.114

The current theoretical explanation for the formation of screw dislocations also
predicts that they are preferentially formed under low saturation rates, i.e. under slow reduction
rates of Te!!>. Therefore, it was important to check the outcome from a synthesis with high
monomer saturation. If the higher monomer saturation will suppress the formation of screw
dislocations, and the presence of screw dislocations is the main reason for the observed chiral

shapes, then it may be expected that non-chiral shapes form under these growth conditions. The

results of high monomer saturation synthesis are presented in the next section.
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3.2.4 Electron tomography of Te bipyramids with chiral ligands and higher monomer
concentration

As mentioned earlier, the next experiment was performed to test whether the formation
of screw dislocations is necessary for the formation of chiral shapes. It has been predicted that
screw dislocations only form under slow growth conditions. Therefore, Te nanoparticles were
prepared with a higher tellurium dioxide reduction rate and this was achieved by using a larger
volume of hydrazine (6 mL) to the prepared solution (5.5 ml), contrasting with 2 mL which was
added to produce the chiral bipyramids presented previously.

The tomography dataset taken from these nanoparticles was acquired over the tilt range
of -75° to 75°, with a step size of 2° and a pixel size of 1.82 nm. The electron beam dose was
6.3 X 10? ¢ nm™ frame™!,

The rendered reconstructions of these nanoparticles (Figure 3-14) indeed show achiral

shapes. It is important to highlight that these achiral morphologies were formed even when

using chiral ligands, and with the same concentration as the reactions that form chiral shapes.
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Figure 3-14 Rendered STEM tomogram of achiral Te particle grown with higher monomer
concentration chiral penicillamine ligands and top view of nanoparticle with chiral ligand but

synthesized with higher monomer concentration.

These achiral nanoparticles also revealed a trigonal symmetry towards their apexes
which evolved into hexagonal symmetries towards the nanoparticle center. The cross-sections
of a representative nanoparticle are shown in Figure 3-15. No internal voids are detectable in
the reconstructed volume, which is in agreement with the hypothesis that voids form due to the
presence of screw dislocations and screw dislocations are not present in this case due to the

rapid growth conditions, as evidenced by the lack of chiral geometry.
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Figure 3-15 Cross sections from a reconstructed achiral Te nanorod synthesized with chiral ligands but
higher Te dioxide rates. a) The first slices along the c-axis show a three-fold symmetry (1-2), that
progressively evolves to a six-fold symmetry (3-8) and ends up again with a three-fold symmetry (9-

10). b) shows where these cuts are made in this Te nanoparticle side view.

3.3 4D-STEM experiments

In the previous sections the experiments performed to investigate the origin of chiral
shapes led to the interpretation that screw dislocations are responsible for the formation of chiral
polyhedral nanoparticles. The evidences for screw dislocations will depend of the growth

conditions'!'® and are not always easily detectable, since screw dislocations are often unstable
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and mobile'®. Previous work has shown that screw dislocations in semiconducting materials,
such as Tellurium, may have their mobility increased under the effect of an electron beam!'”.
Lavagne et al. found that mobility of screw defects in ZnS nanowires increased with beam
dosage. The beam dosages used in these experiments were ~100 times higher than used in the
following study for Te nanocrystals'!®,

In the particular case of the analysed nanoparticles studied in this work, the typical
contrast lines from screw dislocations could not be identified through classical TEM diffraction
contrast experiments. Another indication for growth mediated by screw dislocations is the
Eshelby twisting of the lattice. The Eshelby twist 7 in a 1D nanowire generates a twist per unit

length and is given by!'*:

15| (3.3)

T2

where b is the Burgers vector of the screw dislocation and 7 is the radius of the nanowire. Since
T is inversely proportional to r2, it is difficult to measure a twist for thick nanoparticles.
Therefore, in order to be able to detect the Eshelby twist and give more support to the
interpretation of growth mediated by screw dislocations, 4D-STEM experiments were
performed on Te nanorods. As presented in section 3.2.1 (Figure 3-2 (a-c) and Figure 3-9) these
nanorods were prepared with the same conditions as the bipyramids, but with the reaction
interrupted at earlier stages.

Therefore, if screw dislocations are present from early stages of growth, they are
expected to be present in the nanorods. The aim of the 4D-STEM experiments was to quantify

the twist in the lattice of the Te nanorods.
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3.3.1 4D-STEM experimental setup

In the 4D-STEM experiments, the data was acquired with a near-parallel probe, using
a convergence angle that was set to 0.48 mrad. In this configuration the diffraction disks did
not overlap and, a convergent nanobeam electron diffraction (NBED) pattern was formed.
Although during the experiment there was no tilt in the electron beam or in the sample direction,
scanning the electron probe over the nanoparticle resulted in mistilts of the zone axes that were
evidenced as circular patterns, the ZOLZ disk, as shown in Figure 3-16.

All the experiments were performed using a FEI Titan TEM, operated with a FEG at
300 kV, with C2 aperture size of 40 pm and spot size 11. At this voltage, the electron beam has
a wavelength of 1.9 pm, as calculated from Equation (1.3). The diffraction patterns images
(512 x 512 pixel) were acquired with a Gatan Orius CCD camera. The data was acquired with

a python script, written by Christoph Gammer', that moved the beam.

! Code may be obtained from Christoph Gammer: Christoph. Gammer@oeaw.ac.at
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Figure 3-16 NBED pattern taken with a convergence angle a, = 0.48 mrad and camera length L = 130

mm.

3.3.2 ZOLZ circle fitting of electron diffraction patterns

Since the NBED patterns, taken with a, = 0.48 mrad, had non overlapping disks, the
misorientation of the crystals could be quantified by measuring the distance of the center of the
ZOLZ circles to the direct electron beam (central disk in the images)'!®, indicated in Figure

3-17 as C, and Cg, respectively.
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Figure 3-17 Schematic showing a diffraction pattern and the distance r* between the central beam and
the center of the ZOLZ circle. ry and 7, are the horizontal and vertical components of the distance

vector, respectively.

The relation between the misorientation @ and the radius r* of the ZOLZ circle is

given by the equation'’:

S
Il

r*A (3.4)

Where A is the electron beam wavelength. Decomposing r* into its horizontal and

vertical components (as indicated in Figure 3-17) results in:

Oy =7yA and @, =12 (3.5)
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The [0001] growth direction of the Te nanorod was indexed in the diffraction patterns and as
such @, gives the out-of-plane bending of the c-axis and @, gives the rotation around the c-
axis, respectively, as illustrated in Figure 3-18. The in-plane rotation y around the zone axis is

given by the rotation of the diffraction pattern'?!.

—
Cc

® Electron Beam Direction

r\ Rotation around c-axis

& Out-of-plane bending
of the c-axis

Figure 3-18 Scheme of orientations used for rotation mapping of the Te nanoparticles.

Although the diffraction data was recorded within a rectangular section containing the
nanoparticle, the scripts were optimized to run only in the regions of interest, i.e. in the area
inside the nanoparticle. This was implemented through a mask that was built using VDF
reconstructions, as presented in section 2.8.1. As an example, VDF and VBF reconstructions
from a Te nanoparticle are presented in Figure 3-19. Probe positions external to the nanoparticle
did not result in any diffracted intensities as the probe was incident only on amorphous carbon,
and as such these positions were not analysed.

Thus, to select the data where the code should be applied, thresholding was performed
using VDF reconstructions, and a mask was applied to attribute non-zero values only inside the

nanoparticle.
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a)

Figure 3-19 VR from the NBED pattern frames acquired from a chiral Te nanoparticle a) Diffraction
pattern b) The VBF reconstruction from the direct beam disk, and within the box shown in the image
for each pixel in the nanoparticle ¢) VDF reconstruction with all the spots excluding the direct beam

disk.

Therefore, for each diffraction pattern acquired inside the nanoparticle, the detection
of the most intense spot peaks was performed prior to the Laue circle fittings. To detect the
most intense peak a combination of local maximum and edge detection filters were used. The
local maximum filter was used to select the most intense peaks in the image, and the
peak _local _max function from the skimage library was used for this purpose (Figure 3-20,b).
This python function uses a local maximum filter to identify and return the coordinates of local
peaks contained within an image'*?.

Although the local maximum filter can efficiently select the most intense single pixels
in the image, it does not determine the disk centers with sufficient accuracy. In order to solve
this problem and refine the positions of the peaks, a canny filter was used for the edge detection
and then each peak was fitted using Hough circles'?® (Figure 3-16, c). Both tasks were
performed using functions from the skimage library (feature.canny  and
transform.hough_circle peaks, respectively) and thus the center of the most intense circles

(detected with the maximum filter) could be determined more precisely (Figure 3-16, d).
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Figure 3-20 Image processing procedure to determine the positions of the peaks in the diffraction
patterns acquired in the 4D-STEM experiment. (a) One of the diffraction patterns images from the
dataset taken with @, = 0.48 mad. b) The peaks are detected using a local maximum function. Although
it effectively detects the brightest spots, it results in imprecise center positions. ¢) a Canny filter (¢ =5)
is used to detect the edges of each disk d) The center of each disk is identified from the edges using the

Hough circles method.

Once a set of peaks were detected the next step was the fitting of the ZOLZ circles.
The fitting of a circle to a noisy dataset of points is an old and quite complex problem that is
present in many fields'?*1?°. The larger the angle of the arc to be fitted is, the higher is the
precision of the estimated parameters, therefore yielding a lower variance of the fit
parameters'?’. In the case of the ZOLZ circles, when the sample is not aligned with the beam,

we obtain half circles, whereas when it is close to the zone axis positions whole circles could
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be fitted. The approach implemented in this work was the minimization of the sum of the
squares of the errors between the data points and the circle function, and therefore this non-

linear least-squares (Levenberg-Marquardt)'?%!2 problem has the objective function J:
J =) e y)? (36)
i

Where the residuals £(x;, y;) are given by:

e(x,y) = (i —x )2+ (i —Ye)> — 7 (3.7)

Where (x.,y.) and r are the center coordinates and the radius of the fit circle,
respectively; and subject to the constraint that the circle perimeter intersects the direct beam
[0000] diffraction disk.

