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Abstract

Since the introduction of direct electron detectors to scanning transmission electron

microscopy (STEM), electron ptychography – a technique which utilises the inter-

ference in diffraction patterns to reconstruct the sample-induced phase changes of

a transmitted electron wave – has significantly extended the capabilities of electron

microscopy. However, a number of limitations to electron ptychography exist, namely

the poor contrast transfer for low and high spatial frequencies to the phase recon-

struction, and the relatively slow detector speeds used to acquire the ptychographic

data (∼ 1,000 fps). In this thesis, a number of strategies are introduced to further

improve the robustness and dose-efficiency of focused-probe electron ptychography

(FPP), after which several applications of FPP techniques are demonstrated.

Firstly, the contrast transfer properties of single side-band (SSB) ptychography

are experimentally measured from an amorphous carbon sample in order to deter-

mine the optimal experimental parameters for ptychography. It is demonstrated that

the probe convergence semi-angle can be used to tune the phase-contrast transfer

function (PCTF) for each experiment, such that the relevant sample information is

transferred with high contrast. Furthermore, careful consideration of the noise in

the ptychographic data can provide an enhanced PCTF which broadens the trans-

fer window in the image plane. These strategies are combined with a 1-bit fast

(12,500 fps) acquisition scheme to enable the atomic-resolution phase reconstruction

of a beam-sensitive zeolite sample using a low electron dose of 1.0 × 105 e- nm-2.
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By implementing these experimental and analytical strategies, the efficiency of FPP

techniques can be significantly improved.

At the end of this thesis, several experimental challenges common to STEM are

overcome using electron ptychography. Firstly, the precision of phase reconstructions

are improved considerably by increasing the electron dose via multi-frame image ac-

quisition, hence avoiding the slow-scan instabilities inherent to long STEM acquisition

times. Furthermore, three-dimensional analysis of an unknown graphene defect is per-

formed using a single ptychographic data set. Finally, electron ptychography is used

to visualise oxygen vacancies in uranium dioxide for the first time.
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Chapter 1

Overview

From its conception by Ernst Ruska and Max Knoll in 1931 to the present day,

transmission electron microscopy (TEM) has become a vital tool for materials char-

acterisation. Modern electron microscopes can routinely perform atomic-resolution

imaging, nanoscale spectroscopic mapping and a plethora of diffraction experiments.

These techniques have provided solutions to many of the world’s most pressing sci-

entific problems, such as the investigation of COVID-19 [1, 2], performance testing

of renewable energy devices [3, 4], and the search for robust materials for aerospace

applications [5, 6]. However, not all materials can be easily imaged in a transmission

electron microscope.

Some materials contain low-Z elements which interact weakly with the electron

beam and provide little evidence of their presence in the resultant image. Other

materials are sensitive to electron radiation and, as a result, are easily damaged

under the electron beam. In order to image these materials, two aspects of TEM

imaging must be developed: 1) fast detectors which are sensitive to single-electron

events, and 2) data processing techniques which can provide meaningful structural

characterisation using as few electrons as possible.

1



Over the last decade, a new family of low-noise, fast, modern detectors, known as

direct electron detectors, have been developed for use in electron microscopy [7–11].

The subsequent improvement in TEM detection sensitivity has created a demand for

processing techniques which can use this data as effectively as possible. One candi-

date technique is electron ptychography – using the interference information recorded

by a detector, the phase changes to the electron wave introduced by a material can be

reconstructed [12–14]. The phase is sensitive to very slight disturbances and can be

detected using low electron flux, enabling atomic-resolution phase mapping of light el-

ements and radiation-sensitive materials [15–17]. Although electron ptychography has

been successfully applied to several challenging materials over the last decade [18–20],

there exist a number of factors which limit its performance. These include the slow

speed of direct electron detectors in comparison to conventional detectors for scan-

ning TEM applications, and the restricted image contrast obtainable using electron

ptychography.

In this thesis, I further develop the techniques of electron ptychography using

direct electron detectors in scanning transmission electron microscopy. In the sub-

sequent chapters, the context of electron ptychography will be outlined, including

its limitations, before describing several technical developments which have been

achieved in the course of this research. Finally, the application of ptychographic

techniques will be demonstrated in order to overcome a variety of experimental chal-

lenges. The structure of this thesis is as follows:

• Chapter 2 contains an introduction to ptychography and its context within con-

ventional transmission electron microscopy (CTEM) and scanning transmission

electron microscopy (STEM). The applications and limitations of ptychography

are discussed.

• Chapter 3 contains a mathematical description of four-dimensional (4D) STEM,
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with further detail on two specific focused-probe electron ptychography meth-

ods: single side-band (SSB) and Wigner distribution deconvolution (WDD).

• Chapter 4 describes the experimental, analytical and computational methods

required to perform electron ptychography. It is hoped that the reader can use

this as a manual to replicate electron ptychography in their own laboratory.

• Chapter 5 provides a description and an experimental demonstration of the

contrast transfer properties of electron ptychography.

• Chapter 6 builds upon the existing contrast transfer theory to account for noise

in the data, in order to improve ptychographic imaging efficiency.

• Chapter 7 presents a solution to the slow acquisition speeds of direct electron

detectors via binary data acquisition. The application of electron ptychography

to the resultant data is demonstrated.

• Chapter 8 demonstrates three applications of electron ptychography, each of

which overcome particular challenges that exist for many common STEM imag-

ing techniques.

• Chapter 9 highlights the conclusions of this work. Several avenues of future

work are proposed.

• Appendix A contains a glossary of terms for the reader to reference while reading

this thesis.

• Appendix B provides a detailed mathematical description of the post-processing

aberration correction procedure for SSB and WDD ptychography.
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Chapter 2

Literature review

This chapter contains a review of the literature relevant to transmission electron

microscopy, in order to aid the reader’s understanding of subsequent chapters. Firstly,

conventional and scanning transmission electron microscopy (CTEM and STEM) will

be introduced, and their impact on science and technology will be highlighted. Next,

electron scattering theory will be reviewed, highlighting the significance of the sample

information encoded in the phase of transmitted waves. Common STEM imaging

methods will then be discussed, before introducing adaptive reconstruction techniques

which can solve for the phase of the transmitted wave. Particular emphasis will be

placed on focused-probe electron ptychography, as this is the focus of subsequent

chapters.
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2.1 Introduction

Transmission electron microscopy has played a significant role in the development

of research fields including nanotechnology, renewable energy and medicine, enabling

characterisation of a cornucopia of materials. Nanoscale imaging and diffraction pro-

vide insights into the crystallography of materials [21]; spectroscopic capabilities al-

low the determination of the elemental composition of complex structures [22]; and

modern instruments can provide high-resolution imaging of 2D materials [23, 24],

nanoparticles [20,25], proteins [26], viruses [27] and more.

There are two common instrumental geometries in transmission electron microscopy,

both of which provide unique capabilities for nanocharacterisation: conventional

transmission electron microscopy (CTEM) and scanning transmission electron mi-

croscopy (STEM).

2.1.1 CTEM imaging

In the case of CTEM as shown in Figure 2.1, electrons are emitted from a source

and accelerated up to a significant fraction of the speed of light (i.e. 0.5 c for 80 keV

electrons). Electrons with kinetic energies of 80–300 keV possess characteristic wave-

lengths of ∼ 2–4 pm. This corresponds to a diffraction-limited resolution of approxi-

mately 1–2 pm – 100,000 times better than that for visible light microscopy. However,

the practical resolution limit of TEM is much poorer than that determined by diffrac-

tion, such that most TEM instruments in the 20th century could only provide imaging

resolution on the order of nanometres. Fortunately, there have been several advances

in TEM instrumentation over the last half-century which have led to the development

of modern instruments with imaging resolutions greater than 0.1 nm. These develop-

ments will be discussed in further detail throughout this chapter.

5



The electrons pass through a series of electromagnetic lenses – carefully shaped

circularly symmetric electromagnets which use the Lorentz force to deflect the elec-

trons. In this way, the electrons can be focused into a parallel or convergent beam,

and be directed along the microscope column. Unlike optical microscopy, the focal

length of an electromagnetic lens is smoothly tunable by adjusting the current. As

such, a variety of experimental configurations can be realised, some of which will be

discussed in further detail throughout this thesis.

Before the electron beam is transmitted through the sample, it passes through a

condenser lens system, which typically consists of two or three separate lenses. For

the schematic shown in Figure 2.1, condenser lens 1 is used to image the source in

the front focal plane of condenser lens 2, which creates a broad parallel beam at the

sample plane.

Following transmission through a thin (<100 nm) sample, the electrons pass

through an objective lens which forms a real image of the object. The objective lens

is the most important lens in a transmission electron microscope, not only because it

forms the image of the object, but also because it accepts the largest range of angular

scattering and thus the image formation process is most vulnerable to the effects of

lens imperfections at this point. An objective lens aperture can be used to control

the scattering which contributes to image formation. For example, the angular range

of scattering can be limited by a circular aperture to prevent divergent electron paths

from contributing to high-resolution images; specific diffracted beams can be centred

within the aperture in order to form an image of a particular crystallographic feature;

and structured apertures can give rise to spiralling electron wavefronts which possess

angular momentum.
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Next, the intermediate and projector lenses magnify the image formed by the ob-

jective lens and project the electrons onto a pixellated detector (e.g. CCD, CMOS).

The intensity of the electron wave on the detector provides a highly magnified image

of the sample. For high-resolution applications using modern instruments, this mode

of imaging is known as high-resolution TEM (HRTEM).
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Condenser lens 1

Objec�ve lens

Intermediate lens

SampleSample plane

Back-focal plane

Image plane

Objec�ve aperture

CCD/CMOS detector

Electron source

Projector lens

SAD aperture plane

Condenser lens 2

Figure 2.1: Basic schematic of conventional transmission electron microscopy
(CTEM). A beam of electrons is accelerated down the microscope column. The
condenser lens system creates a broad parallel beam which is transmitted through
the sample. Most electrons do not interact with the sample upon transmission (black
paths) while others are scattered (red and blue paths). An objective lens focuses the
electrons in the back-focal plane, where an objective aperture can limit the angular
range of electrons that contribute to image formation. Finally, the intermediate and
projector lenses produce a magnified image of the sample on a CCD or CMOS de-
tector. The strength of the intermediate lens can be changed to form a diffraction
pattern on the detector. In order to select a specific sample region on which to obtain
a diffraction pattern, a selected area aperture can be inserted into the image plane of
the objective lens.
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2.1.2 CTEM diffraction

Real-space imaging is one of an array of CTEM experiments which can be performed.

In the case of CTEM with a broad parallel beam of electrons, incident plane waves

which are transmitted through a crystalline sample are focused by the objective lens

into an array of diffraction spots in the back-focal plane. An objective aperture is

sometimes placed in this plane to mitigate the effects of lens imperfections on the

formation of an image (Section 2.1.1). Each of these diffraction spots represent a set

of crystal lattice planes, and can provide valuable information about sample struc-

ture and orientation. The intermediate lens strength (Figure 2.1) can be changed

such that the array of diffraction spots, known as the diffraction pattern, of a sample

section can be projected onto a pixellated detector at the bottom of the microscope

column. A selected area aperture, located in a real-space plane below the objective

lens, can be used to study the diffraction pattern of a specific sample region. As a

result, this technique is generally known as selected area electron diffraction (SAD,

or SAED) [28]. The SAD technique is commonly used to determine crystal structure,

orientation and defect geometry [28,29].

By converging the parallel beam, the range of angles of incidence increases such

that the diffraction spots broaden into discs in the back-focal plane, forming a con-

vergent beam electron diffraction (CBED) pattern. The CBED patterns in CTEM

can be analysed to determine additional sample information that cannot be obtained

using parallel diffraction techniques, such as crystal symmetry, structure factors and

lattice strains [30, 31]. The CBED pattern also plays a vital role in the formation

of images in another configuration of TEM, known as scanning TEM (STEM). The

basic principles of STEM are now discussed.

9



2.1.3 STEM imaging

In many TEM instruments, the strength of the lenses can be adjusted such that one

can form a scanning TEM (STEM) configuration. A basic schematic of a TEM in-

strument in STEM mode is illustrated in Figure 2.2. The ‘objective lens’ is located

above the sample plane, and is known as the condenser in CTEM/STEM instruments.

The condenser converges the electron beam into a probe on the sample [28, 32]. For

modern STEM instruments, the probe diameter is on the order of 0.1 nm for atomic-

resolution imaging [33]. This probe is then scanned in a raster across a region of

interest using a set of scanning coils. Once transmitted through a crystalline sample,

the electron beam is scattered and forms a CBED pattern in the detector plane as

shown in Figure 2.2. When a large objective aperture is used (or alternatively, if no

aperture is used), this is also referred to as a ronchigram, named after Vasco Ronchi

for his work on the determination of optical aberrations [34].

Typically, single channel detectors integrate over a region of the detector plane at

each position in a 2D scan, to produce an ‘image’ of the specimen [33]. The nature

of the resulting image is dependent on the geometry of the detector. For example,

disc-shaped bright-field (BF) detectors collect a small circular region of the CBED

pattern close to the optic axis, providing an imaging method whose contrast is depen-

dent on the interference between direct and diffracted electron beams. Conversely,

annular dark-field (ADF) detectors collect signal from high-angle electron scattering

which can be used to provide images with contrast that is not dependent on interfer-

ence effects. Instead, the image contrast can be directly related to the composition

and thickness of a sample [35]. The theory behind these imaging methods will be

discussed in further detail in Sections 2.2.2 and 2.3.

Alternatively, each CBED pattern can be recorded on a pixellated detector, after
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which post-processing is performed on the data to form images [36]. This method of

data acquisition is essential for STEM ptychography, and will be discussed in detail

throughout this thesis.

2.1.4 Relationship between CTEM and STEM configurations

It should be noted that there is a strong relationship between the CTEM and STEM

configurations. In 1969, Cowley demonstrated that, if the positions of the source

and detector in a CTEM setup are switched, one would obtain a STEM setup [37].

This is known as the principle of reciprocity. Although only strictly true for elastic

scattering, the principle of reciprocity has been frequently used to compare imaging

modalities in the CTEM and STEM, and can be useful to determine whether CTEM

or STEM is more suited to a specific materials characterisation problem [38–41]. This

is an important factor to consider in electron ptychography, and will be discussed in

further detail at the end of this literature review.
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BF Condenser/objec�ve
lens system

Sample

Diffrac�on/
detector plane

BF

Electron source

Objec�ve aperture

Pixellated detector
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EDX detector

Sample plane

ADFADF

X-rays

EELS system

Figure 2.2: Basic schematic of scanning transmission electron microscopy (STEM).
The condenser/objective lens system converges the beam into a sub-nanometre probe
on the sample. The scanning coils move the probe in a raster across the sample. The
bright-field (BF) detector collects the most coherent electrons, while the annular dark-
field (ADF) detector collects electrons scattered to high angles. An energy-dispersive
X-ray (EDX) detector, inclined at an angle above the sample, collects characteristic
X-rays which can be used to map elemental composition. The electron energy-loss
spectrometer can be used to acquire an energy spectrum of the transmitted beam to
analyse the chemical and electronic fine structure of materials.
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2.1.5 Spectroscopic techniques

Many CTEM and STEM instruments possess spectrometers for compositional anal-

ysis and electronic structure determination. The most common spectroscopic tech-

niques include energy-dispersive X-ray spectroscopy (EDX, or EDS, or EDXS) and

electron energy-loss spectroscopy (EELS).

EDX involves the detection of characteristic X-rays from the specimen due to the

electron beam. The high energy incident electrons (102–103 keV) induce electron ex-

citations within the sample, the decay of which leads to the emission of characteristic

X-rays which can be used to determine elemental composition [22]. The EDX detector

is located above the sample plane and away from the optic axis to avoid blocking the

electron beam, such that STEM imaging and spectroscopy can be performed simulta-

neously [42]. The detector is inclined at a specific take-off angle to optimise collection

efficiency (∼20◦ for modern STEM instruments) [43]. A spectrum can be obtained

for each probe position in a STEM scan, or alternatively, the average spectrum of

the entire STEM scan can be plotted. EDX acquisition can also be performed using

CTEM to obtain an average spectrum of a particular field of view [44].

Electron energy-loss spectroscopy (EELS) involves acquiring a spectrum of elec-

tron energies after transmission through the sample using a magnetic prism [45, 46].

The energy differences between the incident and inelastically scattered electrons can

be related to the electronic structure of the atoms in the sample. In the case of STEM,

this allows for a point-by-point chemical and electronic state mapping of the sample,

including for example, the local oxidation state in complex oxides [47] and bimetallic

catalyst nanoparticles [48]. The EELS detector is placed below the imaging detec-

tors, such that annular detector imaging and EELS acquisition can be performed

simultaneously [42]. In addition, energy filters can be used in CTEM and STEM
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configurations to choose a specific energy range of electrons that contribute to image

formation. This is known as energy filtered TEM (EFTEM), and has applications in

both life sciences and physical sciences [43,49,50].

2.1.6 Challenging materials

Despite the wealth of experimental techniques already discussed, CTEM and STEM

methods are not universally applicable to all materials. This is mainly due to the

damage of the sample by the incident electrons. The high voltage electron beam can

displace atoms, break bonds and cause major structural changes to materials [51].

This sensitivity to electron radiation leads to limits on the electron dose (electrons

per unit area) or dose rate for image acquisition, which in turn limit the achievable

image resolution. For the case of samples containing light elements such as lithium

and carbon, the restrictions on electron dose are compounded by weak scattering,

thus limiting the contrast obtainable without damaging the structure for many imag-

ing techniques [51, 52]. Low-dose spectroscopy is even more difficult to perform, as

the probabilities of signal collection (scattering cross-section [33]) for EDX and EELS

detection are much smaller than for ADF imaging [53,54]. To maximise the contrast

and dose-efficiency (i.e. the amount of sample information obtainable at a given

dose) of electron imaging, one must first understand the scattering processes present

in electron microscopy, and the imaging methods that utilise the scattered electrons.

2.2 Scattering, coherence and imaging

Electron scattering processes are the fundamental source of contrast in CTEM and

STEM imaging. Due to the Coulomb force, the probability of electron-specimen in-

teractions is much greater than that of photon-specimen interactions. As such, the
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likelihood of multiple scattering in electron microscopy is much higher than for X-ray

or optical microscopy, putting stricter requirements on sample thickness [28]. To avoid

the effects of multiple scattering, samples in CTEM and STEM rarely exceed 100 nm,

and if the sample is very thin, image interpretation simplifies dramatically [55].

Regardless of sample thickness, the nature of the illumination and image forma-

tion process, in particular the coherence, will influence the information that can be

obtained from an experiment, and should be understood in detail. In the following

sections, electron scattering and coherence in the context of TEM will be discussed,

with particular emphasis on how they affect the formation of images for thin samples.

2.2.1 Elastic and inelastic scattering

The mechanisms by which the incident electrons are scattered by the sample in TEM

are generally separated into two categories: elastic and inelastic scattering. If an

electron is scattered by a sample but does not lose energy in the process, it is said to

be elastically scattered. The mean free path of elastic scattering, λel, represents the

sample thickness below which plural scattering of single electrons can be neglected.

For most elements in the periodic table, λel varies between 10 nm and 80 nm [56].

If an electron loses energy upon transmission through the sample, it is said to be

inelastically scattered [33]. The probability of inelastic scattering processes is char-

acterised by the inelastic mean free path, λin, defined as the average distance that an

electron travels within a particular sample between consecutive inelastic scattering

events [56]. For most common crystal structures, λin is on the order of 100 nm [21].

However, it has recently been shown that low-loss inelastic scattering is non-negligible

at sample thicknesses as low as 10 nm [57].
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Both elastic and inelastic scattering can provide valuable sample information. For

example, elastic scattering is commonly used for coherent imaging techniques [35],

while inelastic scattering can be used to determine electronic structure using elec-

tron energy loss spectroscopy (EELS), or to map specific elements in a sample using

energy-filtered TEM (EFTEM) (Section 2.1.5) [46]. For the research shown in this

thesis, the samples are sufficiently thin (≤10 nm) such that the effects of inelastic

and plural scattering of high-energy TEM electrons (30 – 300 keV) can be neglected.

2.2.2 Coherence

The coherence of an electron microscopy experiment is defined by the ability to ob-

serve interference effects due to scattering. This is dependent on both the spatial

origin of the electrons (known as spatial coherence) and the energy of the electrons

(known as temporal coherence). There are several factors which limit the degree of

spatial and temporal coherence in CTEM and STEM imaging, some of which will be

described below.

2.2.2.1 Effects of electron source

For a perfectly coherent imaging mode, an infinitesimally small, monochromatic elec-

tron source is required such that each electron is emitted from the same point of the

source and with the same energy. In this case, the electron waves emitted from the

source are both fully spatially and temporally coherent. However, due to their finite

size, practical electron sources are only partially spatially coherent [33]. The extent of

spatial coherence is defined by a parameter known as the coherence width. In HRTEM,

sample features with spacings smaller than the coherence width are imaged coher-
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ently [58]. Furthermore, the finite energy spread of electrons from practical sources

gives rise to partial temporal coherence, the extent of which is defined by a char-

acteristic coherence length. Both spatial and temporal coherence produce envelopes

(discussed in further detail in Section 2.2.4) which ultimately limit the obtainable

resolution of HRTEM and STEM experiments.

2.2.2.2 Sample and detector incoherence

Once the partially coherent electron wave has been emitted from the source, there

are several other factors which can affect the coherence. Upon transmitting the sam-

ple, the coherent intensity of the electron wave is further reduced by the inelastic

scattering of electrons. The detector geometry can also affect the coherence of TEM,

particularly in the case of STEM. The coherence of STEM imaging is dependent on

the relationship between the convergence semi-angle of the electron probe (typically

5-40 mrad) and the geometry of the detector [33]. To achieve a coherent imaging

mode using STEM, a small integrating detector is typically used to collect only the

signal from the central region of the CBED pattern, i.e. within 20% of the bright-

field disc radius. This imaging mode is known as bright-field (BF) STEM, and is the

STEM-equivalent of coherent HRTEM imaging. In this way, the interference effects

present in the overlap of the diffracted discs can be recorded [35]. However, if the

detector covers most, or all, of the bright-field disc, an incoherent bright-field (IBF)

imaging mode is realised where the interference effects are averaged over and hence

do not contribute to image formation [33]. Referring to the principle of reciprocity,

increasing the detector collection angle in STEM is the equivalent to using a source

with greater beam divergence in CTEM. In 1974, Misell and co-workers described

how one could collect and integrate the entire CBED pattern at each probe position

in a STEM scan to provide a perfectly incoherent imaging mode, i.e. zero image
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contrast for an electron-transparent sample [59]. Alternatively, an annular detector

can be used to collect only the electrons scattered to high angles. This detector geom-

etry, known as annular dark-field (ADF), has been used to provide a high-resolution

quantitative incoherent imaging technique for beam resilient samples. The contrast

approaches a Z2 dependence for Rutherford scattering of unscreened atomic nuclei,

enabling quantification of contrast from atomic columns. In practice, the contrast

is approximately proportional to Z1.7 due to the screening of the potential by the

atom core electrons [33, 60]. Unfortunately, due to the low probability of high-angle

scattering events, ADF imaging is often impractical for samples which are 1) easily

damaged by the electron beam, or 2) contain light elements that have a low proba-

bility of scattering electrons to high angles (Section 2.1.6).

Fortunately, there exist several coherent imaging techniques that can exploit a

large proportion of the transmitted electrons without averaging over the interference

effects, and hence can form images using much lower electron doses than required for

incoherent imaging (Section 2.3) [18, 52, 61, 62]. One of the most sensitive imaging

approaches is to map the phase shifts of the transmitted electron wave caused by

interaction with the sample [63, 64]. However, there exists one major challenge: the

phase shifts cannot be directly measured from experimental data. This is known as

the phase problem, and will be discussed in the following section.

2.2.3 The phase problem

The phase information encoded in a transmitted wave can provide key insights into

the local structure of a material. To demonstrate its significance, consider two images

of my DPhil project supervisors, Professors Peter Nellist (PDN - Figure 2.3(a)) and

Angus Kirkland (AIK - Figure 2.3(b)). By performing a Fourier transform of each
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image with respect to the real-space plane, one obtains a complex function which

contains both a real amplitude and an imaginary phase. Now let us mix the ampli-

tude of FT(PDN) with the phase of FT(AIK) by taking their product. Following an

inverse Fourier transform back to the image plane and plotting the real component

of the result, Figure 2.3(c) is obtained: an image very similar to the initial image

of AIK (Figure 2.3(b)). Performing the same ‘image mixing’ using the amplitude of

FT(AIK) and the phase of FT(PDN), Figure 2.3(d) is obtained. This suggests that

the phase in the Fourier transform of the image encodes a large proportion of the

structural information. With this in mind, microscopists and crystallographers have

spent decades developing phase-imaging and analysis methods for structure determi-

nation [63–65]. However, measuring these phase values is not a trivial task.
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Figure 2.3: (a) Image of PDN (b) Image of AIK. Taking the product of the modulus
of FT(PDN) and the phase of FT(AIK), and performing an inverse Fourier transform
back to the image plane, sub-figure (c) is obtained. It can be seen that much of
the local information is encoded in the phase of the Fourier transform. Applying
the same process to the modulus of FT(AIK) and phase of FT(PDN), sub-figure
(d) is obtained. With permission from the University of Oxford Development Office.
Photograph credit: John Cairns.

Consider an experiment where monochromatic radiation is transmitted through a

sample and collected in a far-field diffraction plane. Unfortunately, one does not have
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direct access to the phase of a wave in a diffraction experiment. Only the intensity (i.e.

the square modulus) of a diffraction pattern can be directly recorded on a detector. As

a result, the phase information is effectively lost. This problem, known as the phase

problem, poses a challenge for both X-ray crystallographers and electron microscopists

[66,67]. In the case of optical microscopy, the diffracted waves can be re-interfered in

the image plane with the use of high-quality lenses. Experimental configurations can

be realised such that the image contrast is directly proportional to the phase of the

transmitted waves (phase-contrast imaging - Section 2.2.5). However, uncorrected

lenses for X-ray and electron optics are much poorer than the lenses used in visible

optics1. X-ray and electron imaging are widely used characterisation techniques,

but the resulting resolutions are typically 2–3 orders of magnitude worse than the

diffraction limit of the radiation [64]. Over the last 80 years, several solutions to the

phase problem have been proposed and developed for experimental application [64,

66,67]. In the following subsections, a number of these solutions will be introduced.

2.2.3.1 Beginnings: X-ray crystallography

A solution to the phase problem was first proposed in the field of X-ray crystallog-

raphy in 1934 by Arthur Lindo Patterson. By acquiring an experimental diffraction

intensity and calculating the Fourier transform of its square, Patterson could map the

interatomic distances of hexachlorobenzene and potassium dihydrogen phosphate [68].

Since then, a variety of solutions to the phase problem have been implemented for

X-ray diffraction experiments, including direct methods [69], multiple isomorphous

replacement [70], multiwavelength anomalous dispersion [71] and molecular replace-

ment [72]. These methods have been crucial for the structural determination of

biological macromolecules [63], with modern techniques achieving resolutions better

1To compensate for the poor performance of electron lenses, additional multipole lenses can
be installed in the microscope column to correct for aberrations. These are known as aberration
correctors, and will be formally introduced in Section 2.2.4.
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than 0.4 nm [73]. However, these methods are very often dependent on a priori in-

formation to infer the phase from calculated diffraction experiments.

In the 1970s and 1980s, a series of iterative algorithms were proposed to solve the

phase problem for non-crystalline materials, such as the Gerchberg-Saxton algorithm

[74] and the Fienup input-output method [75]. The application of these algorithms to

diffraction data gave rise to the development of coherent diffraction imaging, which

will now be discussed.

2.2.3.2 Coherent diffraction imaging for non-crystalline materials

First proposed by Sayre in 1952 [76], coherent diffraction imaging (CDI) is the process

by which the intensities measured in diffraction experiments can be used to solve the

phase of a non-crystalline isolated structure. CDI was first demonstrated experimen-

tally by Miao and co-workers [77] by combining the oversampling method [78] with

iterative phase retrieval algorithms [79, 80]. Since then, several variants of CDI have

been developed [64], and the techniques have been applied to a variety of radiation

sources, such as hard and soft X-ray sources [81,82], electrons [83–85] and free-electron

lasers [86,87]. Most CDI techniques are highly dependent on the constraint that the

structure under observation is isolated (i.e. away from the edge of the field of view

and not in contact with any other structures). In the case of scanning CDI, more

commonly known as ptychography, this constraint is relaxed such that phase retrieval

of extended, non-crystalline objects is feasible [12,88,89]. Electron ptychography will

be introduced in Section 2.6 and described in further detail throughout this thesis.

