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ZUSAMMENFASSUNG

Die Transmissionselektronenmikroskopie dient als essentielles Werkzeug
der Strukturaufkldrung biologischer und materialwissenschaftlicher Syste-
me. Ein Grofiteil der dort untersuchten Proben sind Phasenobjekte, d. h.
ihre Interaktion mit der durchlaufenden Elektronenwelle bewirkt eine
Phasendnderung selbiger. Zur Sichtbarmachung dieses Signals werden in
der konventionellen Transmissionselektronenmikroskopie Linsenaberra-
tionen benutzt, wobei das entstehende Bild von entsprechenden Abbil-
dungsfehlern behaftet ist.

Phasenplattenmikroskopie bietet eine alternative Moglichkeit der Kon-
trasterzeugung ohne dabei Linsenaberrationen zu benétigen. Jedoch ver-
hindern sowohl die zur Anwendung notwendigen diffizilen Bedientechni-
ken, als auch die grofie Empfindlichkeit heutzutage verfiigbarer Phasen-
plattensysteme bisher einen routineméfliigen Einsatz.

In dieser Arbeit werden Moglichkeiten einer automatisierten Anwen-
dung von Phasenplatten erarbeitet, und deren Einsatzfahigkeit evaluiert.
Der Fokus liegt hierbei auf der Begrenzung des sogenannten cut-on Ef-
tekts, welcher die Phasenkontrastiibertragung fiir kleine Ortsfrequenzen
limitiert. Dazu werden zum einen die Eigenschaften eines eigens zur Behe-
bung dieses Problems konstruierten Prototypengerits evaluiert, und zum
anderen die Merkmale eines neuen, bisher nicht detailliert beschriebenen
Abbildungsmodus theoretisch erarbeitet und seine praktische Anwendung
auf strahlungsempfindlichen Proben unter Zuhilfenahme der entwickelten
Automatisierungstechniken demonstriert.

ABSTRACT

Transmission electron microscopy is an essential tool to determine the
structure of biological and material-science samples. A majority of the
studied specimen are phase objects, i. e. they impose a small distortion
on the phase on the traversing electron-wave. To visualize this signal,
conventional transmission electron microscopy needs to apply intended
lens aberrations, which results in distorted images.

Phase plate microscopy offers an alternative possibility to generate phase
contrast without relying on the lens-aberrations. However, the delicate
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alignment of the phase plates and their quick degeneration prevent their
routine application.

In this work, approaches for automating the phase plate alignment are
developed. To further improve the applicability, different means to reduce
the so-called cut-on effect are evaluated. For that, the characteristics of a
prototype instrument especially constructed to solve the cut-on problem
are assessed and the properties of a new dynamic imaging mode examined
in a theoretical study and by simulation. The applicability of the approach is
demonstrated on beam-sensitive samples using the developed automation
routines.
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NOMENCLATURE

Abbreviations
2D Two Dimensional
3D Three Dimensional

aCTF  Amplitude Contrast Transfer Function

API  Application Programming Interface, software interface designed
for interaction with another software

CTF  Contrast Transfer Function

DMU Diffraction Magnification Unit, provides magnified diftfraction
plane for phase plates

DNA  Deoxyribonucleic acid

DQE Detection Quantum Efficiency
eV Electron Volt

FEG  Field Emission Gun

FIB Focused Ion Beam

HM  High Magnification Mode

LM Low Magnification Mode
MTF  Modulation Transfer Function
pCTF Phase Contrast Transfer Function
RF Radio Frequency

SEM  Scanning Electron Microscopy
SI Systeme international d’'unités

TEM  Transmission Electron Microscopy
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INTRODUCTION

The present work deals with the properties and development of automated
phase plate application in Transmission Electron Microscopy (TEM). In this
chapter, the problem is motivated at the example of the imaging requirements
for specimen of current research interest. The relevance of TEM is illustrated
and the difficulties to generate contrast for transparent, beam-sensitive speci-
men are pointed out. A possible solution to the problems is the application
of physical phase plates for contrast generation, which is however impeded
by other negative effects.

With the context provided in this overview, the essential questions are
formulated and the chapter organisation of the thesis is presented.

STRUCTURE-FUNCTION RELATIONSHIP

The efficiency and function of organic electronics is not only dependent on
the properties of the materials used, but also on their structural composi-
tion. For instance, in the active layer of organic photovoltaic cells, excited
states of electron-hole-pairs, so-called excitons, are generated by absorp-
tion of incident photons. The excitons need to be separated into electrons
and holes and subsequently transported to the respective electrodes in
order to contribute to a usable electrical current [71].

During its short lifetime, the exciton is able to travel a certain character-
istic distance before it is annihilated by recombination. This distance is
called diffusion length. In typical materials used for organic photovoltaic
cells, this distance is in the order of 2-10 nm [84, 71].

Distinct constituents of organic electronics may differ in their electron-
affinity as an intrinsic material property. In the context of organic electron-
ics, materials with lower and higher electron affinity are called donor and
acceptor materials. Both form the active layer of an organic photovoltaic
cell, since brought into contact, electrostatic forces are generated in the
interfacial area, which help separate the excitons. For an efficient charge
separation, such an interface has to be present within the diffusion length
of an exciton.
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2 INTRODUCTION

Figure 1.1: Schematic morphologies of active layers of organic photovoltaic cells.
The size of the interfacial area ( ) between electrode-connected
regions of donor and acceptor materials increases from planar con-
figuration (A), bulk heterojunction (B) to the theoretical optimum, a
fine interdigitation (C) in a comb structure with the width of the fin-
gers twice the exciton diffusion length [71]. Donor- and acceptor-rich
regions are marked in green and red, electrodes in grey.

After charge separation, holes and electrons subsequently need to be
transported to cathode and anode contacts, which requires an uninter-
rupted percolation path of low series resistance to the respective electrodes.
The existence of such a pathway can be guaranteed for planar configura-
tions of the active layer, as can be seen in figure 1.1 (A). However, as
efficient absorption of photons requires a larger bulk thickness, many of
the generated excitons cannot reach the interfacial area and recombine
before separation. This results in a small likelihood of a successtul charge
separation and therefore a poor power conversion efficiency.

By replacing the 2D planar donor-acceptor interface with a 3D bulk
heterojunction, shown in figure 1.1 (B), the size and distribution of the
interfacial area can be optimized, but this only results in better power con-
version efficiency, if uninterrupted electrical connections to the electrodes
with low series resistance can be maintained [85]. An ideal configuration,
a finely interdigitated comb structure, is shown in figure 1.1 (C) [71].

Variation of the process parameters during manufacture of the organic
solar cells influence various morphological properties, such as domain
sizes, level of donor-acceptor intermixture, degree of crystallinity or pref-
erential location of the domains, which all have an influence on the device
performance. In order to better approximate the ideal comb structure, the
influence of process parameters on the resulting morphology need to be
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INTRODUCTION 3

understood for a target-driven optimisation of a manufacturable structure.
Therefore, the possibility of direct visualisation of the resulting morph-
ology can provide key insights to understanding the structural reasons for
a certain device performance and provide hints for improvement.

For characterisation of the domain sizes, the relevant dimensions are
in the order of the exciton diffusion length, i. e. about 2-10 nm. Distinct
crystalline features, such as characteristic 7-n-stacking distances can be
useful for material identification within the active layer, which usually
requires a better point resolution of about 1-20 A, depending on the prop-
erties of the materials. Ideal conditions would be able to image both the
fine and the coarse resolution scale equally efficient.

Comparable to organic electronics, biological systems are mainly com-
posed of a selection of light elements with low atomic numbers. Con-
structed after the blueprints encoded in the DNA, miniature machines,
so-called macromolecular complexes serve as building blocks of life. The
individual shape of the nanometer-sized macromolecular complexes is
adapted to the specific function. Similar to organic electronics, structure
determination helps understanding the key mechanisms of certain diseases
or how living organisms work in general. The required point resolution
for such deductions is also in a range of a few A.

RESOLUTION

In 1878 Ernst Abbe formulated his famous equation, which relates the
attainable resolution of an optical system to its numerical aperture and
the wavelength A of the illuminating wave [1]. Restricted to visible light
with a wavelength of a few hundred nm, the maximal attainable point
resolution of a general object is limited to about 200 nm, even for a perfect,
i. e. aberration free optical system with maximal numerical aperture. To
attain higher resolution, shorter wavelengths are needed. Non-visible light
of higher energy, such as X-rays, offers smaller wavelengths in the range of
10 nm-10 pm, but due to the resulting decreased interaction with matter,
construction of usable lenses becomes more and more difficult.

The wavelength of sufficiently accelerated electrons can be several orders
of magnitude smaller than that of photons for which acceptable optics
can be manufactured. Using a suitable optical system, which allows to
form images using electrons, a much higher resolution is therefore feasible.
The first steps towards implementation of such an optical system were the
experiments of Ernst Ruska, who managed to create a magnetic field of

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch.



4 INTRODUCTION

suitable shape to focus electrons into a spot, originally with the aim to
improve the performance of cathode ray tubes used in oscilloscopes [68].
Shortly after, with optimisations of the shape of the magnetic field, the
aberrations could be controlled well enough to demonstrate its use as a
lens suitable for imaging. Combining two of such lenses, an optical system
was demonstrated, which allowed to surpass the resolution attainable by
visible-light microscopy.

PHASE OBJECTS AND PHASE CONTRAST

A theoretical investigation by Hans Boersch [8] analysed the attainable
contrast in TEM and noted that atoms imaged with electrons at medium
acceleration voltages essentially appear as transparent phase objects, where
the individual atoms in the sample offer a locally varying refraction in-
dex to the electron wave. After passing through the sample, the object’s
information is almost exclusively encoded in a small modulation of the
phase of the beam, which unfortunately results in negligible contrast on a
detector, if an aberration-free optical system is used for imaging.

From light optics, such specimen were already known as phase objects.
A solution to imaging such objects with nonvanishing contrast was offered
by Frits Zernike [88]. For contrast generation, an additional phase shift
of 7> needs to be introduced in between the part of the wave having
interacted with the sample and the unscattered reference wave. This can
be realized using an additional optical element with two areas of different
optical thickness, where the optical pathway trough one region is an odd
multiple of 4/4 longer than the other.

This so-called phase plate needs to be inserted in a diffraction plane,
where there is a spatial separation between scattered and unscattered
beams. For parallel illumination, the unscattered or zero-order beam is
focused into a spot, while beams having interacted with the specimen are
scattered to higher angles. Using this spatial separation, the phase-shifting
effect can be applied to either scattered or unscattered beams, if phase
plate structures of suitable size and shape can be manufactured.

Boersch suggested to adapt Zernike’s phase contrast method for TEM [8].
Unlike structured glass phase plates for photons, the 4/4 plate equivalents
for electron microscopy make use of an electrostatic potential to provide a
phase shift. The inner potential of a thin film material of suitable thickness
can be source of an approximately homogeneous potential generating a
phase shift of 7/>. By cutting out a hole in such a film, a discontinuity in the
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INTRODUCTION 5

Figure 1.2: Phase plates suitable for TEM in plan (upper row) and orthogonal

(lower) views through the aperture center in the diffraction plane.
Zernike film phase plate in (A) consisting of a thin matter foil of suitable
thickness with cut-out hole for the zero-order beam (). Electrostatic
phase plate design proposed by Boersch in (B) and its optimized succes-
sor, the Zach phase plate with smaller electron-obstructing area in (C).
Therein, the phase-shifting potential is generated by an applied voltage.
The elements responsible for the phase shift are highlighted in green.
The supporting structure is kept at ground potential (solid black).
For an additional phase shift (= ) of 7> between scattered and un-
scattered beams, either the unscattered beam (B-C) or all scattered
beams (A) have to be phase shifted relative to the respective unshifted
beams (= ).
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6 INTRODUCTION

potential distribution is realized and the necessary relative phase shift is
generated, if the reference wave is allowed to pass through this cut-out hole
and all scattered electrons pass through the matter foil. This is depicted in
figure 1.2 (A).