The equation (3.6) was solved using the function optimize.minimize from the python
library scipy and using the Sequential Least Squares Programming method (SLSQP). Since this
method requires a reasonable first estimation for the solution, an algebraic solution for the circle
parameters (7, X0, Vo) that pass through three selected points contained in the DP was used
for this purpose. The three points selected were, as illustrated in Figure 3-20: P; = (x4,y;), the
[0000] direct beam; P, = (x,,Y>), the most distant point to the direct beam and P; = (x3, y3),
the most distant point to P,. The coordinates (1y, X, Vc0) Of circle that circumscribes Py, P,

and P; were calculated algebraically by finding the intersection of the perpendicular bisector

lines of the segments P; P, and P,P; , as also shown in Figure 3-21.



CHAPTER 3. ELECTRON TOMOGRAPHY AND 4D-STEM OF CHIRAL TE NANOPARTICLES 107

O Diffraction pattern

o Selected points for
circle algebraic fitting

Figure 3-21 Scheme showing DP and points selected for the first estimate for the fitting of the circle
through the least square method. The three points selected were: P;, the direct beam [000]; P,, the most
distant diffraction point to Py; and Ps, the most distant diffraction point to P, . The coordinates of the
center and radius of the circle were determined through the intersection of perpendicular bisectors of

P1P2and P2P3.

Once the optimal circle (r,x.,y,) was determined through the minimization of
equation (3.7), the coordinates of the fitted circle center allowed the determination of the out-
of-plane bending (@,) and the rotation around the c-axis (@,,) via equation (3.5).

In order to facilitate the visualization of lattice orientation changes in the
nanoparticles, a map of the calculated mistilts at each pixel position of the VDF reconstruction
was built. Figure 3-22 shows the results from a Te nanorod with width of 292 nm length, where
the 4D-STEM data was acquired with a camera length L = 245 mm. The scanned region had
an area of 17 by 115 pixels with a step size of 3 nm, with an electron dose of 2.7 X 10° e nm™.
The ADF image and VDF reconstruction of this nanoparticle are shown in Figure 3-22-a and

b, respectively. Three different probe positions along the particle, shown in Figure 3-22-c, show
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a clear change in mistilt about the zone axis direction along the nanoparticle c-axis. The map
of the twist associated with the rotation of the atomic arrangement around the c-axis, i.e. that
gives evidence of the presence of a screw dislocation, is shown in Figure 3-22-d (top). In
addition to this twisting, it is possible to extract out-of-plane bending presented as a colormap
in Figure 3-22-d (bottom).

In order to estimate an overall twist value and associated errors, fits with different
numbers of diffraction disks were performed to obtain an average fit. The fitting presented in
Figure 3-22 was calculated using 15 disks, so additional minimizations were performed using
10 and 12 disks. Figure 3-23 shows a line profile across the nanoparticle with the mean twist
values across the short axis for each of these three fits. Linear regressions were used to calculate
the mean twist rate and error. Interestingly it can be seen in the line profile that the twist rate
is roughly linear across the central region of the nanoparticle but deviates at the ends. Therefore,
the slope of the line that best fits to the data gives the average twist rate, however it should be
noted that the twisting rate is not constant over the whole nanoparticle length. As it is predicted
that the Eshelby twist of a material is inversely proportional to its radius, this may be the reason

that the degree of twisting increases at the nanoparticle apexes, where the diameter tapers.
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Figure 3-22 Orientation maps of the Te crystal orientations at each pixel acquired from the 4D-STEM
data acquired with L = 245 mm and convergence angle a, = 0.48 mrad. The NBED patterns were
recorded for beam positions in a rectangle with dimensions 17x115 pixels and step size of 3nm. (A) A
STEM image of the Te nanoparticle that the data was taken from (B) A VDF image from the same
particle. (C) Diffraction patterns from three different pixels along the particle, showing, twists along two
different axes. (D) Top: A map of the twist along the c-axis. This is the Eshelby twisting associated with
the screw dislocation. Bottom: In addition to this twisting, it is possible to extract the out-of-plane

bending.
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There are two possible linear regressions for the data. The first one, indicated by the
red curve is the line that passes through the maximum and minimum twist values, and is
equivalent to taking two points at the extremes of the nanoparticle and dividing the angular
difference by the length, which yields 0.023 + 0.001 degrees/nm. The second regression,
indicated by the black line is the linear regression that best fits the whole line profile (smaller

residuals) and has a lower twist rate of 0.011 + 0.001 degrees/nm, instead.
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Figure 3-23 Maximum and average twist around the c axis for a Te nanorod with length of 292 nm.

3.3.3 VDF reconstructions for the identification of diffraction contrast of screw
dislocations

In addition to the Laue circles fitting analysis, further evidence of the presence of screw
dislocations can be investigated through virtual reconstructions.

The presence of screw dislocations distorts the crystal lattice bending it laterally and
through the specimen!, producing dark lines of contrast due to the additional diffracted

electrons'®. In conventional TEM, the diffraction contrast associated with a screw dislocation
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is invisible when the sample is oriented in such a way that all the excited reciprocal lattice

vectors (§) are perpendicular to the Burgers vector, i.e. g. b = 0. The dislocation contrast will

only be visible when the sample is oriented with the Burgers parallel to the cross-product of
two non-collinear § vectors that make the dislocation invisible (b X (g7 X g3) = 0)!°*. This
condition is known as two-beam condition. Achieving this imaging condition to observe a screw
dislocation is sometimes very difficult due to the instability and mobility of screw dislocations.
The limited tilt range in TEM is another inconvenience that makes the identification of screw
dislocations more difficult.

Another way to identify the presence of screw dislocation is through the presence of
twist contours, which are another diffraction effect from the disturbance of the screw dislocation
in the lattice. The object has to be oriented in a way that the two § vectors that are non-collinear
with the axial direction are excited!?®!13:12%13% The real space twist angle 1 is then calculated
by

A6 A (3.8)

T =—=—

l 21l

92-91
sin Bg

Where A is the electron beam wavelength (1.9 pA for 300 kV), [ is the measured real
space distance between the bands and g7 and g, are the g vectors in the reciprocal space and S
is the angle between g;'(g;) and the axial direction.

Meng at al.!*! have recently studied the twisting rate of Copper nanowire through twist
contours. In their SAD study of twist contours, an aperture was used to isolate specific
reflections which showed as localized contours across the nanowire diameter. The local twisting
magnitude was calculated from two sets of these contours and was found to be of the same

order as the expected Burgers vector for copper. A similar result was found for ZnO
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nanowires'? demonstrating the material independence of the technique. As a virtual aperture
in 4D-STEM is analogous to an aperture in electron diffraction, twist contour analysis can be
performed from 4D-STEM data if the nanomaterial in question exhibits a twist.

As mentioned earlier, virtual reconstructions can also help to overcome the mechanical
limitations just mentioned above, since in a 4D-STEM experiment an entire set of signals is
acquired. The selection and combination of specific spots to make these reconstructions® allow
the identification of screw dislocation features that would otherwise be invisible using
conventional TEM diffraction-contrast imaging. A very instructive reference for the use of
virtual reconstructions for this purpose, i.e. to allow the identification of defects, is the work
published by Rauch and Véron, where they show multiple examples using different materials,
that screw dislocations and defects could be evidenced with the reconstructions depending of

the selected diffraction spots®.

Figure 3-24 VDF reconstructions evidencing the twist bands contained in the same Te nanorod shown
previously. a) One of the NBED pattern acquired in the 4D-STEM experiment, b) The VDF
reconstruction from the spot 2205 reveals a twist band c) a second twist band is evidenced from the

collinear disk 2205. d) the VDF reconstruction from both disks.

The analysis performed using the virtual reconstructions of the same nanoparticle
analysed in the previous section revealed the presence of twist band contours, as shown in

Figure 3-24. From equation 4.13 the resulting Eshelby twist is 7 = 0.04 (£0.01)°/nm, since
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A = 1.9 pm (for an electron beam energy of 300 kV), the measured real space distance between
the bands is [ = 45 nm, the difference between the g vectors in the reciprocal space |g; — g1] =
2 x0.99 (A1) and By = 27.5°. Since the value of 7 depends of the twist band location, the
errors were determined from the standard deviation of three different twists using distinct band
distances [;, [, and l3. The distance [;, was determined by two points in the external edges of
the twist band, [, was measured with two points chosen in the middle of the bands and [; was
determined from two points in the internal edges of the band.

The calculated real space twist (7) coincides with the local twist measured in the Laue
circle analysis, demonstrating consistency between the results obtained from these techniques.

Using another pair of disks for the VDF reconstructions (Figure 3-25), the local
calculated twist was T = 0.03(£0.02)°/nm, for a measure distance between these bands is [ =
27 nm, and the difference between the § vectors in the reciprocal space |g; — g1| =

2 x0.77 (A7) and B, = 90".

a)

Figure 3-25 Additional VDF reconstructions evidencing the twist bands contained in the same Te
nanorod shown previously. a) One of the NBED pattern acquired in the 4D-STEM experiment, b) The
VDF reconstruction from the spot 3300 reveals another twist band c) a fourth twist band is evidenced

from the collinear disk 3300. d) the VDF reconstruction from both disks.
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3.4 Conclusion

This chapter presented the investigation of the mechanisms for the formation of chiral
morphologies in Te nanoparticles. The growth process in chiral nanoparticles is a longstanding
subject of interest in the multidisciplinary literature but with very little in-depth understanding
of its mechanisms.

The results from the first tomography dataset from the Te bipyramids prepared with
chiral ligands and the additional statistics performed from the SEM images, suggested that the
presence of chiral ligands induces the formation of one of the two enantiomers, and therefore
left and right-handed nanoparticles do not form with the same abundance. It is intriguing and
still an open question what the exact role of the ligands is, i.e., if they interfere in the chirality
of the crystal lattice and via this route determine the handedness of the screw dislocation, or
whether they actually directly affect the handedness of screws, without changing the chirality
of the atomic crystal structure.

Another important mechanism presented was the chiral shape formation in crystals
without chiral ligands. This result was never previously reported in the literature and the origin
of the chiral morphology can be supported by the nanoparticle growth mediated by a screw-
dislocation. Although the screw dislocations were not identified through TEM imaging, strong
indications of their presence were found, such as: 1) the chiral shape at low supersaturation, ii)
the non-chiral shape at high supersaturation, and iii) the presence of voids in the chiral
nanoparticles, suggest that the screw dislocations might have suffered plastic deformation.