In electron microscopy, several imaging and reconstruction techniques have been

developed which can overcome the phase problem and reconstruct the phase of the

specimen transmission function, such as phase-contrast TEM [90,91], exit-wave recon-
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struction [92–94], electron holography [95, 96] and electron ptychography [13, 88, 97].

Before discussing these methods in further detail, the assumptions under which these

methods are valid will be introduced.

2.2.4 Phase-objects, contrast transfer functions and aberra-

tions

For a thin sample, the effects of electron wave propagation within the sample can

be ignored and it can be assumed that only the phase of the electron wave changes.

This approximation is known as the phase-object approximation (POA) [98] and is

described by the following equation for the exit-wave:

ψexit(r) = eiσVp(r) = 1 + iσVp(r)− σVp(r)2

2
− ... (2.1)

where ψexit(r) is the exit-wave, Vp(r) is the projected potential of the sample, and σ

is an interaction constant which relates the phase shift to Vp(r) [28]. Performing a

Taylor series expansion of the exponential equation on the right-hand side of Equation

(2.1), the scattering can be separated into individual terms, each of which correspond

to an order of scattering, i.e. the first term corresponds to the zero-order beam, the

second term corresponds to single scattering events, etc. In the case of very thin

samples of light atomic elements where the sample-induced phase shift is very small,

a weak-phase-object approximation (WPOA) [55] can be used whereby the strength

of scattering is diminished such that multiple scattering events can be neglected,

i.e. only the interaction between single-scattered and unscattered electron waves is

significant. In this case, Equation (2.1) can be simplified to:
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ψexit(r) ≈ 1 + iσVp(r) (2.2)

Equation (2.2) shows that, in this regime, the imaginary component of the exit-

wave is linearly proportional to the sample’s projected atomic potential Vp(r). There-

fore the complex exit-wave should provide linear image contrast and hence quantita-

tive, easily interpretable sample information. However, as discussed in Section 2.2.3,

it is the intensity of the electrons that is recorded in the detector plane, not the

complex amplitude. Furthermore, the electrons scattered to first order are 90 degrees

out of phase with the unscattered electrons after transmission through the sample,

as demonstrated schematically in Figure 2.4(a). Thus, for CTEM or STEM imaging

with ideal lenses, the scattered electron waves do not manifest as intensity fluctu-

ations in the exit-wave. In other words, the scattering from a phase-object would

provide zero contrast in the resulting image.
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Figure 2.4: Argand diagrams representing the superposition of the incident electron
wave, ψi, and a scattered electron wave, ψs, to generate an exit-wave, ψe. (a) When
ψs is 90 degrees out of phase with ψi, the intensity of ψe is similar to the intensity of
ψi. (b) When ψs is 180 degrees out of phase with ψi, the effects of ψs are manifested
as intensity variations in ψe.

Due to the the effects of imperfect electron optics, or aberrations, on image forma-

tion, contrast for WPOs is non-zero in CTEM and STEM images [99]. For example,

electron optical aberrations can alter the phase differences between unscattered and

scattered electron waves such that the sample-induced phase shifts can be mani-

fested as intensity fluctuations in the detector plane. This is shown schematically in

Figure 2.4(b). Aberrations are both advantageous and disadvantageous to electron

microscopy, in that they can provide contrast for samples that satisfy the WPOA,

but ultimately limit the imaging resolution [100]. Traditional, uncorrected CTEM

and STEM images are dominated by uncorrectable spherical aberration caused by

the increase of lens focusing strength away from the optic axis [101]. Asymmet-

ric aberrations may also be present in uncorrected instruments, such as axial coma

and two-fold astigmatism [93, 102]. The contrast which is transferred to the detec-

tor plane is dependent upon these aberrations, and can generally be described by a
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phase-contrast transfer function (PCTF) [103]:

PCTF (Q) = sin(χ(Q)) (2.3)

where

χ(Q) =
C1,0λQ

2

2
+
C3,0λ

3Q4

4
(2.4)

χ(Q) is the aberration function, Q is the modulus of the spatial frequency (inverse

of real-space displacement r), C1,0 is the defocus and C3,0 is the coefficient of third-

order spherical aberration. The effects of asymmetric and higher-order aberrations

will influence the PCTF, but are generally much weaker than C3,0 for uncorrected

instruments [104]. An example PCTF for conventional uncorrected CTEM imaging

is shown in Figure 2.5. The coherence of electron sources is limited by their finite

spatial extent and energy range (Section 2.2.2.1), and PCTFs should incorporate spa-

tial and temporal coherence envelopes, Es(Q) (SC) and Et(Q) (TC), to account for

this2 [28].

2Note that both spatial and temporal coherence envelopes can only be defined for weak-phase-
objects. For stronger phase-objects, transmission cross-coefficients or numerical methods must be
considered [105].
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Figure 2.5: Phase-contrast transfer function (PCTF - black) incorporating spatial (SC
- blue) and temporal (TC - red) coherence envelope functions at 200 kV with C1,0 =
10 nm, C3,0= 1.5 mm and a chromatic defocus spread δ = 3 nm. The point resolution
and information limit are labelled with green and orange markers respectively.

The PCTF for a given imaging geometry can be experimentally measured by

analysing the power spectrum of images of an amorphous specimen [106]. The dark

rings in the power spectrum, known as Thon rings, indicate the spatial frequency

intercepts of the PCTF. However, in the image plane, the contrast of regions of the

specimen can be either positive (e.g. dark atoms) or negative (e.g. bright atoms)

with respect to the contrast of the vacuum [28]. This oscillation in the PCTF renders

it difficult to obtain a qualitative understanding of a specimen for spatial frequen-

cies past the first intercept, known as the point resolution (green marker in Figure

2.5) [103]. Scherzer showed that by using a particular defocus value to mitigate the ef-

fect of spherical aberration, the first contrast transfer ‘window’ could be extended and

thus the point resolution optimised [99]. Image interpretation is more complicated

for values of spatial frequency past the point resolution, however, useful sample infor-
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mation is still present [100]. The spatial and temporal coherence envelopes dampen

the contrast transfer to the point where the associated specimen information becomes

indistinguishable from experimental recording noise. The limit of spatial frequency

at which this occurs is known as the information limit (orange marker in Figure 2.5),

and has been defined as the point at which the information transfer falls to 13.5%

(or e−2) of its maximum value [107,108]. The point resolution and information limit

of a TEM instrument is primarily set by the brightness of electron sources and the

quality of electromagnetic lenses in the microscope column. In the latter case, the

spherical electromagnetic lenses can only converge electrons down the column. This

gives rise to spherical aberration which severely limits the point resolution of the

microscope. At the turn of the 21st century, aberration correctors were developed

for TEM instruments using multipole electromagnetic lenses [109–112]. By breaking

the axial symmetry down the microscope column, divergent electron lenses could be

manufactured in order to compensate for the convergence caused by spherical lenses.

The most common aberration corrector configuration is a pair of double-hexapole

lenses combined with two pairs of round lenses [111]. The hexapoles are aligned such

that their net asymmetric aberrations are minimised, but induce a residual negative

C3,0 value which compensates for the inherent positive C3,0 value of the objective

lens [103]. Initial results using C3,0-corrected machines saw the improvement of point

resolution to 0.12 nm for a 200 kV CTEM and 0.123 nm for a 100 kV STEM [111,112].

With the advent of phase-contrast image reconstruction methods, data can exceed the

point resolution and information limit of electron microscopes [13, 88, 113, 114]. The

mechanisms of phase-contrast imaging in electron microscopy will now be discussed.

28



2.2.5 Phase-contrast imaging

Although the advent of hardware aberration correctors, improved electron sources

and the improved stability of modern HRTEM and STEM instruments has enabled

routine atomic resolution, the nature of the PCTF can still strongly influence the

usefulness of sample information visible in a HRTEM or STEM image. For exam-

ple, crystalline materials with small atomic spacings require high contrast transfer at

high spatial frequencies (i.e. 10 nm-1), while the longer range distribution of atoms

in amorphous or biological materials is transferred by low spatial frequencies (i.e.

0.1 nm-1) [115]. To image both an amorphous material and a crystalline material

with high contrast in the same image requires an imaging method which allows con-

tinuous contrast transfer over a wide range of spatial frequencies [115].

From Equation (2.3) it can be seen that for low spatial frequencies, the value of

the PCTF is low. Zernike demonstrated that by using a phase plate to introduce a

relative phase shift of π/2 radians between scattered and unscattered electrons, the

resulting PCTF will be maximum for very low spatial frequencies [90]. This pro-

vides an imaging method where contrast is linearly dependent on the sample-induced

phase shifts of the electron wave, for a suitably thin sample (i.e. a WPO). Phase

plates can be crudely synthesised by deliberate injection of aberrations [99]. How-

ever, physical phase plates are increasingly used in electron microscopes for biological

applications, and comprise carefully manufactured carbon films which are placed in

the back-focal plane of the TEM column [90]. Historically, Zernike phase plates were

the most commonly used, consisting of a micron-sized hole for the central unscattered

electrons to pass through while introducing a π/2 phase shift of the scattered elec-

trons [91]. In more recent years, phase plates have been developed which comprise

a completely continuous film heated to 200◦C to prevent contamination, and make

use of a beam-induced Volta potential to improve contrast transfer [116]. These are
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known as Volta phase plates, and have played a vital role in improving structural

determination in cryo-electron microscopy [117]. However, charging of these phase

plates can cause experimental errors and unreliability [118]. Therefore, there has been

ongoing development of imaging and reconstruction techniques which do not rely on

phase plates for broad contrast transfer, such as electron holography and electron

ptychography [13,96,97,119].

2.2.6 Imaging thicker samples

The nature of contrast transfer in TEM varies dramatically as the thickness or atomic

number of the sample is increased. If the sample scatters too strongly for the WPOA

to be applicable, but is still sufficiently thin that beam propagation within the spec-

imen can be neglected, the POA can be used. If the sample is too thick to obey the

POA but is sufficiently thin such that only single scattering events occur, the kinemat-

ical approximation can be used. In this case, it is assumed that the electrons undergo

Bragg reflection only once upon transmission through the sample [120]. The diffrac-

tion intensities transferred to the detector plane can be inferred from the intersection

of the Ewald sphere with the reciprocal lattice points [121]. X-rays are less likely

to scatter more than once for a given sample, hence the kinematical approximation

holds for much greater sample thicknesses than for electron microscopy [98]. How-

ever, it should be noted that the disadvantages of X-ray microscopy versus HRTEM

and STEM are poorer resolution and dose-efficiency. In 1995, Henderson determined

that the amount of damage per useful elastic scattering event for X-rays was ‘several

hundred times greater than for electrons at all wavelengths and energies’ [122].

When multiple scattering and propagation effects cannot be neglected, a dynami-

cal theory of diffraction is required [123,124]. This involves a Bloch wave or multislice
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computational analysis to determine the intensity variations of each diffracted beam

and the associated image contrast [55]. With strong scattering, phase shifts greater

than 2π radians will be induced, resulting in the phase ‘resetting’ to zero. Some image

reconstruction methods are more robust to dynamical effects [125, 126], and will be

referred to in subsequent chapters.

2.3 Imaging in the CTEM and STEM

2.3.1 Dark-field CTEM

In conventional CTEM and STEM imaging modes, i.e. BF (S)TEM, the image

recorded represents the intensity of the unscattered and scattered electron waves

that have passed through the objective aperture and are detected. An alternative

CTEM imaging mode is dark-field (DF-) CTEM, whereby the illumination is tilted

such that a particular set of diffraction beams is located inside the objective aper-

ture [28]. Applications of DF-CTEM imaging include identifying specific diffraction

features in a crystal, such as dislocations and materials phases [127–129].

2.3.2 Bright-field STEM

In the bright-field (BF) STEM configuration, electrons are collected from a central

CBED disc using a small BF detector [33]. Using the principle of reciprocity (Section

2.1.4), it can be shown that BF STEM is the STEM-equivalent to HRTEM imag-

ing [37]. However, due to the small detector area, only a small fraction (5–10%) of

the transmitted electrons are collected. Hence, to acquire images with reasonable

SNRs, the electron dose required (107–108 e- nm-2) is typically much greater than

that needed for HRTEM imaging [38]. As a result of the superior dose-efficiency,
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coherent electron microscopy has historically been performed using HRTEM.

2.3.3 Annular dark-field STEM

Due to the divergent nature of the transmitted electron beam in STEM, electron mi-

croscopists began to implement detectors with various geometries to detect electrons

scattered within specific angular ranges. Crewe showed the first experimental ex-

ample of high-resolution imaging in a STEM configuration, using annular dark-field

(ADF) imaging [60]. Inserting an annular detector with a large inner radius into

the electron column, collection of the coherent component of the electron signal can

be avoided. As a result, the detector intensity is dependent on the thickness and

atomic number of the specimen [35]. Crewe’s incoherent imaging mode, known as

high-angle ADF (HAADF) imaging or, more poignantly, Z-contrast imaging, imaged

individual uranium and thorium atoms, with image contrast related to the atomic

number Z and the number of atoms at each probe position [60]. In recent years,

HAADF imaging has evolved into a fully quantitative technique commonly used for

routine characterisation of heavy nanoparticles [130], with additional applications in

areas such as catalysis and semiconductors [25, 131]. One of the disadvantages of

HAADF imaging, however, is the poor dose-efficiency: the inner angle for HAADF

imaging is approximately three times the radius of the bright-field disc, and as such,

only a small proportion of the total signal is collected (∼10%) [33]. The use of ADF

detectors with smaller inner radii can increase the proportion of signal used. For

example, low-angle ADF (LAADF) imaging uses an inner radius slightly larger than

the bright-field disc, and has been applied to imaging light elements [132] and two-

dimensional materials [133]. Using this range of inner angles, LAADF imaging is not

fully incoherent and is not solely dependent on atomic number. Diffraction contrast

contributes to image formation, which has been used to visualise material phases, de-
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fects and strain [134]. Medium-angle ADF (MAADF), used to describe ADF imaging

with inner angles between HAADF and LAADF, can be used if a specific balance of

diffraction contrast and Z-contrast is required for materials interpretation [135].

2.3.4 Annular bright-field STEM

Incoherent imaging in STEM became a powerful and widely used technique through-

out the 1970s, but coherent imaging was still advantageous in CTEM. First proposed

by Rose in 1974, annular bright-field (ABF) STEM uses an annular detector with an

inner angle inside the bright-field disc, and an outer angle equal to the probe conver-

gence semi-angle α [38]. As such, the signal collected in ABF imaging is much greater

than for HAADF imaging (30-50% vs 10% of transmitted electrons) [33]. ABF imag-

ing has been used to image light element columns amongst heavier elements, such as

oxygen in perovskites [136], lithium in cathode materials [137] and hydrogen in VH2

crystals [138]. ABF STEM was initially proposed as a phase-contrast imaging tech-

nique dependent on aberrations for contrast [38,139]. More recent work by Findlay et

al. proposed ABF as an channelling contrast technique, whereby the positive charge

of heavy atomic columns causes a lensing effect which ‘channels’ the transmitted elec-

trons in specific directions [136]. In practice, both contrast mechanisms contribute to

ABF image formation, and as such, the dependence of light-element contrast on defo-

cus, thickness and aberration conditions can complicate image quantification [33,140].

There exist other STEM imaging methods which use simpler contrast mechanisms for

image formation, such as (integrated) differential phase-contrast. These methods will

now be introduced.
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2.3.5 Differential phase-contrast STEM

In the same year that Rose published his initial work on ABF imaging, Dekkers

and de Lang introduced the concept of differential phase-contrast (DPC) imaging in

STEM [141]. A DPC detector comprises of at least one pair of diametrically opposed

segments. Four segments are most commonly used [62] such as shown in Figure 2.6,

with other prototypes containing 16 segments [61]. Taking the difference between op-

posing detector segments for each probe position in a 2D scan provides a map of the

potential gradient across the sample. There are several factors which can give rise

to these potential gradients, including changes in the electric field, magnetisation,

density and thickness of the sample. DPC was demonstrated at atomic resolution

by Shibata et al. in 2012, in which the mesoscopic and nanoscopic polarisation in

BaTiO3 was detected [61]. Furthermore, the technique also been applied to map the

electric field of graphene defects [142].

In 2014, Müller et al. adopted Waddell’s quantum mechanical approach to DPC,

whereby using Ehrenfest’s theorem, the momentum transfer of the electrons to the

sample could be related to the atomic-scale electric fields [143]. This is known as

the ‘first-moment’ or ‘centre-of-mass’ (CoM) method [144]. As is the case for phase-

imaging techniques, field-imaging techniques such as DPC and CoM imaging can

provide quantitative sample information for phase-objects [144,145]. In recent years,

Lazic et al. have demonstrated integrated differential phase-contrast (iDPC) imaging,

whereby DPC data can be integrated to obtain the transmission function of a thin

sample [62, 146].
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Figure 2.6: Detector configurations for differential phase-contrast (DPC) microscopy.
The beam deflection is dependent on the direction of the electric field in the sample.
After Chapman et al. [147].

Alternatively, an entire two-dimensional CBED pattern (or ‘ronchigram’ - Section

2.1) can be acquired for each position in a two-dimensional STEM scan, as shown

in Figure 2.7, producing a four-dimensional data set. This image acquisition mode

has been named four-dimensional scanning transmission electron microscopy, or 4D

STEM. Although ronchigrams have been recorded for determining aberrations for

many decades [34, 148, 149], practical difficulties have limited the acquisition of 4D

STEM data sets. These difficulties, and the advances that are being used to overcome

them, will now be discussed.

2.4 Evolution of pixellated detectors

Traditional pixellated detectors in the electron microscope have typically comprised

charge-coupled devices (CCDs) or complementary metal-oxide semiconductor (CMOS)
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devices coupled to a scintillator, and are commonly used in HRTEM imaging. These

detectors possess typical operating speeds in the range of 30–60 frames per second

(fps) [8]. For a frame rate of 60 fps, a 4D STEM scan of 256×256 CBED patterns

would take over 18 minutes to acquire (excluding dead time between probe positions),

and would be greatly affected by practical limitations such as scan distortions and

stage drift (in the order of nm/minute) [150]. At such speeds, 4D STEM is imprac-

tical. In addition, the signal-to-noise ratio (SNR) of the data, which is theoretically

determined by the level of shot (Poisson) noise for a given intensity on the detec-

tor, is further lowered by additional noise introduced by the scintillator and coupling

optics [151]. For samples sensitive to electron radiation where low electron dose is

necessary, these noise components may obscure any signal present, rendering the data

unusable.
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Figure 2.7: Basic schematic for four-dimensional scanning transmission electron mi-
croscopy (4D STEM). A 2D convergent beam electron diffraction (CBED) pattern is
recorded for each probe position in a 2D raster scan.

In recent years, direct electron detectors (DEDs) have been implemented in elec-

tron microscopy. Unlike conventional CCD/CMOS devices, DEDs require no scin-

tillators or coupling, such that the detection process adds little or no noise to the

acquired data. Detectors which can operate in counting mode can count each elec-

tron event for a sufficiently low beam exposure and as such, the detection process

adds zero readout noise to the data. On the other hand, detectors operating in inte-

grating mode, which sum the charge deposited by electrons during a single exposure,

add some readout noise due to the finite energy spread of electrons. The reader is

referred to Refs. [8] and [152] for a detailed comparison of detection modes.

Two specific technologies have been developed for electron microscopy that im-

prove the signal-to-noise ratio at fast (>1,000 fps) readout speeds: (monolithic) active
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pixel sensors ((M)APS) [153–155] and hybrid pixel array detectors (PAD) [156,157].

As a reference, Table 2.1 contains the specifications for four commercial direct elec-

tron detectors available for purchase at the time of writing this thesis.

APS technology typically consists of complementary metal-oxide semiconductor

(CMOS) chips below an epitaxial layer [153, 154]. The epitaxial layer generates a

large number of low energy electrons which can be read-out, providing single electron

sensitivity at frame rates over 1,000 fps [7, 9]. The small pixel sizes and ease of fab-

rication of large arrays enable MAPS detectors to comprise many pixels on a single

chip. For example, the DE-16 camera contains 4096×4096 pixels [9]. Conversely,

hybrid APS detectors with thicker active layers such as the JEOL 4DCanvas contain

a smaller number (264×264) of larger pixels [7, 158]. Prototype APS systems have

achieved frame rates close to 105 fps, approaching conventional speeds of ADF STEM

imaging [159].

PAD technology consists of an array of photodiodes bump bonded to an application-

specific integrated circuit (ASIC). These detectors convert electron counts to a volt-

age signal, providing single electron sensitivity and high dynamic range at frame rates

above 1,000 fps. The pixel width and pixel number varies between manufacturers.

For example, the Medipix3 chip on a MerlinEM Direct Electron Detector contains

256×256 pixels3, each with a pixel width of 55µm [160], while the EMPAD Detector

possesses 128×128 pixels, each 150µm wide [11].

The advent of fast DEDs in STEM has led to a universal detector system which

can be applied to most pre-existing imaging modes using virtual detector geometries.

3It should be noted that the MerlinEM system can also be provided as a Quad detector, i.e. four
single chips bonded together [160]. However, for consistency, only the specifications of single-chip
detectors have been discussed here.
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Name DE-16 4D Canvas MerlinEM EMPAD

Type MAP(CMOS) Hybrid APS Hybrid PAD Hybrid PAD

Dimensions

# pixels 4,096×4,096 264×264 256×256 128×128

Pixel width (µm) 6.5 48 55 150

Active area (mm2) 26.6×26.6 12.7×12.7 14.1×14.1 19.2×19.2

Speed

Pixel readout speed (MHz) 1,544 70 79 18

Max full-frame rate (fps) 92 1,150 1,200* 1,100

Binning/windowing? Yes Yes No No

Change bit depth? No No Yes No

Modified frame rate (fps) 4,237 20,000 14,400 1,100

Dynamic range

Dynamic range metric e−/px e−/px/s counts/px counts/px

Max dynamic range 4.0×105 1.0×103 1.0×106 1.7×107

References [9] [7, 158] [160] [11]

Table 2.1: Comparison of specifications for commercial direct electron detectors. *The
maximum full-frame rate of 1,200 fps for the MerlinEM system is specified for a 12-bit
counting depth.
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With new prototype DEDs reaching frame rates of 87,000 fps [159], the acquisi-

tion of distortion-free, minimal-drift 4D STEM data sets in the future may only be

limited by network speeds. In addition, a wide range of 4D STEM imaging capabili-

ties have been made possible, or more readily achievable, such as crystal orientation

and strain mapping [161–163], and atomic-resolution electric field and charge density

mapping [164–166]. Furthermore, the combination of 4D STEM acquisition and phase

reconstruction algorithms such as electron ptychography has provided high signal-to-

noise atomic-resolution reconstructions of light elements [17], single atomic layers [19]

and radiation-sensitive materials [18]. The next section will introduce some of these

phase reconstruction algorithms, with particular emphasis on focused-probe STEM

ptychography.

2.5 Phase reconstruction methods in electron mi-

croscopy

Although lenses and phase plates can be used to achieve phase contrast in electron

microscopy, the resolution of the data is still limited by the poor quality of circularly-

symmetric electron lenses and high cost of aberration correctors (£500k - £1M). A

combination of HRTEM and STEM acquisition and post-processing methods have

been developed to solve the phase problem and reconstruct the electron wave as it

leaves the sample. Three reconstruction methods will be introduced in the following

subsections: exit-wave reconstruction, holography and ptychography.
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2.5.1 Exit-wave reconstruction

Although the intensity of the electron wave incident on the detector is related to

the specimen under illumination, the effects of post-specimen lenses in HRTEM and

their associated aberrations cannot be ignored. Throughout the late 1960s and 1970s,

Schiske and Hawkes separately proposed methods of ‘back-propagating’ the detected

electron wave through the post-specimen lenses to where it exited the specimen,

by compensating for the effects of propagation from the specimen to the detector

plane [167,168]. These methods involved recording a series of images with a varying

spatial parameter. In particular, Schiske and Hawkes performed focal series exit-wave

reconstruction, whereby images taken at sequential values of defocus were collectively

processed in order to reconstruct the exit-wave. Recording the electron intensity at

a range of defocus values allowed for the compensation of PCTF reversals and the

reconstruction of the complex exit-wave [115]. Knowledge of imaging conditions is

crucial such that aberrations can be compensated for in post-processing. Once the

data is obtained, the exit-wave can be recovered via computational reconstruction

methods, such as the Wiener filter [169] or the maximum likelihood method [170].

Exit-wave reconstruction via focal series methods boosted resolution from the point

resolution limit (i.e. just under 0.2 nm in the early 1980s) to the information limit set

by the spatial and temporal coherence envelope functions (i.e. 0.078 nm in 2001) [171].

An alternative, and arguably more powerful method of series image acquisition

is tilt series imaging. In a similar fashion to focal series imaging, Kirkland et al.

recorded a series of images with sequential illumination angles in order to reconstruct

high spatial frequency information that could not be obtained from conventional axial

imaging [114, 172]. The added value of using a tilt series over a focal series for exit-

wave reconstruction was that the effective coherence envelopes could be extended and

hence the information limit further increased. Focal- and tilt series imaging methods
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have been combined to form tilt-defocus series imaging, the geometry of which is

shown in Figure 2.8, which provides super-resolution and enhanced contrast transfer

of the exit-wave [102]. Haigh et al. demonstrated how adding tilt shifts to a focal

series could increase the continuous information transfer of a corrected HRTEM in-

strument from 0.11 nm to 0.071 nm [93].

Figure 2.8: Tilt-defocus series experimental setup proposed by Haigh et al. [93, 102].
The 27 steps of the series are arranged such that stage- and optical drifts are min-
imised.

2.5.2 Electron holography

Holography was initially proposed as a potential electron microscopy technique (al-

though demonstrated with light optics) by Dennis Gabor4 in 1948 [173]. Using the

interference between 1) waves which have been scattered by the sample, and 2) a

4Gabor was awarded the Nobel Prize in Physics in 1971 for his work on holography.
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reference wave of known form, the pattern of fringes resulting from the interference

of these two waves, known as a hologram, could be recorded on a photographic film.

Upon further illumination of the film, a conjugate pair of exit-waves could be recov-

ered. Holographic experiments were first applied in electron microscopy by Haine and

Mulvey in the early 1950s, obtaining nm-resolution exit-wave reconstructions for zinc

oxide crystals [174]. Nowadays, electron holograms are recorded by a detector and

are ‘illuminated’ using computational analysis.

The first holographic techniques used in TEM instruments were in-line techniques.

For in-line holography, a sample is placed in the path of a divergent electron beam

before recording a hologram in the detector plane. Thus, the reference and scattered

waves lie on the same optic axis [56]. As a result, when the hologram is illuminated,

the conjugate pair of exit-waves can be difficult to separate [174]. This compli-

cates the interpretation of sample information. With the development of the electron

biprism in 1955 to separate the conjugate exit-waves [175], off-axis holography be-

came commonly used in electron microscopy. Both in-line and off-axis methods are

implemented in modern holographic experiments. There are a plethora of holographic

techniques for electron microscopy, twenty of which have been outlined in a publica-

tion by Cowley [176]. Applications of electron holography include nanoscale charge

density mapping [177], characterising semiconductor device materials [178, 179] and

imaging at atomic resolution [119].

One of the main advantages of electron holography over HRTEM exit-wave re-

construction methods is that holography is inherently energy filtered and as such,

the linear (elastic) and nonlinear (inelastic) components can be separated in the re-

construction process [180]. Furthermore, holographic capabilities are not limited by

the point resolution of the electron microscope [181]. The nature of the hologram’s
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interference fringes determine the obtainable resolution: the fringe spacing must be

approximately 2–3 times smaller the maximum resolution desired, and there must be

sufficient contrast to provide meaningful interference measurements [96]. These con-

straints require broad angular coherence and stable electron-optical conditions [182].

In the case of off-axis electron holography, the stability of the biprism must also

be considered [183]. However, recent experiments in STEM holography have used

a phase grating and selected area aperture to carefully separate adjacent diffracted

beams and form an interference pattern on a pixellated detector, thus removing the

need for a biprism to separate the conjugate exit-waves [184].