Alternatively, miniature electrode assemblies generating a localized
electrostatic field can be used to adjust the phase of the reference wave.
Compared to the film phase plates, this has the advantage that the scattered
electrons, which carry all the specimen information, are not subjected to
another scattering process in the phase plate, avoiding a negative influence
on the attainable point resolution. Furthermore, the amount of phase shift
is tunable with variation of the applied potential.

Boersch also noted that lens aberrations, most importantly defocus
and spherical aberration, influence the phase of the electrons and can be
used to enable phase contrast transfer. This is especially true for small real
space object distances or high spatial frequencies in reciprocal space, corre-
sponding to large scattering angles [8, 73]. While this is the most important
source of phase contrast transfer in standard TEM images, it is impeded
by the resulting oscillating transfer function. This complicates quantita-
tive and often even qualitative image interpretation, due to unavoidable
contrast inversions and transfer gaps. Therefore, the transferred contrast
always suffers from dislocation, i. e. the relative position of an object fea-
ture is not faithfully reproduced in the image. This is especially true for
low spatial frequencies, as their transfer demands relatively large intended
aberrations and therefore large contrast dislocations, which obscure the
true shape of an object.

To obtain an unaberrated phase contrast image using conventional meth-
ods, a so-called exit-wave reconstruction has to be performed, wherein the
information from many differently aberrated images is combined [58, 64].
However, to reproduce the true object properties in such a reconstruction,
a precise knowledge of the actual aberration parameters for each of the
individual images is necessary, which can be difficult to measure accurately.
For beam-sensitive specimen, the amount of exposures at the same sample
position is limited and therefore only a small set of differently aberrated
images can be acquired. Depending on the required range of accurately
reconstructed spatial frequencies, a certain amount of measuring points
are required, and the dose budget has to be split accordingly. Eventually,
this results in poor signal-to-noise ratios in the individual images, which
ultimately prohibits a faithful reconstruction.

Using ideal physical phase plates and suitable imaging conditions, un-
aberrated phase contrast images can be acquired in a single exposure. If an
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INTRODUCTION 7

electrostatic phase plate with adjustable phase shift is used, a full exit-wave
reconstruction can be realized in only three images [33].

3D IMAGING AND DOSE PROBLEM

Even though the samples in TEM have to be relatively thin to allow passage
of the beam through the sample, many applications still require 3D object
information. Unlike techniques restricted to accessing surface informa-
tion, in TEM the electron-beam is influenced by the whole bulk of the
sample. In a single image, a projected view of the specimen potential is
generated. Using electron-tomography, the 3D object information can be
reconstructed, if a sufficient amount of views at different projection angles
is available. For general specimen, such views can be generated by acquisi-
tion of a tomographic tilt series. Depending on the required resolution,
this requires acquisition of about 30 to more than 100 individual images at
the same specimen position, which exposes relatively small sample areas
to a high electron dose.

Unfortunately, typical samples of organic specimen such as biological
macromolecules and organic electronics degrade if exposed to the intense
electron beam, i. e. their spatial conformation changes. For imaging, this
means only a certain dose budget is available, which ultimately limits the
attainable signal-to-noise ratio.

A standard approach to reduce the structure-changing effects of the
electron exposure is maintaining the specimen at cryogenic temperatures.
While this can increase the sustainable dose of a delicate specimen by
an order of magnitude [35], it usually does not enable recording of high
spatial resolution with sufficient signal-to-noise ratio on its own.

To increase the signal-to-noise ratio with biological macromolecules,
the so-called single-particle approach is widely used. Therein, the ability of
biological systems to produce large amounts of virtually identical particles
is exploited. The attained signal-to-noise ratio in a 2D projection image
then only has to allow a reasonable determination of the particles relative
rotation and translation parameters [38, 29]. By taking the combined
information of several thousand single particles gathered from hundreds
of images and leveraging the signal from the different angular views present
in the dataset, low-noise 3D maps with resolutions better than 3 A can be
generated [3, 12].

While usual fabrication steps of organic electronics involving vapour
deposition or solution processing may result in locally ordered structures
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8 INTRODUCTION

due to self-assembling properties of the individual materials, the general
bulk morphology is non-repetitive, i. e. no identical copies of regions can
be expected to occur. Therefore, no single-particle approach is feasible to
increase the signal-to-noise ratio while maintaining low-dose conditions
and only the acquisition of tomographic tilt series allows reconstruction of
the 3D object information. To limit the sample degradation and maximize
the signal-to-noise ratio, the dose budget has to be transferred into image
contrast most efficiently. As phase plates optimize the contrast transfer,
they can be an enabling technology to extend the applicability of such
advanced acquisition schemes also on dose-sensitive samples.

Similarly, also the single-particle approach can benefit from phase plate
application. Typically, biological macromolecules are imaged close to
their native state, i. e. embedded in a vitrified aqueous solution. Due to
the low difference of atomic numbers between sample and background,
the available signal is rather small, and conventionally requires use of an
excessive amount of intended defocus to produce recognizable contrast.
For small macromolecules with dimensions of e. g. 10-20 nm, this often
means the apparent contrast dislocation is larger than the dimensions of
the actual particle, which limits the practical use of this approach. Phase
plate application is a potential key technology to enable imaging of such
delicate objects.

1.1 CHALLENGES OF PHASE PLATE USE

Theoretically, the superior imaging properties of phase plate microscopy
demand its application to all kind of TEM problems. So far, the practical
application of phase plates has been impeded by a couple of detrimental
effects. For instance, the requirement to impose different phase shifts to
zero-order and scattered beams can often only be approximated, due to
the small extent of the zero-order beam focus in the diffraction plane.
Especially if an electrostatic phase plate is used for generating the phase
shift, current micromanufacturing techniques fail to produce sufficiently
small electrodes that the obstructions of the opaque electrode support
material are negligible.

For certain phase plate geometries involving a cut-out hole, such as
Zernike film and electrostatic Boersch phase plates, only spatial frequen-
cies exceeding a certain, so-called cut-on frequency are subject to the
necessary phase shift of 7. The main effect is a sudden, step-like onset of
contrast transfer for the film phase plate and the obstruction of a certain
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range of spatial frequencies corresponding to the radius of the cut-out hole
for the electrostatic phase plate (cf. figure 1.2 (A) and (B)), which both
introduce image distortions. The detrimental effects can be alleviated if
smaller physical phase plate structures are used.

Since the manufacturing technology does not allow a further significant
minimisation of the electrostatic phase plate structure, they can be inserted
into an optically magnified diffraction plane for a relative size reduction
compared to the unmagnified conditions. In the KroNoOs instrument,
this has been realized in an additional column element, the Diffraction
Magnification Unit (DMU).

Intense electron-beams can channel adsorption of residual molecules
stemming from imperfect vacuum conditions to a surface [27, 26]. The
deposited contaminations create poorly conducting patches on the surface
of a phase plate, which subsequently accumulate a charge and influence
the electrostatic potential distribution.

In the electrode assembly of an electrostatic phase plate, insulating ma-
terials need to be used for construction. Irradiated with highly accelerated
electrons, the electron-obstructing structure is partially penetrated and in-
elastic interactions occur within the material, which can generate positive
and negative charges [82]. Due to the low charge carrier mobility present
in insulators, the generated charges are trapped and permanently influence
the phase-shifting behaviour of the phase plate. Most detrimental effects
of contamination and charge deposition can therefore be avoided, if the
phase plate is handled with the utmost care, and the physical structure
never exposed to the intense zero-order beam.

Finally, to generate the desired phase-shifting effect, the physical phase
plates need to be aligned very precisely relative to the zero-order beam.
Manual alignment can be very tedious and time consuming, especially
if suboptimal electron-optical alignment does not allow side-effect free
variation of individual parameters of the optical system. Time consuming,
tedious and delicate handling tasks are often better left to machines, rather
than human operators. Fully automated phase plate application could
therefore provide a key contribution to establish phase contrast microscopy
as a standard tool in TEM.
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10 INTRODUCTION

1.2 GOALS AND OUTLINE

Phase plate microscopy potentially enables superior imaging of phase
objects. Towards establishing this technology as a standard technique in
TEM, this thesis contributes insights to the following questions:

« Can an automatic application of a phase plate be realized?

« How can the necessary functionality be integrated in standard auto-
mated image acquisition software?

As phase plate microscopy requires tight control of the beam conditions in
the diffraction plane, where the phase plates are installed, further points
of interest for a successful realisation are:

» What requirements have to be met by the electron-optical alignment
to allow automated phase plate microscopy?

o What are the consequences of introducing a DMU to the optical set-
up? Does it provide a better environment for phase plate application?

o Are there alternative means to reach a similar goal with standard
electron-optics?

Unlike human operators, who need a continuous visual feedback for man-
ual phase plate alignment, automation algorithms can precisely determine
the current positioning error and compute a matching correction from a
static exposure. Such a discrete alignment scheme potentially imposes a
lower dose on the phase plate structure. An additional aspect is therefore:

« Can automated phase plate alignment routines help prevent phase
plate degradation and increase their effective lifetime?

To answer the questions, this thesis is laid out as follows: In chapter 2,
the theoretical mechanisms of contrast formation in TEM are described.
In the following chapter 3, an introduction of the concepts of automated
image acquisition is given. The source of electron-optical alignment prob-
lems are identified and appropriate means for controlling the beam in the
diffraction plane are presented. Afterwards, several methods to determine
the current phase plate position are shown. All aspects are combined in
an automatic alignment routine, whose performance is evaluated.

The experimental results acquired using electrostatic phase plates and
evaluation of the DMU properties are given in chapter 4. With the devel-
opment of a new imaging mode for film phase plates, which is described
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in chapter 5, the implementation of automated alignment strategies are
demonstrated on beam-sensitive samples. The results are presented in
chapter 6.

Finally, the implications of the different phase plate technologies, micro-
scope properties and benefits from automation are discussed in chapter 7.
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CONTRAST FORMATION IN TEM

This chapter begins with a description of the main structural components of
a transmission electron microscope and introduces the names and location
of the most important lenses and principal planes. Then, the interaction of
an electron wave with matter, such as a specimen or a thin film phase plate
is discussed. Afterwards, the image contrast transfer of the optical system is
discussed using the idealized properties of a pure phase object. Some more
attention is given to the properties of phase contrast transfer using various
phase plate designs. Finally, the known limitations of physical phase plates
and possible remedies are discussed.

21 STRUCTURAL COMPONENTS OF A TRANSMISSION ELECTRON
MICROSCOPE

In most transmission electron microscopes the same principal building
blocks can be found in a similar sequential configuration. The individual
components are stacked in a column, with an evacuated beam pipe in the
centre. Electron-source and camera are located at top and bottom of the
column, respectively. In between, round electron-lenses, deflectors and
other beam-shaping electron-optical elements are arranged in specialized
groups, such as condenser, objective and projective, which are responsible
for a certain, often specialized task. An annotated image of a modern
transmission electron microscope used in this work is shown in figure 2.1.