The 4D-STEM measurements complement the results from the analysis of the electron
tomography experiments and gave more evidence that polyhedral chiral shapes originate from
screw dislocations in Te — and makes more remote the possibility that chirality of the shape

originates from differential growth rates of facets; since this type of growth would be induced
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by chiral ligands or by the chiral crystal structure, as growth processes mediated by these factors
should not be accompanied by lattice twisting.

Moreover, the versatility of the 4D-STEM technique was demonstrated, where a rich
range of crystallographic information can be extracted from these datasets. A new analysis
technique was presented where the zone-axis mistilt along the nanoparticles could be quantified
through fitting the Laue circle. Moreover, another significant analysis method developed was
the observation of contour bands using VDF and VBF for quantification of the lattice twist. The
main advantage of the use of 4D-STEM is that a wide range of information can be acquired
from these datasets without the mechanical limitations of conventional TEM. It is worth noting
that the techniques implemented here are based on fundamental electron microscopy knowledge
and because of their general applicability, they can be used to investigate the 3D structure of
different materials.

Furthermore, the chiral shapes of nanoparticles are of relevance for many fields - such
as optics, chemical catalysis and drug-delivery ® — and the concepts presented in this thesis

bring important contributions towards the fundamental knowledge of crystal synthesis.



4 Electron tomography of polymer grafted gold nanoparticles

This chapter presents the STEM tomography of 3D gold polymer grafted nanoparticles
(PGNP) and the investigation of their lattice structures.

The structure of this chapter is as follows: Section 4.1 gives an overview of the studied
nanoparticle crystals and the features of interest. Section 4.2 is dedicated to explaining the
details of the experimental setup. Section 4.3 shows the tomography datasets as well as the
alignment and reconstruction techniques performed for each nanoparticle. Section 4.3 presents
the main results from the 3D reconstructed data and details of the lattice structures of these
nanoparticles. Finally, in section 4.4 the main conclusions from the experiments and analysis

are discussed.

4.1 Polymer grafted gold nanoparticles

Self-assembly is any process where the disordered units of a system are assembled
forming an ordered larger structure spontaneously and without external intervention'®?,

Self-assembly of smaller building blocks into ordered crystalline solids is a very
interesting problem that can be observed on diverse scales and fields. Normally, the term self-
assembly is employed to individual structures that are bonded via weak forces, such as Van der
Waals forces or hard-particle interactions, instead of primary bonds such as covalent bonds '**.
On the micrometer scale for example, opals are formed from silica microparticles. The
difference between a common colorless opal and its rare colorful variety is that the former is

composed from the amorphous aggregation of silicon particles, whilst in the latter these

particles are assembled into crystalline structures. The level of order in these crystals and the
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size of the constituent particles (1.7-3.6 um), determines the diffracted colors (and of course
their price!).!3*

On the nanometer scale this type of system is formed from inorganic nanocrystals and
similar to the case of atoms in nanoclusters, the ensemble of nanoparticles can display different
properties from the individual nanoparticles and bulk materials, which depend on the material,
size and geometric crystal arrangement (e.g. FCC, BCC and HCP)!3>!%¢, The three dimensional
ordered assemblies of nanocrystals are also commonly referred to as superlattices in the
literature!37-1%%,

Self-assembly of colloidal nanoparticles can occur when the surfaces of the

140

nanoparticles are passivated by soft organic ligands'* — often sulfur-based ligands, such as thiol

groups due to their high affinity for noble metals!33!4!

—which prevents disordered nanoparticle
aggregation'*?. These functionalized nanoparticles are then immersed in a solution that favors
their ordered association.

There are many techniques for the deposition and assembly of the nanoparticles,
where arguably the simplest and most common technique is driven by evaporation of the
solution on a substrate (drop cast method)'** . During these processes the nanoparticles organize
spontaneously forming structures while the solvent is drying!*, and nanoparticle structures
form on the liquid/gas boundary due to high nanoparticle concentrations. The level of order in
these structures depends on the assembly environment and the interactions between the
nanoparticles. Normally, monodisperse colloidal nanoparticles assemble into ordered structures
under slow evaporation rates or destabilization of the solution'3’, however the evolution of
processes that lead to structure formation is still not fully understood.

Since there are many parameters that need to be controlled — including the solvent,

ligands, temperature, evaporation rates, etc. - these techniques currently have limited control
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over the resulting structures and geometries, leading to the presence of amorphous aggregates
in varying proportions, depending on the energy of evaporation of the solvent!*’.
Other techniques to guide the self-assembly of colloidal nanoparticles, during the

evaporation process include DNA nanotechnology'4!47

, and polymer grafted nanoparticles.
The DNA technique consists of using synthetic DNA to carry information to guide the
nanoparticle assembly!*2. The drawbacks of this method are that the DNA molecules normally
have poor electrical and thermal properties. Substrate immersion methods are also often used'*®.

Evaporation techniques can lead to the formation of 2D monolayers'** and 3D lattices
with various crystalline structures such as FCC, HCP and BCC!*. There are several conditions
which affect the structure of the assembled nanoparticle, such as the structural and chemical
properties of the ligands, solvent composition and the substrate. Normally, superlattices of
spherical nanoparticles and short ligands'*’ assemble as FCC or HCP!*° - where FCC is slightly
more stable (10~ kg T/nanoparticle ) than HCP'>!. Because these structures have very close free
energy, often they form simultaneously and the experimental conditions determine which one
predominates'>’. Normally, when the growth of crystals is treated as hard-spheres,
thermodynamic effects lead to FCC structures, since it is the most energetically favourable
structure. Kinetic effects might favour the generation of HCP structures, but since the energies
between HCP and FCC are so close, the resulting structure will often be random hexagonal
closed-packed (RHCP)!*%!153 which has equal FCC and HCP stacking probabilities between
layers. The overall small differences in energy also leads to the presence of faults, such as 1D
vacancies and line defects'>>.

Bcc structures are normally formed when ligands with longer lengths are used'*’. In
fact, the ratio between the ligand length and the radius of the nanoparticle (A5 = Lj;4/7) is a

critical parameter to determine the resulting structure. A common generalization in the field is

that when A is less than 0.7 the nanoparticle self-assembly can be described by a hard-sphere
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assembly model and therefore will result in the formation of FCC/HCP structures. On the other
hand, at higher A values, the nanoparticles behave like soft-spheres and will organize with non-

134 However, Yun et al. have

closed packed structures, which is the minimum energy structure
shown that this is not always the case. They demonstrated that PS coated nanoparticles with
Ag higher than 3 transitioned from BCC to FCC when increasing the grafting density X (i.e. the
number of bound polymer per surface area) from 1.10 to 1.53 chains/nm!>.

It is important to note that controlling the length-to-core ratio is effectively controlling
the polymer molecular weight, as shown by Ye et al'>>. In their work, by varying the molecular
weight, the interparticle distances and structure of the nanoparticle could be controlled.

The choice of solvent also has an important role in the resulting lattice structure. Wei
et al showed that the crystalline structure of 3D silver colloidal nanocrystal superlattices
evolved from BCC to FCC when the solvent was changed from hexane to trichloroethylene
(TCE)!*S,

In the work shown in this chapter, self-assembled gold nanoparticles were prepared
with the addition of polymers in an attempt to optimize their growth rates. The addition of
polypropylene (PP) and uncontrolled solvent evaporation led to the formation of the 3D layered
structures. By comparison, the formed structures were 2D monolayers without addition of PP.
Moreover, varying the polymer ligand generated different structures and electron tomography

was performed to better understand the overall lattice structure. In the next section the data

acquired for different growth conditions are shown.
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4.2 Electron tomography experiments and reconstruction

4.2.1 Electron tomography data acquisition

The samples were prepared by Yiwen Qian from the group of Professor Ting Xu, in
the Department of Materials Science and Engineering at University of California, Berkeley.

The Au polymer grafted nanoparticles were synthesized by ligand exchange with thiol
end-functionalized polystyrene (PS) and they were dispersed in toluene solution. The
experiments were performed with different ligand molecular weights (M,,) and in this thesis
two of them are shown, namely M,,= 1300 g/mol (1.3k) and M,, = 3800 g/mol (3.8k). The core
size of the resulting nanoparticles was 4.0 nm and the capping polymer used was PP. The
solution was drop-cast onto a TEM grid and allowed to dry under ambient conditions, forming

the Au self-assembled superlattices.

Figure 4-1 ADF-STEM images from one of Au PGNP datasets (4.0nm, 1.3k) from which the
tomography data was acquired. A) An image with the full range of intensities and where the NP
assembly features are more evident B) The same image with different contrast, where the maximum

intensity was clipped, in order to show the single nanoparticles dispersed on the grid (fiducial markers).
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Since there were many single nanoparticles dispersed on the grid, which were
dissociated from the main self-assembled superlattice, these were used as fiducial markers, to
align the tomography series (Figure 4-1).

Both tomography experiments were performed using an FEI Titan microscope
operated at 300 kV. The ADF-STEM images were acquired with a 10 mrad probe semi-
convergence angle and ADF detector with inner collection angle of . = 55 mrad. Typical
images were 1024x1024 with a dwell time of 15 ps.

The tomography dataset from the 4.0nm (1.3k) Au nanoparticles was acquired over
the range of -75° to 70° with a step size of 1°, pixel size of 0.91 nm and with an electron beam
dose of 2.5 X 10° ¢ nm™ frame™!. However, these samples had carbon contamination growth
during data acquisition — and this could not be improved even after electron beam showering
and plasma treatment (Figure 4-2). Therefore, the projections higher than 66° needed to be
excluded because they generated undesirable artefacts as the blurring caused by the
contamination affected the tracking and dynamic focusing performed by the acquisition
tomography software.

The tomography experiment from the 4.0nm (3.8k) Au NCs was accomplished over
the tilt range of -70" to 70°, with 2° step size, pixel size of 0.63 nm and with an electron beam

dose of 5.3 X 10° e nm™ frame™".
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Figure 4-2 STEM projection images from a 4.0nm (1.3k) Au nanoparticle showing contamination
growth during the acquisition. A, B) ADF-STEM image acquired at -75°, the first tilt angle of the data
series, and at 0°, respectively. C, D) Projections acquired at 66°, the last projection used for the

reconstruction, and 70°, respectively.