2.6 Electron ptychography

In the late 1960s, Walter Hoppe outlined a potential solution to the phase problem

as an alternative to holography, known as ptychography [12, 12, 185]. Hoppe pro-

posed that, if one could obtain a diffraction pattern of a sample region such that

two diffracted beams would overlap, the interference within the overlap would re-

veal the relative phase shifts induced by the sample, enabling the reconstruction of

both the amplitude and phase of the exit-wave [12]. If a single diffraction intensity

measurement is obtained for a centrosymmetric material, the intensity of the sepa-

rate diffracted beams and their overlap regions are recorded. However, due to the

directional ambiguity of the phase of each beam, a range of possible solutions for

the complex exit-wave may still exist [65]. By applying a small lateral shift to the

sample (or illumination) and recording a second diffraction measurement, the am-

biguity would be removed and a unique solution to the complex exit-wave could be

determined [12,66]. Although Hoppe et al. published several papers on ptychography

in the 1960s and 1970s [12,185,186] with specific emphasis on applying ptychography
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to electron microscopy, the method was left relatively untouched for over two decades

due to experimental limitations (Section 2.4) [187].

2.6.1 Focused-probe ptychography

2.6.1.1 Beginnings

The dawn of experimental ptychography arrived with the application of a number of

algorithms used to reconstruct the exit-wave from 4D STEM data. In 1989, Roden-

burg highlighted the potential of overcoming the information limit of the microscope

using CBED patterns acquired in STEM mode [66].

The first algorithm proposed was the Wigner distribution deconvolution (WDD)

method [13,188]. Using a 4D STEM data set acquired as shown in Figure 2.7, a series

of Fourier transforms could be performed, before expressing the result as a product

of two Wigner distribution functions. The microscope and specimen functions could

then be separated via deconvolution. In 1993, a simpler yet powerful reconstructive

method: the ρ′/2 (‘half-rho-dash’) method, was introduced by Rodenburg, McCallum

and Nellist [189]. Assuming the WPOA, the deconvolution process used in the WDD

method could be neglected, and simple integration of the most coherent Fourier com-

ponents from one side-band of interference could be used to directly reconstruct the

phase of the complex transmission function. Improved electron sources and hardware

aberration correctors enabled the integration of the entire side-bands to be used for

phase reconstruction. This is known the single side-band (SSB) method [97], and will

be discussed in further detail in Chapter 3.

These developments were significant because of the robustness and simplicity of

ptychographic experiments and reconstructions versus electron holography. There
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was no requirement to obtain an experimental reference wave: once an experimental

data set was acquired, the non-overlapping regions of the diffraction discs in that

data set could be used as a reference [66]. Furthermore, it was demonstrated that

ptychography could be implemented using a partially coherent electron source, the

effects of which could be separated from the ptychographic exit-wave as part of the

reconstruction [13]. Finally, once the relative phase of diffracted beams had been

calculated, the phase difference between that diffracted beam and a higher resolution

diffracted beam could be calculated, providing resolutions beyond the information

limit of the microscope [190, 191]. This was first experimentally demonstrated by

Nellist et al. on a sample of Si<110> [190]. A reconstructed resolution of 0.136 nm

was achieved on a VG Microsocopes HB501 STEM: an instrument with a point reso-

lution and information limit of 0.42 nm and 0.33 nm, respectively. The WDD method

was subsequently used to achieve super-resolution with X-ray microscopy, where it

is still frequently implemented [192, 193]. The SSB and WDD methods are the two

most commonly used methods for focused-probe ptychography (FPP), which will form

the focus of this thesis.

Unfortunately, limitations of instrumentation, computation and detector technol-

ogy in the 1990s hindered the advancement of electron ptychography. Firstly, the

method of improving the resolution beyond the information limit was highly sensi-

tive to dynamical effects for standard (S)TEM instruments [125] – a problem which

can now be avoided using modern aberration-corrected instruments [18, 97, 194]. In

addition, the TV-rate CCDs used to acquire the CBED patterns were too slow to

avoid the effects of stage drift and scan distortions [189, 195, 196]. These slow scan

speeds, combined with the sensitivity to dynamical effects, limited the application of

ptychography to thin, beam resilient samples such as crystalline silicon, amorphous

carbon and gold nanoparticles [189–191]. Furthermore, the large amount of data re-
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quired for ptychographic reconstruction placed restrictions on the usable field of view.

As a result, further applications of FPP were not seen until these restrictions were

lifted by a combination of fast computation and modern detectors (Section 2.4).

2.6.1.2 Advances using direct electron detectors

Combining DEDs (Section 2.4) with post-processing techniques such as ptychography

has provided rapid advances in atomic-resolution phase reconstruction. The introduc-

tion of noise-free DEDs in combination with hardware aberration correctors and im-

proved instrument stability has led to the rejuvenation of focused-probe, non-iterative

ptychography in the last decade [17,18,97,194,197]. Faster, larger memory CPUs and

GPUs enable routine data collection and reconstruction for fields of view much greater

than that initially achieved by Nellist et al. in 1995 [190]. The first demonstration

of FPP using DEDs was performed by Yang et al. in 2015 [198], where data was

collected for a gold nanoparticle, a bulk GaN crystal, and Nd, Ti doped BiFeO3 using

a PNDetector with frame rates of up to 4,000 fps. Atomic-resolution reconstructions

were obtained for all the above data sets using FPP methods. Subsequently, FPP has

been applied to many systems, and will be discussed both at the end of this literature

review and in Chapter 8.

2.6.2 Defocused-probe ptychography

Using the phase retrieval algorithms proposed by Gerchberg and Saxton [74] and

Fienup [75], Rodenburg and colleagues devised an iterative procedure whereby the

object function in a CTEM was initially guessed and subsequently corrected using

data obtained from a series of shifted far-field diffraction patterns [88]. This was

achieved experimentally in CTEM by shifting the sample with respect to the ob-

jective lens aperture, or, more commonly, in STEM by acquiring a raster scan of
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CBED patterns. To ensure that consecutive probes of adjacent scan positions over-

lap, the probe is typically defocused before acquisition [14, 19, 199]. As such, this

ptychographic technique will henceforth be referred to as defocused-probe electron

ptychography (DPP). One of the most common methods of DPP is the extended

ptychographic iterative engine (ePIE) [14], which performs iterations to correct for

both the electron probe and specimen functions, providing aberration-free exit-wave

reconstructions. The ePIE method has also been successfully applied to X-ray [200]

and optical [201] microscopy, with applications in both physical and biological sci-

ences [15, 19, 202]. Recently, the efficiency of DPP has been improved by accounting

for the modal decomposition of the partially coherent electron probe [203,204].

It should be noted that FPP and DPP do not need to be non-iterative or itera-

tive respectively, although this is the case for most of the literature. Both SSB and

WDD methods are non-iterative methods, using only direct integrals and deconvolu-

tion methods. FPP will be the main focus of this manuscript, whereas DPP will be

frequently introduced for comparative purposes.

2.6.3 Fourier ptychography

From the principle of reciprocity (Section 2.1.4) [37], it can be shown that each illu-

mination angle in HRTEM images corresponds to a single detector pixel in STEM;

and the HRTEM detector plane corresponds to the STEM probe scan [40]. Thus,

interference of the superimposed plane waves from tilt series imaging (Section 2.5.1)

is equivalent to the diffraction information recorded in the detector plane for an

FPP experiment. Tilt series imaging is thus often referred to as a type of Fourier

ptychography, the first experiments of which were performed by Kirkland et al. us-

ing uncorrected microscopes on gold nanoparticles and H-Nb2O5 [114, 172] (Section
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2.5.1). With the introduction of aberration-corrected instruments, tilt series imaging

has been applied to produce atomic-resolution reconstructions of crystalline silicon,

nanomaterials and α-copper phthalocyanine [93, 115]. As for STEM ptychography,

pixellated detectors should increase the capabilities of Fourier electron ptychography,

although recent results in this field are currently limited to optical microscopy [89].

2.6.4 Applications

2.6.4.1 High contrast light-element imaging

The introduction of DEDs in STEM instruments has enabled routine light-element

imaging using electron ptychography. Pennycook et al. showed that multilayer

graphene could be visualised using FPP with greater contrast than for ABF, ADF

and DPC imaging [97]. Light-element imaging has also been performed using DPP:

Wang et al. visualised boron atoms in a LaB6 sample [15].

Ptychography need not replace all other imaging methods: 4D STEM and ADF

detector data can be acquired simultaneously, enabling light- and heavy-element imag-

ing from a single scan. This has been demonstrated by Yang et al. for an iodine-doped

carbon heterostructure: the structure of fullerenes and carbon nanotubes were visu-

alised with ptychography, while the iodine atom locations could be identified using

ADF imaging [18].

2.6.4.2 Aberration correction after data acquisition

Post-acquisition correction of residual aberrations using FPP was demonstrated by

Yang et al. using a matrix-inversion method known as singular-value decomposi-

tion [18]. Conversely, defocus can be applied to the wave-function to extract a depth-

sectioned series from a single ptychographic data set. This has been applied to de-
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termine the position of individual carbon nanotubes within a cluster [18, 205], and

will be further developed in Chapter 8. Aberration correction is inherent in DPP

algorithms such as ePIE, where the probe and specimen transmission functions are

determined simultaneously [14]. This capability relieves the experimentalist of fine-

tuning the aberrations before data acquisition, reducing beam damage to the sample

and increasing experimental throughput.

Overall, ptychography has simplified imaging of previously experimentally chal-

lenging samples.

2.6.4.3 Energy materials

Energy materials are challenging to characterise using conventional STEM meth-

ods due to their light/heavy-element composition, and air and radiation sensitivity.

STEM imaging of lithium was first reported in 2009 by Findlay et al. using ABF

imaging (Section 2.3) [52, 137]. Careful consideration of electron channeling condi-

tions and wave aberrations can provide atomic-resolution imaging with high contrast

for both light and heavy elements [136,206].

A recent study by Lozano et al. demonstrated the application of FPP to lithium

cathode materials to study the effects of degradation and battery cycling, and com-

pared this to ABF imaging [17]. By reducing the beam current to below 1 pA,

atomic-resolution images of lithium were observed using ptychography, mitigating

any structural changes or degradation caused by beam damage. The two main ad-

vantages of ptychography over ABF imaging are the ability to correct for aberrations

after acquisition, and its extended PCTF window [207]. However, the speed of ac-

quisition of 4D STEM data is still much slower than for ABF data [17]: a problem

which will be discussed in further detail in Chapter 7.
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Another recent study performed FPP methods in combination with EELS, to

identify boron atoms doped at interstitial sites of palladium nanoparticles to modify

their catalytic activity [20]. The ptychographic reconstructions confirmed that the

interstitial doping was not uniform throughout the crystal lattice, but concentrated

in various regions of the nanoparticle.

2.6.4.4 2D materials

HRTEM and STEM imaging have been vital tools for the structural characterisation

of two-dimensional materials at the atomic scale. Over the last five years, ptycho-

graphic reconstructions have been used to study twisted bilayer graphene [97] and

monolayer MoS2 [19], one-dimensional channels in semiconductors [166] and charge

distribution of atoms in hexagonal BN [24]. Using a combination of low electron

dose, direct electron detectors and ptychographic methods, the imaging of single-

layer beam-sensitive nanomaterials is now routinely achievable [165].

2.6.4.5 Low-dose applications

The high dose-efficiency of electron ptychography shows promise for imaging materi-

als which are sensitive to electron radiation such as zeolites [208], organic-inorganic

hybrid perovskites [3] and metal-organic frameworks [209]. Such materials are dam-

aged at electron doses above 105 e- nm-2. To date, there have been few applications of

electron ptychography at these low doses. Atomic-resolution ptychography has been

performed on MoS2 at 4 × 104 e- nm-2 [19,199], while macromolecules have been visu-

alised with a dose of 4 × 103 e- nm-2 [210]. Furthermore, a recent cryo-ptychography

study has reported reconstructions of viruses using doses below 103 e- nm-2 [211].
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2.7 Conclusions

In this chapter, the literature relevant to CTEM and STEM has been reviewed.

Scattering mechanisms have been discussed, and several common STEM imaging

modalities have been outlined. The phase problem, and its solutions, have been

introduced, with particular emphasis on focused-probe electron ptychography. The

next chapter will describe the mathematical details of STEM ptychography.
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Chapter 3

Background theory

In this chapter, the necessary theory used in this thesis will be described, with particu-

lar focus on four-dimensional scanning transmission electron microscopy (4D STEM)

and focused-probe ptychography (FPP). Firstly, the equations which describe the

electron wave travelling from the emission source to the detector plane will be intro-

duced. These equations will be adapted to describe the theory of two FPP methods:

single side-band (SSB) and Wigner distribution deconvolution (WDD). To aid the

reader’s understanding of subsequent experimental results, some of the theory de-

scribed in this chapter will be further developed throughout this thesis.
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3.1 From source to detector

3.1.1 The electron gun

The electron gun consists of a cathode emission source and an anode accelerator

system which focuses a beam of electrons along the microscope column. The most

important properties of the source for high-resolution imaging applications are 1)

brightness, 2) spatial coherence, and 3) temporal coherence.

3.1.1.1 Source brightness

The source brightness, β, is defined as the current density, je, per unit solid angle Ω

subtended by the source [33,103]:

β =
je
Ω

(3.1)

Values for β range from 109Am−2sr−1 for tungsten filament sources to 1012Am−2sr−1

for cold field-emission guns (CFEGs) [56]. Alternatively, a normalised source bright-

ness can be defined by dividing β by the accelerating voltage Vacc. The brightness

achievable for a given electron source affects the coherent imaging capabilities of the

electron microscope. The essential equations which describe source coherence will

now be discussed.

3.1.1.2 Spatial coherence

As discussed in Section 2.2.2.1, due to the finite size and energy spread of practical

emission sources, electron beams exhibit partial spatial and temporal coherence. The

spatial coherence of a source can be determined by measuring the effective source

width for coherent illumination, dc:
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dc =
λe
2θi

(3.2)

where λe is the electron wavelength, and θi is the semi-angle of the illumination aper-

ture at the source [28]. The effective source width can be decreased significantly by

using field-emission sources instead of thermionic sources. For example, CFEGs pos-

sess the smallest inherent values for dc (2 nm), which is three orders of magnitude

smaller than that for LaB6 sources (5–10 µm) [103].

The coherence of STEM imaging is strongly influenced by the brightness of the

electron source. If the de-magnified source image incident on the specimen is much

smaller than the diffraction-limited probe, it is said to be coherent. However, the de-

magnification process significantly reduces the beam current incident on the sample.

It was only with the advent of field-emission sources, possessing large β and small

dc values, that sufficient probe currents could be achieved to enable high-resolution

STEM imaging [33,60,212].

3.1.1.3 Temporal coherence

The temporal coherence of an electron source is often defined in terms of the coherence

length1, λc, of electrons emitted from the source:

λc =
∆E

hν
(3.3)

where ∆E is the energy spread, ν is the electron velocity and h is Planck’s con-

stant [28]. For modern aberration-corrected HRTEM/STEM instruments with small

CFEG sources, the temporal coherence is the primary resolution-limiting factor, i.e.

the temporal coherence envelope is narrower than the spatial coherence envelope (see

1c.f. coherence width for spatial coherence (Section 3.1.1.2).
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Section 2.2.4). The coherence length λc can be further increased by decreasing ∆E

with the use of a monochromator [213] and is crucial for high-resolution EELS ex-

periments [214]. However, the selection of a narrow energy range of electrons via

monochromation significantly reduces the beam current available for HTREM and

STEM imaging [103].

3.1.2 The aperture function A(K)

On acceleration down the microscope column, the electrons are focused by the con-

denser lens and objective lens pre-field (Section 2.1) into a small probe at the sample

plane. An aperture is usually inserted after the condenser which limits the angular

range of electrons incident on the sample and hence reduces the detrimental effects

of aberrations (see Figure 2.2). The function describing the electron wave in the

aperture plane with respect to the reciprocal-space vector K is known as the aperture

function, A(K), where:

A(K) = H(K) exp {iχ(K)} (3.4)

A(K) is a complex function comprising an amplitude H(K) and phase χ(K). H(K)

is the aperture shape function (generally circular) described by:

H(K) = 1, if |K| < Kmax

H(K) = 0, if |K| > Kmax

where Kmax represents the largest modulus of K allowed through the aperture.

The exponential term, χ(K), in Equation (3.4) describes the phase surface of the

aperture. For a perfectly coherent source and ideal imaging lenses, the incident phase

of the wave would be constant as far as the aperture outer angle α (i.e. the probe
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convergence semi-angle). In practice, electron-optical aberrations cause distortions

in the phase surface (Section 2.2.4). The aberrations can be described by the wave

aberration function, given to third order as

χ(K) =
∞∑

m = 0, n = 0
m+n = 2l−1

χm,n(K) =
2π

λ

[
λ (C0,1K

∗)

+
λ2

2
(C1,0 K

∗ K + C1,2 K
∗2)

+
λ3

3
(C2,1 K

∗2 K + C2,3 K
∗3)

+
λ4

4
(C3,0 K

∗2 K2 + C3,2 K
∗3K + C3,4 K

∗4) + ...

]
(3.5)

where m, n and l are non-negative integers, and the Krivanek notation for aberration

coefficients has been used [215]. A complex position variable, K = Kx+iKy, has been

used to allow for the convenient grouping of terms [216]. The function χ(K) is a poly-

nomial with an infinite number of terms, each of which corresponds to a particular

aberration. In practice, only aberrations up to 3rd or sometimes 5th order are usually

considered. A list of aberrations up to 3rd order for aberration-corrected HRTEM and

STEM imaging is shown in Table 3.1. In uncorrected HRTEM and STEM instru-

ments, due to the inherently large values of spherical aberration (i.e. C3,0 can exceed

1 mm), only the first two radially symmetric terms of Equation (3.5), C1,0 and C3,0,

are considered (see Equation (2.4)). However, for an aberration-corrected instrument

(Chapter 2), C3,0 can be reduced to less than 0.1% of its original value, and thus

the contributions of the other aberrations to χ(K) become non-negligible. It should

be noted that the correction of C3,0 may also introduce asymmetric lens aberrations,

which must be subsequently corrected for.
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Typke Krivanek Order in k Azimuthal symmetry Name

A0 C0,1 1 1 Image shift

C0 C1,0 2 ∞ Defocus

A1 C1,2 2 2 Two-fold astigmatism

B2 C2,1 3 1 Axial coma

A2 C2,3 3 3 Three-fold astigmatism

C3 C3,0 4 ∞ Spherical aberration

S3 C3,2 4 2 Star aberration

A3 C3,4 4 4 Four-fold astigmatism

Table 3.1: Aberration coefficients up to 3rd order for HRTEM and STEM imaging.
Adapted from Refs. [102], [215] and [217].

3.1.3 The probe function P (r)

The condenser lens system acts to focus the electron beam into a probe in real-space

which, for most STEM imaging methods, is focused at, or near, the plane of the

sample. The function which describes this probe, known as the probe function P (r),

can be expressed via an inverse Fourier transform of A(K):

P (r) =

∫
A(K) exp{i2πK · r} dK (3.6)

where r is a real-space position vector. One of the main differences between electron

microscopy and X-ray or light microscopy is the greater strength of interaction with

the sample, caused by the charged particle nature of electrons. The advantage of this

is that very thin samples (<5 nm thick) can be imaged with high contrast and at

atomic resolution. However, for thicker samples, dynamical diffraction can complicate

image interpretation (Section 2.2.6). Thus, for ptychographic experiments, the sample

must be thin enough such that the POA, or multiplicative sample approximation, can
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be used (Equation (2.1)), i.e. it is assumed that only the phase of the wave is changed

by transmission through the sample. The wave exiting the specimen, ψ(r,Rp), can

then be described by

ψ(r,Rp) = P (r−Rp) · φ(r) (3.7)

where φ(r) is a complex transmission function, Rp is the probe position vector and

P (r−Rp) represents the probe shifted to Rp.

3.1.4 The detector plane

After transmission through the sample, the intermediate and projector lenses magnify

the electron beam and direct it towards a series of detectors. This process can be

expressed by performing a Fourier transform of Equation (3.7) with respect to a real-

space coordinate r. Applying the Fourier shift and convolution theorems [218], the

complex amplitude of the wave in the reciprocal-space detector plane can be expressed

as

ψ(Kf ,Rp) = [A(Kf ) exp {i2πKf ·Rp}]⊗ Φ(Kf ) (3.8)

where Kf corresponds to the reciprocal-space vector in the detector plane, and Φ(Kf )

is the Fourier transform of φ(r). For phase reconstruction techniques such as pty-

chography and HRTEM exit-wave reconstruction, the multiplicative sample approx-

imation is generally assumed [103, 219], and this assumption will be carried forward

to other sections unless explicitly stated otherwise.
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3.2 2D STEM, 4D STEM and virtual imaging

Once the electrons have been transmitted through the sample at a probe position

Rp, the convergent beam electron diffraction (CBED) pattern, or ronchigram, can be

recorded by one or more detectors. In conventional STEM imaging modes (i.e. 2D

STEM) which use integrating bright-field (BF) or annular-dark-field (ADF) detec-

tors, the signal in the CBED pattern is integrated over the entire detector to output

a single intensity value. When repeated for all Rp over a two-dimensional scan, a

two-dimensional image is formed, the contrast of which is dependent upon the detec-

tor geometry. For BF imaging, a disc-shaped detector is positioned such that only

the most coherent signal from the centre of the CBED pattern is recorded [35]. Al-

ternatively, segmented detectors such as DPC detectors can be centred around the

bright-field disc to measure sample-induced electromagnetic fields [61, 141,220].

In the case of four-dimensional STEM (4D STEM), a pixellated detector records

the complete two-dimensional CBED pattern at each probe position Rp in a two-

dimensional scan. The complex amplitude of the wave at the detector plane can

be denoted M(Kf ,Rp). However, only the intensity of the complex wave can be

recorded in the detector plane (Section 2.2.3), and thus |M(Kf ,Rp)|2 is recorded.

One of the most straightforward applications of 4D STEM data is virtual imaging:

conventional STEM detector configurations can be synthesised in post-processing by

integrating specific geometric combinations of detector pixels. For example, in the

case of a synthetic disc-shaped or annular-shaped detector, the integrated intensity

at each probe position Rp can be described by

Isyn(Rp) =

∫ Kmax

Kmin

|M(Kf ,Rp)|2 dKf (3.9)
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where Kmin and Kmax represent the inner and outer collection angles of the synthetic

detector. It should be noted that Equation (3.9) can also be applied to hardware

integrating detectors of the same geometry, as long as the appropriate detector re-

sponse function has been included. Alternatively, 4D STEM data can be used to

synthesise more complex detector geometries, such as DPC and annular segmented

detectors [61,206].

For the case of electron ptychography, the entire two-dimensional CBED pattern

at each probe position is required to reconstruct the complex wave. Assuming a

phase-object (POA – Section 2.2.4 and Equation (2.1)), the intensity recorded in the

detector plane can be expressed as the squared modulus of Equation (3.8):

|M(Kf ,Rp)|2 = |[A(Kf ) exp {i2πKf ·Rp}]⊗Ψ(Kf )|2 (3.10)

where Ψ(Kf ) corresponds to the Fourier transform of ψ(r), defined henceforth as the

complex transmission function2. An example subsection of |M(Kf ,Rp)|2 from an

experimental 4D STEM data set obtained from a graphene monolayer is shown in

Figure 3.1(a). The ronchigrams in Figure 3.1(a) are noisy - there are no discernible

diffracted beams in the CBED patterns. Figure 3.1(b) shows a subsection of the

synthetic BF image intensity with respect to probe position Rp, obtained by summing

all Kf values in the BF disc within an outer collection angle of 0.2 α (6.3 mrad). The

BF image provides very little structural information about the graphene sample, and

is dominated by noise. Conversely, performing ptychography on |M(Kf ,Rp)|2 enables

the reconstruction of ψ(r) with a high SNR. The mathematical processes which are

used to achieve this will be discussed in the following sections.

2To adhere to convention in the literature, the complex transmission function has been defined
as φ(r) in the context of general STEM imaging, and as ψ(r,Rp) in the context of electron ptychog-
raphy.
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(a) (b)

Figure 3.1: (a) Subsection of a 4D STEM data set acquired from a monolayer graphene
sample using the JEOL 4DCanvas. (b) Synthetic bright-field image intensity as a
function of Rp obtained by summing all Kf values within an outer collection angle
of 0.2 α (6.3 mrad). The CBED patterns displayed in (a) were used to to synthesise
the region in (b) enclosed by the orange square. Scale bar: 0.2 nm.

3.3 Focused-probe ptychography

3.3.1 The phase problem and the Fourier transform

To visualise the phase of the exit-wave in STEM, the complex amplitude of the wave

in the detector plane, M(Kf ,Rp), is required. However, as discussed in Section

2.2.3, only the intensity of the CBED patterns, |M(Kf ,Rp)|2, can be recorded on

a detector, such that the information about the specimen-induced phase shifts of

the electron wave is effectively lost. One solution to unlocking the phase from the

acquired 4D STEM data is to perform a Fourier transform of Equation (3.10) with

respect to probe position Rp. In order to do this, it is convenient to first evaluate

the convolution in Equation (3.10) to obtain:
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|M(Kf ,Rp)|2 =∫∫
A(K′)A∗(K′′) Ψ(Kf −K′) Ψ∗(Kf −K′′) exp {i2π(K′ −K′′) ·Rp} dK′ dK′′

(3.11)

where K′ and K′′ are dummy variables. Performing the Fourier transform of Equation

(3.11) with respect to Rp gives:

G(Kf ,Qp) = FT
[
|M(Kf ,Rp)|2

]
=∫∫∫

A(K′)A∗(K′′) Ψ(Kf −K′) Ψ∗(Kf −K′′) exp {i2π(K′ −K′′ + Qp) ·Rp} dK′ dK′′ dRp

(3.12)

This equation can be simplified by firstly evaluating the integral over Rp:

∫
exp {i2π(K′ −K′′ + Qp) ·Rp} dRp = δ(K′ −K′′ + Qp) (3.13)

where δ(K′−K′′+Qp) denotes the Dirac delta function centred at K′−K′′+Qp [218].

By performing a substitution of variables using K′′′ = K′′−Qp, Equation (3.12) can

be expressed as:

G(Kf ,Qp) =∫∫
A(K′)A∗(K′′′ + Qp) Ψ(Kf −K′) Ψ∗(Kf −K′′′ −Qp) δ(K′ −K′′′) dK′ dK′′′

=

∫
A(K′′′)A∗(K′′′ + Qp) Ψ(Kf −K′′′) Ψ∗(Kf −Qp −K′′′) dK′′′ (3.14)

Finally, the definition of the convolution [218] can be applied to Equation (3.14) to
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obtain:

G(Kf ,Qp) = A(Kf ) A
∗(Kf + Qp)⊗Kf

Ψ(Kf ) Ψ∗(Kf −Qp) (3.15)

where G(Kf ,Qp) is the Fourier overlap function [97, 189]. The function G(Kf ,Qp)

can be described as a convolution of two functions: one describing the overlap of

two aperture functions separated by Qp; the other corresponding to the product of

two Fourier transmission functions separated by Qp. The significance of the Fourier

overlap function is that it is both complex and free of square terms, such that the

phase information of the exit-wave is accessible. The nature of G(Kf ,Qp) can be

illustrated by plotting its power spectrum with respect to Kf . This is obtained

by summing |G(Kf ,Qp)|2 over Kf and plotting as a function of Qp. Figure 3.2

displays the power spectrum of G(Kf ,Qp) (PSG) obtained for the same data set

used in Figure 3.1. For specific Qp values at which the power spectrum value is large,

both the amplitude and phase of G(Kf ,Qp) have been plotted as a function of Kf .

Interference is clearly visible in the overlaps between direct and diffracted beams,

particularly in the phase of G(Kf ,Qp). However, as the specimen information is also

tied to the electron-optical information via convolution, ψ(r) cannot be determined

directly from Equation (3.15). The two most commonly used methods to retrieve

ψ(r) from Equation (3.15) are the single side-band method and Wigner distribution

deconvolution method, both of which will be described in the following sections.
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Figure 3.2: Power spectrum of G(Kf ,Qp) with respect to Kf . For spatial frequen-
cies Qp with large power spectrum values, the modulus (arbitrary units) and phase
(radians) of G(Kf ,Qp) have been plotted.