In the electron gun, free electrons are extracted from a pointed tip using
thermal or tunnelling effects. Important properties of the electron-source
are the attainable radiant intensity, the effective source size and the width
of the energy distribution of the emitted electrons, which determine spatial
and temporal coherence parameters of the illumination. Modern field
emission gun (FEG) electron-sources offer both high spatial and temporal
coherence, with the energy spread AE of a thermally assisted FEG in
the range of 0.2-0.7 eV, which can be further reduced by an integrated
monochromator [45].
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Figure 2.1: Annotated view of a specialised transmission electron microscope used
in this work. From top to bottom, the electrons are emitted from the
electron-source, conditioned to provide a sample illumination of the
desired parameters, interact with the sample and are projected to a
screen or other detector. Many high-performance instruments feature
additional electron-optical elements to enhance certain optical prop-
erties, such as correcting for the spherical aberration C, or provide
devices allowing analytical studies, such as imaging energy filters and
spectrometers. Additional to the provisions of standard instruments,
this microscope features an accessible magnified diffraction plane in a
dedicated unit (DMU) for phase plate application. The height of this
instrument is about 4.5 m and the column diameter about 35 cm. Image
courtesy of Levin Dieterle/iL.
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2.1 STRUCTURAL COMPONENTS OF A TRANSMISSION ELECTRON MICROSCOPE 15

Subsequently, the electrons are accelerated to the desired high-voltage
and fed into the condenser. The resulting electron wavelength is given by

h

\/2mer (1 + ﬁ)
2MoC

with electron wavelength A, Planck’s constant 4, m,, the electron rest mass,
e the elementary charge, U the acceleration voltage and ¢ the speed of
light in vacuum.

In the condenser system, the parameters of the illuminating plane wave,
such as the size and intensity of the illuminated area at specimen level can
be varied by choosing different excitations of lenses arranged in a single
or double zoom system. The condenser is also responsible for projecting a
beam cross-over, i. e. a demagnified image of the electron-source in the
front focal plane of the objective prefield lens. This ensures parallel (plane-
wave) specimen illumination. Details of the resulting ray paths can be
seen in the schematic overview shown in figure 2.2.

The specimen is immersed in the magnetic field of a Riecke-Ruska-type
single-field condenser-objective lens. In the ray diagrams shown in this
work, it is represented by two separate lenses, the objective prefield and
the objective lens. The objective prefield lens in front of the specimen is
responsible for forming the illuminating beam. The objective lens located
thereafter receives the electrons scattered by the specimen and provides
the first, most critical refraction. Since in the entire microscope, only the
objective lens needs to deal with large scattering angles, its performance is
decisive for the fidelity of the optical system.

During its passage through the thin specimen, the electron-wave in-
teracts with the specimen potential and undergoes elastic and inelastic
scattering events. After passing through the bulk of the specimen, the
so-called exit or object wave is formed.

The objective is responsible for focusing rays diftracted into a certain
angle to a certain position in the back focal plane. It can be shown that
this property forms a reciprocal space representation of the object wave
in the back focal plane, which corresponds to the Fourier transform of
the specimen’s potential [45, 28]. Of further note is the correspondence of
shifts in the diffraction plane to tilts in the object plane and vice-versa.

In the back focal plane, electrons scattered to higher angles are focused
at larger distances with respect to the optical axis. By introduction of an
aperture in this plane, the angular distribution of scattered electrons can

A:
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Figure 2.2: Schematic view of the components of a transmission electron micro-
scope. In actual microscopes, condenser and projective systems drawn
here as single lenses (=) are usually implemented using a group
of several round lenses and other electron-optical elements.

The condenser system focuses an image of the electron-source in the
front focal plane of the objective prefield lens, to provide parallel speci-
men illumination. After having interacted with the specimen, electrons
scattered into equal angles are focused at same positions in the first
diffraction or back focal plane behind the objective lens, which pro-
duces a spatial separation of diffracted (green) and undiftracted (blue)
rays. This separation is used for application of apertures and phase
plates.

For aberration-free in-focus imaging conditions, every sample point is
projected into a single image point on the screen.
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2.1 STRUCTURAL COMPONENTS OF A TRANSMISSION ELECTRON MICROSCOPE 17

be limited to a maximum value. Phase plates require a spatial separation
of diffracted and undiftracted beams, so they are physically installed in
the back focal plane or a conjugated diffraction plane, often instead of an
objective aperture.

For thin lenses, the distance of the back focal to object plane is charac-
terized by the focal length f of the lens. Smaller values for f are found in
stronger lenses. Typical values for the effective focal length of objective
lenses used in TEM are in the range of 0.5-5 mm.

Further propagated, the electrons form an image of the object-wave in
the first image plane, wherein scattered electrons originating from a single
point in the sample are unified into an image point. To provide further
magnification, the projective system uses additional lenses to image such
a conjugated plane on the fluorescent screen or camera.

In the projective system, additional electron-optical devices can be
present, which offer the possibility to perform advanced tasks. For in-
stance, a C, corrector corrects for the always-positive and never vanishing
spherical aberration of round magnetic lenses [72, 37]. Likewise, C. correc-
tors compensate for the different beam paths seen by electrons of different
energy [36]. Imaging energy-filters use an electron-prism to form an
energy-dispersive plane, which can be projected to the screen or camera to
measure an electron energy-loss spectrum. By introduction of a slit aper-
ture of certain spatial extent in the energy-selective plane, corresponding
limits on the energy distribution of the electrons contributing to the imag-
ing process can be imposed, which provides higher contrast and valuable
analytical insight into the specimen’s properties.

The inclination of the optical axis in a transmission electron microscope
is often defined by the orientation of the objective lens. To provide a
straight path from electron-source over the centre of the objective lens to
the centre of the screen or camera, a precise mechanical alignment of the
individual components is necessary. To account for residual mechanical
misalignment, the column features deflecting electromagnetic elements
located at strategic positions throughout the beam path.

Most misalignments can be compensated by applying a certain shift
to the beam to account for a lateral misalignment and a certain tilt to
compensate for an orientation mismatch. Practically, every single lens in
the beam path is slightly misaligned and would need a correcting element,
but due to limited amount of space in the microscope column, not every
lens features such a correcting element. In the context of an electron-
optical alignment, a compromise needs to be found to establish an as
straight as possible optical axis throughout the entire optical system.
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18 CONTRAST FORMATION IN TEM

2.2 ELECTRON-MATTER INTERACTION

The interaction of a specimen with the electron-beam can be divided into
two main categories, elastic and inelastic interaction. During inelastic
interaction, electrons transfer a fraction of their primary energy to the
sample. The resulting effects can be manifold, such as exciting higher
energy states, generation of secondary electrons, electron-hole pair gener-
ation or stimulation of collective oscillations, e. g. plasmons [83]. In this
work, inelastic effects are usually not considered and largely removed from
the imaging process by means of zero-loss filtering using an energy filter.

An electron is considered as elastically scattered, if momentum changes
with only negligible energy loss in a scattering event. In this case, the
source of the most relevant force exerted on the probing electron is the
attractive screened Coulomb potential V' (r,z) of the specimen nuclei [45].

In high-resolution TEM, specimen are usually thin and illuminated by
a plane wave ¥, (r) =1 of constant intensity, with r designating a 2D coor-
dinate in the specimen plane. For thin specimen, nearly no illuminating
electrons are lost, i. e. absorbed by the specimen or scattered to such high
angles, that they are subsequently obstructed by an aperture.

The electrostatic potential of the specimen influences the phase of the
electron wave, which can be expressed as a modulation with exp (-ig (r)).
It can be shown [28], that the local phase modulation ¢ (r) by the object is
proportional to the projected electrostatic specimen potential V; (r), as in

¢ (r) = % f V(r,z)dz = %Vt (r). (2.1)

The unit vector parallel to the illuminating beam and normal to the speci-
men plane is designated by z.

If the specimen is an amorphous film of a pure material, the phase shift
gained during transversal can be estimated with the help of a material
constant, the averaged mean inner potential V; = 1 [ Ot V (r,z) dz and the
film thickness ¢ to

T
t)=—-V;-t.
o (t) U

Mean Inner Potential

For such films, the phase shift imposed by the inner electrostatic potential
is proportional to the film thickness. For 200 keV electrons and a calcu-
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2.3 WEAK-PHASE APPROXIMATION 19

lated mean inner potential of 7.8 V for amorphous carbon, the needed film
thickness for imposing a phase shift of 7> is approximately 28 nm [45].

However, the measured effective mean inner potentials of fabricated
amorphous carbon films can vary from 8-16 V, depending on the specific
specimen preparation [17]. If the film is to be used as a phase plate film
material, the correct thickness has to be adapted and the actual phase shift
needs to be verified for a deterministic application.

2.3 WEAK-PHASE APPROXIMATION

A specimen can be characterized by its projected local phase modula-
tion ¢ (r) and its projected local specimen absorption coefficient a (r) €
[0,1]. As the specimen modulates the illuminating plane wave ¥, the
resulting object wave ¥; can be expressed by [45]

Y (r) = Yoa(r)exp (—ig(r)).

The expression can be simplified by writing a as 1 + ¢, since a differs
only little from unity for thin specimen, as absorption can be neglected.
With ¢, |e] <« 1, the exponential function can be approximated by its
truncated Taylor series, with vanishing cross terms:

¥o(r) = ¥ (1 + e(r)) exp (=ig (r)) » ¥ (1+ ¢ (r) - ig (r))

The specimen modelled by this approximation is known as a weak-phase
weak-amplitude object. If the specimen is thinner than about 10 nm and
only consisting of light atoms, also € can be omitted for intermediate and
high electron-energies [45]. The object wave for such a weak-phase object
becomes

¥o(r) = ¥ (1- i (r)) =1-ig(r)

with the plane wave amplitude set to unity, to mark its character as a
reference wave. Thus for thin specimen, the object wave depends linearly
on the local phase modulation of the illuminating wave. The imaginary
unit i indicates that the specimen-signal is phase shifted by 7> with respect
to the reference wave ¥, = 1.

Figure 2.3 shows the conditions during the vector addition in the com-
plex plane. The reference wave ¥, contributes the background intensity.
The image intensity is given by the absolute value of the vector addition.
In aberration-free imaging conditions, the small phase modulation there-
fore yields vanishing phase contrast transfer. The only possible way of
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Figure 2.3: Vector addition in the complex plane. For weak phase objects, the
observed intensity (red) does not differ from the background (blue). If
the phase-modulated signal (green) is shifted for another 7., observable
contrast is generated. Figure after [45].

generating contrast from phase objects is by finding a means to add an
additional phase shift to i¢ relative to the reference wave ¥,. The lower
two diagrams in figure 2.3 show positive and negative phase contrast for
an additional phase shift of ¥7/> of the scattered electrons, which means
the resulting image intensity is lower (positive phase contrast) or higher
(negative phase contrast) than the background intensity. This definition
has been introduced in [89].

The image contrast is generated by interference of object and reference
wave. Upon measuring, i. e. the electron hits the screen or camera sensor,
the wave function collapses and the electron deposits its energy at a specific
detector position according to the probability density function of the
interference pattern. To form an image of sufficient signal-to-noise ratio,
the signal from many electrons is incoherently summed on the screen or
detector.
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2.4 MODULATION OF THE OBJECT WAVE

Owing to the physical properties of the imaging system, a few additional
properties influence the image contrast transfer. For example, any instru-
ment will be diffraction limited due to the finite size of the lenses or an
explicit aperture in a diffraction plane. The inevitable effect is that object
points, are imaged as Airy discs.