4.2.2 Electron tomography alignment and reconstruction

The alignment and reconstructions of both tilt series were firstly tried on IMOD
(version 4.9.10), as performed for the other datasets presented in the previous chapter.

However, the alignment of these samples with fiducial markers resulted in
reconstructions with artefacts. The main reason for this is that the nanoparticles used as markers
varied their positions under the electron beam. Therefore, the nanoparticles in the nanoparticle

crystal reconstructed using the fiducial alignment had distorted (moon) shapes - typical of a
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misplaced rotation center and scanning distortions, as presented in section 2.7. Figure 4-3 shows
these slices for the 4.0nm (3.8k) nanoparticle. These problems could not be fixed using the
fiducial alignment functions and parameters contained in the software and therefore, a second
sensible trial was to perform a fiducialess alignment, also using IMOD, using cross-correlation.
Although the results were better than the alignment using the Au markers, the final result was
also unsatisfactory, as can be seen in Figure 4-4, where the vertical cuts show a consistent
increase in deformation of the spherical nanoparticle along these slices. Since both trials did
not succeed, custom python scripts were written to perform the fine alignment from the cross-

correlation aligned stack from IMOD.

Figure 4-3 STEM tomography reconstructed images showing consecutive vertical cuts along the
nanoparticle (as indicated in the bottom right figure). The reconstruction was performed with a fiducial
alignment on IMOD and from A) to F) the consistent presence of misaligned artefacts (moon shaped

nanoparticles) can be observed.

Considering the vertical cuts shown in Figure 4-4 in the context of the discussion

presented in section 2.7.2, it is apparent that the respective sinograms need to be shifted
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vertically by linearly increasing amounts from the left-most to the right-most cut. This
corresponds to correcting for an image shear in the projections, which could have had its origin
for example in sample drift or slightly inaccurate scan-coil calibrations. Figure 4-5 shows the
slices after these corrections in the sinograms of the series. The individual cuts were
reconstructed applying the iradon function from the skimage python package to the adjusted

sinogram, and the cuts were assembled to a 3D reconstructed volume.

Figure 4-4 STEM tomography reconstructed images showing consecutive vertical cuts along the
nanoparticle (as indicated in the bottom right figure). The reconstruction was performed with a cross-
correlation alignment on IMOD and from A) to F) consistent increasing of the misaligned artefacts over

the cuts can be observed.
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Figure 4-5 STEM tomography reconstructed images showing consecutive vertical cuts along the
nanoparticle (as indicated in the bottom right figure). The reconstruction was improved by checking the

sinograms and correcting the tilt series and the scanning shifts.

4.3 Electron tomography Results

4.3.1 4.0 nm (PS = 1.3k) Au nanoparticles

As mentioned previously, once the reconstructions were performed, further image
processing needed to be implemented to improve the visualization of the overall features of the
superlattice, since the high density of constituent nanoparticles obfuscated the perception of
depth in the 3D images. Figure 4-6 shows a rendering that improves this aspect by filling the
interparticle distances but conserving the larger defects and morphology features. The filled
volume was created from the original reconstruction data by simulating the nanoparticles in the

lattice as Gaussian peaks and convoluting this data with a spherical kernel.
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As shown in Figure 4-6, the overall shape of the nanocrystal shows that the number of
layers decreases from bottom to top. This could be an indication that these assemblies are
formed by the deposition of Au nanoparticles - contained in the air-solution interface - onto the
contact line of the drop and the substrate (or accumulation zone)'>7 1%,

The distribution of sizes of the nanoparticles were calculated using two functions from
the skimage package. First, the function measure.label was used to label the individual
nanoparticles contained in the volumetric data array, since they are connected regions of pixels.
The volume was thresholded to isolate the nanoparticles and the individual constituent
nanoparticles were labelled. Two pixels are connected and labelled when are correctly
thresholded, have the same value and share a common face.

Once the nanoparticles were labelled, their properties were measured by the function
measure.regionprops, which allowed the nanoparticle diameters to be calculated. The

distribution of the nanoparticle diameters is shown in Figure 4-7. The resulting peak of this

distribution, 4.3 + 0.2 nm agrees with the nominal value of 4.0 nm.

Figure 4-6 Surface rendered views of reconstructed 4.0nm (PS = 1.3k) PGNP tomography dataset. The
rendering was made to fill the spaces and show a solid surface in order to evidence the overall

morphology of the nanoparticle.



CHAPTER 4. ELECTRON TOMOGRAPHY OF POLYMER GRAFTED GOLD NANOPARTICLES 127

800 A

700 A

Frequency
g 3
o o

N

o

o
!

100 A

0 2 4 6 8 10 12 14
Diameter (nm)

Figure 4-7 Size distribution of the 4.0nm (1.3k) Au nanoparticle. The red line shows the peak diameter
which was calculated to be 4.3 = 0.2 nm. The error on the mean particle diameter was calculated by
considering different thresholding techniques including Otsu's adapted threshold!'®’, the triangle

algorithm!®! and Yen's algorithm'®?,

The crystal structure of this nanoparticle has a high degree of crystallinity, but its
arrangement was not constant throughout the crystal with varying amounts of space between
layers and variable packing density in different regions of the superlattice. The variability in
local lattice structure is consistent with the fact that nanoparticles assembled with soft organic
ligands will always result in some lattice softness.

Another characteristic of the superlattice’s shape was that its top and bottom surfaces
were bent, as can be seen more clearly in Figure 4-8 (a). Therefore, the surface was flattened
only for the purpose of improving the visualization of the top and bottom views. The analysis
of the lattice parameters was performed on the original data. The flattening was performed by
a custom python script that fits a 2D polynomial mesh grid surface to the top and bottom layers.
The nanoparticles are then rolled by the amount given by the deviation of their positions and

the flat mesh. The results for the top and bottom surfaces can be seen in Figure 4-8 (b and c).
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Figure 4-8 Flattening of the 4.0nm (PS = 1.3k) Au nanoparticle surface for the improvement of the top
and bottom view visualizations. a) Original side view of the shape b) and c) show the side views of

nanoparticle with the flattening of the top and bottom regions, respectively.

Figure 4-9 shows the base and top single layers from the nanoparticle after the
flattening, where these views show a distorted hexagonal structure. Ignoring the exact nature
of the distortion, this is a dense planar nanoparticle packing which is compatible with
BCC(111), HCP(0001) and FCC(111). Therefore, the lattice stacking of the nanoparticles in

other orthogonal directions needed to be evaluated to determine the overall lattice structure.
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Figure 4-9 In-plane views from single layers of 4.0nm (1.3k) Au nanoparticle A) Bottom plane layer,
B) top layer. Both layers show a distorted hexagonal lattice, whereas a big line defect can be observed
in the top layer. It is also interesting to note that many single vacancies can be found in both layers. Two

examples are indicated by the red arrows.

It was also observed that the structural order increases from the bottom to the top layer,

as shown in Figure 4-10 and Figure 4-11. In typical HCP and FCC stacking, the nanoparticles
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in the adjacent layer sit in the three-fold hollow of the layer below. Hollow-site stacking is
observed towards the center of the bottom two layers. However at the edges of the layer, as
shown in Figure 4-10-a, the nanoparticles sit in the bridge-site of the layer below, possibly
indicating a transition to BCC structure. This pattern disappears in the upper layers, as shown

for the top two layers, which have nearly perfect hollow-site registration (Figure 4-11).

Figure 4-10 a) shows a composite of base and next layer, with different colours representing different
layers along the top view. b) This zoomed in region shows the typical NP arrangement observed in most
regions, with the 2nd layer NPs located near the center of three 1st layer NPs (hollow site). ¢) Towards

the upper edge the NPs progressively assemble with bridge sites.
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Figure 4-11 a) composite of top and next layer. b) The zoomed in cut shows that the nanoparticles

assemble in arrangements nearly perfect hollow on the upper layers.

Figure 4-11 also shows that the top layer has a line fault across the whole nanoparticle
diameter. At first look, one could think that this is due to the cracking of the nanoparticle at late
stages of the solvent drying. The presence of cracking in nanoparticles is indeed a common
defect and occurs when the assembly of the nanoparticles is initialized on the solvent-air
interface. Since the nanoparticles contained in the liquid are deposited on the substrate as the
evaporation continues, the contraction of the lattice with the solvent evaporation would compete
with the adhesion of the nanoparticle bottom plane to substrate!*>. Then, when the solution
surface reaches the substrate, the lattice suffers a rupture due to the difference between the
curvatures of the liquid interface and the flat substrate!3%.

However, further analysis of the nanoparticle structure within the top four layers
reveals that the stacking on opposite sides of the line fault are different, as shown in Figure
4-12.

Therefore, it seems more reasonable to interpret these faults as line defects dividing
FCC and HCP. The same kind of defect line, acting as an interface between FCC/HCP stacking,
has been previously reported on the studies of hard spheres assembled through sedimentation
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of a colloidal solution'®’. As described previously, the formation of such defects is due to the
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competition between kinetic and thermodynamic effects. Kinetic effects result mainly in RHCP
structures, whilst thermodynamic effects produce predominantly FCC lattices. However, in
systems where kinetic effects are predominant and therefore the overall structure is RHCP, it
has been reported that line faults induce the local formation of FCC stacking!*?, as is observed

for the 4.0nm (PS=1.3k) Au nanoparticles here.

Figure 4-12 Electron tomography slices from the 4.0nm (PS = 1.3k) PGNP showing different stacking
in the left (HCP) and right sides (FCC) of the line fault on the nanoparticle. a) Overlay of the first and
third layer showing an ABA stacking organization on the left (HCP), and ABC on the right (FCC). (The
second common layer (B) was previously shown in Figure 4-11). b) Overlay of the first and fourth layer

showing on the left ABAB and right ABCA.