3.3.2 The single side-band method

For the case of a very thin sample where the WPOA can be applied (Section 2.2.5 and

Equation (2.2)), Equation (3.15) can be simplified such that the complex transmission

function ψ(r) can be directly determined from the Fourier overlap function. Taking

the WPOA (Section 2.2.4), the complex transmission function can be expressed as
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ψwp(r) ≈ 1 + iσVp(r) = 1 + iψ′(r) (3.16)

where σ is the interaction constant, Vp(r) is the projected potential, and 1 and ψ′(r)

represent the direct and scattered components of ψwp(r), respectively [97]. Applying

Equation (3.16) to Equation (3.15), the Fourier overlap function can be simplified for

a WPO to:

G(Kf ,Qp) = |A(Kf )|2δ(Qp) +A(Kf )A
∗(Kf + Qp)Ψ′∗(−Qp) +A∗(Kf )A(Kf−Qp)Ψ′(Qp)

(3.17)

where G(Kf ,Qp) now comprises a sum of three terms. The first term corresponds

to the direct (unscattered) beam, while the other two terms describe the interference

between the direct and scattered beams for each value of Qp. To visualise Equation

(3.17), Figure 3.3 shows G(Kf ,Qp) for two example spatial frequencies, where Qp is

defined as the magnitude of the two-dimensional spatial frequency vector Qp. As Qp

increases, the distance between the direct and diffracted beams also increases. In the

regions where the the direct (0) beam and one diffracted beam interfere (i.e. in a

double overlap (DO) region), the relative phase difference between the two beams can

be determined. For Qp < α (left of Figure 3.3), there is a region where −Qp, 0 and

+Qp beams overlap (i.e. the triple overlap (TO) region) and interfere destructively,

providing zero phase information. However, residual aberrations may give rise to

nonzero amplitude in the TO region, as is the case for the TO regions shown in

Figure 3.2. For α < Qp < 2α (right of Figure 3.3), the −Qp and +Qp beams no

longer overlap and the TO region disappears. As Qp is increased further, the area of

the DO regions decreases until the beams completely separate at Qp = 2α. The area

of the DO regions influences the contrast with which each sample feature is transferred
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to the image plane after ptychographic reconstruction, and this will be discussed in

further detail in Chapter 5. In addition, the complex components of the aperture

functions (i.e. the aberrations) will affect the phase values determined for the two

interference terms in Equation (3.17). Fortunately, the effect of the aberrations can

be compensated for using post-processing aberration correction, and will be discussed

in Section 3.3.4.

2α
α

DO DOTODO DO

Qp

-Qp +Qp0

2α
α

Q
p

-Qp +Qp0

Q  < αp α < Q  < 2αp

Figure 3.3: Graphical representation of G(Kf ,Qp) for two example spatial frequen-
cies. The interference of the 0 beam and one of the ±Qp beams in the double-overlap
(DO) regions provides the phase information used to reconstruct the complex trans-
mission function ψ(r). The overlap of all three beams in the triple-overlap region (TO)
provides no phase infromation in the case of a WPO, due to destructive interference.

Retrieving the exit-wave from Equation (3.17) consists of three steps. Firstly, the

complex amplitude of either the −Qp or +Qp DO region in Equation (3.17) (i.e. one

side-band) is summed over all Kf for each value of Qp to obtain the Fourier trans-
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mission function Ψ′(Qp). Secondly, a 2D inverse Fourier transform is performed to

obtain the real-space complex transmission function, ψ′(Rp). Finally, the complex

component of ψ′(Rp) can be plotted for each probe position in the STEM scan to

produce a real-space, two-dimensional phase reconstruction. Figure 3.4 displays the

SSB reconstruction of a graphene monolayer for the CBED subsection used in Fig-

ure 3.1. For a very thin sample such as monolayer graphene, there is a negligible

change in the amplitude of the electron wave, as seen in Figure 3.4(a). In contrast to

the amplitude reconstruction and the BF image in Figure 3.1(b), a hexagonal ring of

carbon atoms is clearly visible in the phase reconstruction shown in Figure 3.4(b).

(a) (b)
0

1

2

3

4

5

6
107

Figure 3.4: (a) Amplitude (arbitrary units) and (b) phase (radians) reconstruction
from a graphene monolayer sample using the single side-band method. Scale bar:
0.1 nm.

3.3.3 The Wigner distribution deconvolution

For general phase-objects, the phase of ψ(r) is no longer linearly proportional to the

projected potential of the sample, and the convolution in Equation (3.15) cannot be
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simplified further. In this case it is necessary to perform a deconvolution to retrieve

the specimen information. Following the derivation described by Rodenburg et al. [13],

the next step after Equation (3.15) is to perform an inverse Fourier transform of

G(Kf ,Qp) with respect to Kf , to obtain:

H(r,Qp) =

∫
P ∗(m)P (m + r) exp (−i2πQp ·m) dm

·
∫
ψ∗(n)ψ(n + r) exp (i2πQp · n) dn

(3.18)

where P ∗(m) and P (m + r) represent probe functions with respect to real-space

coordinates m, n and r. This is a convenient step as Equation (3.18) is now expressed

as the product of two Wigner distribution functions (WDFs), where:

ξq(a,b) =

∫
q∗(c)q(a + c) exp (i2πb · c) dc (3.19)

such that Equation (3.18) can be rewritten as:

H(r,Qp) = ξP (r,−Qp) · ξψ(r,Qp) (3.20)

where ξa(r,−Qp) and ξψ(r,Qp) represent microscope and specimen WDFs, respec-

tively. The specimen WDF can subsequently be obtained by applying a Wiener

deconvolution:

ξψ(r,Qp) =
ξ∗P (r,−Qp) ·H(r,Qp)

|ξP (r,−Qp)|2 + ε
(3.21)

where ε is a small term used to prevent division-by-zero errors and minimise noise
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amplification. Typically, ε is chosen to be a constant equal to small fraction of

|ξP (r,−Qp)|2. Hence it is convenient to define an epsilon ratio, εr, as:

εr =
ε

|ξP (r,−Qp)|2
(3.22)

In the existing literature literature, εr values of 0.1 and 0.01 have been used

[18, 194], but noisy data sets may require εr to be larger, or alternatively, a variable

function dependent on the SNR at each value of r and Qp [13]. The effect of εr on

ptychographic reconstructions will be discussed in further detail in Chapter 6.

Once ξψ(r,Qp) has been deconvolved from the probe-related functions, the next

step is to extract the ptychographic exit-wave ψ(r). Performing a 2D Fourier trans-

form with respect to r, and applying the definitions of the convolution integral and

convolution theorem, one obtains

D(Kf ,Qp) = Ψ(Kf )Ψ
∗(Kf −Qp) (3.23)

which is solely expressed in terms of specimen-related functions. Assigning a partic-

ular phase as a reference, the Fourier transform of the transmitted wave, Ψ(Qp), can

now be obtained via suitable algebraic manipulation. For example, as illustrated by

Rodenburg et al. [13], Ψ(0) can be assigned as real and equal to
√
D(0, 0), enabling

the solution of Ψ(Qp) via:

Ψ(−Qp) =
D∗(0,Qp)√
D(0, 0)

(3.24)
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The complex transmitted wave ψ(Rp) can be retrieved via inverse Fourier transform,

after which the sample-induced phase shifts can be plotted as a function of probe

position. Furthermore, Ψ(Qp) can be used to assign the phase in the detector plane

to scattered CBED discs which do not overlap with the direct beam, in a process

known as stepping out [13, 190, 191]. As such, super-resolution phase reconstruction

is possible via FPP.

3.3.4 Post-processing aberration correction

A unique advantage of electron ptychography over other common STEM imaging

techniques is the determination and correction of residual aberrations after data ac-

quisition, enabled by the redundancy of 4D STEM data. Applying the WPOA as in

Equation (3.17), the phase of G(Kf ,Qp) for the −Qp side-band can be expressed as:

∠G−Qp(Kf ,Qp) = χ(Kf )− χ(Kf + Qp)− ∠Ψ′(−Qp) (3.25)

Because the number of known measurements of ∠G(Kf ,Qp) (i.e. 104–105 pixels

within the DO regions) is much larger than the number of unknown aberration coef-

ficients up to third order (12), χ(Kf ) can be solved using matrix inversion methods

such as singular value decomposition (SVD) [18, 221]. The aberration determination

procedure can equally be performed using the +Qp side-band, if desired.

Once determined, the aberrations can be used to improve the quality of the pty-

chographic reconstructions. In SSB ptychography, the determined aberrations are

used to synthesise aberration-corrected aperture functions for Equation (3.17). Per-

forming the final steps of the SSB method results in phase reconstructions which are

free from the effects of lens aberrations. This approach has been developed as part
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of this project work, and will be further described in Chapter 4.

In WDD ptychography, the aberration coefficients can be used to synthesise appro-

priately aberrated probe functions, and deconvolution of these functions via Equation

(3.21) provides aberration-free specimen information which is used to reconstruct the

exit-wave. A detailed mathematical description of the aberration determination tech-

nique is presented in Appendix B.

3.4 Conclusions

In this chapter, the theory of STEM imaging has been introduced in the context of

focused-probe electron ptychography. The key mathematical steps of single side-band

(SSB) and Wigner distribution deconvolution (WDD) ptychography were presented.

In the next section, the experimental and analytical methods used for the research

presented in this thesis will be described.
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Chapter 4

Methodology

In this chapter, the experimental and computational workflow for 4D STEM and

focused-probe electron ptychography (FPP) will be outlined. Firstly, the microscopes

and detectors used throughout this research project will be introduced. Secondly, the

experimental procedure for FPP will be outlined. Thirdly, the data processing work-

flow will be described in detail. Finally, the software and methods for simulation of

4D STEM data will be discussed. The methodology for defocused-probe ptychogra-

phy (DPP) will not be described here, but DPP will be mentioned throughout this

chapter for comparative purposes. Variations in the methods of 4D STEM experi-

ments and ptychographic analysis, which were developed during this research project,

will be introduced in the appropriate results chapters.
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4.1 Instruments

All 4D STEM experiments were performed on one of two local aberration-corrected

electron microscopes installed with a direct electron detector (DED): 1) a JEM

ARM200CF with a JEOL 4DCanvas, and 2) a JEM ARM300CF with a MerlinEM

system.

4.1.1 JEM ARM200CF

The JEM ARM200CF (Figure 4.1) is based at the David Cockayne Centre for Elec-

tron Microscopy (DCCEM) in the Department of Materials, University of Oxford. It

is a probe-corrected 80/200 kV (S)TEM instrument with a cold field-emission source

and capabilities for incoherent imaging, coherent imaging, EDX and EELS. In 2016,

the ARM200CF was installed with a prototype version of the JEOL 4DCanvas pixel-

lated detector system for 4D STEM experiments. This instrument was used for the

experiments described in Chapters 5, 6 and 8.
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Figure 4.1: The JEM ARM200CF probe-corrected microscope, installed at the DC-
CEM, Department of Materials, University of Oxford. Courtesy of JEOL (UK) Ltd.

4.1.1.1 JEOL 4DCanvas

The JEOL 4DCanvas (Figure 4.2) is an integrating monolithic active pixel sensor

(MAPS) direct electron detector that can operate at frame rates of 1,150 fps for

full-frame imaging. Recent prototype software upgrades of the 4DCanvas at DCCEM

have enabled maximum frame rates of 7,500 fps with binning [222]. Table 4.1 displays

the corresponding frame speeds for different imaging modes of the 4DCanvas.
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Figure 4.2: The JEOL 4DCanvas, a prototype of which is installed in the ARM200CF
at the University of Oxford. Courtesy of JEOL (UK) Ltd.

Binning Pixels Speed (fps) Fast speed (fps)

Full-frame 264 × 264 1,150 2,000

2-fold 128 × 264 2,000 4,000

4-fold 66 × 264 4,000 7,513

Table 4.1: Frame speeds of different binning modes for the 4DCanvas system.

4.1.2 JEM ARM300CF

The JEM ARM300CF (Grand ARM) is based at the electron Physical Sciences Imag-

ing Centre (ePSIC) at Diamond Light Source, UK. It is a 30–300 kV double-corrected

(S)TEM instrument with a cold FEG source. As well as an EDX detector, it is in-

stalled with two cameras: a Gatan OneView camera for HRTEM imaging; and a

MerlinEM system for 4D STEM and dynamic TEM imaging. This instrument was

used for the experiments described in Chapters 7 and 8.
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Figure 4.3: The JEM ARM300CF double-corrected microscope, installed at ePSIC,
Diamond Light Source, UK. Courtesy of Diamond Light Source and ePSIC.

4.1.2.1 MerlinEM system

The MerlinEM system is a hybrid pixel array detector (PAD) consisting of a Medipix3

chip with 256×256 detector pixels operating in a counting mode (Figure 4.4). The

maximum frame rate depends on the counting bit depth or dynamic range (i.e. the

range of possible values that can be recorded by a single pixel), the values of which

are listed in Table 4.2. The maximum dynamic range is 24-bit (i.e. 224 grayscale

levels), and is required for diffraction techniques where both the intense zero-order
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diffraction beam and significantly weaker, higher-order diffraction spots are present.

Conversely, 4D STEM data sets recorded with a counting depth of 1-bit can be used

for phase imaging applications. This will be further discussed in Chapter 7.

Figure 4.4: The Quantum Detectors MerlinEM Camera, a prototype of which is in-
stalled in the ARM300CF at ePSIC, Diamond Light Source, UK. Courtesy of Quan-
tum Detectors Ltd.

Counting depth Max. value Max. speed (fps)

24-bit 16,777,215 600

12-bit 4,095 1,200

6-bit 63 2,400

1-bit 1 12,500

Table 4.2: 4D STEM speeds using different modes for the MerlinEM system. Source:
Ref. [10].
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4.2 Experimental procedure

4.2.1 Aberration correction

Before acquiring data on the sample of interest, the microscope aberrations are cor-

rected using a double-hexapole aberration corrector. Firstly, low-order aberrations

such as defocus, axial coma and two-fold astigmatism are manually corrected. Sec-

ondly, all aberrations are accurately diagnosed using automated software, either by

a) acquiring defocused images of the electron probe over a wide range of beam tilt an-

gles on a standard sample (i.e. using the CEOS software correction routines installed

on the ARM200CF) [111], or b) by acquiring over-focused and under-focused images

of the ronchigram on an amorphous sample (i.e. using the JEOL COSMO software

correction routines installed on the ARM300CF) [223]. Finally, the hexapole lens

currents are automatically adjusted to minimise the aberrations. Iterative aberration

diagnosis and correction is performed until all aberration coefficients up to third order

are corrected (see Table 3.1).

4.2.2 4D STEM data acquisition

The DEDs used in this project have been synchronised to the microscopes’ STEM

scan via the user interface for JEOL (S)TEM instruments (TEM Center). For both

the 4DCanvas and MerlinEM systems, the detector settings are controlled using sep-

arate software. In the case of the 4DCanvas, only the number of probe positions in a

scan is controlled by TEM Center, whereas for the MerlinEM system, TEM Center

controls both the dwell time and number of probe positions in a 4D STEM scan.

Once a sample is inserted into the microscope and a suitable region of interest

is chosen, a 4D STEM data set can be recorded. This is performed by setting the

scan mode in TEM Center to ‘Free Mode’. Data can be acquired simultaneously
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on both DED and ADF detectors, enabling simultaneous imaging of light and heavy

elements. However, to obtain ptychographic data, it is important to consider the

sampling requirements for both the electron probe and the pixellated detector. These

considerations are now discussed.

4.2.3 Sampling considerations

4.2.3.1 Sampling in real-space

The condition for sufficient sampling (i.e. the Nyquist limit) is defined by the re-

quirement to represent all spatial features within the resolution limit of a system.

The maximum spatial frequency, Qpmax, with which the intensity in the detector

plane can oscillate is determined by the diameter of the aperture, i.e. 2α/λ. For

FPP techniques, the Nyquist sampling rate is dependent on the step size between

adjacent probe positions. Using α = |K|λ, the maximum spacing between adjacent

probe positions required to detect the waveform represented by Qpmax can be defined

as

∆Rx/ymax =
λ

4α
(4.1)

where ∆Rx/ymax is the Nyquist limit for the probe step size in the x/y direction, λ

is the electron wavelength and α is the probe convergence semi-angle. For exam-

ple, for an acceleration voltage Vacc = 200 kV (λ = 2.51 pm) and α = 22 mrad,

∆Rx/ymax = 0.0285 nm. Undersampled 4D STEM data will give rise to aliasing in

the ptychographic phase reconstruction, such that periodic artefacts with lower spa-

tial frequencies will be present. Conversely, oversampled data provides no further

improvement in resolution or image quality. Thus, to minimise beam damage to the

sample, the probe step size is set to be slightly smaller than ∆Rx/ymax . It is possible

to relax the sampling requirements by lowering Vacc (increasing λ) and decreasing α.

However, data quality would be reduced as a result of decreased temporal coherence
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at lower voltages and poorer resolution for smaller values of α.

4.2.3.2 Sampling requirements in the detector plane

The resolution in the detector plane corresponds to the angular extent of each pixel

in reciprocal-space, measured in units of milliradians per pixel. Higher detector res-

olution can be obtained by using the projector lens system to lengthen the effective

distance between the objective image plane and the detector (i.e. the camera length).

In the case of FPP, the stringent probe sampling required for successful phase recon-

struction somewhat relaxes the sampling requirements at the detector plane. Yang et

al. previously studied the relationship between detector sampling and the peak signal-

to-noise ratio (PSNR) of ptychographic reconstructions [207], concluding that there

were diminishing gains in PSNR for FPP beyond using 16×16 pixels to sample the

bright-field disc. The relaxation of detector sampling requirements also reduces the

computer memory needed to obtain ptychographic reconstructions with high SNR,

and allows for the acquisition of both ptychographic data and high-angle scattering

in a single 4D STEM data set [224].

In contrast to FPP, the probe sampling requirements for defocused-probe ptychog-

raphy depend on the illumination overlap between adjacent probe positions. In the

case of electron ptychography, this overlap ratio has typically been set to 70–75% to

optimise ptychographic reconstruction quality [16,199,225], although smaller overlaps

have been reported for low-dose applications [199].

Now that the considerations for ptychographic data acquisition have been dis-

cussed, the next sections will outline the data handling and processing procedures

required to perform ptychography.

81



4.3 Data management and pre-processing

4.3.1 JEOL 4DCanvas data

The experimental 4D STEM data were transferred from the detector PC onto a

desktop PC via Secure File Transfer Protocol (SFTP). Once transferred, the data

were converted from raw ‘.frms6’ files to ‘.mat’ files using MATLAB.

4.3.2 MerlinEM data

The 4D STEM data were transferred from the file server at Diamond Light Source to

the desktop PC for processing. In most cases, the processed data sets were converted

from raw full-frame (256×256 detector pixels) ‘.mib’ files to binned (64×64 detector

pixels) ‘.hdf5’ files.

4.4 Data processing

The majority of the data processing used for the work in this thesis was performed

using in-house reconstruction codes written in MATLAB. Most of these codes are

now open source in the PtychoSTEM repository [226], and in addition, have been

integrated into the py4DSTEM software package [227]. In this section, the workflow

of PtychoSTEM, an overview of which is shown in Figure 4.5, will be discussed.
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Figure 4.5: Workflow of ptychoSTEM code.

4.4.1 Loading parameters and data

The first step of the ptychographic processing workflow is to create a parameter

file containing the input variables required to perform the reconstruction. Example

parameters can be found in Table 4.3. The ‘dataformat’ parameter determines the

file format which is to be loaded into MATLAB. Due to the size of 4D data sets

(typically ∼30 GB for 256×256 full-frame CBED patterns), the detector plane may

be further binned or cropped before loading. For the case of data acquired on the
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JEOL 4DCanvas with four-fold hardware binning (66×264 pixels), the data is further

binned by a factor of four during post-processing to reduce the detector plane to 66×66

pixels. Once loaded and structured into a 4D array in MATLAB, the data is ready

for processing. An example subsection of a 4D data set acquired from a monolayer

graphene sample is shown in Figure 3.1(a). As previously discussed in Section 3.2,

applying a synthetic BF detector to these noisy CBED patterns produces a low SNR

image as shown in Figure 3.1(b). Conversely, performing ptychography on such data

gives a high-SNR atomic-resolution phase reconstruction as shown in Figure 3.4.

Parameter Details Typical values (units)

voltage kV Accelerating voltage 80 – 200 (kV)

ObjApt angle Convergence semi-angle 5 – 30 (mrad)

dataformat Data file format ‘HDF5’, ‘TIF’

use padding Pad the edges of the 4D array 0 or 1

rot angle Rotation between sample and detector -π/2 – π/2(rad)

Table 4.3: Example input parameters used in the PtychoSTEM reconstruction code.

4.4.2 Calibrating sample and detector planes

The probe step size, ∆Rp, wavelength of incident electrons, λ, and probe convergence

semi-angle, α, can be used to calibrate the sample plane (‘real-space’) and detector

plane (‘reciprocal-space’). If the magnification of the microscope has been calibrated,

the real-space plane of the 4D STEM data can be scaled to the probe step size.

The reciprocal-space plane can be calibrated by noting that the radius of the BF

disc should be equal to α/λ. For convenience, the reciprocal-space detector plane is

expressed in units of angle (mrad) throughout this thesis, where αf = |Kf |λ.
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4.4.3 Virtual image reconstruction

Once both real-space and reciprocal-space have been calibrated, a variety of masks

can be applied to the detector plane to generate synthetic images. For example, in the

case of synthetic central BF imaging, a binary mask which is nonzero for |Kf | < 0.2 α

is applied to each CBED frame. The masked signal is summed for each frame in the

data set, forming a 2D synthetic BF image. The same principle of synthetic imaging

can be applied to ABF, ADF and DPC imaging.

4.4.4 Data truncation

One of the novel capabilities of electron ptychography over other STEM imaging and

reconstruction methods is in providing resolution beyond the information limit of

the electron microscope, as already described in Refs. [19, 191, 225]. However, the

information limit of modern aberration-corrected microscopes now exceeds 0.1 nm

and as such, atomic-resolution ptychography is commonly performed using only the

pixels within the bright-field disc [18, 97, 194, 197]. For the work in this thesis, the

data was therefore truncated to include only the bright-field disc, reducing the RAM

and computing time required for reconstruction.

4.4.5 Fourier transform of |M(Kf ,Rp)|2

The Fourier transform of the truncated data is taken with respect to probe position

Rp to obtain G(Kf ,Qp), as described in Section 3.3.1. Once obtained, G(Kf ,Qp)

can be used for further calibration of real-space and reciprocal-space.

4.4.6 Further calibration using power spectra of G(Kf ,Qp)

The power spectrum of G(Kf ,Qp) (PSG) serves as a useful tool to assess the 4D

STEM data quality and accuracy of the input parameters before performing the
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ptychographic reconstruction. The PSG can be obtained by plotting the sum of

|G(Kf ,Qp)|2 over all Kf values as a function of spatial frequency Qp. An example

PSG for a graphene data set is shown in Figure 3.2. By determining the local inten-

sity maxima within the PSG, one can identify the values of Qp at which G(Kf ,Qp)

has a high SNR. Once identified, G(Kf ,Qp) of the strongest Qp values, as shown

in the periphery of Figure 3.2, can be analysed to check the calibration of real- and

reciprocal-space. This process will be described below.

For SSB ptychography, a mask must be applied to G(Kf ,Qp) which, if the real-

and reciprocal-space have been calibrated correctly, should mask all but the DO re-

gions at each Qp value. Assessment of this mask alignment can also be used to

determine the accuracy of the input parameters. To demonstrate this, examples of

aligned and offset masks and their effect on the resulting ptychographic phase recon-

structions are shown in Figures 4.6 and 4.7, respectively. If the rotation angle assumed

in the reconstruction does not match the true value θrot, the mask will be mis-tilted

such that the phase of separate DO regions will be summed together prior to the final

reconstruction step. In the case of a 90◦ mis-tilt, the +Qp and −Qp components in-

terfere destructively such that no phase information is transferred to the image plane.

If the assumed probe spacing in the reconstruction is smaller than the true probe

spacing ∆Rp, the overlapping circles that define the mask will be spaced too closely

together, such that only part of the DO region will be used in the ptychographic

phase reconstruction. If the assumed probe spacing is larger than ∆Rp, additional

noise will contribute to the phase reconstruction. Once any inaccuracies have been

diagnosed, the correct values for θrot and ∆Rp can be input to the reconstruction

and the real- and reciprocal-spaces can be re-calibrated. If the mask fits directly

over the DO regions as highlighted in red in Figures 4.6 and 4.7, both real-space and
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reciprocal-space are correctly calibrated. In addition to calibration testing, the phase

of G(Kf ,Qp) can be used to determine residual lens aberrations present in the data.

This procedure is described in the following section.
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Figure 4.6: Masks applied to the phase of G(Kf ,Qp) for various values of input probe
step size and rotation angle. The mask synthesised from the true values of probe step
size, ∆Rp, and rotation angle, θrot, is highlighted in red.
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Figure 4.7: SSB phase reconstructions using the masks applied in Figure 4.6. The
phase values have been scaled to the reconstruction which uses the correct parameters,
highlighted in red. Scale bar: 0.2 nm.
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4.4.7 Post-processing aberration correction

As discussed in Section 3.3.4 and by Yang et al. [18], under the WPOA, residual lens

aberrations can be diagnosed and compensated as part of the SSB and WDD recon-

struction processes. Firstly, calibration of real- and reciprocal-space is performed as

discussed in Section 4.4.6. Secondly, SVD matrix inversion is performed as described

in Appendix B in order to obtain χ(Kf ) from ∠G(Kf ,Qp) (Section 3.3.4). For the

experiments discussed in this thesis, an iterative aberration determination method

was used which allowed convergence to a solution for χ(Kf ) at low electron dose. Full

details of the iterative procedure can be found in Appendix B.

4.4.8 Single side-band reconstruction

Assuming a WPO and zero aberrations, a mask is applied to G(Kf ,Qp) at each value

of Qp, such that only the interference terms of Equation (3.17) are non-zero (see the

red DO regions in Figure 4.6). Next, each DO region in G(Kf ,Qp) is multiplied by

a synthetic aperture function using the aberration coefficients determined from SVD

matrix inversion. One of the DO regions (side-bands) is summed at each value of

Qp, before performing an inverse Fourier transform to reconstruct ψ(Rp). The SSB

phase reconstruction can then be plotted as shown in Figure 3.4.

4.4.9 Wigner distribution deconvolution reconstruction

The WDD method is applied as described in Section 3.3.3. For aberration correction,

the probe function P (r) must be synthesised using the aberrations determined from

SVD matrix inversion. Following deconvolution and reconstruction, the specimen

transmission function ψ(Rp) will be free from the effects of lens aberrations.
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4.5 Simulation of 4D STEM data

In order to test the validity of a ptychography experiment before performing it, it

is useful to reconstruct simulated data under various imaging conditions. For this

project, 4D STEM data sets were simulated using the multislice method in MULTEM

electron microscopy simulation package [228]. The multislice method is a numerical

method by which the propagation of an electron beam through a sample is approxi-

mated by a set of thin slices, each of which obey the WPOA, to calculate the wave

at the exit surface [55]. There were two steps to the simulation workflow: 1) the

simulation of structure factors for an input specimen structure file, and 2) the simu-

lation of the imaging process for a focused-probe 4D STEM experiment. To model an

experimental ptychographic reconstruction using a particular electron dose, Poisson

noise was applied to each simulated CBED frame prior to reconstruction.

4.6 Multi-frame acquisition and data registration

In some circumstances, such as those presented in Section 8.1, a single 4D STEM

data set is insufficient to obtain high-SNR phase reconstructions using electron pty-

chography. In this case, sequential 4D STEM frames can be acquired from a single

region of the sample, from which a summed-average can be obtained to increase the

SNR of the data. However, before summing the data series, the relative shifts in-

duced by stage drift and scan distortions must be corrected for. This is performed by

importing the data into Digital Micrograph and using the SmartAlign plugin to align

the data sets [150]. The output of the SmartAlign procedure is a summed-average, or

multi-frame average, of the data series. Further details of multi-frame acquisition and

data registration are described in Section 8.1 and also in the existing literature [150].
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4.7 Conclusions

In this chapter, the experimental and computational ptychographic techniques used

during this research project were presented. The effects of several experimental set-

tings were explored, including probe sampling and camera length. In addition, it

was demonstrated that certain parameters could be tuned to optimise the quality of

the ptychographic reconstruction. Now that the background literature, theory and

methodology have been discussed in detail, the following chapters will present the

new science and results that have been achieved during the course of this research

project.
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Chapter 5

Experimental contrast transfer in

electron ptychography

The author is grateful to Dr Martin Humphry for providing the ePIE phase recon-

structions used in this chapter.