Also the aberrations of the optical system and the properties of the
illuminating wave, namely its spatial and temporal coherence, influence the
image formation process. Finally, the physical stability of the microscope
column and the properties of the detector affect the contrast transfer as
well. For modelling, those effects can be expressed as a convolution of
the object wave with appropriate transfer functions, forming the so-called
image wave [58].

Convolution operations are most conveniently applied in reciprocal
or Fourier-domain representation, where they can be expressed in a sim-
ple multiplication of the Fourier-transformed operands. Direct-space
distances r are related to spatial frequencies g in reciprocal space and
scattering angles 0 by

(2.2)

r =

D >

1
q
2.4.1 Effects from Partial Coherence

The ability of an optical system to focus two electrons originating from
the same source location and only differing in their energy onto the same
image point is characterized by the chromatic aberration coefficient C.
with dimension of a length. The effect on the image formation process
is an incoherent summation of many images transferred with an energy-
dependent defocus variation. This has only a small effect on low spatial
frequencies, as large object features are less likely to be imaged at a different
pixel position on a camera. For sample information stemming from fine
structures encoded in high spatial frequencies, this is not the case and a
blurring occurs. Expressed as a function of spatial frequencies, the effect
can be modelled by a chromatic envelope function K, [45]

mAqQ> AE 1+ eU/E, )2)

Kc = - c
(9) exp( (4\/1n2 eU 1+ eU/2E,
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with electron rest energy E,. The chromatic envelope is determined by
the physical properties of the instrument, and largely independent from
small variations of the parameters of the optical system.

For the spatial coherence envelope K this is not the case, as it depends

on the defocus Az and the spherical aberration coefficient Cg [45]. It can
be modelled by

(nCsA*q® — mAzq)” a?
In2 ’

Ks(q) = exp(

with «; the selected illumination aperture corresponding to the effective
size of the electron-source.

Together, K, and K, form a dampening envelope E, which imposes a
frequency-dependent modulation of the object wave. Other sources of
dampening are the physical stability of the microscope column, as well as
instabilities of acceleration voltage and lens current supplies, which can
be modelled by additional envelopes. The properties of the detector can
be reflected by a corresponding modulation transfer function (MTF) and
detection quantum efficiency (DQE)[69].

2.4.2  Phase Shifts from Lens Aberrations

Non-perfect imaging conditions, i. e. no phase-correct transfer of all opti-
cal paths originating from a specimen point to a single image point, are
reflected in additional phase modulations of the object wave. A deliberate
introduction of aberrated imaging conditions can be used to generate an
additional phase shift of 7/ for certain spatial frequencies, which enables
phase contrast transfer.

In TEM, this dependency is described by the contrast transfer func-
tion (CTF). In a well-aligned optical system, the two most important
parameters, the defocus Az and the spherical aberration Cs, are sufficient
for a discussion. In this case, the CTF modulates the object wave by the
wave aberration function y

y(q) =3 (iAzAzqz + iCS)L“q“) .

Advanced applications, e.g. exit-wave reconstructions, might require
inclusion of higher-order terms. Also, azimuthally varying aberrations,
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such as the twofold astigmatism A, or coma might need to be taken into
account, if the corresponding aberrations are present in the optical system.

The image wave ¥; (r) and its Fourier transform @ (q) describe the
object wave modulated by the envelopes and the CTF :

o(q) F¥(r)]=F[1+e(r)—ip(r)] exp(-iy(q))-E(q)
{0(q) +é(q) — i (q)} - (cosy(q) —isiny(q))-E(q)

Split into real and imaginary parts, transformed into direct space and with
omitted envelopes, the image wave becomes

R{¥(r)} 1+e(r) + F [cosy(q)] +¢(r) = F" [siny(q)]
I{¥(r)} e(r) « F ' [siny (q)] + ¢ (r) + F* [cosy (q) ]

The first-order image intensity is then with both |e|, |¢| < 1 and therefore
vanishing cross terms

I(r) = Y(r)¥ (r)=R{¥(0)}"+3{¥(n)}’
v 1+2&e(r)*F "[cosy(q)] (2.3)
+2¢ (r) x F [siny (q)].

For phase contrast, the image intensity is modulated by the sine of the
wave aberration function. This results in a vanishing contrast transfer of
low spatial frequencies, as the sine function starts with o and rises only
slowly.

Suitable values of the lens aberrations Cs and Az impose a phase shift
+7/, for certain spatial frequencies and the corresponding phase informa-
tion can contribute to the image contrast.

Conveniently, the CTF function is split into its contributions to ampli-
tude and phase information. The parts are called aCTF and pCTF :

aCTF (q)
pCTF (q)

Examples for phase contrast transfer functions for low and high defocus
values are visualized in figure 2.4.

cosy (q)
siny (q)
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Figure 2.4: Comparison of the pCTF for Scherzer focus of —85.7 nm (blue) and a de-
focus of —1.6 um (green). The used illumination aperture is 50 prad, the
source energy-width 2eV and Cs = C. = 2.7 mm. Note the influence
of the defocus variation on the envelopes (dotted).

Phase Plates from Lens Aberrations

With nonvanishing spherical aberration, the defocus can be chosen in such
a way that a wide band of spatial frequencies is strongly transferred [73, 49]:

Az =— CsA.

4
3
This is known as Scherzer defocus, shown in figure 2.4. Although be-
ing very useful for high-resolution TEM, as large spatial frequencies are
strongly transferred, it usually fails for imaging biological specimen, since
important structure factors are present in the low spatial frequency range.
Conventionally, low spatial frequencies can only be transferred using much
higher defocus values. Such imaging conditions suffer from strongly os-
cillating contrast transfer with zero-crossings, which result in partially
vanishing or inverted image contrast. Exemplary images exhibiting the
effects can be seen in figure 2.5.

Amorphous sample regions, such as the widely used amorphous carbon
film support material, contain continuous structure factors over the whole
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Figure 2.5: Poor transfer of low spatial frequencies close-to-focus, but potentially
presence of high-resolution information in (A). Better low spatial fre-
quency transfer in (B), but visible image artefacts, such as contrast
dislocation and sign inversion using a large defocus of about —50 um.
The corresponding diffractograms are shown in (C) and (D), the latter
with visible Thon rings.
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range of spatial frequencies. Therefore, the modulation of the pCTF can be
seen in the diffractograms, i. e. the logarithm of the Fourier-transformed
images. The spatial frequencies corresponding to pCTF zero-crossings
show significantly less intensity compared to the extrema. This results in a
characteristic ring system in diffractograms of sufficient resolution (cf. Fig-
ure 2.5 (D)), which are known as Thon rings. The aberration-specific shape
of the ring system is exploited for determination of the imaging conditions
present in recorded images. The necessary image processing algorithms
are implemented in software packages, e. g. ctffind4 [67], ATLAS [4] or the
unnamed algorithm reported in [81]. For low signal-to-noise ratios, small
defocus values and an amorphous specimen material with small structure
factor amplitudes, such as vitreous water ice, reliable detection of the Thon
rings can be challenging [81, 57].

To reflect the true properties of the object, unaberrated distortion-free
contrast is highly desirable. As low spatial frequencies are conventionally
only transferred using high defocus values, the modulation present in the
image has to be determined and corrected for. The missing spatial informa-
tion located in the pCTF zero-crossings of one image can be compensated
if a series of differently defocused images are combined into an exit-wave
reconstruction [58, 64].

However, the attainable reconstruction fidelity is directly related to
the quality of the aberration measurement, which often depends on a
sufficient signal-to-noise ratio present in every image of the focal series.
Beam-sensitive samples only have a limited dose budget, which can impede
successful acquisition of a meaningful image series. Physical phase plates
potentially offer an alternative way to an exit wave reconstruction using
only three to five images [33, 23].

Cs-Correction

The availability of C,-correctors renders the spherical aberration of the
optical system a tunable parameter [37]. In practice, C; can be chosen
as low as a few um, which is several orders of magnitude better than the
usual uncorrected values in the order of mm. Figure 2.6 shows a typical
pCTF for a Cs of 10 um and in-focus conditions (Az = o). The additional
degree of freedom of an adjustable C, can be exploited: Depending on the
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Figure 2.6: Phase contrast transfer function for C; = 10 um and Az = o (green)
and for the Lentzen defocus (blue), which optimizes the transfer band

for resolutions up to 1 A. Compared to figure 2.4, the spatial frequency
range has been extended and the chromatic envelope adjusted by limit-
ing the energy spread to o.1eV, e. g. with the help of a monochromator.
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instrument resolution gm,x, optimized values known as Lentzen defocus
for C, and Az can be found to

16

AZopt - 9Aq2
max

64

which enhance the contrast transfer over an even wider frequency band
than the Scherzer focus [49]. Still, mostly high spatial frequencies are
strongly transferred, as can be seen in figure 2.6.

2.5 PHYSICAL PHASE PLATES

In the last section, phase contrast transfer was realized by an additional
phase shift of 7/> using lens aberrations, which is only effective for high
spatial frequencies. Now, the applied physical phase plate introduces an
additional degree of freedom which allows to add an arbitrary phase shift
@pp to the wave-aberration function. The modified phase contrast transfer
function then becomes

pCTF (q) =sin (y(q) + ¢pp(q)) - (2.4)

For a perfect phase plate with a constant ¢, = 77/> over the whole range of
spatial frequencies (omitting the zero-order beam), the sine is transformed
into a cosine function, which provides full phase contrast transfer starting
with the lowest spatial frequencies. But as manufacturable phase plates
can only approximate this ideal property, the actual contrast transfer is
more complicated.

Physical phase plates are applied in a diffraction plane, i.e. a plane
conjugated to the back focal plane (cf. figure 2.2). The spatial separation of
electrons scattered by the specimen is used to apply a phase shift to either
the scattered or unscattered part of the image wave.

Optimal defocus with applied phase plate

Similarly to finding the conditions for Scherzer and Lentzen defocus, an
optimal focus for applied phase plates with a 7/ phase shift can be found.
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The position of the first zero-crossing of the pCTF can be optimized [18]
by setting the defocus to

AZopt = —0.73\/ CsA. (2.5)

For Cs-corrected instruments, the optimal defocus is therefore Az = o,
which results in a full and uniform contrast transfer over the whole spatial
frequency range, and the image wave is only modulated by the envelopes.
In an actual microscope, some residual aberrations will not vanish and
eventually limit the phase contrast transfer.

Optimal phase shift

For weak phase objects with a phase shifting potential corresponding to
up to about /10, the additional phase shift resulting in highest contrast
transfer is 7/ [53]. This can be attained exclusively by the phase plate or by
combining it with phase shifts from lens aberrations.

If the amount of phase shift is regarded a tunable parameter, certain
aspects of the resulting contrast transfer can be optimized. For instance,
a /4 phase plate can be combined with controlled lens aberrations to
optimize the transfer band similar to the conditions above, as described
in [44].

General phase objects with a larger phase shifting potential require
also a larger additional phase shift by the phase plate for optimal contrast
transfer [5, 53]. E. g., with a phase shifting potential corresponding to /4,
an additional phase shift of 0.56 7 rad is needed.

Contrary to film phase plates, the phase shift of electrostatic phase
plates is tunable, which offers more flexibility to attain optimal imaging
conditions.