When looking at the overall stacking of the nanoparticle from a lateral view (Figure
4-13), stacking patterns of FCC and HCP with stacking faults (white dashed lines) can be
observed. One could interpret the structure as HCP with a moderate number of stacking faults.
However, it seems that the stacking faults are randomly inserted, or indeed the stacking
sequence itself is random - and therefore it is more accurately described as RHCP, as it seems
that FCC and HCP stacking can be observed with equal probabilities!>3:164165,

In RHCP structures, although the periodicity of the stacking along a plane is random,

there is long-range positional correlation, since the nanoparticle will always lie in one of the
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positions 4, B or C'>*, as observed in this nanoparticle. There are different ways to calculate the
level of order of a RHCP. One of them is to calculate the probability of finding a FCC stacking
among three randomly consecutive layers'>?, and in this case for the arrangement shown in

Figure 4-13, the probability of finding FCC stacking is 0.43.

POTO>OTOTO> A D>OWD

Figure 4-13 Assembling of the layers from a single vertical cut from the reconstruction volume of the
4.0 nm (1.3k) Au nanoparticle crystal. (a) shows an in-plane view with the line cut indicated by the

white line. b) and c) show the stacking of the layers, which are a mixing of HCP and FCC stacking.

To perform more accurate statistics from the lattice parameters of the 4.0nm (1.3k) Au
nanoparticle, a nearest neighbourhood (NN) analysis was performed.

To give an overall idea of how the algorithm worked for this analysis, the query of the
NN was performed using the function KDTree from the scipy package!??, which organizes the
data into a tree structure. The two-point correlation function then calculates of the cumulative
NN distribution as a function of r, F,,(r), and the gradient of this function dF,,(r)/dr

calculates the radial distribution function (RDF)!%¢:

1 FE,) 4.1)

RDF(r) = Amtpr?  dr
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Where p is the average density of nanoparticles, i.e. the ratio between the total number
of nanoparticles and the total volume of the superlattice (N/V). The total number of
nanoparticles was calculated using the functions blob log from the skimage package, while the
volume was calculated using the convex.hull class from scipy. The calculated number of
individual nanoparticles in the 4.0nm (1.3k) Au superlattice was 32878 nanoparticles. The
surface area and volume of the superlattice were calculated to be 4.3 - 10° nm? and 1.7 - 107
nm® respectively from its convex hull. This yields a number density of p =2-1073
nanoparticles/nm? and a surface area to volume ratio (S/V) of 0.026 nm™

The RDF function was calculated for 0 < r < 30 nm and is shown in Figure 4-14-a.
Thus, the peaks in the RDF indicate shells of neighbours and the valleys indicate the shell limits.
For this dataset r = 9 nm indicates the end of the first shell. The first peak corresponds to the
first shell of NN and it is at = 7.2 nm. This value corresponds to the mean interparticle nearest-
neighbour distance.

To check the consistency of this value, a histogram was plotted, from a query from
the KDTree performed by the function query radius, where a radial distance of 9 nm was used
to calculate the number of NN. (Figure 4-14-c). The modal number of neighbours within the
first shell, i.e., 1st nearest neighbours, is 12. This is consistent with both HCP and FCC lattices,

and therefore is further evidence indicating and RHCP structure.
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Figure 4-14 a) RDF function showing the average radius of the first NN shell (r = 7.2 nm) and b) the
end of the first NN shell (r =9 nm).

The histograms of the NN in three orthogonal directions are shown in Figure 4-15-a.
Simulations from FCC and HCP structures generated with the in-planes [111] and [0001]
directions, as well as the orthogonal directions to these axes, are also show in Figure 4-15-b.
These simulations were performed using the Atomic Simulation Environment (ASE)'®” python
library. The projections of the NN data in the zx direction matches with the HCP [1120], giving
more evidence of a RHCP structure. The small differences between the experimental patterns
and the simulations likely arise due to the softness of the superlattice, meaning that there are

small discrepancies in stacking positions as discussed previously.
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Figure 4-15 Histograms projections of the NN for a shell with radius 7 = 9 nm. a) from original data b)
simulated data for FCC and HCP lattices at the directions indicated (left lower corner). The projections

of the NN data in the zx direction matches with the HCP [1120].

4.3.2 4.0nm (3.8k) Au nanoparticles

As mentioned previously, the second nanoparticle was synthesized with a higher
polymer molecular weight. The 4.0 nm (PS = 3.8k) Au nanoparticles had a different
morphology and lattice arrangement. The overall 3D shape can be seen in the rendered view in

Figure 4-16.
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Figure 4-16 Rendered volume of the 4.0 nm (PS = 3.8k) Au nanoparticle. The rendering was made to
fill the spaces between the nanoparticles and show a solid surface in order to evidence the overall shape

of the nanoparticle as well as the defects on the top layers.

A size distribution (Figure 4-17) was calculated from the reconstructed volume using
the same method as described in the last section. It yields a nanoparticle size of 3.8 = 0.2 nm,
in agreement with the nominal value.

In this superlattice, the planes parallel to the growth direction also showed a distorted
hexagonal lattice, as shown in Figure 4-18. The registration between the layers is predominantly
bridge sites, thus the in-plane view from nanoparticle lattice is compatible with the BCC[111]
crystal structure. The crystal lattice of this nanoparticle also shows the presence of vacancies

and lines defects.
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Figure 4-17 Size distribution of the 4.0 nm (3.8k) Au nanoparticle. The red line shows the diameter peak

at 3.8 + 0.2 nm. The errors were estimated using in the same technique as in Figure 4-7.

Figure 4-18 a) shows the two base plane layers, demonstrating a distorted hexagonal lattice b) shows a

zoomed in view of the lattice within the yellow rectangle.
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Figure 4-19 a) shows two plane layers near the top. The zoomed in cut (b) shows that near the edge of

the NP crystal, especially in the top planes, an HCP/FCC (hollow site) stacking can be observed.

Figure 4-20 Slices of the side view of the 4.0nm (3.8k) Au PGNP (A,B) and the correspondent vertical
cuts inset (C, D).
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Figure 4-21 . A) 4.0nm (3.8k) Au PGNP single layer showing a square lattice arrangement from the
BCC(001) and B) a zoomed in section cut.

A similar NN analysis as for the previous superlattice was performed for the 4.0 nm
(3.8k) Au nanoparticle. The calculated number of individual nanoparticles in the 4.0nm (3.8Kk)
Au superlattice was 9305 nanoparticles. The surface area and volume of the superlattice were
calculated to be 1.91 - 10° nm? and 4.9 - 10° nm?, respectively. This also yielded a density of
p = 21073 nanoparticles/nm*. The resulting surface area to volume ratio (S/V) for this
nanoparticle was 0.039 nm™!,

The resulting RDF function and the histograms are shown in Figure 4-22. The first

peak in the RDF function is at 7 = 8.5 nm and the limit for the first NN is at r = 12 nm.
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Figure 4-22 a) RDF function showing the average radius of the first NN shell (r = 8.5 nm) and b) the
limit of the first NN shell (r = 12 nm).

The histogram in Figure 4-22 shows that within the first shell radius r = 12 nm, the

modal number of neighbours is 14. In a BCC structure, the first two shells are close in radius.

The first shell has 8 neighbours within av/3/2, and the second shell has a further 6 neighbours
with radius a, where a is the lattice constant. The peak in the RDF would therefore account for
both the first and second NN shells and since these are closely spaced, they could not be
resolved in the data. In a BCC structure the distance of the second NN is equal to a, meaning
a~8.5 nm for this nanoparticle crystal. Also, a smaller peak at 10 neighbours can be noticed in
Figure 4-22. This is due the contribution of the nanoparticles from the outermost layers, which
have only around 10 neighbours within the first shell radius. This peak appears in Figure 4-22
because of the relatively higher weight from the contribution of the outermost layers when
compared to the previous superlattice — and can be explained by the higher surface area to
volume of this nanoparticle, which is around 50% higher than the calculated ratio for the
superlattice presented in the last section.

The projections of the histograms, within the radius r = 12 nm are shown in Figure

4-23, a. When comparing the projections from a simulated BCC lattice (Figure 4-23, b), the
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directions observed match to the directions [111], [110] and [112], confirming that the Au

superlattice has a BCC structure.
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x(nm) x(nm)
15

Data NN Histogram Projections
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Figure 4-23 Histogram projections of the NN for a shell with radius r = 12 nm. a) from original data b)
simulated data for a BCC lattice at the directions indicated (right lower corner). The [111],[110] and

[112] projections match the experimental data in a).

As explained in the introductory section, in polymerized nanoparticles BCC structures
can be formed when the soft parameter A4, which is the ratio between the extended ligand length
and the core radius, is above 0.7. Polystyrene is constituted from styrene monomers with

chemical formula (CHC¢HsCHz2), which has an atomic mass of 104 amu. Therefore, the degree



CHAPTER 4. ELECTRON TOMOGRAPHY OF POLYMER GRAFTED GOLD NANOPARTICLES 143

of polymerization” of this nanoparticle is n,~36. The stretched length of these polystyrene

nanoparticles can be calculated as!'4%!13+168;

Ly = 0.128 - 2n, + 0.2 (4.2)

Resulting in a stretched length of Lj;; = 9.4 nm. This results in a soft parameter of A=
4.7. Therefore, this result explains the observed BCC structures.
The soft parameter for the first nanoparticle was also calculated for comparison. The

4.0nm (PS = 1.3k) Au nanoparticles had a degree of polymerization of n,~ 12 that resulted in
Lijg =3.3nmand A = 1.65. Thus, although this soft parameter value also predicts the formation
of BCC structures, the lattice of these nanoparticles was assembled as a RHCP structure instead,
as it was shown in the last section. The data presented in this chapter does agree with the trend
towards FCC structures with decreasing Ag. This result could be an effect from the grafting
densities £ of these nanoparticles, 1.e. the number of bound polymers per surface area
(chains/nm?), since T determines the effective diameter of the nanoparticle'** (as mentioned in
Section 4.1), and previous results have reported an increase in A to higher effective values as
a function of the grafting density'>*.

Therefore, to understand the formation of the lattice structures in these nanoparticles,
a continuation of this work would involve the synthesis of these nanoparticles with different

values of X. The measurement of ¥ and the resulting lattice parameters would complement this

investigation of the formation of the lattice structures in these nanoparticles.
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4.4 Conclusion

This chapter has studied the lattice structures of self-assemblies composed of
polystyrene-coated Au nanoparticles. The addition of PP in the solution generated the formation
of 3D self-assemblies that were investigated through their electron tomography.