In this chapter, the unique contrast transfer properties of electron ptychography

are explored in order to define the optimum conditions for a ptychographic experi-

ment. Firstly, the background equations which describe the PCTF of SSB ptychog-

raphy are introduced, demonstrating the advantage of ptychographic PCTFs versus

common phase-contrast HRTEM and STEM imaging techniques. Following this,

experimental studies of contrast transfer are presented for both amorphous and crys-

talline materials to demonstrate the physical interpretation of contrast transfer for

electron ptychography. Finally, the contrast transfer functions for SSB and ePIE

methods are compared using simulations and experimental data.
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5.1 Introduction

The application of TEM imaging to challenging materials is dependent on imaging

modes which can provide high contrast at low electron dose. Over the last half-

century, a plethora of imaging methods have been developed which provide images of

beam-sensitive materials without damaging them. The most commonly used figure

of merit for such imaging methods is the electron dose, defined as the number of

electrons per unit area incident on the sample. For accurate sample interpretation, it

is important that an electron dose is used that is sufficiently high to provide contrast

in the image, but sufficiently low such that the sample does not damage during the

imaging process. However, as discussed in Section 2.3, the contrast mechanisms for

each imaging method varies.

In a recent review, Egerton highlighted that it is essential to image beam-sensitive

materials using electron doses below a certain damage threshold, but it is also nec-

essary to maximise the information obtained from a given experiment [51]. For a

particular value of electron dose, some imaging methods provide greater image con-

trast than others, i.e. they have a higher dose-efficiency. The dose-efficiency is related

to several factors, such as the amount of signal collected, the detector geometry and

how the data is used to form an image. For example, FPP methods use signal from

the entire BF disc, in contrast to BF and ADF imaging which use approximately 10%

of electrons in the detector plane (see Section 2.3). However, although incoherent BF

(IBF) imaging also uses the entire BF disc, it is less dose-efficient than BF or ADF

imaging. This is because the entire signal collected from the BF disc is integrated

which increases noise and averages over interference effects which provide valuable

sample information.

One of the most common figures of merit for comparing the performance of differ-
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ent HRTEM and STEM imaging techniques is the contrast transfer function (CTF).

As discussed in Section 2.2.4, the CTF is a semi-quantitative measure of the amount

of contrast transferred from the sample to the image, as a function of spatial fre-

quency. For phase-contrast imaging techniques, the CTF is commonly referred to

as the phase-contrast transfer function (PCTF). The weight with which each spatial

frequency is transferred to the image is generally not a constant and each imaging

method will possess its own characteristic CTF. The ideal CTF is one which transfers

a broad range of spatial frequencies to the image plane, while maintaining a high SNR

in the image.

In HRTEM, the PCTF is an oscillating function which decays until it reaches

zero at the information limit (see Section 2.2.4 for further details). There are con-

trast reversals which complicate image interpretation, particularly at higher spatial

frequencies where atomic-resolution information may reside. The contrast reversals

are generally minimised by experimentally adjusting the aberration function prior

to image acquisition [99], or by using an aberration-corrected instrument (Section

2.2.4) [111] . Furthermore, focal series and tilt series acquisition followed by exit-

wave reconstruction can provide a PCTF free of contrast reversals such that atomic-

resolution information can be easily interpreted [93,114,171]. However, sample infor-

mation from low spatial frequencies are typically transferred to the image with poor

contrast. This is due to the dependence of the PCTF on the sine of the wave aber-

ration function (Section 2.2.4). The contrast transfer of low spatial frequencies can

be improved by acquiring images using large defocus values. For example, to image

biological structures containing spatial frequencies of 0.1 nm-1, defocus values greater

than 1µm are needed [229]. These images can be acquired as part of a focal series,

after which reconstruction methods can be performed to obtain an exit-wave with a

broad information transfer [115]. Alternatively, the transfer of low spatial frequen-
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cies can be improved by inserting phase plates into the microscope column (Section

2.2.4) [90, 91, 116]. The application of phase plates removes the need to acquire im-

ages using large defocus values and has been applied to cryo-electron microscopy with

great success [116,117]. However, beam-induced charging of phase plates is known to

cause experimental errors [118].

In recent studies, it has been demonstrated that the PCTF of electron ptychogra-

phy enables higher dose-efficiency than many common HRTEM and STEM imaging

techniques [197, 207]. For example, the PCTF inherent to conventional SSB and

WDD ptychography is a broad function with zero contrast reversals, enabling dose-

efficient imaging without the need for hardware phase plates or serial image acquisi-

tion. Furthermore, incoherent imaging and spectroscopic mapping can be performed

simultaneously with electron ptychography, further increasing the level of informa-

tion obtainable for a given electron dose. However, in order to perform ptychographic

reconstruction of 4D STEM data with a high dose-efficiency, the experimental set-

tings must be optimised. In this chapter, the PCTF of electron ptychography will

be discussed and experimentally measured in order to maximise the dose-efficiency of

future experiments.
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5.2 The PCTF for SSB ptychography

In Section 2.2.4, the phase-contrast transfer function (PCTF) for HRTEM and BF

STEM imaging, and its dependence on objective lens aberrations, was discussed. For

SSB ptychography, the interference between overlapping diffraction discs (the DO

regions) provides phase-contrast in the ptychographic reconstruction, even in the ab-

sence of aberrations. The quality of the ptychographic reconstruction is, however,

dependent upon the size of the DO regions (Figure 3.3). The PCTF for SSB ptychog-

raphy is typically defined by the area of the DO regions at each spatial frequency.

This was firstly derived geometrically by Yang et al. [207], where, for an ideal lens

system and a probe convergence semi-angle α, the PCTF can be written as:

PCTF (ω) = Re

{
2

π

[
cos−1

(ω
2

)
− cos−1 (ω) + ω

√
1− ω2 − ω

2

√
1−

(ω
2

)2]}
(5.1)

where ω = Qp/α, and PCTF (ω) is nonzero for 0 < ω < 2. For simplicity, the spatial

frequency Qp is expressed in units of angle (mrad) rather than reciprocal distance.

From Equation (5.1), it can be shown that the maximum spatial frequency, beyond

which zero contrast is transferred to the image, is set by 2α. Thus, the bandwidth

of the contrast transfer, and the subsequent resolution obtainable, for an SSB re-

construction scales linearly with α. This means that the contrast transfer function

can be tuned for a particular experiment by choosing a suitable value for α. This is

achieved in practice by adjusting the diameter of the STEM objective aperture.

Alternatively, the PCTF can be defined as a function of shifted aperture functions

[230]. Using the same notation as in Section 3.3.2, the PCTF can be written as:
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PCTF (Qp) =

∑
Kf

|ζ(Kf ,Qp)|

2
∑
Kf

|A(Kf )|
(5.2)

where

ζ(Kf ,Qp) = A∗(Kf )A(Kf −Qp)− A(Kf )A
∗(Kf + Qp) (5.3)

For aberration-free conditions, Equations (5.1) and (5.2) yield the same result1. Equa-

tion (5.2) can also incorporate the complex component of the shifted aperture func-

tions if the aberrations have been accurately determined. It should be noted that, as

is the case for HRTEM, the PCTF for ptychography is defined for the case of a weak-

phase-object (WPO). For stronger phase-objects, the phase-contrast is no-longer lin-

early proportional to the projected potential, due to the non-negligible interference

between diffracted beams. As a result, the WPOA breaks down and Equation (3.15)

cannot be simplified further. In this case, transmission cross-coefficients or numerical

methods need to be considered to determine the contrast transfer properties of an

imaging method [105]. However, in this chapter, the WPOA is assumed throughout.

To aid the physical interpretation of Equations (5.1) and (5.2), the PCTF for SSB

ptychography is plotted in Figure 5.1. The shape of G(Kf ,Qp) is illustrated for ω

= 0.25, 0.75, 1.25 and 1.75 respectively, and the DO regions have been shaded in

blue. It can be seen that, unlike in HRTEM or BF STEM imaging, the PCTF is

free of contrast reversals, which simplifies data interpretation. However, there is a

characteristic decay in the transfer at low and high spatial frequencies. This arises

from the small DO regions at these spatial frequencies, as displayed in Figure 5.1.

As a result, the PCTF for SSB ptychography is effectively a band-pass filter, which

1In contrast to some of the existing literature, a factor of 2 has been included in the denominator
of Equations (5.1) and (5.2) on order to normalise the PCTF to the area of a single DO region.
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strongly transfers a particular range of spatial frequencies to the image, while sup-

pressing other spatial frequencies within the PCTF and rejecting spatial frequencies

greater than 2α. This is particularly useful for imaging materials with a narrow range

of spatial frequencies, for which the probe convergence semi-angle can be adjusted to

maximise the contrast from important spatial frequencies in the sample. However,

the band-pass PCTF limits the range of spatial frequencies that can be transferred

in a single phase reconstruction. For example, consider a crystalline nanoparticle

embedded in a biological structure By adjusting the convergence angle to maximise

the contrast of the high spatial frequency nanoparticle information, the contrast of

the biological structure will be reduced, and vice versa.

= 0.75

= 0.25

= 1.25

= 1.75

Figure 5.1: Phase contrast transfer function (PCTF) for SSB ptychography. The
shape of G(Kf ,Qp) has been plotted for ω = 0.25, 0.75, 1.25 and 1.75.
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5.3 Experimental contrast transfer for an amor-

phous sample

In the previous section, both the theory and physical interpretation of the PCTF

for SSB ptychography was introduced. It was also discussed how, by tuning the

probe convergence semi-angle α, the PCTF for SSB ptychography can be optimised

to transfer a particular range of spatial frequencies to the phase reconstruction. In

this section, the practical implications of this will be examined by experimentally

measuring the contrast transfer for SSB ptychography using phase reconstructions of

an amorphous material. Amorphous specimens possess a continuous range of spatial

frequencies throughout an aperture-limited diffraction space. As such, the strength

with which each spatial frequency is transferred to the phase reconstruction should

be directly proportional to the PCTF. For this experiment, the 4D STEM data was

acquired from an amorphous carbon sample using an acceleration voltage of 80 kV.

Data sets were obtained using two different STEM objective aperture diameters. The

corresponding probe convergence semi-angles were 7.5 and 14.4 mrad, and the cu-

mulative electron dose in each case was 1.6 × 107 e- nm-2 and 3.3 × 107 e- nm-2,

respectively.

Although commonly described as a technique for imaging crystalline materials

[190, 191, 194], FPP methods are also applicable to non-crystalline materials. For

ptychographic imaging of crystalline samples, each discrete (Bragg) reflection con-

tributes a diffracted disc to the detector plane, and the information-rich DO regions

in G(Kf ,Qp) are located at discrete Qp values determined by the reciprocal-space

locations of each reflection. For amorphous materials, the detector plane contains a

continuous range of diffracted discs. As a result, atomic-resolution imaging is not

the most effective technique for the structural determination of amorphous materials.
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Two of the most common TEM methods used to analyse amorphous samples are ra-

dial distribution functions (RDFs) and fluctuation electron microscopy (FEM). RDFs

are used to determine the distribution of atoms over large volumes of amorphous ma-

terial using CTEM diffraction patterns or 4D STEM data sets [231]. In contrast,

FEM is a hybrid real/reciprocal space technique used to probe the medium-range or-

dering in amorphous solids, which cannot be determined using RDFs, by calculating

the variance of speckly dark-field CTEM or STEM images [232]. Alternatively, by

applying ptychography to amorphous materials, the information-rich DO regions of

G(Kf ,Qp) will be located across a continuous range of Qp values. As a result, elec-

tron ptychography could be used to access specific Qp values which are characteristic

of the ordering in amorphous materials. Subsequently, these Qp values could be used

to reconstruct an exit-wave in order to identify the locations and structures of the or-

dered sample sub-regions. Example values of G(Kf ,Qp) for |Qp| = 6 mrad, as shown

in Figure 5.2, clearly demonstrate the applicability of ptychography to amorphous

materials, as first shown by Rodenburg and co-workers [189].

Following ptychographic reconstruction of the 4D STEM data, the Fourier trans-

form of the reconstructed phase was calculated, the results of which are shown in

Figure 5.3(a)–(b), before computing a radial average to determine the contrast trans-

fer. This is the ptychographic equivalent to a Thon ring analysis in HRTEM [106].

Strictly, the resultant plot, γ(Qp), is the PCTF multiplied by the scattering factor at

each spatial frequency, i.e.

γ(Qp) = PCTF (Qp)× RA
{
FT

[
Vp(Rp)

] }
(5.4)

where RA denotes a radial average and Vp(Rp) is the projected potential at each

probe position. Figure 5.3 shows plots of (c) γ(Qp) and (d) γ(ω) for convergence

semi-angles of 7.5 mrad (solid lines) and 14.4 mrad (dashed lines). To calculate the
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true PCTF, the projected potentials of the amorphous carbon need to be simulated,

and their Fourier transforms need to be divided from γ(Qp) to obtain PCTF (Qp).

However, for the purposes of this study, γ(Qp) suffices to demonstrate the inherent

decay at both low and high spatial frequencies. The dependence on choice of aper-

ture on the transfer of Qp values into the reconstruction is obvious, and the shape

of γ(ω) is maintained, independent of the aperture diameter. This proof-of-principle

experiment demonstrates that the aperture diameter, and hence the probe conver-

gence semi-angle, can be tuned to optimise the experimental conditions for imaging

a particular sample using SSB ptychography. In the next section, this strategy will

be applied in order to optimise the ptychographic reconstructions for a crystalline

sample.
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Figure 5.2: (a),(c) modulus (arb. units) and (b),(d) phase (radians) of G(Kf ,Qp) for
data sets obtained from an amorphous carbon sample, plotted as a function of Kf

at an example spatial frequency, |Qp| = 6 mrad. The probe convergence semi-angles
used for this experiment are (a)–(b) 7.5 mrad and (c)–(d) 14.4 mrad.
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Figure 5.3: Power spectrum of the SSB phase reconstructions from amorphous carbon
for (a) α = 7.5 mrad and (b) α = 14.4 mrad. The dashed circles correspond to the 2α-
limit beyond which no spatial frequencies are transferred to the reconstructed phase.
(c) – (d) Azimuthal average of (a) (solid lines) and (b) (dashed lines) with respect to
(c) Qp and (d) ω.
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5.4 Experimental contrast transfer for a crystalline

sample

In Section 5.3, it was demonstrated that the bandwidth of the PCTF for SSB pty-

chography scales with the probe convergence semi-angle α. This means that using a

larger value of α will transfer a broader range of spatial frequencies Qp to the ptycho-

graphic reconstruction, as demonstrated for an amorphous carbon sample in Figure

5.3. Furthermore, the PCTF determines the relative strength with which each Qp

value is transferred to the phase reconstruction, as described by Equations (5.1) and

(5.2). Figure 5.3 shows that the Qp values of the amorphous carbon near the centre

of the PCTF are strongly transferred to the phase reconstruction, while lower and

higher Qp values are suppressed.

For crystalline samples, there exist a discrete set of Bragg reflections, located at

a discrete set of spatial frequencies Qp, which contribute to the real-space image.

Thus, for ptychographic reconstructions of these samples, it is essential to choose a

probe-forming aperture which transfers Qp values that correspond to the important

length scales in the sample with maximum contrast. As an example, consider a sam-

ple containing reflections at discrete spatial frequencies, such as those in a graphene

monolayer. If a similar 4D STEM convergence semi-angle series is acquired as for

an amorphous carbon sample and the phase is reconstructed using electron ptychog-

raphy, the effects of the PCTF can be visualised more clearly. The results of this

experiment are shown in Figure 5.4.

The PCTF for each convergence semi-angle is shown in Figure 5.4(a). The right-

hand side of Figure 5.4 shows the SSB phase reconstruction from monolayer graphene

samples using α = (b) 31.5 mrad, (c) 22.5 mrad, (d) 14.4 mrad and (e) 7.5 mrad. The
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microscope emission current was constant (11 µA), such that the electron doses in Fig-

ure 5.4(b) – (e) were 2.3 × 108 e- nm-2, 1.2 × 108 e- nm-2, 5.4 × 107 e- nm-2 and 2.5 ×

107 e- nm-2, respectively. For the case of the atomic-resolution phase reconstructions

shown in Figure 5.4(b) – (c), the aberrations were corrected during the reconstruction

process. The reciprocal-space locations of the reflections corresponding to the {11̄00}

(blue line) and {21̄1̄0} (red line) reflections are plotted in Figure 5.4(a). Transfer

of the {11̄00} reflections is required to visualise the hexagonal graphene rings, while

transfer of both {11̄00} and {21̄1̄0} reflections is required to resolve the spacing be-

tween individual carbon atoms. For α = 31.5 mrad, single atoms are clearly resolved

and the PCTF transfers both the {11̄00} and {21̄1̄0} reflections. Decreasing the con-

vergence angle to 22.5 mrad, atomic resolution is still achieved (both the {11̄00} and

{21̄1̄0} reflections are resolved), but the contrast is reduced due to the position of the

{21̄1̄0} reflections with respect to the PCTF. The achievable resolution is decreased,

and the noise at higher Qp values decreases the contrast. At α = 14.4 mrad, only the

{11̄00} reflections are resolved as the second ring lies outside of the aperture-limited

PCTF, while data recorded with α = 7.5 mrad resolves neither family of reflections.

Conversely, for the case of a crystalline sample containing important structural

information at lower spatial frequencies, a smaller aperture would be required to

resolve important sample features with high contrast. Take, as an example, a crys-

talline sample with an interatomic distance of 0.5 nm. For an acceleration voltage

of 80 kV, this equates to a spatial frequency magnitude of |Qp| = 9 mrad, which

would be resolved at highest contrast using a convergence semi-angle of α = 20 mrad.

For samples containing important structural information at lower Qp values, such as

amorphous materials or biological structures, the optimal convergence angle would

be considerably smaller. In summary, to maximise information for a given electron

dose, a probe-forming aperture must be chosen such that all the spatial frequencies
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of interest in the sample are transferred strongly, which is equivalent to their DO

regions in G(Kf ,Qp) being as large as possible. This criterion also applies to other

phase detection techniques such as DPC, CoM and integrated CoM (iCoM).
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Figure 5.4: (a) PCTF for convergence semi-angles of 31.5 mrad, 22.5 mrad, 14.4 mrad,
and 7.5 mrad. The red and blue vertical lines indicate reciprocal-space locations of
the {11̄00} and {21̄1̄0} families of reflections. Experimental phase reconstructions of
graphene data for each of the convergence semi-angles in (a) are shown in (b)–(e).
Scale bar: 0.5 nm. Greyscale: phase (radians).
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5.5 Comparison of ptychographic PCTFs

In addition to choosing an optimum aperture for a given sample, there are still chal-

lenges in optimising ptychographic contrast. In SSB ptychography, the PCTF acts

as an effective band-pass filter, suppressing both low and high spatial frequencies, as

shown in Figure 5.5. This enables selection of the information transferred to the im-

age plane, at the expense of lost information at other spatial frequencies. To compare

the transfer properties of SSB ptychography to iterative methods, the PCTF of the

ePIE method was calculated for boron, titanium and silver isolated atom simulations

(Vacc = 200 kV, α = 22.48 mrad) using the simulation package, MULTEM [228]. By

deconvolving the potential from the ptychographic phase for each atom, the PCTFs

could be determined, as shown in Figure 5.5. There are a number of important differ-

ences between SSB and ePIE ptychography that are seen in this result. Firstly, ePIE

uses data beyond the BF disc in order to obtain resolution beyond the 2α limit of SSB

ptychography, and in some experiments the resolution has reached 5α [19,204]. How-

ever, recent experiments have shown that the resolution limit approaches 2α as the

strength of scattering is decreased or the noise level is increased [211]. Secondly, ePIE

performs a forward calculation which aims to provide flat contrast transfer across all

spatial frequencies in the sample. In practice, the decay of the transfer is determined

by the noise of high spatial frequencies. In contrast to the SSB method, the ePIE

method converges to a solution for ψ(r) which transfers almost all spatial frequencies

with equal weight, before decaying to zero at spatial frequencies beyond 2α.
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Figure 5.5: Plots of the normalised PCTF for the ePIE method, generated using
isolated atom simulations. The theoretical PCTF for the SSB method is included for
reference (grey line).

To illustrate the effects of the PCTFs of SSB and ePIE methods, consider an

aberration-corrected SSB phase reconstruction of a functionalised carbon nanotube

(FCNT) shown in Figure 5.6(a) (previously presented using the WDD method in [18]).

The data was acquired using an acceleration voltage of 80 kV, a convergence semi-

angle of 22 mrad and an electron dose of 2.7 × 106 e- nm-2. Although the phase

reconstruction shows atomic resolution, another feature is noticeable: a dark fringe

which outlines the FCNT. This fringe is most likely a direct result of the suppression

of low and high spatial frequencies. To demonstrate this, Figure 5.6(b) shows the

phase reconstruction of the same FCNT using the ePIE algorithm [14]. There is suf-

ficient signal outside the BF disc for ePIE to reconstruct the FCNT at a resolution

beyond the ω = 2 limit of SSB ptychography. Furthermore, the broad transfer win-
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dow of the ePIE method does not transfer edge artefacts to the image plane as for

SSB ptychography, but a slowly-varying phase ramp in the vacuum is present across

the entire field of view. This is possibly due to the form of the PCTF for ePIE at

low spatial frequencies which amplifies low-frequency noise. In DPC and CoM stud-

ies, these artefacts are commonly attributed to shifts in the BF disc caused by the

probe scan system. However, for atomic-resolution studies, the disc shifts are often

negligible. To observe whether this is the case for the 4D STEM data obtained from

the FCNT, the centre-of-mass (CoM) image was obtained, and is plotted in Figure

5.6(c). It is evident that the vacuum regions exhibit a homogeneous centre-of-mass,

which suggests that the phase ramp is not caused by disc shifts, but is more likely

due to the reconstruction process. A future investigation of the phase ramps present

in ePIE reconstructions may be worthwhile, but will not be further discussed here.

The phase ramp can be avoided by applying a band-pass filter, such as that intrinsic

to SSB ptychography, to the Fourier transmission function Ψ(Qp). The result of ap-

plying this filter to the ePIE phase reconstruction, as shown in Figure 5.6(d), is very

similar to the SSB phase as shown in Figure 5.6(a): no slowly-varying phase ramp,

but a rapid phase dip around the FCNT walls.

It should be noted that band-pass filters are also applied to iDPC imaging. This

is because the PCTF is inherently determined by the Fourier transform of the probe

intensity, and as a result, low spatial frequencies are transferred to the image plane

with high contrast [62]. A high-pass filter is often applied to the iDPC images in

order to suppress the artefacts introduced by amplifying low spatial frequencies [146].
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Figure 5.6: Aberration-corrected ptychographic phase reconstructions of a FCNT
using (a) the SSB method and (b) the ePIE method. The centre-of-mass image,
shown in (c), confirms that the low-frequency phase ramp present in (b) is not due to
scan-induced disc shifts. The ramp can be removed from the phase reconstruction by
applying an SSB band-pass filter, as shown in (d). Scale bar: 0.5 nm. The maximum
value in each reconstruction has been normalised to 1 for consistency.

5.6 Conclusions

In this chapter, the contrast transfer for SSB ptychography has been described and

experimentally verified. Although the contrast transfer in electron ptychography, as

for any STEM imaging method, is strongly dependent on the electron dose, the rela-

tive contrast transfer also depends on the aperture function (aperture size and wave

aberrations). Even at high electron doses, a poorly chosen aperture will provide a

reconstruction with a high noise level. In contrast to SSB ptychography, the ePIE
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method possesses a broader PCTF at high electron doses, extending beyond the in-

formation limit of STEM instruments. However, low spatial frequency artefacts will

contribute to the ePIE phase reconstruction unless they are suppressed by filtering.

In iDPC imaging, a high-pass filter is used to the same effect. With this in mind,

a quantitative description of the noise in 4D STEM data would provide valuable in-

sights into the optimal transfer function for SSB ptychography. This will form the

focus of the next chapter.
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Chapter 6

Optimisation of dose-efficiency for

focused-probe ptychography

In this chapter, the contrast transfer theory of SSB ptychography is further developed

in order to increase the dose-efficiency of the ptychographic method. Firstly, a model

of the statistical noise present in ptychographic data is derived. Using this model,

two target transfer functions are developed in order to boost the contrast transfer

of low and high spatial frequencies in ptychographic reconstructions. Finally, the

performance of SSB and WDD methods is compared for low-dose experimental data.

111



6.1 Introduction

In Chapter 5, the contrast transfer properties of SSB and ePIE methods were com-

pared using 4D STEM data from a FCNT (Figure 5.6). Although both SSB and ePIE

methods were performed using the same experimental data set, the output complex

transmission functions were not identical. This difference is dependent on how much

of the 4D STEM data set is used by each algorithm, and how each reconstruction

algorithm is performed to produce a complex transmission function. For example,

the SSB method only uses the BF disc in the reconstruction process, while the ePIE

method also uses information from beyond the BF disc, which can lead to resolution

improvement if this is needed. However, for very thin samples or at low electron doses,

the super-resolution capabilities decrease and the ePIE resolution limit converges to

the 2α limit for SSB ptychography [211]. Furthermore, each algorithm weights dif-

ferent sample features with different strengths in the reconstruction. This weighting

function, known as the PCTF (see Chapter 5), is different for every imaging tech-

nique, including alternate methods of ptychography.

The contrast transfer properties of SSB and ePIE methods are significantly differ-

ent at low and high spatial frequencies. The PCTF for SSB ptychography is effectively

a band-pass filter dependent on the area of the DO regions in the Fourier overlap func-

tion G(Kf ,Qp). This results in strong contrast transfer for most spatial frequencies

in this bandwidth, and weak contrast transfer for low and high spatial frequencies at

each end of the pass-band. In contrast, the ePIE algorithm performs forward calcula-

tions which aim to provide unity transfer of all spatial frequencies to the image plane,

and as such, possesses a broader PCTF than the SSB method. However, the intrin-

sic PCTF of each technique does not necessarily take into consideration the effects of

noise amplification. For ePIE and iDPC imaging, the PCTF at low spatial frequencies

is greater than that for SSB ptychography, but a Fourier filtering step must be used to
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suppress the noise and artefacts introduced by these low spatial frequencies (Section

5.5 and [146]). Conversely, the PCTF inherent to SSB ptychography suppresses low

and high spatial frequencies which may contain valuable sample information with a

reasonably high SNR.

In general, the intrinsic PCTF for ptychography is, to an extent, a function of the

algorithm used. The imaging process can be regarded as being performed in silico

and is therefore algorithm dependent. As a result, it is reasonable to assume that

one can choose an alternative, target, transfer function to optimise the ptychographic

dose-efficiency. In order to choose a suitable target transfer function, one must first

understand how noise is transferred to each spatial frequency Qp. In the following

section, a model for the noise present in G(Kf ,Qp) will be derived to deduce the

optimal target transfer function for SSB ptychography.

6.2 Formal description of noise in G(Kf ,Qp)

One of the unique properties of SSB ptychography is its intrinsic suppression of noise.

As it is known where the information from each spatial frequency is expressed in the

detector plane, the SSB method suppresses noise by selecting only the DO regions in

which the sample information may be located, and rejecting the contributions from

the rest of the detector plane. In this section, a formal description of the statistical

noise present in G(Kf ,Qp) is provided in order to quantitatively determine the form

of this noise suppression process. In the following section, a suitable target transfer

function is defined with respect to the derived noise model.

Consider a 4D STEM data set acquired from a WPO. As first introduced in Chap-
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ter 3, the complex amplitude of the wave in the detector plane is M(Kf ,Rp). The

wave intensity, |M(Kf ,Rp)|2, is recorded on a pixellated detector. It is assumed that

the expected value of a pixel is weakly varying for a WPO and, as such, is assumed

to be constant with respect to both scattering vector Kf and probe position vector

Rp. Subsequently, it can be assumed that the BF disc is constant. Furthermore, the

contribution of electrons scattered outside the BF disc is ignored.