2.5.1 Electrostatic Phase Plates

With the advent of microfabrication techniques such as focused ion beam
(FIB), Boersch’s idea of implementing a phase plate using an electro-
static field became viable [8]. With the feasibility verified in a theoretical
study [56], a working implementation could be demonstrated about 60
years after publication of the original idea [76].
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A

Figure 2.7: SEM micrograph of a Boersch phase plate (A). Detail of the elec-
trode (B) shows a five-layered structure with two outer shielding elec-
trodes (bright), insulators (dark) and the central electrode, where the
phase-shifting potential is applied. The electron-obstructing structure
around this central einzel lens obstructs certain low spatial frequencies.
Images courtesy of Katrin SchultheiS/LEM [75].

Boersch Phase Plate

In the implemented design, an externally applied, variable potential with
magnitudes in the range of + a few Volts is used to generate an electro-
static field. It needs to be confined exclusively to the zero-order beam
which is ensured by constructing an annular electrode made in a 5-layered
structure with alternating conductive and insulating elements. The phase-
shifting potential is applied to the central electrode, while the surrounding
shielding electrodes are kept at ground potential. A scanning electron
microscopy (SEM) image of the implemented device is shown in figure 2.7.

The support-structure of the annular ring electrode needs to be relatively
thick in order to provide the necessary mechanical strength, making it
opaque to the corresponding structure factors of the specimen.

OBSTRUCTION-EFFECTS AND FRIEDEL-SYMMETRY Because the
specimen potential is a real-valued quantity, its optical Fourier transform
in the diffraction plane possesses certain symmetry properties, the so-
called Friedel-symmetry. Therein, each structure factor is the complex con-
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jugate of its point-symmetric Friedel pair, relative to the diffraction plane
origin at the zero-order beam, as expressed by

?(q) =" (-q).

For total elimination of a certain structure factor from the object wave,
both Friedel pairs need to be obstructed. If only one of the Friedel pairs is
suppressed, so-called single-sideband contrast conditions occur. Using im-
age processing, the amplitude of the partially obstructed structure factors
can be restored with half the attainable signal-to-noise ratio [89, 52, 11].
Therefore, large electron-obstructing areas are not detrimental if they fea-
ture an odd symmetry, as it is the case with the threefold support rods
(ct. figure 2.7 (A)).

In contrast, the annular electrode features a circular symmetry which
means that all spatial frequencies of a certain magnitude are obstructed.
Specifically, the low spatial frequencies up to the frequency corresponding
to the outer radius of the electrode support structure, the so-called cut-on
frequency q., are excluded from image contrast transfer. All higher spatial
frequencies are transferred with a sudden onset.

cuT-oN This property imposes a lower limit on the structure factors,
which can be present in an object suitable for phase-contrast imaging.
Only objects with dimensions smaller than the corresponding cut-on fre-
quency can expect faithful contrast transfer. The actual relation of a spatial
frequency g to a physical distance 7’ in the diffraction plane is proportional
to the effective focal length of the objective lens (cf. Figure 2.2):

r' = flq. (2.6)

Effective focal lengths are usually in the range of 0.5-5 mm and the
currently most advanced implementation of Boersch phase plates feature
an outer electrode radius of about 1um [82]. For f = smm and U =
200 kV, this corresponds to image features of about 12 nm in size, which is
often too small for not imposing severe limitations on the imaging process,
as interesting specimen structures easily exceed such a dimension.

With the manufacturing process at its limits, the only possibility for
further reduction of the cut-on frequency is either increasing the effective
focal length of the objective lens or using longer wavelengths (cf. equa-
tion 2.6). Longer focal lengths correspond to weaker lenses, which usually
suffer from a larger spherical aberration. This limits the benefit of a direct
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increase of the objective lens’ focal length. But since an optical system can
feature several conjugated planes, another magnified diffraction plane can
be established by electron-optical means to provide a larger effective focal
length.

A pair of prototype instruments named PACEM and KroNOs implement
such a magnified diffraction plane in the DMU (cf. figure 2.1) [7, 51].
Most of the competing major manufacturers of transmission electron
microscopes also investigated into this idea [11, 54].

The DMU provides a diffraction plane magnification of about 3.2x,
which results in an effective focal length of about 15 mm. Compared to
an application in the first diffraction plane, the effective cut-on frequency
of the same phase plate corresponds to 3.2x smaller spatial frequencies
in the magnified diffraction plane, which potentially enables productive
use with phase plates manufacturable with today’s microstructuring tech-
niques. The resulting phase contrast transfer functions for magnified and
unmagnified application are visualized in figure 2.8.

Zach Phase Plate

The Zach phase plate design evolved from the Boersch phase plate imple-
mentation by omission of the annular electrode and two of the supporting
rods [86]. A SEM micrograph of the resulting structure can be seen in
figure 2.9 (A). While maintaining an odd global symmetry, this results in
a reduction of the electron-obstructing material.

The applied potential is no longer strictly confined to a physical structure,
but leaks out of the open end of the electrode. The resulting phase-shifting
potential for a certain voltage is visualized in figure 2.9 (B). At a nominal
voltage of about —1V, the field imposes a phase shift of 7/ on the spatial
frequency focused 1 um in front of the electrode tip.

Since there is no electron-obstructing structure in the direct vicinity of
the zero-order beam, there is no fundamental limitation on the effective
range of spatial frequencies the phase plate is able to affect. However, the
spatial frequencies in the area in between the point, where a phase shift of
7/, is attained, and the edge of the electrode receive a steeply increasing
phase shift, which results in a non-linear phase contrast modulation. Best
results for low spatial frequencies are obtained by choosing a small dis-
tance between electrode-tip and zero-order beam and applying a weaker
potential, which results in a steeper potential gradient in the vicinity of
the 7/> phase shift.
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Figure 2.8: Phase contrast transfer of Boersch phase plate suffering from cut-
on. Optimal defocus conditions (cf. equation 2.5) for f = smm,
Cs = Cc = 2.7mm, U = 200kV and 7. phase shift in (blue). Same
phase plate in the 3.2 x magnified diffraction plane yields much lower
cut-on frequency, for C; = Az = o (green). For better visibility in the
diagram, the phase-shifting potential of the latter has been inverted,
such that it provides negative phase contrast. Note the sudden onset of

contrast transfer at the respective effective cut-on frequencies (dashed).
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Figure 2.9: SEM micrographs of a Zach phase plate (A), manufactured and imaged
by Simon Hettler/LEM. Corresponding simulated phase-shifting poten-
tial distribution at nominal voltage in (B), also courtesy of Simon Het-
tler. Note the placement of the zero-order beam on the slope of the
phase-shifting electrostatic field (), about 1 um from the electrode.
Detail of the phase plate tip with central electrode (red), surrounding
insulator and shielding electrode ( ) on ground potential in (C),
image courtesy of Johan Zeelen/CryoEM.
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Figure 2.10: Profile of the projected phase-shifting potential of a Zach phase plate
with an applied potential of 1V. The tip of the supporting rod is
located at a distance of 1 pum from the zero-order beam (placed at o on
the abscissa), which gains a phase shift of 7. relative to the electrons
passing at infinite distance from the zero-order beam. Finite element
simulation data courtesy of Simon Hettler/LEM.

The closer the electrode is positioned to the zero-order beam, the more
of the low spatial frequency structure factors are partially obstructed. In
principle, due to the odd symmetry of the electrode, the correct magnitude
of the obstructed spatial frequencies can be reconstructed in an image, but
only if the exact position of the phase plate can be determined.

Low signal-to-noise ratios in the Fourier-transformed image compli-
cates a precise position detection. Therefore, the quality of the attainable
images directly profits from reduced obstructed area. Since further physi-
cal minimisation of the structure is not feasible, also the Zach design can
benefit from an application in a magnified diffraction plane.

Due to the steep gradient of the phase-shifting potential, the actual
attained phase shift is a function of the applied voltage and the position of
the electrode relative to the zero-order beam. A line scan of the applied
phase shift directly emanating from the electrode centre for an applied
potential of 1V is plotted in figure 2.10. If the zero-order beam is located
at the position, where it receives a phase shift of 7/, the effective phase
shifts received by the individual structure factors is the phase difference of
zero-order beam and the structure factors. This results in a soft, gradual
contrast transfer onset.
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Figure 2.11: Phase contrast transfer function with applied Zach phase plate. In-
focus (blue) and optimized (green) focus conditions for Cs; = f =
2.7 mm and a high tension of 200 kV. For finite Cs, the assumed energy
spread is 2 eV, which is reduced to 0.1 eV for vanishing C, and Az (red).
Note the gradual onset of contrast transfer for low spatial frequencies.

A possible pCTF derived from the potential distribution at design volt-
age, a focal length of 2.7 mm and a high voltage of 200 kV is plotted in
figure 2.11. For a C,-corrected instrument, this results in almost optimal
phase contrast transfer conditions.

2.5.2 Film Phase Plates

Film phase plates utilize the mean inner potential of a film material of
appropriate thickness (cf. section 2.2). Several designs have been proposed,
which differ in the microstructured shape, the required film thickness and
the way the inhomogeneous potential is generated.

The surface texture of the films has a certain influence on the phase
shifting properties. For instance, if the surface is rough or the density in
the bulk is inhomogeneous, the projected potential and therefore also the
amount of phase shift vary.

Also the crystallinity of the phase plate films has an influence on the
imaging process. Metal foils usually consist of crystalline grains of varying
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sizes. The effect of this property has been discussed in [22]: Upon elastic
interaction of the electron-wave with the grains in the phase plate foil,
the Bragg conditions are fulfilled for certain distinct scattering angles.
Tilts applied in diffraction planes correspond to shifts in image planes.
The discrete scattering in the phase plate film therefore results in the
introduction of ghost images.

The resulting image shift s can be calculated to

s=Afg

with a material-dependent reciprocal lattice vector g of the crystallites.
A simple remedy is given by the proposition to limit the size of the illu-
minated sample area for exclusion of the ghosts from the imaged field of
view.

Practically, this imposes no relevant restriction, as for a high tension of
200 kV and a focal length of 3.8 mm the radius of the illuminated area must
not exceed about 20 pm for a gold phase plate film. Even on a large detector,
such a field of view can only be imaged using low magnifications. For
medium magnifications and an illuminated area roughly corresponding
to the field of view, no practical limitations arise.

Zernike Phase Plate

Also proposed by Boersch, the Zernike phase plates exploit the mean inner
potential of a thin-film material, which usually has a certain thickness to
result in a phase shift of 7. Contrary to the previously discussed electro-
static phase plate designs, the phase-shifting effect is not imparted on the
zero-order beam, but on the scattered electrons. The latter have already
interacted with the specimen and carry the corresponding information.
Since they need to undergo another scattering process in the phase plate,
the attainable resolution and signal-to-noise ratio using Zernike phase
plates is limited [2].

For generating the required phase-shifting potential difference, a hole is
cut into a film material. For application in a microscope, the centre of the
cut-out hole needs to be aligned to the zero-order beam in a diffraction
plane. This generates phase contrast transfer beginning with the spatial
frequency corresponding to the hole radius. Similar to the restrictions of
the Boersch electrostatic phase plate, this spatial frequency is also called
cut-on frequency. A lens diagram in figure 2.12 illustrates the geometry.
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Figure 2.12: Origin of cut-on for a Zernike phase plate. The illumination (blue)
interacts with the specimen and scattered electrons (green, ) are
generated, which are refracted to specific positions according to their
scattering angle in the back focal plane (cf. equations 2.2 and 2.6). The
phase plate imparts a phase shift on all electrons scattered to a higher
angle than the angle corresponding to the cut-on frequency (green).