The 3D reconstruction and analysis of two different nanoparticles were presented where
their cores sizes had approximately 4.0 nm, but different molecular weights 1.3k g/mol and 3.8k
g/mol, respectively. Both structures had in-plane hexagonal symmetries, and more
nanoparticles in their bottom layers than the top, indicating that the growth starts from the
substrate.

The identification of the individual positions of the nanoparticles allowed the
determination of their stacking arrangement. It also allowed the determination of the nearest
neighbourhood of these nanoparticles and therefore the interparticle distance in their crystal
arrangement.

The Au nanoparticles with M,, = 1.3k g/mol, had formed superlattices which showed
competition between FCC and HCP stacking, resulting in a RHCP structure. As mentioned
earlier, this is an expected observation since previous reports show that hard spherical
nanoparticles normally assemble into one of these structures — and since both FCC and HCP
have similar levels of free energy, variations on the temperature can trigger transitions from
one arrangement to the other. In the second superlattice (M,, = 3.8k g/mol), the nanoparticle
behaved as “soft spheres”, and their lattice assembly is in good agreement with a non-close
packed BCC structure.

The structural analysis and quantification from the electron tomography datasets
contribute providing initial insight for the tuning of packing symmetries, which has applications

in electronic and magnetic fields'*.



5 Electron tomography of gold bipyramidal nanoparticles

In this chapter chemically synthesized bipyramidal gold nanoparticles are studied
through electron tomography and their morphologies are investigated for potential chirality.

The structure of this chapter is as follows: section 5.1 presents the motivation for these
experiments and previous research related to this work. Section 5.2 explains how the
experiments and the reconstruction of the tomography datasets were performed. Section 5.3
presents the main results obtained from the STEM electron tomography and details of the
geometries of the Au bipyramids. Finally, section 5.4 discusses the conclusions of these

experiments and future work.

5.1 Au bipyramidal nanoparticles

In recent years a lot of research has been carried out into engineering nanoparticles
with controlled shapes using different mixtures of surfactants. There is a special interest in
development of controlled and optimized synthesis of anisotropic nanoparticles (i.e. with non-
spherical shapes) due to their applications in several research areas. In the field of optics for
example, the optical properties of nanoparticles are dependent on their shape'®® - the axis of
interaction with the light, and the aspect ratio of the nanoparticle (length/diameter ratio)'”.

Anisotropic nanoparticles also have applications in the electronic and medical fields, since these

areas have a strong desire to engineer the shapes of nanoparticles in order to efficiently control

171,172 173,174

activities such as sensing and drug delivery
Seed-mediated processes are the most common methods used to control anisotropic

shape synthesis of nanoparticles. Growth is initiated from spherical seeds!”>'7®, leading to
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morphologies from nanorods'’” to more complex shapes such as bipyramids!’®!78179

180,181 182,183

nanoflowers , and nanodendrites
In particular, the seed-mediated synthesis of Au nanoparticles can lead to a broad
variety of anisotropic shapes and symmetries, where the initial seed structure has an important

role in the resulting shapes'®*

. Normally, multiply-twinned seeds lead to the production of
nanorods and bipyramids, and the overall growth process consists of two consecutive reactions.
The first reaction consists of the production of the gold seeds by the reduction of a gold
precursor (e.g. HAuCly) using a reducing agent (e.g. NaBH4) in a surfactant solution such as
cetyltrimethylammonium bromide (CTAB) for example. At this stage, citrates may also be
added to cap and stabilize the nanoparticles'. The resulting seeds typically have sizes that vary
in the a range of 3-5 nm'® and the final anisotropic shapes highly dependent on the seed
structures.

The second reaction is performed to grow the anisotropic structures. Here, silver nitrate
is added since it assists the growth of the seeds and affects the aspect ratio of the final
geometries'’. In fact, the presence of Ag ions in many studies is believed to be the reason for
the formation of high index planes, resulting in more complex and interesting
morphologies'®*!*¢_ In this step, a mild reducing agent, such as ascorbic acid (vitamin C) is
used to assist the growth!®’.

Depending on the synthesis conditions, the nanorod obtained from seed-mediated
methods are often either single crystals with growth axis aligned in the [001] direction'®® or
penta-twinned folded nanorods with isometric five-fold twinned symmetry around their axis'®.
The rod-like shapes are often used for optical studies, where the interactions of the nanoparticle
with the emitted frequency can be tuned by the ratio aspect of the nanorod!®’.

Regarding the bipyramidal shapes, there have been several reports of a variety of

morphologies. Lee at al., for example, achieved good control in the production of monodisperse
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gold bipyramids with different geometries, by tuning the regrowth of the bipyramids in single

and binary surfactants'’®

. A majority of research reports on nanoparticles with bipyramidal
shapes described by a penta-twinned symmetry - although some studies have observed
hexagonal structures, instead'®!. There is a particular interest in bipyramidal nanoparticle
shapes due to an increased plasmon response at their apices and which has potential applications
in imaging and bio sensing!®?.

Although in general these methods result in a good control of the nanoparticles shape,
the role of each reactant in these two reactions are not very well understood!. Therefore, the
use of tomography experiments to precisely characterize the shapes of these nanoparticles in

three dimensions is an important ally to support future development of computational

simulations to predict nanoparticle shapes.

5.2 Sample characterization and electron tomography

In this work the morphology of Au bipyramid nanoparticles was studied through
STEM electron tomography. The Au nanoparticles were prepared by Assaf Ben-Moshe from
Alivisatos Group at the Chemistry and Materials Science department, University of Berkeley.
The synthesis of the Au bipyramids was performed with a seed-mediated process, and the
reactions have a composition similar to previous work published in order to study the plasmonic
properties of these nanoparticles'®*, consisting of the growth of 3 nm gold nanoparticles used
as seeds. CTAB was used to stabilize the nanoparticles, and NaB4Hs4 was used as a strong
reducing agent. However, the growth of the seed was performed using hydroquinone (CsHsO2)
as a mild reducing component, instead of the commonly used ascorbic acid, as mentioned

previously. The final reaction mixture was drop cast onto amorphous carbon film TEM grids
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for imaging in the electron microscope. The solvent atop the grid was allowed to dry under
ambient conditions before imaging.

TEM images were acquired from a FEI ThemIS S(TEM) microscope, operated at 300
kV with a Ceta2 CMOS camera. Figure 5-1 shows a TEM image from an Au bipyramid, where
a diffraction contrast line can be observed along the growth axis of the nanoparticle, indicating
that these structures are not single crystalline. Instead, the diffraction line evidences a boundary
twinning separating two different planes. The 2D-FFT of two regions, from opposite sides of
the diffraction line (Figure 5-1) revealed interplanar distances of 2.36 A and 2.05 A. Since gold
has a FCC lattice arrangement, with a lattice constant of 4.072 A!%3, these planes correspond to

the {111} and {002} planes, respectively.

{200}

{111}

Snm'L

Figure 5-1 TEM image from an Au bipyramid showing a twinning boundary. b) shows the 2D FFT from
the whole image. c) and d) are the 2D FFT’s of the cropped regions (indicated by the outliner colours).
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Figure 5-2 TEM images showing the different AuNP morphologies resulted from the seed-mediated
synthesis. a) shows a multiply-twinned spherical shape, slightly defocused to enhance contrast. (the
quality of this image is slightly compromised by astigmatism.) b) TEM image and FFT of a single

crystalline nanorod, oriented in the [110] zone axis.

The reaction also resulted in spherical multiple-twinned nanoparticles (Figure 5-2, a),
with diameters of 15 nm. Nanorods were also observed oriented in the [110] zone axis direction,
and with single crystalline structure, i.e. with no observable twin boundaries or any stacking

faults (Figure 5-2, b). Beyond the rod shapes, dog bones!#”:1%

geometries were also found as
shown in Figure 5-3.

To prepare the samples for electron tomography, the solution with the Au bipyramids
were drop cast onto a hexagonal 100 mesh grid coated with an ultrathin carbon layer (3-4 nm).
The grid structure had a lower number of mesh units and therefore increased grid square side
lengths. This improved the tilt range of the tomography, resulting in two tomography datasets
acquired from -75° to 75° and from -78° to 70°, respectively. An ultrathin carbon layer was
used to improve image quality by reducing beam attenuation through the layer.

The drop cast solution containing Au bipyramids was allowed to dry, before a stock

solution containing 5Snm Au fiducial markers was also drop cast on the grid. The samples were

checked in the STEM microscope prior to the electron tomography acquisition. Contamination
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buildup under the electron beam during scanning required that the sample needed to be plasma
cleaned. For these samples, 30 seconds of Ar/O> (5%) plasma treatment was enough to remove
the contamination to levels that did not interfere in the acquisition of the tomographic dataset
and did not cause observable sample damage. Both tomography datasets were acquired using a
FEI Titan operated at 300 kV, with a semi-convergence angle of a, = 10 mrad and a collection
angle of B, = 68 mrad. The 1024 x 1024 images were acquired with typical dwell times of 16
us. Figure 5-3 shows one of the ADF-STEM images from the first tomography dataset, taken
at 0°, sample tilt, showing both the bipyramids of interest and the fiducial markers used for the
electron tomography - as well as a variety of nanoparticle shapes found on the grid, as discussed
previously. The Au nanoparticles had bipyramidal or spherical shapes, in higher proportions,
but nanorods and dog bones shapes were also observed in smaller quantities. In this sample,
from 92 nanoparticles observed in the STEM images, 60% of them had bipyramidal shapes.
These bipyramidal nanoparticles had a typical in plane length of 72 + 7 nm and maximum width

of 24 + 2 nm, corresponding to an aspect ratio of ~ 3.
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Figure 5-3 ADF-STEM projection (o = 0°) from the first tomography dataset, showing different
nanoparticle shapes (bipyramids, spheres and dog bones) obtained from the Au seed-mediated synthesis,

as well as and the fiducial markers used for the fine alignment.

This first tomography data was acquired with a magnification of 80 kx, resulting in
projections with a pixel size of 0.91 nm and with an electron beam dose of 2.5 X 10° e nm™
frame™!. With this resolution the overall shape of the Au bipyramid could be identified;
however, the geometrical details of the facets could not be well resolved, as will be discussed
in the next section.