The expected value of electrons recorded by each pixel is defined as D. This

can alternatively be defined as the electron dose per detector pixel. The deviation

of a pixel measurement from the expected value D (i.e. the noise at each pixel) is

defined as XM(Kf ,Rp). For the case of a perfect detector where only statistical noise

is present in the acquired data1, XM(Kf ,Rp) follows a Poisson distribution. As a

result, the standard deviation of the noise, σ(XM(Kf ,Rp)), is equal to the square

root of the electron dose at each pixel. Therefore, its variance is given by

Var(XM(Kf ,Rp)) = σ(XM(Kf ,Rp))2 = D (6.1)

Let us assume that the BF disc contains NK pixels such that the expected value

of electrons in the BF disc is NkD. Each measurement is independent of any other

measurement recorded at another Kf or Rp value, and hence the noise at each pixel is

uncorrelated with respect to both Kf and Rp. As such, the noise distribution is white

noise and is equally distributed across all spatial frequencies Qp and all real-space

position vectors r. Because the noise between separate detector pixels in the BF disc

is uncorrelated, let us first consider the noise contribution of one single detector pixel

denoted by a reciprocal-space vector Ka. Let us subsequently define XM(Rp) as the

statistical noise in the acquired 4D STEM data |M(Kf ,Rp)|2 at Ka, for each probe

1In practice, true counting detectors closely approximate the statistical noise determined from
theory.
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position Rp. To calculate the noise of G(Kf ,Qp) at Ka, a two-dimensional discrete

Fourier transform of XM(Rp) is performed with respect to probe position Rp:

XG(Qx, Qy) =
Nx∑
1

Ny∑
1

XM(Rx, Ry) exp

(
i2π

(
Qx Rx

Nx

+
Qy Ry

Ny

))
(6.2)

where Rx, Ry and Qx, Qy are the x- and y-components of Rp and Qp respectively,

and Nx, Ny correspond to the total number of probe positions in the x- and y-scan

directions. As the Fourier transform of the noise is complex, the variance of its real

and imaginary components must be considered separately. The variance of the real

component can be expressed as:

Var
(

Re
{
XG(Qx, Qy)

})
= E

[(
Re
{
XG(Qx, Qy)

})2]

=
Nx∑
1

Ny∑
1

E

[ (
Re

{
XM(Rx, Ry) exp

(
i2π

(
Qx Rx

Nx

+
Qy Ry

Ny

))})2 ]
(6.3)

where E is the expected value operator. Using dummy variables to expand the square,

and taking the Dirac delta function to reduce number of variables, one obtains

Var
(

Re
{
XG(Qx, Qy)

})
=

Nx∑
1

Ny∑
1

E

[(
XM(Rx, Ry)

)2]
cos2

(
2π

(
Qx Rx

Nx

+
Qy Ry

Ny

))
(6.4)

115



which simplifies to

Var
(

Re
{
XG(Qx, Qy)

})
= σ2

(
XM(Rx, Ry)

) Nx∑
1

Ny∑
1

cos2
(

2π

(
Qx Rx

Nx

+
Qy Ry

Ny

))
(6.5)

Using the trigonometric identity cos2(x) = 1
2
(1 + cos(2x)), and evaluating the geo-

metric series of both resultant terms:

Var
(

Re
{
XG(Qx, Qy)

})
=
σ2
(
XM(Rx, Ry)

)
2

Nx Ny =
D

2
Nx Ny (6.6)

i.e. the variance of the real component of XG(Qx, Qy) is directly proportional to the

electron dose per pixel. Because the noise in each detector pixel is also uncorrelated

to other detector pixels within the BF disc, their contributions can be added in

order to determine the cumulative real component of the noise in G(Kf ,Qp) for a

particular imaging mode. For 4D STEM imaging modes such as CoM imaging, every

value of Kf in G(Kf ,Qp) is used in the image reconstruction process. However,

for SSB ptychography, only the detector pixels within the DO regions are used to

reconstruct the complex transmission function (see Figure 5.1). Thus, the cumulative

real component of the noise in G(Kf ,Qp) for SSB ptychography is given by

Var
(

Re
{
XG:SSB(Kf ,Qp)

})
=
D

2
Nx Ny NDO(Qp) (6.7)

where NDO(Qp) is the number of detector pixels which cover the DO region at each

spatial frequency Qp. The same analysis can be applied to the imaginary component
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of the noise in G(Kf ,Qp) to obtain

Var
(

Im
{
XG:SSB(Kf ,Qp)

})
=
D

2
Nx Ny NDO(Qp) (6.8)

The real and imaginary components are independent of each other and as a result,

their variances can be added together. This yields the variance of the modulus of the

noise in G(Kf ,Qp) for SSB ptychography:

Var
(∣∣XG:SSB(Kf ,Qp)

∣∣) = D Nx Ny NDO(Qp) (6.9)

Finally, the standard deviation can be obtained by taking the square root of Equation

(6.9), i.e.

σ
(∣∣XG:SSB(Kf ,Qp)

∣∣) =
√
D Nx Ny NDO(Qp)

= C
√
NDO(Qp) (6.10)

where C =
√
D Nx Ny is the total electron dose at a particular detector pixel

summed over all probe positions in the data set. Therefore, the noise present in

G(Kf ,Qp) can be described by a random walk – a modulus contribution which scales

with
√
NDO(Qp), and a random phase contribution.

Equation (6.10) demonstrates the inherent noise suppression in SSB ptychography.

Techniques that use all pixels in the detector plane, such as CoM and iCoM imaging,

possess a uniform (white) noise spectrum which includes contributions from each de-

tector pixel. However, for SSB ptychography, the signal for a WPO is known to be

located in the DO regions of G(Kf ,Qp) and as such, detector pixels which do not

lie in these regions are rejected before performing the reconstruction (see Figure 5.1).
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This results in an increased SNR by a factor of
√

(Nk/NDO(Qp)) at each spatial

frequency Qp versus methods which use the entire BF disc. Furthermore, Equation

(6.10) provides a method by which the PCTF can be normalised to the noise in

SSB ptychography. This can be demonstrated by plotting σ
(∣∣XG:SSB(Kf ,Qp)

∣∣) as

a function of ω, as shown in Figure 6.1. Alternatively, Figure 6.1 can be defined as

a weighting function of the noise present in G(Kf ,Qp). If this weighting function is

incorporated into the PCTF of SSB ptychography, the SNR of the resulting ptycho-

graphic reconstructions can be maximised. In the next section, Equation (6.10) will

be used in order to develop an optimal target transfer function for SSB ptychography.

Figure 6.1: Plot of σ
(∣∣XG:SSB(Kf ,Qp)

∣∣) versus ω as derived in Equation (6.10). The

maximum value of σ
(∣∣XG:SSB(Kf ,Qp)

∣∣) has been normalised to 1.
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6.3 Target transfer functions

In Chapter 5, it was demonstrated that SSB ptychography only uses the signal present

in the DO regions to reconstruct the specimen transmission function, while suppress-

ing the noise which lies elsewhere in the detector plane. As a result, the PCTF of

SSB ptychography is generally described as being proportional to the strength of the

signal in G(Kf ,Qp) (i.e. the area of the DO regions), as expressed in Equation (5.1).

However, this PCTF does not account for the SNR at each spatial frequency, and as

such, the contrast of low and high spatial frequencies is inherently reduced in the re-

construction. In the previous section, a model of the noise distribution in G(Kf ,Qp)

with respect to spatial frequency Qp was derived in order to describe the noise sup-

pression process of ptychography. It was shown that the noise at each Qp value is

directly proportional to the square root of the area of the DO region, suggesting that

the optimal contrast at low and high spatial frequencies is greater than that provided

by the intrinsic PCTF. In this section, two new target transfer functions are applied

to electron ptychography reconstructions using experimental and simulated data, in

order to amplify the signal of low and high spatial frequencies.

Three separate transfer functions were applied to ptychographic reconstructions:

1) the intrinsic PCTF (Figure 6.2(a)), 2) a flat transfer function (Figure 6.2(b)) and

3) a noise-normalised transfer function (Figure 6.2(c)). The target transfer functions

displayed in Figure 6.2(b)–(c) can be synthesised by applying a weighting function

to the Fourier transform of the ptychographic exit-wave in order to boost the con-

tribution of low and high spatial frequencies to the image plane. The performance

of these transfer functions were compared using ptychographic reconstructions cal-

culated for 4D STEM data sets from a simulated carbon atom and experimental

monolayer graphene. The same acceleration voltage (Vacc = 80 kV), convergence an-

gle (α = 22.5 mrad) and probe sampling (|∆Rp| = 0.013 nm) conditions were used in
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each case. The 4D matrix for the carbon atoms was simulated using the MULTEM

code [228]. For each graphene data set, the residual aberrations were corrected us-

ing post-processing techniques. Isolated carbon atom simulations were reconstructed

using an electron dose identical to the experiment, and are plotted as insets to the

graphene reconstructions in Figure 6.2. The results for each transfer function are

described below.

6.3.1 Intrinsic transfer function

In conventional SSB ptychography, the boundaries of the reconstructed phase of the

carbon atoms have dips due to the band-pass nature of the PCTF (Figures 5.1 and

6.2). This manifests itself as a dark halo around the carbon atom simulation in

Figure 6.2(d), and as a dip in the graphene hexagons in Figures 6.2(g) and (j). Fur-

thermore, as previously shown in Figure 5.4, the atomic spacings of graphene (i.e.

the {21̄1̄0} reflections) are poorly resolved using a probe convergence semi-angle of

22.5 mrad.

6.3.2 Flat transfer function

Applying a target transfer function to the carbon atom such that spatial frequencies

up to 2α/λ are transferred with equal weight, the phase reconstruction in Figure 6.2(e)

is obtained. This transfer function is similar to that provided by the ePIE method,

and is the equivalent to normalising the contrast transfer to the area of the DO region

at each Qp value. A Hann window roll-off function was applied at low and high values

of Qp to reduce artefacts. The implementation of this target transfer function removes

the negative phase dip visible in Figure 6.2(d). For the case of graphene shown in

Figure 6.2(h), applying a flat transfer function resolves the atomic spacings with
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higher contrast. The flat transfer function enables a broader range of information

transfer at high electron doses (i.e. ∼ 108 e- nm-2). However, the frequency-boosting

process results in high-frequency ringing which manifests itself as phase peaks at

the centre of the graphene hexagons. These artefacts resemble individual atoms

and may subsequently result in the inaccurate structural identification of materials.

Furthermore, if a flat transfer function is applied to data at lower electron doses (i.e.

∼ 107 e- nm-2) as shown in Figure 6.2(k), noise amplification from low and high

spatial frequencies degrades the quality of the reconstruction.

6.3.3 Noise-normalised transfer function

An alternative approach to extending the contrast transfer window for SSB ptychog-

raphy would be to synthesise a target transfer function which is normalised to the

noise distribution, as previously discussed in Section 6.2 and by Seki et al. [233]. This

is implemented in practice by using the square root of the intrinsic PCTF as the tar-

get transfer function, which is the equivalent of dividing the integrated Fourier signal

by its square root (i.e. the shot noise) at each spatial frequency. This target transfer

function has the advantage of mitigating the artefacts of the intrinsic SSB PCTF (i.e.

the carbon atom reconstruction shown in Figure 6.2(f)), while keeping the noise at a

constant level across all spatial frequencies. The application of this transfer function

to the graphene reconstructions is shown in Figures 6.2(g) and (j), where the noise is

suppressed while still resolving the the {21̄1̄0} reflections with high contrast.

In conclusion, by using a noise-normalised target transfer function, the contrast

transfer is proportional to the SNR at each Qp value, thereby increasing the infor-

mation bandwidth and dose-efficiency of SSB ptychography while avoiding artefacts

introduced by low spatial frequencies or amplified noise. A flat target transfer func-

tion can also be applied to increase the information bandwidth of SSB ptychography,
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but only at high electron doses for which the noise is not amplified significantly. In

the next section, the effects of noise amplification in WDD ptychography will be

considered.
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Figure 6.2: Comparison of transfer functions used in SSB ptychography. (a) Intrinsic,
(b) flat and (c) noise-normalised contrast transfer functions. (d)–(l) SSB phase re-
constructions using the transfer functions plotted in (a)–(c). The maximum phase in
each reconstruction has been normalised to 1 for consistency. Colour bar: normalised
phase. (d)–(f) Simulated carbon atom using infinite dose. Scale bar: 0.1 nm. (g)–(i)
Experimental phase reconstructions of graphene (aberration-corrected) using a dose
of 1.2 × 108 e- nm-2. Scale bar: 0.2 nm. (j)–(l) Experimental phase reconstructions
of graphene (aberration-corrected) using a dose of 3.3 × 107 e- nm-2. Scale bar: 0.2
nm. Insets of (g)–(l): phase reconstructions of carbon atom simulations at the same
dose used for the experimental graphene.

122



6.4 Further noise minimisation by avoiding a de-

convolution step

As discussed in Sections 3.3.2 and 3.3.3, the two most common methods of non-

iterative focused-probe ptychography are the SSB and WDD methods. Although

both techniques effectively provide the same result for a weak-phase-object, there

are subtle differences which should affect the choice of technique. The SSB method

assumes a weak-phase-object as the sample, whereas for ‘stronger’ phase-objects,

the WDD method is more applicable [13, 17, 18]. However, due to the nature of the

Wiener deconvolution, one must exercise caution when applying the WDD method at

low electron dose [13]. In particular, the order of εr (Section 3.3.3) affects how much

signal and noise is suppressed in the reconstruction. To demonstrate this, Figure 6.3

shows a phase reconstruction of an aluminosilicate zeolite2 (ZSM-5) at an electron

dose of 2 × 104 e- nm-2 using (a) the SSB method and (b)-(d) the WDD method

for different values of εr. The wedge-like sample increases in thickness towards the

left-background of each reconstruction. Nevertheless, the steady increase in phase

values demonstrates the validity of the WPOA for this sample. Due to the arbitrary

nature of the in silico reconstruction process, the absolute values of the phase in each

reconstruction are also arbitrary and, as such, have been normalised in Figure 6.3.

The SSB reconstruction, shown in Figure 6.3(a), avoids a deconvolution step and thus

avoids noise amplification. In contrast, reconstructing the transmission function using

the WDD method for small values of εr (0.01–0.1) as used in the the literature [18,194]

can give rise to noise amplification, as seen in Figures 6.3(b) and (c) . Using εr = 1

as shown in Figure 6.3(d) effectively suppresses the noise, however, such a large

filter parameter may also suppress useful sample information. Therefore, to improve

robustness to noise for low-dose focused-probe electron ptychography, it is advisable

2The experimental method by which this data was acquired will be described in further detail in
Chapter 7.

123



to use the SSB method where applicable.
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Figure 6.3: Comparison of phase reconstruction methods for ZSM-5 at an electron
dose of 2 × 104 e- nm-2. (a) SSB phase reconstruction. (b)-(d) WDD phase recon-
structions for εr =0.01, 0.1 and 1, respectively. Scale bar: 2 nm. The maximum
phase in each reconstruction has been normalised to 1 for consistency.

6.5 Conclusions

In this chapter, a post-processing strategy was introduced to the ptychographic work-

flow in order to increase the dose-efficiency of the output reconstructions. If a suitable

aperture is used but low spatial frequencies are not transferred, normalising the con-

trast transfer to the signal-to-noise ratio will increase the contrast. A model for the
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noise present in G(Kf ,Qp) was derived to support this strategy. Subsequently, it

was demonstrated that SSB ptychography suppresses the noise outside the double-

overlap regions of the detector plane, unlike other common 4D STEM imaging meth-

ods such as CoM and iCoM. Furthermore, recent theoretical studies have shown that

the noise-normalised transfer function of SSB ptychography is broader than those for

CoM techniques [233]. Finally, it was shown that avoiding a deconvolution step in

FPP is another method by which the effects of unwanted noise can be suppressed.

By adopting the experimental and post-processing strategies presented in Chapters 5

and 6, the electron dose required for ptychographic imaging can be minimised. The

subsequent increase in dose-efficiency will enable atomic-resolution, high-SNR phase

reconstructions at lower electron doses, thus extending the capabilities of ptychog-

raphy for imaging beam-sensitive materials. In the next chapter, a data acquisition

strategy will be introduced in order to further extend the low-dose capabilities of

FPP.
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Chapter 7

Binary electron ptychography

The author is grateful to Dr Chen Huang for providing the ZSM-5 sample used in this

chapter, and the experimental support team at ePSIC.

In Chapters 5 and 6, several strategies to optimise the dose-efficiency of ptychography

were demonstrated. In this chapter, a solution to another major limitation of electron

ptychography – the slow scan speeds at which data is recorded – will be proposed. In

particular, the development and application of FPP using binary 4D STEM data sets

will be discussed. Firstly, the challenge of imaging beam-sensitive materials in STEM

will be outlined, before proposing binary data acquisition as a solution. Next, the

application of ptychography using binary data acquired from a beam-sensitive mate-

rial (ZSM-5) will be demonstrated. Finally, the limitations of this acquisition mode

will be discussed. The work presented in this chapter has been partially reproduced

from:

C. M. O’Leary et al., ‘Phase reconstruction using fast binary 4D STEM data’, Applied

Physics Letters, vol. 116, p. 124101, 2020,
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with the permission of AIP Publishing.

7.1 Introduction

Although the combination of 1) focused-probe 4D STEM data acquisition using direct

electron detectors (DEDs) and 2) phase reconstruction techniques such as ptychog-

raphy can provide atomic-resolution imaging with great sensitivity, its application

is limited by slow scanning speeds (∼1,000 fps). Despite recent detector advances

(Section 2.4), 4D STEM phase-imaging experiments remain difficult to perform on

beam-sensitive materials. Most modern low-noise integrating CMOS and electron

counting detectors can record full-frame individual CBED patterns at ∼103 fps, while

more traditional non-pixellated (i.e. ADF and DPC) detectors can operate at speeds

faster than 105 fps. The relatively slow speeds of DEDs make 4D STEM acquisitions

more susceptible to scan distortions, sample drift and changes to lens aberrations and

ultimately, set a minimum possible dose. For example, with a frame rate of 1,000 fps

and a probe step size of 0.02 nm, a current of 0.5 pA would correspond to an electron

dose of 7.7 × 106 e- nm-2.

Unfortunately, many important materials systems contain light elements and/or

weak bonds which are easily damaged by the electron beam at such doses, i.e. organic

and functional materials such as lithium-ion battery components (Section 2.6.4.3) [17],

hybrid perovskites [3,234], metal-organic frameworks [235] and zeolites [236,237]. For

the case of MFI-type zeolites, the above dose value is 1–2 orders of magnitude greater

than the critical dose [236, 237]. A beam current of several femtoamperes (10-15 A)

would be needed to image such materials without damaging them, for which it is not

practically possible to navigate the sample and align the microscope.
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Low-dose imaging (4.0 × 104 e- nm-2) has been previously demonstrated for elec-

tron ptychography on MoS2, using a defocused probe that spreads the electron flux

over a substantial illumination area, combined with an iterative ptychographic algo-

rithm (ePIE) [199,204]. In this chapter, low-dose methods of focused-probe 4D STEM

data acquisition, combined with FPP reconstruction techniques, will be addressed.

In the following subsections, a solution to the slow-scan limitation of DEDs will

be presented by changing the counting depth of a MerlinEM system to 1-bit such that

each detector pixel can only record either 0 or 1. This enables the detector frame rate

to be increased to 12,500 fps. Phase reconstruction techniques will then be applied

to 1-bit 4D STEM data recorded from a beam-sensitive material (ZSM-5) after which

the limitations and opportunities of using this technique will be discussed.

7.2 Increase frame rates via 1-bit data acquisition

Fortunately, modern DEDs possess a variety of acquisition modes, several of which

can operate at frame rates faster than 1,000 fps (see Table 2.1). Many CCD and inte-

grated CMOS detectors enable hardware binning and windowing [7], increasing frame

rates at the expense of pixel resolution and field of view, respectively. For the case

of FPP techniques, the sampling requirements in the reciprocal-space detector plane

are relaxed such that the quality of the reconstruction is negligibly affected by the

binning process (Section 4.2.3) [207]. Furthermore, faster detector speeds have shown

negligible effects on the quality of phase reconstructions at high electron doses. In a

recent study, Huth et al. demonstrated the ptychographic reconstruction of monolayer

graphene using the JEOL 4DCanvas with four-fold binning at two separate detector

speeds: the commercial frame rate of 4,000 fps (2.3 × 108 e- nm-2), and an increased,

prototype frame rate of 7,500 fps (1.2 × 108 e- nm-2) [222]. There was a negligible
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difference in the quality of the two reconstructions, demonstrating that ptychography

is robust at the lower electron doses imposed by increased detector speeds.

Other electron counting detectors allow the user to increase the detector speed at

the expense of dynamic range, i.e. the range of intensity values that can be recorded

at each detector pixel. For example, for a 6-bit counting mode, each detector pixel

can record between 0 and 63 counts. However, as the bit-depth is decreased, the

readout time of the on-chip counters decreases and consequently detector frame rates

can be increased significantly (see Table 4.2). In the next section, an experimental

method for 4D STEM data acquisition using a counter depth of 1-bit (i.e. which can

record either 0 or 1) will be described.

7.3 Experimental methods

7.3.1 Detector settings

The 4D STEM data sets were obtained from an aluminosilicate zeolite sample (ZSM-

5) using a Quantum Detectors MerlinEM system installed on a JEM ARM300CF

(Section 4.1.2). As presented in Table 4.2, the system possesses a range of counting

modes at 24-, 12-, 6- and 1-bit depths, which correspond to maximum frame rates

of 600, 1,200, 2,200 and 12,500 fps respectively. In this chapter, each data set was

acquired using 1-bit mode. The ZSM-5 sample thickness was approximately 5–10 nm,

and as such, the effects of plural scattering and dynamical diffraction could be ignored.

7.3.1.1 Lower threshold voltage

Before acquiring the 4D STEM data, an appropriate lower threshold voltage (below

which no count is recorded), Vth, was chosen for the MerlinEM system. The detector

was operated in a continuous mode while Vth was changed, and the number of counts
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recorded by the detector was observed. If the value of Vth is too low, each electron

count is distributed into many pixels, possibly leading to saturation of the BF disc

(i.e. every pixel would record a value of 1). However, if Vth is too high, electron events

are not recorded. With this in mind, Vth was set at 50 kV such that each electron

event in the data set was counted while reducing unwanted blurring. This effectively

increases the modulation transfer function (MTF) of the detector. However, if the

energy of any meaningful electron signal is below the threshold set by Vth, it is not

counted by the detector. This would result in a decrease in the detector quantum

efficiency (DQE) which would lead to phase reconstructions with a lower SNR [157].

A future, more comprehensive study of the effects of Vth on the MTF, the DQE and

the subsequent quality of phase reconstructions may be worthwhile.

7.3.2 Choice of acceleration voltage

Despite the decreased detector quantum efficiency (DQE) of the MerlinEM system at

high electron voltages [157], an acceleration voltage, Vacc, was chosen as 300 kV due to

the electron-optical alignment of the microscope and the beam damage mechanisms

of zeolites which have been shown to decrease at higher accelerating voltage [237,

238]. Initial trials of 1-bit 4D STEM experiments were performed at 80 kV using

different materials, but changes to the electron-optical alignments that occurred at

sub-picoampere beam currents provided insufficient reconstruction quality. This is not

expected to be a problem for microscopes that are specifically designed to operate

only at low acceleration voltages.

7.3.3 Pre-acquisition procedure

Prior to 4D data acquisition, ADF images were observed at lower magnification (1 Mx)

on a conventional non-pixellated detector. The objective focus was adjusted to clearly

show the reflections of the zeolite structure observed in a power spectrum calculated
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in real time without damaging the sample. Once focused, the beam was blanked and

the magnification was increased to 20 Mx, before recording the 4D STEM data on

the MerlinEM system.

7.3.4 1-bit 4D STEM data acquisition

For this experiment, 256 × 256 CBED patterns, each consisting of 256 × 256 pixels,

were recorded using 1-bit counting mode at 12,500 fps. To minimise the beam current

at the sample, the probe convergence semi-angle was set to 7.6 mrad. This value

was sufficient to resolve the ZSM-5 framework, while reducing noise at unwanted

higher spatial frequencies. In other words, the Fourier space information required

to resolve the zeolite structure was within the window allowed by the PCTF for

SSB ptychography (Chapter 5). The probe step size at 20 Mx magnification was

|Rp| = 0.04 nm, which was safely within the λ/4α sampling limit of 0.06 nm.

7.3.5 Data processing

To reduce the computing RAM and disk memory required for data analysis, the

detector plane was binned by a factor of four in both directions in post-processing,

reducing the data to a 256 × 256 × 64 × 64 array. For this experiment, the diameter

of the BF disc after binning was approximately 40 pixels and hence the detector plane

was sufficiently sampled (see Section 4.2.3).

7.4 Results

7.4.1 1-bit CBED data

An example CBED pattern from a typical 4D data set is shown in Figure 7.1(a).

Each frame has an average of 272 counts and the position-averaged CBED pattern is

131



displayed in Figure 7.1(b). The effective camera length was increased such that the

diameter of the BF disc on the detector was 160 pixels. The 10 dead pixels in the BF

disc shown in Figure 7.1(b) cover 0.05% of the BF disc area and have a negligible effect

on the phase reconstructions. The incident beam current was lowered by decreasing

the excitation voltage of the second anode, ‘A2’, and was measured using a Faraday

cup. The beam current can also be measured by counting the electrons incident

on the MerlinEM system. However, this requires careful calibration of the lower

threshold voltage (see Section 7.3.2), and as such, this procedure was avoided. For

this experiment, the beam current was measured as 0.3 pA, which corresponded to

a cumulative electron dose of 1.0 × 105 e- nm-2. As shown in Figure 7.1(a), this

beam current was sufficiently low such that each electron event was isolated within

the CBED patterns.

Figure 7.1: (a) Example CBED pattern and (b) position-averaged CBED pattern for
ZSM-5 at an electron dose of 1.0 × 105 e- nm-2.

Recording 4D STEM data with a 1-bit counter depth is advantageous for several

reasons. Firstly, for a frame rate of 1,000 fps, a 256×256 probe position scan would

take over one minute to acquire. This is sufficiently long for specimen or low-order
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aberration drift to have a detrimental effect on the acquired data. At 12,500 fps, a 256

× 256 probe position scan takes just over 10 seconds and drift rates are significantly

reduced. In addition, faster frame rates enable data acquisition at higher, more

optically favourable probe currents for a given electron dose. This is due to the

increased accuracy of pre-acquisition aberration tuning at higher beam currents.

7.4.2 Fourier transform of |M(Kf ,Rp)|2

After acquisition, the data was analysed as outlined in Section 4.4. As illustrated in

Section 3.3.1, the first step of the FPP workflow is to perform a Fourier transform

of the acquired data (i.e. |M(Kf ,Rp)|2) to obtain G(Kf ,Qp). Figure 7.2 shows (a)

the modulus and (b) phase of G(Kf ,Qp) for an example spatial frequency (|Qp| =

4.9 mrad). Although each individual CBED pattern in the data set is sparse, the

phase of G(Kf ,Qp) is still transferred with a high SNR. This demonstrates that the

variation with respect to probe position of the statistical likelihood of electron arrival

in a particular region of the detector is sufficient to enable phase detection. One

advantage of SSB ptychography is that, because only the DO regions are used for the

reconstruction process, much of the unwanted noise is rejected (Chapters 5 and 6).
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Figure 7.2: (a) Modulus (arb. units) and (b) phase (radians) of G(Kf ,Qp) for ZSM-5
at a spatial frequency magnitude of |Qp| = 4.9 mrad.

7.4.3 Phase reconstructions at 1.0 × 105 e- nm-2

After Fourier transform, the SSB ptychography method was performed on G(Kf ,Qp)

(Sections 3.3.2 and 4.4.8) to provide phase reconstructions of the ZSM-5 sample. Due

to the good alignment of the microscope and the small probe convergence semi-angle

used for the experiment, aberration correction was not performed during the recon-

struction process. To demonstrate the versatility of the data, another independent

phase reconstruction method was also performed: integrated centre-of-mass (iCoM),

i.e. iDPC using a pixellated detector [62].

The phase reconstructions produced from the binary 4D STEM experiment on

ZSM-5 [010] are shown in Figure 7.3. The simultaneously obtained ADF image shown

in Figure 7.3(a) reveals the zeolite structure, but with a poor SNR due to the low elec-

tron dose and light constituent atoms. The iCoM and SSB reconstructions are shown

in Figures 7.3(b) and (c) respectively and both show atomically resolved contrast. A

noise-normalised target transfer function was applied to the SSB phase reconstruction
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to broaden the window of information transfer (Chapter 6). The power spectrum of

the SSB phase reconstruction is shown in Figure 7.3(d), where the (10, 0, 0) reflection

is resolved, corresponding to a spacing of 0.201 nm.

(a)

(c)

(b)

(d)

ADF iCoM

PSSSB

0.201 nm

Figure 7.3: (a) ADF image, (b) iCoM reconstruction and (c) SSB reconstruction for
ZSM-5 using an electron dose of 1.0 × 105 e- nm-2. Scale bar: 2 nm. The power
spectrum (PS) of (c) is shown in (d). The (10, 0, 0) reflection, corresponding to a
spacing of 0.201 nm, is marked with a white circle.