Compared to the electrostatic phase plates, the manufacturing process
of Zernike film phase plates is trivial, as it only requires cutting a hole in a
film of suitable thickness. Using FIB, holes with diameters as small as a
few 10 nm can be cut into thin films. This potentially enables lower cut-on
frequencies of Zernike phase plates compared to the Boersch design.

The step-like onset of contrast transfer at the cut-on frequency gives
rise to particular fringing image artefacts. An example of the effect can be
seen in figure 2.13.

The required film thickness for attaining a phase shift of 7/ is depending
on the high tension the microscope is operated at and the mean inner
potential of the film material (cf. equation 2.1). The latter depends on the
chosen material.

First implementations used amorphous-carbon films [18]. They show
several shortcomings, most importantly an ageing effect, which alters the
phase-shifting properties of the material over time and requires a frequent
exchange of the phase plates [17]. Also, amorphous-carbon is prone to
charging, i. e. the accumulation of an unwanted additional electrostatic
potential [10, 20, 34]. To overcome the limitations, the performance of
metal foils were evaluated as their higher conductivity may result in more
favourable charging behaviour [55, 22].
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Figure 2.13: Cut-on effect of a Zernike film phase plate. Sudden transfer onset of spa-
tial frequencies results in fringe artefacts in the image (A). The cut-on
frequency of the Zernike phase plate can be seen in the corresponding
diffractogram (B) as a bright ring around the central zero-order beam.

The phase-shifting films can also be made of two or more layers of
same or different materials, as long as the projected electrostatic poten-
tial is sufficient to provide a phase shift of 7. There are even ideas of
hybrid film-electrostatic phase plates, where an externally applied voltage
assists the insufficient mean inner potential of a thin Zernike film phase
plate. This has the advantage of requiring a smaller film thickness and
therefore reduces additional scattering (personal communication Patrick
Kurth/KonTEM).

Hilbert Phase Plate

Hilbert phase plates work by applying an asymmetric phase shift of 7 to
half of the diffraction plane, such that only one of the Friedel pairs is
affected. For this purpose, films of twice the thickness compared to those
used for Zernike phase plates are needed.

To apply the phase-shifting effect to half of the diffraction plane, a
straight edge is microstructured into the film material, and a part of the
film material removed. For application, the edge is brought close to the
zero-order beam, with the remaining distance between phase plate edge
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Figure 2.14: Schematic view of a Hilbert phase plate. The film material (green)
imparts a phase shift of 77 on half of the structure factors. The position
of the zero-order beam is indicated by ()

and zero-order beam corresponding to a certain cut-on frequency. A
schematic view is shown in figure 2.14.

The resulting phase contrast transfer shows a characteristic contrast
modulation, as detailed in [19]:

[ 1+a, . .
I(r) = 1+29F [ . isign(qy - q) cos y(q) (2.7)
1—a

% iny (o))

with g, the unit vector in reciprocal space perpendicular to the phase plate
edge and a, a factor to account for the attenuation caused by electron-
absorption or inelastic interaction of electrons with the phase plate film.
The described phase contrast transfer is also valid for single-sideband
contrast conditions if a, is set to o.

Using a simple image-processing operation, the recorded intensity can
be transformed into equivalent regular Zernike contrast [19].

Volta Phase Plate

The Volta phase plate uses a continuous amorphous-carbon film heated to a
certain temperature. Unlike for the films used for Zernike or Hilbert phase
plates, the exact film thickness is not a critical parameter. The pristine film
material provides a homogeneous phase shift to the electrons. The required
potential difference to provide a phase-shifting effect is introduced by
resting the intense zero-order beam on the film surface for some time,
which generates a charge-dependent phase plate confined to the extent of
the zero-order beam [16].
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Volta phase plates currently seem to offer the best performance, due
to several beneficial properties. Specifically, perfect alignment can be
achieved without complicated user interaction just by using flood beam
illumination and waiting for the required charge to be put into a fresh
location on the film material. To avoid a broadening of the zero-order
beam during charge deposition, no sample should be present, e.g. by
choosing an opening in the sample.

Secondly, the phase-shifting effect seems to be strictly confined to the
extent of the zero-order beam, which results in no noticeable distortions
from a nonvanishing cut-on frequency. Lastly, since no microstructuring
of the film material is necessary, there is a virtually unlimited supply of
phase plates on a 2D film surface, which enables using a fresh phase plate
for each exposure.

There should be a small penalty in the attainable signal-to-noise ratio,
as the electrons scattered by the specimen may undergo an additional scat-
tering event in the phase plate film material. However, the film thickness
can be chosen smaller compared to the foils used for Zernike film phase
plates, which results in smaller dampening.

2.5.3 Other Phase Plate Designs

Several other phase plate designs have been realized or proposed in theo-
retical investigations. Due to the obstruction of spatial frequencies and
the inherent charging problems of physical phase plates, investigation
in matter-free designs seems to be consequent. One design suggests to
accomplish the localized phase-shifting effect making use of an intense
flux of photons in the focus of an optical cavity [61].

Another slightly more conventional design requires a sequence of two
diffraction planes, which have been elongated in orthogonal directions
using suitable electron-optics [74]. Two partial phase shifts of 7/4 at a time
are applied in the diffraction planes by means of two electrostatic phase
plate slit apertures, which combine to the necessary phase shift of 7> in
the position of the zero-order beam. For both of the matter-free designs,
actual implementations have not been reported yet.

Other design-proposals have already been realized, such as a dedicated
single-sideband aperture, which generates phase contrast without exertion
of a phase shift [11]. Also, the use of magnetic ring structures as phase
plates have been investigated [25]. No widespread use of the ideas has been
reported yet, possibly since the required support structures are prone to
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charging and the additional complication using the devices does not pay
off in terms of an enhanced contrast transfer.

Most recently, an optimisation of film phase plates has been reported,
which restricts the thick film material required for the appropriate phase
shift to an area in the vicinity of the zero-order beam [66]. This can be
realized by mounting a small circular patch of the phase-shifting foil on a
low-dimensional support, such as graphene. The low spatial frequencies
can then be transferred using the phase shift generated by the inner poten-
tial of the film material, while high spatial frequencies are phase shifted
using lens aberrations. This optimizes the signal-to-noise ratio in the
recorded images, as the additional dampening for high spatial frequencies
is practically avoided.

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch.



AUTOMATED TEM

In this chapter, the basic operation and general concepts of automation
software is discussed, and the most important terminology introduced. Then,
the additional requirements to enable automated phase plate application
are described, categorized in the necessary modifications to the microscope
and extensions to the software. Finally, an exemplary automated alignment
procedure is presented and evaluated.

3.1 BASIC OPERATION

The single-particle method used in structure biology demands collection
of several thousand individual views of a biological macromolecule to yield
a sufficient signal-to-noise ratio in a high-resolution reconstruction, which
often requires collection of hundreds of individual images with constant
quality. This quickly sparked research interest in an automation of this
task, as it offers an opportunity to save precious time of microscopists and
enables a better utilisation of expensive instrumentation.

Also other fields benefit from the developed automation routines due to
the rich automatic documentation of the imaging process, which may save
microscope and specimen preparation time if specific questions arising
after the actual imaging process can be answered in retrospective using the
already acquired data. The necessary standardisation of image acquisition
routines can increase the repeatability of experiments not only temporally,
but also spatially across laboratories.

Manual performance of low-dose imaging techniques can be tedious
to the user, as it requires additional precautions during image acquisition.
Since automation software has been designed with application to beam-
sensitive specimen in mind, the image acquisition process can be tuned to
make most efficient use of a specimen’s dose budget, while maintaining a
constant image quality.

Phase plate application may drastically benefit from automated opera-
tion, as some sources of untimely phase plate degradation can be attributed
to incautious use. The unmatched precision of the phase plate movements
attainable within an automation framework potentially results in an im-
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proved lifetime and a better usability of the phase plate, as delicate and
time-consuming handling tasks are offloaded from the user. This may help
establishing phase plate technology as a standard tool in TEM.

While a couple of commercial and closed-source implementations of
automation software exist, the source-code of the Leginon framework [78]
is freely available and in regular productive use across many laboratories.
It supports several different modes, including automated image acquisi-
tion with autonomous target identification, acquisition of tilt-series and
other advanced techniques. It was therefore chosen as the foundation to
implement the automated application of physical phase plates.

3.1.1 Requirements on the Instruments

To be usable for automated TEM, a microscope has to meet certain require-
ments. For instance, it has to offer some kind of remote control capabilities,
i. e. a documented software application programming interface (API). In
the API, a critical set of the microscope parameters need to be exported,
with both read and write access.

Secondly, an image sensor such as one or more cameras has to be present.
Every used camera needs a means to trigger the acquisition of a new image
and set parameters such as the desired exposure time. At least one of
the cameras needs to have the capability of digitally exporting the newly
acquired image data using an APIL

The modifications to the internal data structure representing the ab-
stracted instrument state are translated into the API-calls of the actual
microscopes using a hardware-dependent driver module. In the begin-
ning, the only available microscopes suitable for phase plate application
were manufactured by Zeiss. As Zeiss instruments were not supported by
the Leginon framework, adaptations became necessary.

3.1.2  Calibrations

The microscope uses an internal data representation of its current state,
which corresponds to individual currents and voltages of electron-optical
elements or specific positions of mechanical components. Sometimes, the
API offers meaningful values compatible with SI units for an individual
element, such as the stage position in meters. Other values, e. g. the present
manipulation of the optical axis using deflectors may be reflected by the
corresponding digitized values in arbitrary units.
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The automation software needs to manipulate the microscope state in a
deterministic way. For computation of the necessary change of microscope
parameters to make a transition from one state to another, the individual
values have to be linearised and translated into a common reference frame.
Most conveniently, this reference frame corresponds to the projected spec
imen dimensions on the camera, if applicable.

Pixel Size

The most basic calibration of a microscope is the pixel size calibration.
For that, a specimen with structures of known dimensions is inserted
and imaged at the various magnifications the instrument offers. With the
physical pixel size of the detector, the magnification can be calibrated.

In the field of a magnetic lens, the electrons are forced on circular tra-
jectories proportional to the strength of the magnetic field [45]. Therefore,
for a changed magnification, i.e. changed excitations of the projective
lenses, a rotation of the reference frame about the optical axis may occur.
If the fixed orientation of the camera is used as the reference frame, this
magnification-dependent rotation has to be accounted for, to compare
orientations across different magnifications.

Deflectors and Specimen Stage

The information from the pixel size calibration can be used to relate the val-
ues presented on the microscope API to absolute values. Most prominently,
this is the stage position, which influences the position of the sample rel-
ative to the optical axis. An identical manipulation can be achieved, if
the optical axis is deflected above and below a stationary specimen, as
depicted in figure 3.1.

The deflectors in the beam path directly above the specimen are referred
to as beam shift or illumination shift deflectors, the deflector below as the
image shift deflectors. As each of the deflectors operates in two dimensions,
careful calibration of the magnitude and direction of the individual effects
on the optical axis have to be performed prior to a synchronized operation.
By using a common reference frame such as the camera, the individual
matching excitations can be calculated.

For calibration of the image shift deflector, a specimen is inserted into
the microscope and imaged. Afterwards, the excitation of the individual
deflector axes is changed separately, and the resulting shift of the image
on the detector measured. Using cross-correlation or related algorithms,
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Figure 3.1: Moving the area of interest on the sample. In (A), the physical position
of the sample is adjusted using the microscope stage, while in (B), the
sample is kept stationary, and matching deflections above and below
the objective lens adjust the optical axis.

such as the normalized mutual- or phase correlation functions [58], the
relative change on the detector can be identified. An example of such a
resulting correlation map can be seen in figure 3.2 (C).