During the STEM tomography acquisition of these samples, there was a trade-off
between increased magnification and resolution with contamination growth. As discussed in
previous chapters, the build-up of hydrocarbons on the sample under the electron beam will
affect the measured intensities in the image projections and this will critically affect quality of
the reconstructed volume. Therefore, in order to improve the information about the geometrical
details of the Au bipyramids, a second sample was prepared from a new synthesis, where the

growth step was prolonged, in order to obtain bigger Au nanoparticles.
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The resulting nanoparticles had an in-plane length of 133 + 8 nm, and maximum width
of 33 £ 2 nm, corresponding to an aspect ratio of ~ 4. This second dataset was taken with a
higher magnification 160 kx, corresponding to a pixel size of 0.46 nm — and with an electron
beam dose of 9.9 X 10° e nm™ frame™!. This sample did not exhibit significant contamination
buildup during the experiment. One of the ADF-STEM projections for this second tomography

dataset, taken at 0° sample, is presented in Figure 5-4.

34000
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intensity (Arbitrary unit)
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22000

Figure 5-4 Colormap image of one of the ADF- STEM projections, taken at a = 0°, for the second
tomography data acquired for Au NP with an aspect ratio of 4 and pixel size of 0.46 nm.

The alignment and reconstruction of both electron tomography series was performed
using IMOD. Coarse and fine alignment were achieved, using cross-correlation and by the
fiducial markers, respectively. Reconstructions were performed using the filtered back-

projection method.
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5.3 Results

The rendered view of a region of interest reconstructed from the first tomography
dataset is shown in Figure 5-5. The Au bipyramids exhibit a complex shape, with truncated
apices and curvy edges. These features were smoothed out because, as mentioned in the
previous section, the nanoparticles had small sizes and the image projections had a pixel size
of 0.91 nm. Thus, the question was whether the corners were actually twisting, as was believed
to be the case in the work published by Navarro et. al., where they performed TEM

194.

tomography ' ~*; or if the resolution of this dataset was not high enough to capture the fine details

and angles of the facets, giving a false perception of twisting at lower magnification.

Figure 5-5 Rendered views of the reconstructed volume from the first electron tomography of Au

nanoparticles.

Therefore, the second electron tomography dataset, with bigger nanoparticle sizes and
lower pixel size (0.46 nm) allowed for the resolution of edges and facets from the Au

bipyramids through their cross-sections as will be discussed later. The fine details in the



CHAPTER 5. ELECTRON TOMOGRAPHY OF GOLD BIPYRAMIDAL NANOPARTICLES 154

volumetric data could not be easily assigned though due to two reasons. Firstly, the tomography
series had intrinsic imperfections from reconstruction artefacts, similar to the other datasets
presented in the previous chapters. Secondly, on the top of these drawbacks, the Au bipyramid
nanoparticles were always part of agglomerated clusters on the samples, as can be seen in Figure
5-4. These agglomerates were composed not only by other nanoparticles grown from the seed-
mediated synthesis, but also from the Au fiducial markers.

The cross-section slices from this second tomography data series revealed that the
geometry of the bipyramids maintain a five-fold symmetry along the growth axis of the Au
bipyramids, as shown in Figure 5-6.

However, despite what has been reported in the literature (as presented in the section
5.1), the shape of these slices are non-regular pentagons. They can be interpreted as the resulting
shapes cut from regular pentagons which result in a geometry that resembles a “house” shape,
as outlined in Figure 5-7. Geometrically, these irregular pentagonal cross-sections can be
constructed with asymmetrical radial axes, i.e. a short and long axis with lengths 75 and r
respectively in Figure 5-7 - instead of equal axes r, which construct a regular pentagon.

Another characteristic observed in Figure 5-6 and along the bipyramidal slices, is that
the orientation of the sharpest pentagon vertex , i.e. the vertex bound by short axes either side,
shifts between the top and bottom halves of each nanoparticle. Cross-sections taken along the
top half of an Au bipyramid, show that the sharp vertex is oriented towards the lower right of
each image, whereas the sharp vertex in the bottom half of the bipyramid is oriented towards
the right of each image. This feature was observed in all of the Au bipyramid nanoparticles
present in the tomography dataset. Another characteristic of the morphologies of these
bipyramids is that cross-sections in the central region are irregular with more than five edges

indicating a transitional geometry between the top and bottom half of the bipyramid.
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Figure 5-8 shows the angles calculated for a few cross-sections along the Au
bipyramids. A mask of the nanoparticle cross-section was constructed through image
thresholding and the dominant edges were determined using Hough line detection using the
skimage package. The intersection of the lines extrapolated from the detected edges were then
fit to a polygon, which is the resulting feature shown in Figure 5-8. The angle between the sharp
vertices in the top and bottom half in the bipyramids was calculated to be A=70°. This is
approximately not only the internal angle of a regular pentagon, but also the internal angle of
the model presented in Figure 5-7. This result indicates that the location of the vertices in the
top and bottom half of the bipyramids do not shift significantly, and that the observed

irregularity is due to elongated facets in certain direction, as it depicted in Figure 5-9.
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Figure 5-6 Cross-sectional cuts from the reconstructed electron tomography of the Au bipyramids. All
slices show a five-fold symmetry. The blue-dashed lines show the axes of a pentagon which is

unchanged between slices and lies on the central axis of the nanoparticle. The (x,y) vertices of this
pentagon are described by (x,y) = (rcos(@off +n 2n/5), rsin(@off +n 21T/5)), where n =0,...,5,

7 is the distance between each vertex and the center of the pentagon, and 8,5 is an angular offset.
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Figure 5-7 Scheme showing the cross section
of the Au bipyramids (red line) compared to a
regular pentagonal polygon (black dashed line)
commonly reported in the literature. Each cross
section has the shape of an irregular pentagon
(A'BC’DE) with the short and long axes labelled
as 7y and r, respectively. The regular pentagon
(ABCDE) has axis given by r, that coincides

with the long axis of the irregular shape.

Figure 5-8 Cuts along the Au bipyramid (A) showing that the sharpest edge has a rotation of 70° from

slice B) to D.
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Figure 5-9 A) A scheme showing the case where two of these irregular pentagons have their sharpest
vertices rotated by 72°, to model the experimental data B) Additionally, in order to account for all the
geometric details detected in the reconstructed slices, the model of the cross sections need to include the

angular deviations (A@) in the vertex orientations.

As mentioned previously, the observed agglomeration of the nanoparticles on substrate
made the visualization of rendered volume and identification of the individual nanoparticle
features difficult. Therefore, in order to better understand and determine the geometry of these
nanoparticles, two models were built from the information obtained from the cross sections of
the 3D reconstructed Au nanoparticle volumes.

The first model, labelled as “reference model”, was built from two ideal and non-
regular bases, rotated with relation to each other, by 72° as the scheme presented in Figure 5-9.
Also as shown in Figure 5-9, two cases were built: the first one has no deviations in the
directions of the vertices, whereas the second has an angular deviation of A = 15°. The effect
of introducing angular deviations in the vertices can be observed in Figure 5-10. Basically, it

produces irregularities in the facets — and instead of having 3 sides as in the case that Agp =0,
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they become tetragonal. This small adjustment also induces an S-shape observed along each
affected edge in the final model.

This model was made in order to obtain the closest ideal shape — thus setting a
reference to the experimental Au shapes. The two simulated results from the reference model

are shown in the left side of Figure 5-12.

A)

Figure 5-10 The effect of introducing angular deviations in the vertices of the pentagon bases for
bipyramids built from the reference model. A) Ap = 0° and B) a deviaton of Ap = 15° is introduced in

the vertices indicated in Figure 5-9.

The second model, labelled as “experimental model”, was constructed by cutting a
cubic volume with the same angles given by the Au bipyramids, and with the intention of
obtaining an approximation of the nanoparticle geometry, but free from the artefacts previously
mentioned. To build this model, two cross sections, one from the top half and one from the

bottom, were chosen along the bipyramid in locations where the shape was well defined (Figure
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5-11, a). “Well defined” here means that these slices were not close to the middle of the
nanoparticle since the cross-sections in this region were transitional. In each of these slices,
lines were manually fitted to each of the 5 edges, as illustrated in Figure 5-11 (b). The planes
formed by each facet in the bipyramids were defined by two points (A and B) on the cross-
section edges and the corresponding closest bipyramid apex point (C). The normal of each facet

is given by the cross product between two vectors situated along the plane, in this case the

segments AC and the segments BC were chosen, and are labelled as v1 and v2 in Figure 5-11
(c), respectively. Therefore, cuts along these normal directions are made in the initial volumetric
cube (Figure 5-11, d), where the dot product of the coordinates in the original volume with the
facet normal defines the cutting plane. This process is repeated for each facet, on both the top
and bottom cross-sections to create a final model volume. Thus, this model resembles a sculptor
cutting a bipyramid from a block of stone and the final morphology is revealed after the final
cut. Each reconstructed nanoparticle can have its custom model that emulates its morphology.
Although this model gives a good and consistent approximation to the shapes of the
nanoparticles, it is subject to errors at the facets boundaries if they are not well defined, since
the original cross-section fitting inherently contains viewer errors. These errors, however, were
mediated by double checking with other group members.

Figure 5-12 shows the comparison between the ideal reference model and the custom
experimental model, where the experimental model was implemented for two different Au

nanoparticles.
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Figure 5-11 Illustrations explaining how the experimental model was built to emulate the bipyramids
shape from their experimental geometry. A) Two different slices are taken along the bipyramid and for
each of them, two points A and B are selected for each of the 5 edges (in the illustration above, only one
edge is displayed) B) Lines that pass through the selected points are fitted for each edge in a given slice.
C) The direction of a facet is the same as the plane formed by the two points (4 and B) and the closest
vertex of the bipyramids (C). The direction normal to the plane is determined by taking two vectors
along this plane (v_f and V2 , respectively in the figure) and calculating the cross product vl X v2. D)

Thus, cuts in a cubic volume are made with the same direction as defined by the facets and a model

representing the nanoparticle morphology is created.
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The geometry of the nanoparticle generated by the reference model resembles a
hexagonal scalenohedron, but since the Au bipyramids have a five-fold symmetry it has one
facet less than these polyhedrons. The presence of chiral crystals with a regular scalenohedral
(hexagonal) symmetry is well reported®>!°"-1%8, However, to the knowledge of this author, there
is no report of chiral crystals with the same symmetry presented in this work.