7.4.4 Phase reconstructions at 2.0 × 104 e- nm-2

To test the efficiency of phase imaging techniques at low dose using binary 4D STEM,

the excitation voltage of the second anode was further lowered to obtain a beam

current of 0.06 pA. A second data set was acquired, for which the cumulative electron
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dose was 2.0 × 104 e- nm-2. An example CBED pattern for this data is shown in

Figure 7.4(a). In this frame, there are a total of 19 detector counts, corresponding

to 9 electron events. The iCoM and SSB reconstructions are shown in Figures 7.4(b)

and (c) respectively. In this example the ZSM-5 region of interest is wedge-like,

with a maximum thickness in the top left of the image. In the thicker region, the

zeolite structure is resolved, but in the thinner region, there is insufficient scattering

to provide significant sample information. The atomic columns are sharper in the

SSB reconstruction, while the lower spatial frequencies are transferred more strongly

in the iCoM image, as discussed in Chapters 5 and 6.
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(a)

(b)

(c)

Figure 7.4: (a) Example CBED pattern, (b) iCoM reconstruction and (c) SSB recon-
struction for ZSM-5 using a cumulative electron dose of 2.0 × 104 e- nm-2. The scale
bar for the phase reconstructions is 2 nm.
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7.5 Limitations

As discussed in the previous section, there is a lower limit for the electron dose below

which there is not enough signal in the 4D STEM data to reconstruct the phase of the

specimen transmission function. Although this is primarily due to the unavoidable

statistical noise which obscures the signal at low electron doses, improvements to

the sensitivity may be achieved through further optimisation of the lower threshold

voltage Vth. However, conversely at high electron dose (∼108 e- nm-2), 1-bit counting

mode using a frame rate of 12,500 fps would lead to saturation of the BF disc. In

this case, every pixel in the BF disc (excluding dead pixels) would record a value

of ‘1’, and there would be no structure in the CBED patterns or the resulting phase

reconstructions. The upper limit of the electron dose can be increased by changing the

effective camera length of the detector such that the BF disc is distributed over a larger

detector area. If the BF disc covers a large array of pixels, further detector binning

(i.e. 8-fold or 16-fold) may be applied in order to decrease the time required to perform

the reconstruction. With state-of-the-art DEDs reaching speeds of 87,000 fps, future

low-dose 4D STEM experiments may not require any change in probe current between

sample screening and acquisition [159]. This will be essential for imaging light-element

or beam-sensitive nanomaterials, for which large probe convergence semi-angles and

minimal high-order aberrations are necessary.

7.6 Conclusions

In this chapter, the application of binary 4D STEM data to post-processing phase re-

construction techniques was demonstrated. The 1-bit counting mode on a MerlinEM

system can record 10 times faster than 12-bit counting mode, which is within one

order of magnitude of typical ADF imaging speeds. Importantly, the results demon-

strate that DEDs do not need a high dynamic range to provide high-quality phase
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reconstructions and that faster detectors should enable high-throughput, low-dose

4D STEM phase imaging in the near-future. Furthermore, multi-frame acquisition

combined with image registration techniques is increasingly used to improve the SNR

of STEM images and faster scanning will allow this approach to also be used with

pixellated detectors [150, 239]. The application of ptychography using multi-frame

data acquisition will be discussed in Chapter 8.
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Chapter 8

Applications

In this chapter, a number of applications of the ptychographic technique will be

demonstrated, each of which overcome barriers that are often faced when imaging with

conventional STEM modes such as ADF, ABF and DPC imaging. The applications

have been divided into three separate sections: 1) fusion of ptychography with existing

acquisition methods, 2) discussion of the imaging capabilities of ptychography, and

3) application of ptychography to a challenging material: uranium dioxide.
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8.1 Multi-frame 4D STEM and ptychography

The author is grateful to Dr Lewys Jones, who performed non-rigid registration on the

multi-frame data sets presented in this section. Dr Gerardo Martinez (GM) performed

the data acquisition and ptychographic analysis for the preliminary hBN study. I

acquired the graphene data presented in this section and performed the subsequent

ptychographic analysis. I also performed the data acquisition for the hBN study with

GM.

8.1.1 Motivation

Electron ptychography is highly sensitive to changes in the phase of the exit-wave

and, subsequently, the projected atomic potential of the sample under illumination

(see Equation (3.16)). Not only can ptychography determine the projected atomic

potential of light elements such as boron and carbon, but it can also detect the re-

distribution of charge due to bonding effects in a thin sample.

The influence of bonding on the charge distribution of materials has historically

been determined using two experimental methods: 1) X-ray diffraction and 2) CBED

using HRTEM instruments. In both cases, the charge redistribution due to bonding

in a sample is determined by calculating the differences between experimental and

model structure factors of Bragg reflections [21]. Once the structure factor differ-

ences have been determined, the difference in the charge density can be expressed

as a deformation density map [240]. In X-ray diffraction studies, high-order struc-

ture factors can be accurately determined, but extinction effects due to dynamical

diffraction prevent the accurate determination of low-order structure factors which

are most sensitive to the valence electrons [241]. Fortunately, by utilising the effects

of strong dynamical diffraction in TEM, the low-order structure factors can be de-

141



termined from CBED techniques [242, 243]. In order to accurately determine a wide

range of structure factors for a particular sample, both X-ray diffraction and CBED

techniques should be performed. However, for thin samples (i.e. <10 nm), these

techniques are not effective because dynamical diffraction does not occur.

In recent years, 4D STEM experiments have enabled atomic-scale charge density

measurements of thin samples which obey the POA (Section 2.2.4). For example,

CoM experiments have been performed using 4D STEM in order to determine the

charge redistribution due to bonding in perovskite structures [165]. Due to its en-

hanced CTF properties versus CoM techniques [207,233], electron ptychography has

been proposed as an alternative technique for the measurement of bonding effects in

thin samples. These measurements can provide valuable insights for electronic struc-

ture theory calculations. In particular, the experimental measurement of interatomic

bonding can be used as a benchmark for density functional algorithms (DFA) which

solve for the ground state of many-body systems [24]. Furthermore, the DFAs which

most closely match the experimental measurements calculated by ptychography can

be used as a basis for microscope simulation packages, most of which currently as-

sume an independent atom model where interatomic bonding is neglected. However,

in order to precisely detect the charge redistribution due to bonding in a thin sample,

the SNR must be improved by increasing the acquisition time of the 4D STEM data.

As previously discussed in Chapters 2 and 7, the relatively slow frame rates

of DEDs (∼103 fps) versus conventional single channel integrating detectors (105–

106 fps) renders 4D STEM acquisition particularly vulnerable to the effects of scan

distortions and stage drift. In Chapters 4 and 7, it was discussed how these issues

can be partly overcome by acquiring data as quickly as possible, either by applying

hardware binning in the detector plane [222], or by lowering the dynamic range of the
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detector [244]. However, even for dwell times in the order of 10-5 s, these experimen-

tal instabilities may still affect the interpretation of ptychographic reconstructions.

Furthermore, for the case of detectors whose dynamic range or radiation hardness is

too low for acquisition using long exposures, the SNRs of 4D STEM data acquired at

speeds of 1,000 fps is somewhat limited. This limitation is particularly disadvanta-

geous to charge redistribution studies which require high lateral precision of atomic

columns and high SNRs for the detection of interatomic bonding.

8.1.2 Multi-frame acquisition and registration

One of the most common methods used to compensate for stage drift and scan distor-

tions in STEM is to record multiple consecutive frames of the same region of interest,

before applying image registration techniques to align each frame in the series. In

fact, multi-frame acquisition is commonly implemented across microscopy [150, 239],

medical imaging [245, 246] and photography [247], and can be used to visualise dy-

namic processes [248, 249] or to obtain a summed-average of a data series for im-

proved SNRs [250–252]. Applying a multi-frame acquisition scheme to 4D STEM

data would enable high-SNR ptychographic reconstructions of summed-average data

sets which are free from the effects of scan distortions, stage drifts and mechani-

cal and electronic instabilities. This would subsequently increase the precision of the

ptychographic phase which is crucial for measuring the effects of bonding in materials.

There are several ways by which artefacts can arise in serial STEM image ac-

quisition. For example, lens current fluctuations and stage drift may manifest as a

translation or rotation in sequential frames. In this case, each image can be related to

any other image in the series by a rigid transformation, i.e. the images are offset by

constant vectors, but the distances between the points in each image are preserved.
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To compensate for these artefacts, rigid registration (RR) techniques can be used to

calculate the offset vectors and subsequently align the image series. RR techniques

have been applied with great success to fields such as ultrasound and magnetic res-

onance imaging [253] and cryo-STEM [254]. However, there also exist artefacts for

which RR techniques cannot be used to align an image series. These include scaling

offsets due to thermal expansion or lens instabilities, and more commonly, shearing

due to stage drift during the STEM scan. In this case, parallelism and the ratios

of distances between points are preserved, but the overall distances and angles are

not. These global distortions of images can be described by affine transformations,

and must be corrected for using more advanced registration techniques. For example,

the RevSTEM package can perform both rigid and affine registration methods on

multi-frame STEM data [239]. By precessing the scan rotation during a STEM im-

age series, the drift vectors can be determined and corrected for using post-processing

techniques. However, rigid and affine transformations do not account for all of the

geometric distortions that can occur during STEM image acquisition.

There are several instrumental instabilities which give rise to non-rigid transfor-

mations between consecutive STEM images. These include scan distortions due to

fluctuations in the microscope power or water supply, or mechanical vibrations from

the surrounding environment, to name a few. In this case, more complex registra-

tion methods must be performed in order to correct for these instabilities. Non-rigid

registration (NRR) techniques include transformations which can account for the dis-

tortions within a data set by moving each pixel by a differing amount. In this way,

non-rigid techniques can compensate for both the global and local geometric distor-

tions within a data set. For example, in addition to rigid and affine transformations,

the SmartAlign package for STEM and scanning probe data [150] incorporates gra-

dient descent methods, whereby the difference between the gradients of consecutive
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images is used to calculate a displacement field between them [255]. The displace-

ment field can subsequently be used to align each data set in the multi-frame series.

Multi-frame acquisition and NRR techniques have been frequently applied to STEM

imaging modes such as ADF and iDPC imaging [150,256], as well as spectrum imag-

ing [257–259]. However, to date, the application of these techniques to 4D STEM

data has been limited.

8.1.3 Preliminary results and limitations

Multi-frame 4D STEM acquisition has previously been used to increase the SNR of

experimental hexagonal boron nitride (hBN) data in order to compare the perfor-

mance of electronic structure calculations. In this study, two separate algorithms

were used to simulate 4D STEM data for a hBN monolayer: the independent atom

model (IAM) and density functional theory (DFT). The calculation of structure fac-

tors was performed using the CASTEP software package [260], and an in-house code

was used to simulate the 4D STEM data (Vacc = 80 kV, α = 31 mrad) [261]. The

resulting WDD phase reconstructions from the simulated data sets are shown in Fig-

ures 8.1(a) and (c), respectively. In addition, the profiles from the blue lines in the

phase reconstructions are shown in Figures 8.1(b) and (d)1. The atomic species of

each phase peak alternates along the line profiles, i.e. N, B, N, B, etc. Unlike the IAM

calculation, the DFT calculation accounts for the redistribution of electrons from the

boron to the nitrogen atoms. This results in the screening of the potentials of the

nitrogen nuclei, leading to a smaller WDD phase difference between the boron and

nitrogen atoms than predicted by the IAM.

1Strictly, the projected potential of both atomic species should be compared quantitatively by
measuring the phase contribution of each atom [24]. This will be discussed in further detail in the
following sections. However, for this section, a line profile suffices to demonstrate the potential
distribution in hBN.
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In order to compare the accuracy of these calculations, sixteen 4D STEM data

sets were acquired from a hBN monolayer (Vacc = 80 kV, α = 31 mrad) using the

JEOL 4DCanvas installed on the ARM200F at the DCCEM. The frame rate used

was 4,000 fps, and the cumulative dose for the entire series was 1.24 × 109 e- nm-2.

The summed-average of this series was obtained using the SmartAlign image registra-

tion software on the simultaneously acquired ADF images. The determined drift and

distortion corrections were then applied to the 4D STEM data series, before perform-

ing the WDD reconstruction on the summed-average data set. It should be noted

that, if the signal from the ADF image series is poor (i.e. at low electron doses), the

ptychographic reconstructions from each data set can be used as the input images

to the registration procedure. Figures 8.1(e) and (f) show the aberration-corrected

phase reconstruction and an example line profile obtained from the summed-average

of the series. Upon observation, there is no noticeable difference in phase between the

boron and nitrogen atoms, which suggests that the screening of the nitrogen nuclei

has been detected. Further studies have shown that, if the aberrations are sufficiently

corrected for using post-processing techniques, the experimental phase distributions

of the boron and nitrogen atoms closely match that of DFT calculations [24].

Unfortunately, the multi-frame acquisition and registration method used in the

hBN study was limited by the difficulty of acquiring consecutive 4D STEM data

sets using the prototype acquisition software. A short time interval was required

for the camera software to stabilise between consecutive frames which subsequently

lengthened the multi-frame acquisition time. This led to an increase in stage drift

and experimental defocus variations during the series which manifest as fluctuations

in the ratio of adjacent boron and nitrogen atoms, as shown in Figures 8.1(e) and (f).

Throughout my DPhil studies, I worked with the engineers at PNDetector to improve

the stability of the camera software, and worked with Dr Lewys Jones to optimise the
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image registration technique. In the following section, the application of multi-frame

data acquisition and NRR techniques to 4D STEM are further developed from the

initial results shown in [24], and the improvement in the precision of ptychographic

phase reconstructions is evaluated.
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Figure 8.1: WDD phase reconstructions from a hBN monolayer obtained using (a)
independent atom model (IAM) simulations, (c) DFT simulations via CASTEP, and
(e) experimental data. For sub-figures (a) and (c), propagation of the electron wave
to the detector plane was performed using an in-house microscope simulation package
[261]. Scale bar: 0.5 nm. Greyscale: phase (radians). The profiles of the blue lines
plotted in (a), (c) and (e) are shown in (b), (d) and (f), respectively. The profiles were
averaged over a line width of 0.08 nm in the reconstructions. The author is grateful
to Dr Laura Clark for providing the code to perform the phase profile analysis.
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8.1.4 Procedure

The workflow for the 4D STEM multi-frame acquisition and NRR procedure is shown

in Figure 8.2. A total of twenty-one 4D STEM data sets were obtained from a

graphene monolayer sample using the ARM200CF and JEOL 4DCanvas at the DC-

CEM (Vacc= 80 kV, α = 31.5 mrad). Each data set was obtained by acquiring CBED

patterns from a scan of 256×256 probe positions. Four-fold detector-binning was ap-

plied to increase the acquisition speed to 4,000 fps, resulting in a 256×256×264×66 ar-

ray for each raw data set. The electron dose for each 4D data set was 5.7×107 e- nm-2,

such that the total dose for the multi-frame data was 1.2× 109 e- nm-2. For each 4D

data set, an image was obtained simultaneously using an ADF detector, an example

of which is shown in Figure 8.3(a).

Once acquired, the detector plane of each data set was binned by a factor of four

in the orthogonal direction, resulting in a 256×256×66×66 array. Next, the data sets

were reshaped from an array of CBED patterns, each recorded at a specific probe

position Rp, to an array of ‘tilted’ STEM images, each corresponding to a single

detector pixel at Kf . Both the ADF image series and the reshaped 4D STEM data

were imported into Digital Micrograph, after which the SmartAlign plugin was used

to perform NRR on the ADF image series. The summed-average of the ADF image

series after registration is shown in Figure 8.3(b). The correction vectors determined

from this procedure were subsequently applied to all images in the 4D STEM data.

It should be noted that it is not necessary to acquire a separate image simultane-

ously using a different detector: the image registration step may be performed using

synthetic images generated from the 4D STEM data. The output of the SmartAlign

procedure included individual scan-corrected and registered 4D data sets for imaging

dynamic processes, and a multi-frame average (MFA). The registered MFA 4D STEM

data set was imported back into MATLAB and re-shaped into an array of CBED pat-
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terns such that SSB ptychography could be performed as outlined in Chapter 4.

Acquire multi-frame 4D STEM 
data

Transfer data, load data in 
MATLAB

Reshape data into sets of tilted 
images

Export data to Digital 
Micrograph, apply SmartAlign

Import data back into MATLAB, 
perform SSB ptychography

1.

2.

3.

4.

5.

Figure 8.2: Workflow of electron ptychography using multi-frame 4D STEM data.

2 nm
2 nm

(a) (b)

Figure 8.3: (a) Single-frame ADF image from a graphene monolayer series of 21
images. (b) MFA ADF image obtained using non-rigid registration techniques.
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8.1.5 Results and discussion

Figure 8.4 shows a comparison of the aberration-corrected SSB phase reconstructions

from a single frame (Figure 8.4(a)) and a multi-frame average (MFA) after NRR (Fig-

ure 8.4(c)). The increased SNR of the MFA results in a phase reconstruction with

higher atomically-resolved contrast and less variation in the phase values at each car-

bon atom. In addition, the increased SNR of G(Kf ,Qp), examples of which are shown

in the insets to Figures 8.4(a) and (c), allows for a more accurate determination of

aberrations via SVD matrix inversion.

To evaluate the performance of ptychography using registered data, the contri-

bution of each carbon atom in the graphene monolayer to the SSB reconstruction

was obtained by calculating scattering cross-sections (SCS). This technique is widely

used in ADF imaging and spectroscopic mapping, and possesses high sensitivity to

atomic species [33,262,263]. In ptychography, an SCS can be obtained by calculating

the value of squared-phase (in rad2) for each atom, and normalising to the area (in

nm2) encompassed by the atom in the phase reconstruction. The resulting quantity

is known as the integrated squared-phase cross-section (ISPCS), and has units of

rad2 nm2. The reason for choosing the squared-phase as the metric for cross-section

analysis is to compensate for the negative phase dips in the ptychographic reconstruc-

tion, as described in Chapters 5 and 6. If an SCS is obtained by integrating the phase

over a specific atom and its surrounding vacuum, the negative contribution from the

vacuum cancels out the positive contribution from the atomic potential. This results

in an SCS value that is close to zero. To combat this issue, the phase reconstruction

is squared before the integration step such that both the atoms and the surrounding

vacuum regions produce positive peaks. This strategy provides robust measurements

for the contribution of each atom to the reconstruction.
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In this study, the ISPCS was determined for both a single frame and the MFA. The

ISPCS values were calculated using the Absolute Integrator software package [264].

Firstly, a window of fixed area was created around each atom. Subsequently, the

squared-phase enclosed in each window was integrated, before multiplying by the

area of the window to obtain the ISPCS. The distribution of ISPCS values could

then be plotted as a histogram. The ISPCS histogram for the phase reconstruc-

tions in Figures 8.4(a) and (c) are shown in Figures 8.4(b) and (d), respectively. A

normal distribution was fitted to the histograms, and the mean and standard de-

viation were calculated in each case. Comparison of the two data sets shows that

the mean ISPCS for a single frame and the MFA are similar (3.0 × 10−3 rad2 nm2

versus 2.7 × 10−3 rad2 nm2). The slight difference between these values is still un-

der investigation, but it is likely a result of the inaccurate calculation of residual

aberrations using a single frame. Furthermore, the standard deviation of the ISPCS

for the single frame and MFA are 7.6 × 10−4 rad2 nm2 and 2.3 × 10−4 rad2 nm2,

respectively. This demonstrates that the application of multi-frame acquisition and

NRR increased the ISPCS precision by almost a factor of three versus single frame

acquisition. This is lower than the expected factor of improvement in SNR (
√

21),

and is most likely due to the limited speeds of 4D STEM acquisition. Nevertheless,

this improvement will prove particularly useful for detecting the interatomic bonding

in nanomaterials such as hBN which is often obscured by statistical noise in single

frame acquisitions [24, 142, 165]. Furthermore, the combination of ultrafast DEDs

for 4D STEM applications [159] and NRR techniques should enable ptychographic

studies of atom dynamics in the near future.
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Figure 8.4: (a) Electron ptychography performed on multi-frame data acquired from
a graphene monolayer. (a) SSB phase reconstruction of a single frame. Scale bar: 1
nm. Greyscale: phase (radians). (b) Integrated squared-phase cross-section (ISPCS)
for the reconstruction shown in (a). (c) SSB phase reconstruction using the summed-
average of the NRR data as the input 4D STEM data. Scale bar: 1 nm. Greyscale:
phase (radians). (d) ISPCS for the reconstruction shown in (c). The insets to (a) and
(c) display values of the phase of G(Kf ,Qp) for Qp =21 mrad. Colour bar: phase
(radians).
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8.2 Depth sectioning of defects at the single-atom

level

The author is grateful to 1) Dr Gerardo Martinez for contributing to the data acquisi-

tion, 2) Dr Rebecca Nicholls for performing the DFT relaxation calculations discussed

in this section, and 3) the experimental support team at ePSIC.

8.2.1 Introduction

The capabilities of modern HRTEM and STEM instruments have enabled routine

atomic-resolution imaging in two real-space dimensions2. However, the application of

STEM techniques to three real-space dimensions has been a challenge. Single particle

cryo-electron microscopy has proven to be extremely successful for biological structure

determination at near-atomic resolution [265,266]. However, this technique performs

averaging over many individual particles to increase the SNR, which requires the

assumption that all structures are identical. Another candidate technique for three-

dimensional TEM imaging is atomic electron tomography (AET). This involves the

acquisition of an image series from a sample using a wide range of tilt orientations,

combined with computational techniques to reconstruct the sample in three dimen-

sions. This technique is not dependent on particle averaging for increased SNR, and

has enabled the characterisation of both ordered and disordered materials systems

(for a review, see [267]). Unfortunately, the high dose required for atomic-resolution

tomographic reconstruction renders AET impractical for beam-sensitive materials.

An alternative method of imaging in three dimensions using electron microscopy

is by performing ADF optical sectioning. This technique utilises the depth of focus

2The term ‘real-space dimensions’ has been used throughout this section to avoid confusion with
the four-dimensions of 4D STEM (two real-space dimensions and two reciprocal-space dimensions).
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(i.e. the depth range for which the image is in focus) of STEM calculated by:

∆z =
1.77λ

α2
(8.1)

where ∆z is the full width at half maximum (FWHM) of the probe intensity distri-

bution in the z-direction, λ is the electron wavelength and α is the probe convergence

semi-angle [33, 268]. If ∆z is smaller than the sample thickness, which often is the

case for an aberration-corrected STEM probe using a large convergence semi-angle

α, regions within the range of ∆z are transferred with high contrast to the im-

age plane while sample information at other depths is effectively rejected [33, 269].

Atomic-resolution ADF optical sectioning has been used to locate the depth of single

atoms inside semiconductor devices [270], and to characterise screw dislocations in

GaN [271]. Experimentally, ADF optical sectioning is performed by acquiring a series

of ADF images at sequential values of defocus, using a large convergence semi-angle

and high acceleration voltage such that ∆z is only a few nanometres. For refer-

ence, if α = 30 mrad and an acceleration voltage of 300 kV (λ = 1.97 nm) is used,

∆z = 3.9 nm. However, because ADF imaging is not a dose-efficient technique and

provides poor contrast of light atoms, ADF optical sectioning is primarily applicable

to heavy-element, beam resilient samples.

Optical sectioning with a STEM instrument can also be performed using electron

ptychography. The unique advantage of ptychographic optical sectioning is that it can

be performed using a single data set – it is not necessary to acquire an experimental

image series. The ptychographic phase can be reconstructed at different depths of

the sample using post-processing techniques. This can be explained by considering

G(Kf ,Qp) at a specific spatial frequency Qp. If the region of a sample is out of

focus such that there is a phase ramp across Qp, the sum of the phase across the DO
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region is diminished and the spatial frequency is transferred with little or no contrast

to the phase reconstruction. Conversely, in-plane sample regions are transferred with

high contrast to the image plane. Optical sectioning can be performed using SSB

ptychography by synthesising aperture functions with an additional defocus term

and adjusting G(Kf ,Qp) accordingly, or via WDD ptychography by deconvolving

H(r,Qp) using defocused probe functions. In recent years, ptychography has been

used to perform optical sectioning of carbon nanotubes using both WDD and ePIE

methods [18, 205], but ptychographic optical sectioning at smaller length scales has

not yet been reported. Here, initial results will be presented for SSB ptychographic

optical sectioning of a graphene defect which has not previously been observed.

8.2.2 Experimental method and results

A 4D STEM data set containing 256×256 probe positions was obtained from a

graphene monolayer using the JEM ARM300F and MerlinEM system at ePSIC (Vacc =

80 kV, α = 31 mrad) at a frame rate of 1,000 fps3. The cumulative dose for the data

set was 7.7 × 107 e- nm-2. Following data acquisition, the SSB reconstruction algo-

rithm was performed as described in Chapters 3 and 4. The residual aberrations were

determined using SVD matrix inversion (Appendix B) and corrected prior to recon-

struction, and noise normalisation was applied to increase the phase contrast from

low and high spatial frequencies (Chapter 6). The aberration-corrected SSB phase re-

construction is shown in Figure 8.5. Following reconstruction, an unknown graphene

defect was observed, highlighted with a yellow square in Figure 8.5(a) and magnified

in Figure 8.5(b). The 6-7-6 ring defect contains one atom, ‘Atom X’ (marked by

3It should be noted that, because this data was initially obtained as part of an experiment
which had different objectives, the choice of sample and experimental settings was not ideal for
optical sectioning of single atoms. For example, a higher acceleration voltage would have decreased
λ and subsequently decreased ∆z. Furthermore, the knock-on damage of monolayer graphene is
particularly damaging at higher electron voltages. Nevertheless, optical sectioning was performed
in order to understand an unexpected atomic defect in the data.
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the orange arrow in Figure 8.5(b)), with relatively diminished phase-contrast when

compared with its neighbouring atoms.
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Figure 8.5: (a) Noise-normalised SSB reconstruction of monolayer graphene contain-
ing a 6-7-6 ring defect, marked by a yellow square, which has not previously been
observed. Scale bar: 1 nm. The 1 nm × 1 nm region enclosed in the yellow square
is shown in (b). An atom with diminished contrast was observed (‘Atom X’), the
location of which is identified by the orange arrow. Greyscale: phase (radians).
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The atomic species or depth location of Atom X cannot be directly determined

from the reconstruction shown in Figure 8.5. In an attempt to determine its loca-

tion along the z-direction, SSB optical sectioning was performed. Using the same

method as for correcting aberrations (Section 4.4.8), a defocus term C1,0 was applied

to the aberration function in order to reconstruct the phase information from a spe-

cific depth within the sample. This was performed for 0.1 nm steps in a defocus

range of 20 nm centred about the point of experimental (pre-correction) focus. Fol-

lowing ptychographic optical sectioning, the ISPCS values (see Section 8.1.5) were

determined for each carbon atom in the monolayer, at each defocus step. The ISPCS

values for Atom X and its two nearest-neighbours were plotted as a function of depth,

as shown in Figure 8.6(a), in order to determine the depth at which the ISPCS is a

maximum and hence the relative depth location of each atom. The value of zero de-

focus was shifted to the C1,0 value determined in the initial aberration correction step

(-0.15 nm). The atoms plotted in Figure 8.6(a) are labelled in the phase reconstruc-

tion shown in Figure 8.6(b). The maximum ISPCS of Atom X (blue) was calculated

to be 0.1 nm above its two nearest neighbours (black and red). This experimental

result is currently being compared to DFT relaxation calculations in order to char-

acterise the atomic species of Atom X and determine the bond lengths between the

three atoms in the defect system. Preliminary results suggest that Atom X is a car-

bon atom which is bonded to either one or two hydrogen atoms. This would explain

the diminished contrast of Atom X in the SSB phase reconstruction, as the hydrogen

atoms would transfer their electrons to Atom X and hence screen its nuclear potential.
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Figure 8.6: (a) ISPCS vs depth for the three atoms in the graphene defect system.
The x-y positions and calculated depth locations of the atoms plotted in (a) are
labelled in the SSB phase image shown in (b).