Using the pixel vector information, a system of two linear equations can
be established, which relates the change of the excitation of a deflecting
element to the resulting change on the camera. Since the relation is linear,
the result can also be inverted for calculation of the necessary changes of
microscope parameters to yield a specific change of the image projected
on the camera.

The unified reference frame of all manipulating elements in the micro-
scope offers more freedom how to centre certain specimen features on
the camera. Manipulating the specimen position using the microscope
stage should not have any side-effects to the quality of the attainable im-
age. But since the movement is executed using mechanical means, it is
subject to the shortcomings of mechanical systems, which can result in a
non-linear relationship of intended and actual movements. Usually, the
electron-optical means to manipulate the reference frame are more reliable
and enable a higher repeatability compared to the mechanical methods.
However, the resulting shift of the optical axis may give rise to additional
image aberrations and suffer from limited range. Therefore, it should be
used for small movements only.

To enable a precise relocation of the specimen using the mechanical
stage, it can be operated in closed-loop control: Starting with a reference
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Figure 3.2: Measurement of the spatial relationship of two separate images. A
reference view of the specimen is shown in (A). Change of microscope
parameters or sample drift give rise to a change of the reference frame,
as shown in (B). The corresponding pixel distance can be measured by
correlating reference and changed position, and finding the position of
the maximum in the resulting correlation map (C).

image and a certain farget pixel position of the intended change, the stage
is asked to move by the intended distance. After the move has been per-
formed, the result is checked using a correlation of current state and the
reference. The measured positioning error is then used for the refined
stage target coordinates. If the error is below a certain threshold, the target
position has been reached. A possible variation is performing a coarse
relocation with the mechanical stage followed by a fine adjustment using
the electron-optical means.

Focusing

Besides the capability of changing the microscope state to centre a cer-
tain specimen feature, i. e. manipulating the specimen perpendicular to
the optical axis, the second most important feature is probably a reliable
autofocus routine, which is correcting for a mismatch of specimen and
object plane in the direction parallel to the optical axis. In principle, the
current focus mismatch can be measured by fitting the positions of the
zero-crossings in a diffractogram (cf. figure 2.5). But this relies on the pres-
ence of amorphous specimen features and can suffer from uncertainties
depending on the attained signal-to-noise ratio in the image. Further-
more, over- and underfocus conditions may result in similar ring systems,
especially when the spherical aberration is corrected.
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A more robust focusing technique has been described in [47], where a
focus-dependent image shift upon a tilt variation of the illuminating beam
is exploited. In first order, this relation is linear. Therefore, the current
focus can be measured by determining the shift of two images acquired
with varied illumination tilt.

Similarly to the manipulation of the lateral specimen position in the
plane perpendicular to the optical axis, also two possibilities for manipu-
lating the focus exist: Firstly, the focus can be corrected using mechanical
means of the stage in z-direction, parallel to the optical axis. Often, chang-
ing the mechanical specimen position is not completely side-eftect free,
and some unwanted change in the x y-plane usually occurs. This can
be avoided if the focus is corrected by adjusting the objective lens’ cur-
rent, given the illuminating beam is coincident with the orientation of the
objective lens.

Too strong deviations from the design excitation of the lens can result
in additional aberrations. Furthermore, as the microscope alignment
is optimized to a certain specific normal objective lens excitation, the
resulting change of the beam path may cause other alignment problems.
For coarse focus, usually the stage is used in z-direction. Fine variation
or application of an intended defocus to enable phase contrast transfer is
performed by varying the strength of the objective lens.

3.1.3  Multi-Scale Imaging

Samples in TEM are usually mounted on circular copper grids with a typi-
cal diameter of about 3 mm, often with a support film made of amorphous
carbon featuring regularly spaced openings. An image of a part of such
a grid can be seen in figure 3.3, which has been combined from about
60 individual exposures using a low magnification of 125 x. Given the
attainable resolution in TEM and the restricted areas of the detectors, the
sample area presents overwhelming detail, making it impossible to image
every part of the specimen at high-resolution. For efficient sample inves-
tigation, the identification of interesting regions across multiple scales is
one method to approach the problem.

In figure 3.3, interesting regions may be present is the darker area on
the mesh, as the sample is only present in this area. For biological samples,
which are often prepared using thin films of a vitrified aqueous solution,
a similarly reasonable choice may exist on this coarse scale: Often, the
attained ice thickness is too thick to enable high-resolution imaging, or
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Figure 3.3: Combined image of several low-magnification images. Usually, thin
specimen foils are mounted on round copper meshes with a diameter
of about 3 mm. The metal mesh is formed by so-called grid bars and
the sample area in between are called squares. Promising squares are
selected as targets (+).
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too thin to offer sufficient stability. Sometimes, a thickness gradient is
present across the grid, and ideal conditions can only be found in a couple
of squares, i. e. the sample area in between the grid bars.

After identification of the interesting squares, they can be imaged using
a slightly higher resolution suitable for refinement of the region of interest.
If a regularly structured amorphous-carbon support is used, another obvi-
ous choice are the openings in the support film, which are subsequently
imaged at an even higher resolution and eventually at the desired final
magnification. Exemplary images of such an acquisition scheme can be
seen in figure 3.4.

The different magnifications required for the multi-scale approach usu-
ally demand adapted illumination conditions. For low magnifications, the
coherence of the illuminating beam is only of minor importance, rather
than a large size of the illuminated area and sufficient intensity. For target
magnification, the requirements are inverted. Therefore, it makes sense to
combine several microscope parameters to so-called presets.

Due to alignment problems in the projective, changing the magnifica-
tion is not necessarily side-effect free, i. e. it results in a shift of the reference
frame. A key requirement of the multi-scale approach is a known rela-
tionship of the relative shift of the presets used throughout the imaging
process. Most conveniently, the center of all presets should be coincident
that switching presets results in the same sample region imaged at varied
magnification. For the required preset alignment, the image shift and
beam shift deflectors are used. Since only the aberrations at the final mag-
nification are of major importance, the corresponding preset is used as the
alignment reference, and all presets with lower magnifications are aligned
to it.

The quality of the intermediate preset alignment is not too critical, as
long as it manages to bring a certain feature selected at a lower-magnification
preset in the field of view of the detector at the higher-magnification preset.
Depending on the quality of the electron-optical alignment of the micro-
scope, manipulation of certain parameters may suffer from side-effects,
which can result in a dynamic mismatch of the individual preset alignment.
To increase the robustness of the imaging process, the electron-optical
alignment should be good and the most critical coincidence of the presets
involved in the final imaging steps should be checked regularly. For further
improvement, a camera with a large field of view should be used.
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Figure 3.4: Multi-scale imaging. The targets are identified at different scales (A-C)
to be investigated at the chosen high-resolution (D). Yellow squares
indicate the position of the camera frame at the next preset. The blue
crosses indicate targets for focusing purpose. Note the misalignment of
desired and actual position in between (B) and (C), due to mechanical
imperfections of the microscope stage.
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Low-Dose Imaging

Beam-sensitive specimen alter their physical appearance upon exposure
to an intense electron-beam. As a rule of thumb, the typical dose budget

of beam-sensitive biological samples is in the order of 10e” A™". The
presented multi-scale approach is well suited to low-dose imaging, as the
target-identification is done using a lower magnification, requiring only a
small electron-dose per sample-area for a sufficient signal-to-noise ratio
adapted to the low resolution.

High signal-to-noise ratios and high-resolution images may be required
to attain correct focus, but the focusing process can be done on a part
of the sample in the vicinity of the region of interest, such that the dose
budget for the actual area of interest is not reduced.

3.1.4 Automated Imaging

Single-Particle Approach

For automated collection of images useful for the single-particle approach,
the functionality described above is almost sufficient. For unattended
operation, the target finding, i. e. identification of regions of interest, has
to be automated.

A fully automated approach needs a certain image processing capability
for assessing the sample in the individual steps of the multi-scale imaging
process. If the specimen is prepared on a support film featuring a regular
pattern of openings (cf. figure 3.4 (A-C)), the interesting sample areas
are located in the same regular pattern, which can be identified by an
algorithm. With the position of the openings found, certain features such
as the mean intensity and shape of the feature can be extracted to decide
whether interesting sample of usable thickness or vacuum is present at an
individual location. Using that information, the subsequent targets can be
set up, including selection of appropriate nearby regions for focusing.

Alternatively, a semi-automated approach can be implemented, in which
the attention of the operator is used with a better time-efficiency: Begin-
ning with a coarse overview image of the whole grid, the user manually
selects several squares that are intact and feature promising sample con-
ditions. Then, the automation software prepares the higher-resolution
views and again requires the user to select subsequent areas of interest. It
takes only seconds for an experienced user to decide which part of the
sample looks most promising. This minimises the time the user is required
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to spent in front of the instrument. Furthermore, it enables advanced
scenarios, where only a telepresence is required.

This operation mode is implemented by storing the intermediate images
of the multi-scale imaging process along with the selected targets and the
microscope state the intermediate images were taken with. For executing
the subsequent steps, e. g. focusing and taking a high-resolution exposure,
the microscope is requested to assume the identical microscope state. In
the meantime, a shift of the reference frame due to sample drift, limited
repositioning capability of the stage or other external changes might have
occurred and the effective position differs from the reference image, even
though every microscope parameter appears to be the same. To account
for the resulting shift, a new image is taken and correlated with the old
reference, similar to the conditions shown in figure 3.2. The targets are
then adjusted by the corresponding shift vector, and the automated image
acquisition process continues.

Using this technique, a large amount of targets can be prepared in short
time, which the microscope can subsequently work oft unattended. This
enables continuous use of the instrument for a better sample throughput.

Tomography

Manual acquisition of tomographic tilt-series is a tedious task, as the
movements of the sample upon changing the stage tilt angle have to be
accounted for. The first automated implementations [46] only combined
automated focusing and tracking routines to adjust the view at the current
tilt angle to the view from the last recorded tilt angle before taking a
high-dose image.

Later investigations [93] identified the reason for the specimen move-
ment: If the mechanical tilt axis does not contain the point of intersection
of the microscope’s optical axis and the specimen plane, any change in tilt
results in a shift of the specimen view on the detector, as well as a change
in focus. Tracking a specimen during a tilt-series acquisition is therefore a
3D problem. A sketch of the underlying geometry can be seen in figure 3.5.

The proposed acquisition scheme populates a model based on this
geometry with the relevant distances. In a calibration tilt series using low
magnification and large tilt increments, the distances of mechanical tilt
axis, optical axis and specimen plane are determined. The resulting model
of the actual geometry is then used for a high-magnification tilt-series
acquisition with fine increments, and the movements of the sample are
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Figure 3.5: (A) The specimen translation is a function of the applied stage tilt angle
« and can be expressed in a model with two parameters, such as initial
horizontal and vertical distance (n,, z,) from the mechanical tilt axis
(®@). (B) Stage coordinate system (#, ) might be rotated by 6 to camera
coordinate system (x, y). Figure reproduced from [91].

accounted for using appropriate electron-optical means, i. e. image shift
deflectors for specimen shift in x, y and defocus change for shifts in z.

The currently most advanced algorithm reported is an improvement of
this scheme [91]: In a preparatory step, optical axis, mechanical tilt axis
and specimen plane are brought into coincidence as good as possible. The
remaining mismatch is calculated and a matching model of the geometry
is determined using a low-magnification calibration tilt-series.