The more realistic geometries obtained from the experimental model, were precisely
consistent between both nanoparticles that the model was implemented for and revealed a
similar geometry to the ideal five-fold structure generated by the reference model, but with
irregular and truncated facets. The asymmetry in each facet gives to these Au nanoparticles a
chiral morphology, since they are not superimposable with their mirror images.

The actual atomic arrangement and crystallography of the bipyramids remains
undefined; however, the created models represent a step forward in describing these bipyramid
structures. As mentioned previously, previous work has concluded that Au bipyramids have
regular pentagonal cross-sections, however the analysis performed in this chapter shows that
this is not the case. The S-shapes observed along the bipyramid edges have been observed

previously'™*

, and a simple model with small (~10 degree) angular deviations from a perfect
pentagon along some edges is able to replicate this structure. It should also be noted that the S-
shape is non-evident without these angular deviations.

Further work should investigate the origin of these deviations at the atomic and
crystallographic level. It is possible that the inherent symmetry in these deviations is related to
the twinning observed in the HR-TEM images. There is a certain amount of symmetry in
locations of the produced tetragonal facets within the overall structure- these facets are located
either side of a partial symmetry line (Figure 5-12, experimental model, second panel from top).

Further studies may elucidate whether these represent well-defined crystallographic directions

within the nanoparticle and therefore the origin of the feature.
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The elongation of certain vertices in the bipyramid creates the observed chirality. A
regular pentagonal bipyramid is achiral with five-fold symmetry. These symmetries are broken
when the certain vertices are elongated, as described by the reference model, and the overall
geometry is not superimposable with its mirror.

Figure 5-13 shows a comparison between the experimental tomography data and its
associated model (experimental model). As previously discussed, the rendered model was
created by sculpting a volume using planar cuts defined by the facets of the nanoparticle, and
therefore the data and model are expected to be in good agreement. Two identifiable
orientations from the experimental rendered volume are presented. In panel A) and B) an ‘S’-
shaped edge is highlighted which is present due to the misorientation between the top and
bottom pentagonal pyramids as discussed previously. In panels C) and D) the neighbouring
projection, ie. one facet across, has an inverted-‘V’ shape. These morphologies are predicted

by the experimental model panels 2 and 3, which also represent neighbouring facets.
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Figure 5-12 Comparison of the facets obtained from the two models built for the investigation of the Au
bipyramidal geometries. Left: shows the bipyramid facets obtained with the reference model, made from
two ideal “house” shape bases, rotated by 72° and with deviations in the vertices of Ap = 0° and Ap =
15°, respectively. Right: Two different bipyramids generated from the experimental model, i.e. from

their respective cross-sections.



CHAPTER 5. ELECTRON TOMOGRAPHY OF GOLD BIPYRAMIDAL NANOPARTICLES 165

Figure 5-13 Experimental electron tomography data outlining the comparisons between the data and the
experimental model, which was constructed from the experimental cross-sections. a) and b) side view
highlighting an ‘S’-shaped edge formed by neighbouring facets (red dashed line). The inset shows the
relevant projection predicted by the experimental model. C) and D) front view with where the inverted
‘V’ shape has been highlighted (red dashed line) which is predicted by the experimental model (inset).
Due to nanoparticle aggregation on the sample, the surface rendering presented here shows artefacts
from the fiducial markers (white arrow) and due to cropping of the rendered volume (blue arrow). These
artefacts visually obfuscate the nanoparticles however they do not affect the interpretation of the overall

morphology of the nanoparticle.
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5.4 Conclusion

In this chapter the shapes of anisotropic Au nanocrystals synthesized though a seed-
mediated method were studied. Small gold nanoparticles with a diameter of a few nanometers
were used as seeds and stabilized by a CTAB layer. The addition of hydroquinone as a reducing
agent led to the formation of an unconventional bipyramidal morphology that was investigated
through electron microscopy and tomography experiments. The detailed analysis of the
rendered volume of Au nanoparticles revealed that their overall morphology is neither regular
pentagonal bipyramids nor twisted, as was believed to be the case in previous reports in the
literature. Instead, although the facets of these nanoparticles are assembled in pentagonal
structures, they are irregular, forming an overall chiral nanoparticle shape. The high number of
facets in these bipyramids can have applications in the optical and electronic field, since
absorption of radiation becomes increasingly size dependent for anisotropic nanoparticles.
Moreover, the presence of chirality in these nanoparticles, even though bulk gold has an FCC,
and therefore achiral crystal lattice, has several applications, including use in fields of
pharmaceuticals and catalysis. In these fields enantiomers play an important role, where
crystalline surfaces often have preference for the adsorption of a determined -chiral

molecule®>!'?.

The sharp apexes observed in the bipyramidal geometries is favourable for
tissue penetration applications in the medical field'®’.

The main conclusion of this study is that currently the model for growth of bipyramids
by simply elongating the five-fold seeds is not complete and too simplistic to explain the
morphologies presented here and needs further study.

Future studies would investigate defects and dislocations in the lattice structure of the

Au bipyramids to elucidate the details of its growth mechanisms. To this effect 4D-STEM

experiments may elucidate changing lattice orientations across the nanoparticle and provide
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further evidence of lattice structure. Also, further synthesis work may investigate controlling of

the handiness of the chiral nanoparticles, which would allow use in real-world applications.



6 Conclusion and Outlook

This thesis studied the application of scanning transmission electron microscopy
towards understanding the 3D morphologies of different nanoparticle systems.

In the first experimental chapter Te chiral nanoparticles were studied and the results
would potentially have high impact in the field of chirality. It was shown that chiral
nanoparticles can be formed without chiral ligands and the results evidence a growth
mechanism mediated by screw dislocations, which has not been suggested previously for this
system to our accounts. The 4D-STEM experiment presented a novel type of analysis to extract
lattice twisting from the recorded diffraction patterns by considering the changes in
misalignment of the ZOLZ across the length of the nanoparticle. Further study of VDF
reconstructed data revealed twist band pairs, which are further evidence of lattice twisting and
screw dislocations. Importantly the magnitudes of observed twisting calculated from the ZOLZ
method and the twist bands were in agreement, highlighting the efficacy of the techniques.
Future work on this subject would involve the determination of the handedness of the chiral
lattice through 4D-STEM experiments that include the SOLZ or high-resolution STEM?>%,

In the second experimental chapter, the study of Au grafted nanoparticles
demonstrated a new method of forming 3D superlattices by adding polypropylene to the
solvent. Electron tomography and subsequent analysis was able to determine the lattice
structure with clarity by looking at lattice stacking order and the nearest neighbour distribution
of the constituent nanoparticles. This type of analysis worked for both RHCP (FCC/HCP) and
BCC lattices which were prepared with ligands of different molecular weights, and the trends
in observed stacking were in agreement with the soft-lattice parameter studied previously. This

type of nearest neighbour analysis is general and therefore applicable to many different systems.
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Future work would involve the synthesis of this nanoparticles with different polymer grafting
densities and the study of their lattice structures to determine whether complete control can be
created from the synthesis.

In the final experimental chapter, electron tomography was used to study the structure
of Au bipyramids. These nanoparticles have an interesting geometry that has not been precisely
reported in the literature to the knowledge of this author. To further understand the tomography
results, and study any potential twisting, a model was developed based on the cross-sections of
the nanoparticles from which a volume with similar geometry was sculpted. The concept used
in the implementation of this model is general and therefore it can be applied to other
nanoparticle systems, including different materials and geometries. Future work on the Au
bipyramid nanoparticles would involve high resolution electron tomography to confirm the
geometry proposed in the model. Also, a model to explain the origin of growth mechanism
forming the chiral shapes observed in these nanoparticles. This study would look at the
geometries and shapes of the bipyramids at different growth times under the same conditions.

The overall theme throughout this thesis is the use of scanning transmission electron
microscopy to study particles at the nanoscale. Both real space (images, tomography) and
reciprocal space (diffraction) techniques have been used and quantitatively analysed to extract
information about the objects of interest. The advent and ubiquity of aberration-corrected
electron microscopes has opened the door to atomic resolution electron tomography which is a
natural step to observe atomic arrangements in detail, and to understand the assembly of

materials at a more fundamental level.



Appendix A

A.1 Te nanorods: Model and HAADF images that support partial screw

dislocations

This appendix presents in general terms the model and high-resolution images that support the
theory of a partial screw dislocation in Te. A typical dissociated dislocation has discontinuity
in atomic rows characterized by figure A-1-B. When viewed along the [1210] direction atomic

displacements are only observed when the screw dislocation is a partial with Burgers vector

= C/3 [0001]. This type of atomic arrangement is observed in the prepared Te nanorods

viewed along the [1210] direction as shown in Figure A-2. The image was taken by Peter Ercius
and the elasticity model to identify the partial screw dislocation was performed Anas Abu-

Odeh.

B) ST w124

Figure A-1 Screw dislocations models for Te viewed along [1210] with Burgers vectors A) b =
c[0001] and B) b = C/3 [0001]. The colour scales represent the magnitude of atomic displacements
along the c-axis due to the dislocation. The single colour models (red dots) are side views along the
[1210] direction, that keep just the frontmost atoms. Model and figure were created by Anas Abu-Odeh
and Assaf Ben-Moshe, respectively.
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Figure A-2 (A) HAADF-STEM image of a nanorod observed along the [1210] direction. (B) An
enlarged, rotated view of the section marked by a cyan frame in 3A. A 2D section of the model for a
dissociated dislocation (red dots) is placed onto the image for comparison. The discontinuity in atomic
rows, typical of the dissociated dislocation, is observed in both image and model. Black dashed lines
that trace atomic rows in the image also highlight this discontinuity. HAADF-STEM image and figure

were performed by Peter Ercius and Assaf Ben-Moshe, respectively.

A.2 Code repository

The 4D-STEM algorithms and general codes developed by the author have been made

available on Github at: https://github.com/dasilvaale/.



https://github.com/dasilvaale/
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