Although the relative depths of the defect atoms were within the order of mag-

nitude expected, a number of experimental issues were encountered. Firstly, the

experimental conditions were not optimised for atomic-scale optical sectioning. For

example, ∆z = 8 nm for this experiment. The use of a higher acceleration voltage

and a larger probe convergence semi-angle in a future experiment would decrease ∆z

by a factor of 2–3 and subsequently increase the accuracy of ptychographic depth

sectioning. An improved depth sectioning experiment could be performed in order

to determine the amplitude of ripples in transition metal dichalcogenides such as

molybdenum disulfide (MoS2) and tungsten diselenide (WSe2). Secondly, the ac-

curate determination of residual aberrations is crucial for determining the correct

depths of atoms in a material. In the experiments shown in Section 8.2.2, a lateral

shift in the position of the atomic columns was observed with varying levels of de-

focus. This subsequently affects the ISPCS values recorded at each Voronoi cell for

each depth in the series. To compensate for this, the aberration correction procedure

described in Appendix B should be further developed to account for aberrations up to
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5th order. Alternatively, an inverse multislice procedure could be performed using the

ePIE method, but this would need to be equally robust to residual aberrations. Once

the post-processing procedures have been further developed, this experimental data

should be revisited in order to characterise the graphene defect more rigorously and

subsequently provide valuable insights into the electronic and structural properties of

graphene.
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8.3 Simultaneous light- and heavy-element imag-

ing of Uranium dioxide

The author is grateful to Dr Ed Darnbrough (ED) and Dr Ian Griffiths (IG) for

their contributions to the work presented in this section. ED prepared the sample and

assisted with data acquisition. IG aligned the microscope and acquired some of the pty-

chographic data during the experimental session. I acquired some of the ptychographic

data during the experimental session and performed the ptychographic analysis.

8.3.1 Motivation

The ability to image light elements in a heavy-element matrix using FPP has provided

atomic-scale structural characterisation of energy materials, such as boron-doped cat-

alyst nanoparticles [20] and lithium manganese oxide cathodes [17]. In this section,

the application of ptychography to another energy material, uranium dioxide, will be

described.

Uranium dioxide (UO2) is a ceramic commonly used for nuclear fuel pellets in light

water reactors (LWRs) [272,273]. However, high-energy fission particles can degrade

UO2 over time. Atomic vacancies and interstitials can accumulate to form nano-voids

and dislocation loops respectively [274, 275], which reduce thermal conductivity and

cause swelling of the pellets. A reduction in thermal conductivity not only decreases

the efficiency of the fuel pellets, but also leads to temperature gradients across the fuel

rod which can prove hazardous in the case of insufficient cooling, e.g. the Fukushima

Daiichi disaster [276]. Furthermore, insufficient containment of swollen UO2 fuel

pellets can cause contamination of the coolant liquid [277]. As a result, it is often

necessary to replace UO2 fuel pellets: a major operational cost of LWRs [275].
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The study of irradiated UO2 can give insights into the optimal turnover rate of nu-

clear fuel rods required to operate LWRs both safely and efficiently. Although disloca-

tion loops and nano-voids have been imaged in irradiated UO2 at the nanoscale using

in-situ CTEM [275, 278], the atomic processes that give rise to these features [274]

have not yet been experimentally visualised. In the following subsections, initial re-

sults of the application of atomic-resolution electron ptychography to a UO2 sample

will be presented.

8.3.2 Method

A 4D STEM data set was obtained for a FIB lamella of UO2 in the [100] direction, us-

ing the JEOL 4DCanvas installed on the ARM200CF at the DCCEM (Vacc= 200 kV,

α = 22.5 mrad). The data was acquired at 4,000 fps using four-fold detector-binning

as described in Section 8.1.4. An example CBED pattern from the 4D STEM data

set is shown in Figure 8.7(a). In contrast to the graphene CBED patterns displayed

in Figure 3.1, a significant proportion of the electrons are scattered to angles greater

than the radius of the BF disc. An ADF image was obtained simultaneously with

the 4D STEM data acquisition using a separate ADF detector. The cumulative dose

was estimated to be 8.3× 107 e- nm-2.

The imaging of oxygen atomic columns in the presence of uranium atomic columns

is practically impossible using ADF STEM. This is partly due to electron channelling:

the deep potential of the uranium columns attracts electrons that are incident over

oxygen columns, creating a large background which masks the signal of the oxygen

[279]. Furthermore, assuming a typical HAADF imaging geometry where contrast is

proportional to Z1.7 [60], the U:O image intensity ratio would be 63.56:1, providing

little or no contrast at the positions of the oxygen columns. The ADF image obtained
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for UO2 parallel to 4D data acquisition is shown in Figure 8.7(b). The ADF inner

collection angle was 50.39±1.29 mrad (∼ 2α), such that a MAADF image is obtained

(Section 2.3.3). Although acquired using a scanning speed (electron dose) twenty

times longer (larger) than for standard ADF imaging speeds, the MAADF image still

provides negligible contrast at the oxygen columns.

8.3.3 Results

Ptychographic reconstruction was performed on the 4D STEM data from the UO2

sample using the WDD method (even single uranium atoms are not WPOs, so the

SSB method was not applied). Reconstruction of the specimen transmission function

without correction of residual aberrations gives the phase shown in Figure 8.7(c). The

effects of residual aberrations can be seen by inspecting the phase of G(Kf ,Qp) at

specific spatial frequencies, an example of which is shown in the inset to Figure 8.7(c).

Although this phase reconstruction provides finer structural details than the MAADF

image shown in Figure 8.7(b), the residual aberrations prevent identification of the

oxygen atomic columns. Applying post-processing aberration correction using SVD

matrix inversion (Appendix B) yields the phase reconstruction shown in Figure 8.7(d).

The example plot of G(Kf ,Qp) shows a more homogeneous phase surface following

correction of the residual aberrations. As a result, both the uranium columns and

the oxygen columns are now visible in the phase reconstruction. Furthermore, the

ptychographic reconstruction enables the visualisation of oxygen vacancies in UO2,

two of which are marked with orange arrows in Figure 8.7(e), and with green circles

in Figure 8.7(f). This is the first experiment to have demonstrated the visualisation

of oxygen vacancies in UO2. However, improved experiments and post-processing

methods are needed in order to provide quantitative analysis of the oxygen vacancies.

For example, the carbon contamination present on the sample and in the surrounding

vacuum complicate the interpretation of phase measurements from atomic columns.
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Furthermore, the number of vacancies in the direction of the electron beam could not

be deduced from the analysis shown in this section. Future ptychographic reconstruc-

tions of vacancies in UO2 should be compared to reconstructions from simulated data

sets, in order to determine the number of vacancies present in each atomic column.

The application of ptychography to UO2 has demonstrated two advantages of the

technique versus conventional STEM imaging modalities. Firstly, atomically resolved

contrast of light-element columns in the presence of heavy-element columns is readily

achievable. Secondly, the correction of residual aberrations in post-processing allows

for higher throughput atomic-resolution microscopy. Electron ptychography studies

of UO2 have the potential to bridge the ‘knowledge gap’ between 1) the theoretical

calculations of single-atom defects and vacancies [274], and 2) the experimental studies

of dislocations and voids which, before now, have only been observed on the nanoscale

[275]. Furthermore, ptychographic reconstructions performed over larger fields of

view (i.e. >100 nm) would provide a statistical representation of the number of

vacancies in the oxygen lattice, from which the decrease in thermal conductivity

could be deduced [280]. This analysis could be applied to a series of UO2 samples

which have been exposed to differing levels of fission products in order to track the

thermal conductivity and estimate the optimal lifetime of UO2 fuel pellets.

8.4 Discussion

The applications of electron ptychography presented in this chapter have demon-

strated the versatility of the technique. The combination of high phase sensitivity and

robustness to dynamical effects versus other exit-wave reconstruction methods enables

atomic-resolution imaging of both light and heavy elements. To further increase the

phase sensitivity, ptychography can be performed in combination with multi-frame
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acquisition and data registration methods. Furthermore, three-dimensional profiles

of thin samples can be extracted from a single data set – there is no need to acquire

a data series using multiple sample tilts. It is anticipated that further novel capa-

bilities of ptychography will be discovered in future work, and it is hoped that these

capabilities will be used for the characterisation of many challenging materials.
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Figure 8.7: (a) Example CBED pattern, (b) ADF image (c) raw WDD reconstruction
and (d) aberration-corrected WDD reconstruction for UO2[100]. The insets to (c) and
(d) display example values of the phase of G(Kf ,Qp) for Qp =21 mrad. Colour bars
for inset figures: phase (radians). The green square in (d) is magnified in (e), where
the orange arrows point to the locations of two vacancies. Sub-figure (f) displays the
same reconstruction as shown in (d), but includes an overlay of the crystal structure
and the locations of the vacancies shown in (e) (marked with green circles). Scale
bar: 2 nm. Greyscale for (c)–(f): phase (radians).
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Chapter 9

Conclusions

The combination of direct electron detectors (DEDs) and electron ptychography has

enabled atomic-resolution, high-sensitivity, robust phase reconstructions for a variety

of challenging materials. However, several experimental and analytical limitations

remain, namely the relatively slow detector speeds for scanning applications, and the

limited bandwidth of the phase-contrast transfer function (PCTF). The new science

presented in this thesis demonstrates how these limitations can be somewhat over-

come via careful consideration of detector settings, experimental configurations and

statistical noise.

In Chapter 5, the contrast transfer properties of focused-probe ptychography were

examined to demonstrate the importance of choosing suitable experimental parame-

ters for optimising dose-efficiency. It was experimentally demonstrated that, unlike

for HRTEM imaging, there are no contrast reversals in the PCTF of SSB ptychogra-

phy. As a result, the interpretation of high-resolution information is straightforward,

and does not require serial image acquisition such as in HRTEM. Furthermore, by

choosing an optimal probe convergence semi-angle, the electron dose needed to pro-

duce high SNR ptychographic reconstructions is minimised.
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In Chapter 6, a model for the statistical noise present in G(Kf ,Qp) was developed

in order to understand the noise suppression process of SSB ptychography. Using this

model, the PCTF for SSB ptychography was adjusted to boost the signal of low and

high spatial frequencies in the ptychographic reconstruction, while avoiding noise am-

plification. This strategy further reduces the electron dose needed to obtain phase

reconstructions with a reasonable SNR.

In Chapter 7, the limitation of slow scan speeds in STEM using DEDs was relaxed

by acquiring data using a 1-bit counting mode. This strategy enabled a MerlinEM

DED to achieve maximum detector speeds of 12,500 fps, and subsequently reduced

the minimum practical usable dose of a ptychographic experiment. Atomic-resolution

phase reconstructions were obtained from a zeolite sample (ZSM-5) using 1-bit data at

electron doses as low as 2.0 × 104 e- nm-2, demonstrating the application of ptychogra-

phy to beam-sensitive materials at the atomic scale. Low-dose electron ptychography

is particularly important for imaging energy materials whose properties often change

when exposed to a high electron flux. By reducing the electron flux incident on the

sample, energy materials can be imaged without damage or transformation.

It is anticipated that the new science presented in Chapters 5–7 will lead to an

increase in usage and throughput of electron ptychography techniques throughout the

microscopy community. The lower dose capabilities resulting from the developments

presented in this thesis will enable a larger range of beam-sensitive materials to be

imaged using electron ptychography.

In Chapter 8, electron ptychography was used to overcome a number of limita-

tions of conventional STEM imaging techniques. Firstly, it was demonstrated how
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multi-frame data acquisition can increase the precision of atomic-resolution phase

reconstructions and compensate for the effects of scan distortions. For a very thin

sample, the phase is directly proportional to the projected potential. Therefore, the

potential distribution within a nanomaterial can be accurately determined. This ca-

pability is particularly useful for comparing the performance of density functional

approximations which aim to computationally calculate the charge distribution of

atoms in a materials system [24]. Furthermore, the correction of scan distortions

increases the positional accuracy of atomic columns. Combining scan correction with

high sensitivity ptychographic phase reconstruction should enable routine atomic-

resolution, high-precision strain mapping of light-element crystalline samples.

Secondly, initial results of ptychographic depth sectioning at the atomic scale were

presented for a previously unknown graphene defect. Three-dimensional TEM is typ-

ically performed by acquiring multiple data sets at various sample tilt orientations

followed by computational reconstruction (e.g. cryo-electron microscopy and atomic

electron ptychography), or by acquiring a series of ADF images at a range of exper-

imental defocus levels (ADF optical sectioning). In contrast, ptychographic optical

sectioning can be performed using a single data set. By applying a range of defocus

values to the wave aberration function via post-processing techniques, the complex

transmission function could be calculated for a series of depths within a graphene

monolayer sample. The ability to image a material in three dimensions using a sin-

gle ptychographic data set simplifies the experimental method, reduces the electron

dose and increases the throughput of three-dimensional electron microscopy. Further

development of the technique is required to increase the precision of the depth sec-

tioning process.
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Finally, electron ptychography was applied to uranium dioxide (UO2): a material

commonly used as nuclear fuel pellets for light water reactors (LWRs). The UO2

pellets degrade over time due to high-energy fission particles which create vacan-

cies, dislocations and nano-voids in the material. In order to visualise degradation

of the oxygen lattice in UO2, the oxygen columns must be imaged with sufficient

contrast. For conventional STEM imaging techniques, the oxygen signal is masked

by the deep potential of the uranium atomic columns, such that the contrast of the

oxygen columns is negligible. The application of WDD ptychography to an UO2 sam-

ple enabled the visualisation of oxygen columns in the presence of the significantly

heavier uranium columns. Furthermore, vacancies in the oxygen lattice were visu-

alised in UO2 for the first time. Atomic vacancies in UO2 can accumulate to create

nano-voids in the material which subsequently decrease the thermal conductivity of

the fuel pellets. Further application of ptychography to degraded UO2 samples could

provide a statistical representation of the percentage of vacancies in the nuclear fuel

pellets used in LWRs, and subsequently estimate the optimal lifetime of UO2 fuel

pellets.

9.1 Future work

Light- and heavy-element imaging of beam-sensitive energy materials

There is a plethora of materials science problems that would benefit from the applica-

tion of electron ptychography, particularly in studies of materials whose constituent

elements possess a wide range of atomic numbers. Light-heavy element materials

are common in battery science and catalysis, for which ptychography has provided

atomic-resolution structural information [17,20]. However, some energy materials are

much more sensitive to the electron beam, including zeolites [236, 237] and hybrid

organic-inorganic perovskites [3,4]. The implementation of 1-bit data acquisition and
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noise normalisation should decrease the dose requirements of ptychography such that

some of these beam-sensitive materials can be imaged without damage.

Simultaneous ptychography, incoherent imaging and spectroscopy

The acquisition of 4D STEM data can be performed simultaneously with incoherent

imaging and EDX spectroscopy to provide comprehensive characterisation of a ma-

terials system. However, EDX spectroscopy requires large electron doses and heavy-

element samples to provide signal above the detector noise level. The dose-efficiency

of EELS detection is significantly larger than that for EDX detection and as such,

spectroscopy of light elements is more readily achievable. Unfortunately, the simul-

taneous acquisition of EELS spectra and 4D STEM data is not possible because the

associated detectors are both located on the optic axis of the microscope column.

The development of annular pixellated detectors would allow for simultaneous ADF,

EDX, EELS and 4D STEM data acquisition, and a recent proof-of-concept study has

demonstrated that atomic-resolution ptychographic reconstruction can be performed

using data from such a hypothetical detector [281]. The practical implementation of

this acquisition strategy would enable the structural and compositional characterisa-

tion of both light and heavy atomic columns in a material.

Organic materials

Organic materials such as polymers and biological structures are extremely sensi-

tive to the electron beam. In this case, additional techniques may be implemented

into ptychographic algorithms to avoid electron-induced damage to the material. For

example, cryogenic sample grid preparation [211] and non-convex Bayesian optimi-

sation [16] have been combined with ptychography to enable high contrast phase

reconstructions of biological structures at low dose. Compressed sensing is another

dose-reduction technique, which involves the application of algorithms to reconstruct
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signals from underdetermined systems. For example, in the case of STEM imaging,

compressed sensing can be applied to reconstruct an image of a 2D region of interest

using a sub-sampled probe scan array. Compressed sensing has already been applied

to STEM data which has been acquired using a sub-sampled randomised scan [282].

Furthermore, compressed sensing techniques have enabled atomic-resolution ptycho-

graphic reconstruction of a perovskite using 1% of the data acquired from an experi-

mental 4D STEM scan [283]. However, in order to decrease the experimental electron

dose incident on a material, 4D STEM data should be acquired using a sub-sampled

randomised scan in future experiments.

Ultra-fast data acquisition and ptychography

The robustness of ptychography to stage drift and scan distortions is expected to im-

prove with the development of faster detectors. State-of-the-art, ultra-fast pixellated

detectors, such as the ‘4D Camera’ at Lawrence Berkeley National Laboratory, can

acquire 4D STEM data at speeds of up to 87,000 fps [159]. This allows ptychographic

data sets to be obtained with dwell times as fast as the conventional non-pixellated

STEM detectors used in BF and ADF acquisition. Ultra-fast data acquisition may

further be combined with non-rigid registration techniques [150, 239] in order to vi-

sualise dynamic processes [249] of light-elements and beam-sensitive materials, such

as defect evolution in graphene and degradation of lithium cathode materials.

Ptychographic atomic electron tomography

In Chapter 8, it was demonstrated that three-dimensional information can be obtained

using relatively low electron dose by performing ptychographic depth sectioning on

a single 4D STEM data set. However, the precision of this technique is inferior to

that of atomic electron tomography (AET), which typically involves ADF STEM

acquisition at multiple sample tilt orientations and thus uses a much higher elec-
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tron dose than ptychography. The combination of electron ptychography and AET

may enable atomic-resolution 3D reconstructions using much fewer projections than

typically needed for AET. In addition, the phase-sensitivity of electron ptychography

should significantly improve the contrast of light-element columns and beam-sensitive

materials in tomographic reconstructions. Ptychographic tomography would be par-

ticularly valuable for characterising the three-dimensional structure of materials for

efficient and renewable energy applications, such as lithium cathode materials, zeo-

lite catalysts and solar cell perovskites. The insights gained from such studies will

hopefully contribute to alleviating, or even solving, the global energy/entropy crisis.
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Appendix A

Glossary of terms

(A)BF (annular) bright-field

(A)DF (annular) dark-field

CBED convergent beam electron diffraction

CDI coherent diffraction imaging

(C)FEG (cold) field-emission gun

CTEM conventional transmission electron

microscopy

DED direct electron detector

DO double overlap

DPP defocused-probe ptychography

EDXS energy-dispersive X-ray spectroscopy

EELS electron energy-loss spectroscopy

ePIE extended ptychographical iterative engine
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FCNT functionalised carbon nanotube

FEM fluctuation electron microscopy

FPP focused-probe ptychography

HRTEM high-resolution transmission electron

microscopy

(i)CoM (integrated) centre-of-mass

(i)DPC (integrated) differential phase-contrast

ISPCS integrated squared-phase cross-section

(M)APS (monolithic) active pixel sensor

MFA multi-frame average

PAD pixel array detector

(P)CTF (phase-) contrast transfer function

RDF radial distribution function

SA(E)D selected-area (electron) diffraction

SNR signal-to-noise ratio

SSB single side-band

STEM scanning transmission electron microscopy

TEM transmission electron microscopy

TO triple overlap

WDD Wigner distribution deconvolution

(W)PO(A) (weak-)phase-object (approximation)
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Appendix B

Post-processing aberration

correction

In this section, the theory and methodology for the post-processing aberration cor-

rection procedure used in FPP will be described. Firstly, the technique of singular

value decomposition (SVD) matrix inversion will be briefly explained. Subsequently,

the procedure for preparing a set of linear equations from Equation (3.25) will be

demonstrated. Finally, the aberration correction procedure performed throughout

this thesis will be outlined.
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B.1 SVD matrix inversion

The singular value decomposition (SVD) is the decomposition of any rectangular

matrix, in this case Y , into two unitary matrices and one diagonal rectangular matrix

Y = UΞV T (B.1)

where U and V are the unitary matrices and Ξ is the diagonal matrix of singular

values1. The superscript T denotes the transpose. The matrices U and V can be

determined by calculating the eigenvectors Y Y T and Y TY respectively, while the

eigenvalues allow for the solution of Ξ. The singular values in Ξ are typically arranged

in descending order, such that the matrix Y can be closely approximated by using only

the first few singular values on the right-hand side of Equation (B.1). Applications

of SVD include image compression [284], facial recognition [285] and de-noising of

spectroscopic signals [286]. Furthermore, SVD can be used obtain the pseudoinverse

of ill-conditioned matrices that are not invertible. Substituting Equation (B.1) into

Y x = b:

U ΞV T x = b (B.2)

Multiplying both sides by V Ξ−1UT :

V Ξ−1 UT U ΞV T x = V Ξ−1 UT b

V Ξ−1 ΞV T x = V Ξ−1 UT b

V V T x = V Ξ−1 UT b

x = V Ξ−1 UT b (B.3)

1For clarity, the symbol Ξ has been used instead of the conventional notation Σ.
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where V Ξ−1 UT is the pseudoinverse of the matrix Y . Thus, if b and Y are both

known and Y x = b is an overdetermined system, one can solve for x.

B.2 Preparing the linear equations

As previously shown in Equation (3.25) of the main text, under the WPOA, the phase

of G(Kf ,Qp) for the −Qp side-band can be expressed as

∠G−Qp(Kf ,Qp) = χ(Kf )− χ(Kf + Qp)− ∠Ψ′(−Qp) (B.4)

The term Ψ′(−Qp) is the scattered component of the Fourier transmission function,

while χ(Kf ) is the aberration function with respect to detector pixel Kf . In general,

for a Cartesian reciprocal-space coordinate system (u, v), the aberration function can

be defined up to third order as

χ(u, v) =
12∑
ρ=1

aρ(u, v) Sρ (B.5)

where the aberration coefficients have been re-defined as Sρ for convenience, and

aρ(u, v) is the scattering vector function [215]. For reference, Table B.1 contains a list

of Sρ and aρ(u, v) terms up to third order. It should be noted that Equation (B.5) can

be extended infinitely, however, only aberrations up to third order were considered in

this thesis.
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Sρ Krivanek aρ(u, v) Name

S1 C1,0
1
2

(u2 + v2) Defocus

S2 C1,2a
1
2

(u2 − v2) Two-fold astigmatism 0◦

S3 C1,2b uv Two-fold astigmatism 45◦

S4 C2,1a
1
3
u(u2 + v2) Axial coma 0◦

S5 C2,1b
1
3
v(u2 + v2) Axial coma 90◦

S6 C2,3a
1
3
u(u2 − 3v2) Three-fold astigmatism 0◦

S7 C2,3b
1
3
v(3u2 − v2) Three-fold astigmatism 30◦

S8 C3,0
1
4

(u2 + v2)2 Spherical aberration

S9 C3,2a
1
4

(u4 − v4) Star aberration 0◦

S10 C3,2b
1
2
uv(u2 − v2) Star aberration 45◦

S11 C3,4a
1
4

(u4 − 6u2v2 + v2) Four-fold astigmatism 0◦

S12 C3,4b u3v − uv3 Four-fold astigmatism 22.5◦

Table B.1: Aberration coefficients, Sρ, up to third order, and their associated scat-
tering vector functions, aρ(u, v), for HRTEM and STEM imaging. Adapted from
Refs. [18], [102] and [215].

Now that the aberration function has been re-defined, Equation (B.4) can be

expressed as a set of linear equations described by Y x = b. For convenience, only

the solution for the −Qp side-band is given here, but an equivalent expression for the

+Qp side-band can be similarly determined. Equation (B.4) can be expressed as

179



Y =

[
Wχ(Kf ,Qp)(M×12) Λ(Qp)(M×(N−12))

]
M×N

(B.6)

x =

[
Sρ (12×1) ∠Ψ′(−Qp)((N−12)×1)

]
N×1

(B.7)

b =

[
∠G(Kf ,Qp)

]
M×1

(B.8)

where the vertical bar represents the column-wise augmentation of two matrices. The

matrix

Wχ(Kf ,Qp) = aρ(Ku, Kv)− aρ(Ku +Qu, Kv +Qv) (B.9)

is a function of the scattering vector (Ku, Kv) and spatial frequency (Qu, Qv). For

the i-th spatial frequency, Qpi, present in the matrix b, the elements of the matrix

Λ(Qp) are defined as

Λ(Qp) = 1, if Qp = Qpi

Λ(Qp) = 0, elsewhere. (B.10)

Each M-th row of Y and b corresponds to a measurement acquired at a specific

(Kf ,Qp) coordinate, and both matrices can be appended row-wise to incorporate all

G−Qp(Kf ,Qp) measurements within each DO region. The significance of Wχ(Kf ,Qp)

is that, similar to G(Kf ,Qp), it is hugely over-determined: there exist Ku × Kv ×

Qu × Qv values. This is orders of magnitude greater than the number of unknown

aberration coefficients to third order (12), and allows for the solution of x via matrix

inversion.
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B.3 Aberration correction procedure

The procedure for the post-processing aberration correction performed in this thesis

is as follows:

1. Prepare Y x = b as described in Section B.2.

2. For j = 1, set xj−1 = x0 and set all aberration coefficients inside x0 to zero.

Set bj−1 = b0.

3. Compute ∆xj from Y ·∆xj = bj−1 using SVD matrix inversion.

4. Calculate xj = xj−1 + β∆xj, where β is an update parameter. This was set to

0.5 for the work shown in this thesis.

5. Determine A(Kf )A
∗(Kf + Qp) using the aberration coefficients in xj.

6. To compensate for the aberration values determined by SVD matrix inversion,

multiply G−Qp(Kf ,Qp) by the complex conjugate of the aberrated aperture

functions determined in step 5. The phase of the resulting product is the up-

dated phase of the DO region, ∠G−Qp:cmp(Kf ,Qp). A phase-unwrapping proce-

dure is performed to compensate for values of ∠G−Qp:cmp(Kf ,Qp) greater than

2π.

7. Set the iteration number to j = j + 1 and prepare bj from ∠G−Qp:cmp(Kf ,Qp)

calculated in step 6.

8. Repeat steps 3–7 until xj has converged below a selected threshold.
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A note on the iterative procedure

It should be noted that the aberration correction procedure need not be iterative:

steps 1–5 can be performed to calculate aberrations up to third order if there is suf-

ficient signal in the chosen values of G(Kf ,Qp). However, for data sets acquired

using a low electron dose, an iterative procedure is implemented to reduce the errors

introduced by phase unwrapping. This involves the iterative correction of low-order

aberrations until convergence, after which higher-order aberrations can be incorpo-

rated in subsequent iterations.

A note on the input values of b

Only the values of G(Kf ,Qp) with a large modulus need to be chosen to enable

the accurate determination of aberrations, e.g. the reciprocal-space locations of the

reflections for a crystalline sample. To improve the accuracy of the determination of

asymmetric aberrations, it is advised to choose G(Kf ,Qp) values from a wide range

of spatial frequencies.
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[175] G. Möllenstedt and H. Düker, “Fresnelscher Interferenzversuch mit einem

Biprisma für Elektronenwellen,” Die Naturwissenschaften, vol. 42, no. 2, p. 41,

1955.

[176] J. M. Cowley, “Twenty forms of electron holography,” Ultramicroscopy, vol. 41,

no. 4, pp. 335–348, 1992.

[177] F. Zheng, J. Caron, V. Migunov, M. Beleggia, G. Pozzi, and R. E. Dunin-

Borkowski, “Measurement of charge density in nanoscale materials using off-axis

electron holography,” Journal of Electron Spectroscopy and Related Phenomena,

vol. 241, p. 146881, 2020.

204



[178] M. R. McCartney, “Characterization of charging in semiconductor device ma-

terials by electron holography,” Journal of Electron Microscopy, vol. 54, no. 3,

pp. 239–242, 2005.

[179] D. Cooper, J.-P. Barnes, J.-M. Hartmann, and F. Bertin, “Off-axis elec-

tron holography of Si semiconductors prepared using FIB milling,” Journal

of Physics: Conference Series, vol. 209, p. 012062, 2010.

[180] M. Lehmann and H. Lichte, “Tutorial on Off-Axis Electron Holography,” Mi-

croscopy and Microanalysis, vol. 8, no. 6, pp. 447–466, 2002.

[181] H. Lichte and M. Lehmann, “Electron holography: a powerful tool for the anal-

ysis of nanostructures,” vol. 123 of Advances in Imaging and Electron Physics,

pp. 225–256, Academic Press, 2002.

[182] A. Tonomura, “Electron Holography,” in Electron Holography, pp. 29–49,

Springer, 1999.

[183] W. Koch, A. Lubk, F. Grossmann, H. Lichte, and R. Schmidt, “Coherent and

incoherent effects on the imaging and scattering process in transmission electron

microscopy and off-axis electron holography,” Ultramicroscopy, vol. 110, no. 11,

pp. 1397–1403, 2010.

[184] T. Harvey, F. Yasin, J. Chess, J. Pierce, R. Dos Reis, V. Özdöl, P. Ercius,
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