With this approximate model, acquisition of the tilt-series at higher
magnifications is started. By comparison of expected and actual speci-
men movements, the initial parameters of the model are refined to be
compatible with the observed specimen movement.

Since the model calculates the 3D translation of the sample, it can correct
for specimen translation and defocus change, i.e. it does not need to
perform an intermediate focus step before each acquisition. This algorithm
has been implemented in a standalone program [92] and also in a Leginon
module [79].

Due to shortcomings of the model geometry or mechanical imper-
fections of the specimen stage, predicted and actual positions may not
perfectly coincide. This eventually limits the feasibility of performing an
automated tilt-series acquisition, as the sample tracking is lost as soon as
the mismatch between predicted and actual specimen position exceeds
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the field of view on the camera. Therefore, automated tilt-series acqui-
sition becomes more challenging for higher magnifications and smaller
detectors.

Automated Phase Contrast Imaging

The methods described so-far have already been implemented in the open-
source software framework Leginon. The necessary steps to implement
the automated phase-contrast imaging can be divided into three main
parts:

 The key capability is an automated alignment of a physical phase
plate. For high-precision position manipulation, the standard aper-
ture drives have to be replaced by software-controllable high-precision
manipulators. For the electrostatic phase plates, access to a suitable
voltage supply needs to be integrated as well.

« Standard electron-optical alignment routines often focus on opti-
mizing the image planes, i. e. make sure the illumination is parallel
and the beam is not lost upon changing the microscope parameters.
Automated phase-contrast imaging has higher requirements on the
quality of the electron-optical alignment, as it needs tight control
not only of the planes conjugate to the specimen plane, but also the
corresponding diffraction planes. Here, protocols have to be estab-
lished to improve the overall alignment quality to enable variation
of certain parameters of the optical system without side-effects.

o For automatic phase plate alignment, image processing routines
to accurately determine the current phase plate position and their
deviation from the optical axis have to be developed. As phase
plates are applied in a diftraction plane, which is not safely" visible
using standard imaging techniques, methods for imaging objects in
the diffraction plane have to be established and the corresponding
functionality integrated into Leginon.

1 The diffraction plane can be projected on the camera using the diffraction mode, but the
focused zero-order beam has the potential to destroy the scintillator (cf. section 3.4.3).
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3.2 PHASE PLATE TRANSLATION

For translation of the phase plates, custom motors have to be fitted to
the microscopes, as the aperture drives from the manufacturers lack the
necessary precision.

The company KonTEM tried to commercialize their phase plate tech-
nology and offered a manipulator design specifically developed for the
requirements of phase plate microscopy. It allows for closed-loop posi-
tioning thanks to the integrated position encoders. The encoders have a
resolution of 61 nm, and the motors itself are specified to an even finer res-
olution of about 1 nm [65]. The attainable absolute positioning-accuracy
is only slightly better than about 1 um, due to mechanical imperfections
of the motion-transducing mechanics. That means, while the desired po-
sition may be perfectly attained for the positioning encoders, the actual
position of the phase plate varies and needs a subsequent adjustment.

The electrostatic Zach phase plates have traditionally been used with a
very compact Kleindiek MM3A fitted into a vacuum flange, which allows
integration of the whole motor into the microscope column. In coarse
mode, the motors of the Kleindiek system work by stick-slip-motion of
its piezo actuators [42] and none of the axes feature position encoders.
Translation is requested in the form of a number of ticks at different speed
levels. Each individual combination yields a different and slightly random
amount of actual translation. Therefore, a closed-loop control has to
be externally realized using the imaging capabilities of the microscope.
The fine position resolution of the motors is actually very good, as the
controller allows to strain the piezo actuators with a static voltage® in the
order of £10 V, which results in a very small and well-controlled translation
better than o.5 nm [43].

Both mechanical translation systems only allow for non-Cartesian mo-
tion. Figure 3.6 shows images of the motors, with the motion directions of
the actuators indicated by arrows.

3.2.1  Coordinate Systems

KonTEM

In KonTEM'’s design, shown in figure 3.6 (A), the motion is generated by
linear motors, which is transduced to the phase plate by a long rod. In

2 Surprisingly, application of this rather high static voltage does not have any perceivable effect
on the image.
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Figure 3.6: Phase plate translation devices. KonTEM’s design in (A) with three

linear translators and encoders. The forces exerted are transduced via a
rod and a sliding contact bearing (not visible). The assembly the phase
plates are mounted on along with their heating element is missing.
Image courtesy of Jorg Wamser/KonTEM .
Kleindiek’s design in (B) features one linear and two rotary actuators
(only one visible). The silicon chip with two electrostatic Zach phase
plates is marked by a green rectangle, the separate heating by a blue
one.
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between motors and phase plate, the rod is supported by a sliding contact
bearing.

The axis responsible for moving in and out requires a sliding motion
at the support, while the orthogonal axes pivot the rod around it. This
implements a polar coordinate system, with vectors r, 0, ¢ and origin at
the sliding contact bearing. Motion in 6 and ¢ is amplified by the resulting
lever arm.

Linearisation to a Cartesian coordinate system is straightforward. As
the origin and optical axis remain in fixed positions to each other, relative
motion always has the same leverage between axes r and 0 or ¢, given by
the geometry. For one of the microscopes used, the motors for 6 and ¢
are located about 40 mm from the sliding contact bearing, and the optical
axis is about another 125 mm further. This implies a leverage of about 3.1.

Kleindiek

The Kleindiek design, shown in figure 3.6 (B) features one linear motor
responsible for in and out direction, and two separate rotary motors for
pivoting, which would require a more complicated model to linearise the
motions in a Cartesian coordinate system. Fortunately, the rotary axis
responsible for motion in z-direction does not need to be adjusted during
normal operation. Therefore, the same polar model as for the KonTEM
drive can be used.

Beam Tilt

A relative motion of the phase plate to the zero-order beam can also be
established by means of the beam tilt deflectors (or any other tilt deflector
in between electron-source and phase plate), as shifts in the diffraction
plane correspond to tilts in the object plane. The attainable precision and
repeatability is outstanding, as no mechanical motion is involved. Due
to the small angles involved, the beam tilt angle forms a quasi-Cartesian
coordinate system of the diffraction plane.

In order to minimize complexity, the diffraction plane coordinates can
be described by a beam tilt angle for both, the mechanical motors and
the electron-optical tilt deflectors. To further reduce complexity, the most
precise linear axis of the motors r is used as the reference for defining the x
direction of a common coordinate system. The excitation of the beam
tilt deflector system is rotated accordingly, such that both illumination
tilt and motor x axes point in the same direction. This results in unified
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coordinates, which can be directly applied to physically move the phase
plate with the translation devices or to induce a relative motion by tilting
the zero-order beam to attain the same relative position.

3.3 CONTROLLING THE DIFFRACTION PLANE

Phase plate application requires tight control of the zero-order beam po-
sition in the diffraction plane. Lateral control of the zero-order beam
position is equivalent to controlling the inclination of the optical axis.

For non-parallel illumination conditions, the zero-order beam is not
focused in a diffraction plane and no clear spatial separation of diffracted
and undiffracted beams is present. Such conditions have to be avoided for
phase plate imaging, i. e. the specimen illumination has to be parallel by
focusing an image of the electron-source in the front focal plane of the
objective prefield lens.

Besides the specimen and the phase plate, all electron-optical elements
located in-between the electron-source and the diffraction plane have an
influence on the inclination of the optical axis. Most importantly, these are
lenses and other electron-optical elements, the specimen and the phase
plate itself. In the following paragraphs, the effects of each element are
discussed.

Specimen and Phase Plate

Non-ideal specimen and phase plates may exhibit patches of electrically
insulated regions. Exposed to the electron-beam, a charge is deposited,
which is only slowly compensated. The conduction anomaly gives rise to
an additional localized potential, which varies according to the present
exposure to electrons. This varying local potential can have a strong
influence on the position and inclination of the optical axis.

A charged Zernike phase plate film can also show effects similar to a
lens, and change the effective focus. This can be compensated to a certain
extent by a matching change of the objective lens’ excitation, but eventually
demands using another, uncharged phase plate, as the electrons scattered
in one point of the sample are not necessarily focused to identical points
in the image, which results in a blurred contrast.

There are some methods to avoid specimen charging, like evaporation of
a conductive amorphous-carbon coating or working at an elevated partial
pressure [9]. Also, extending the size of the illuminated area to include
part of the amorphous-carbon support film [10] or using highly stable
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and conductive gold support films [70] can be helpful. The feasibility
of such treatments depends on the specimen. Generally, changing the
specimen preparation method to yield sufficiently conductive samples is
to be preferred.

Deflectors

The inclination of the optical axis can be influenced by specialised electron-
optical elements, the deflectors. They are found at strategic positions of
the microscope column, often at the boundaries of lens assemblies. To
be useful, most deflectors are effective in a 2D plane perpendicular to
the optical axis. In the electron-optical alignment, the deflectors are used
to thread the optical axis through the individual lens’ centres, with the
inclination defined by the lens normal, i. e. the direction perpendicular to
the plane of the lens.

For that, not only deviations in tilt but also shifts have to be compensated
for. A single deflector is only able to influence the local inclination of the
beam. The lateral position of the beam can be adjusted using a consecutive
double deflection, with some distance in between the two planes where
the individual tilts are applied.

Application of a pure shift without changing the inclination requires
both deflectors to apply a certain combination of tilts, such that the beam
effectively rocks about the lens’ front focal plane. Likewise, for a pure
tilt without shift, another combination is necessary. Within an alignment
procedure, the ratio of the excitation strength of both deflector pairs is
adjusted, such that shift and tilt can be varied independently. Examples
for such different combinations can be seen in figure 3.7.

For small quick and precise movements on the specimen, automation
software preferably uses the image shift deflectors. As they are physically
applied below the first diffraction plane, a phase plate located in-there
is not affected. However, with low-dose imaging approaches, the illumi-
nated sample area is only slightly larger than the field of view, and the
illumination has to follow this shift of the optical axis. As the illumination
deflectors are located above the phase plate plane, the applied shift must
not introduce any change to the inclination of the optical axis to not change
the position of the zero-order beam cross-over in the diffraction plane.

The standard alignment procedures are not precise enough to ensure
this property for the illumination conditions used with applied phase
plate. A protocol potentially resulting in a sufficiently good alignment is
described in appendix B.
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Figure 3.7: Double deflection system to apply tilt (A) and shift (B) to the beam.
With careful calibration of the ratio of the necessary deflector excita-
tions, side-effect free variation of shift and tilt can be achieved. Lens
center is marked by (x).

Lenses

As the most-important lens of the microscope, the orientation of the
objective can be used to define the inclination of the optical axis?, which
defines both the absolute orientation of the parallel illumination and the
physical position of the zero-order beam focus in the diffraction plane.
This is a good choice, since for contrast generation, the strength of the
objective lens is constantly varied to enable phase contrast transfer using
the defocus aberration. As mentioned in section 3.1.2, application of a
defocus results in an image shift on the detector if the illumination is tilted,
which is inconvenient for deterministic use.

Besides influencing the phase-contrast transfer properties of the optical
system, an applied defocus also has an influence on the vertical position of
the diffraction plane, i. e. parallel to the optical axis. In practice, application
of a defocus in the order of a few um does not result in a noticeable position-
change of the zero-order beam focus. This is due to the symmetry of the
combined condenser-objective lens and the condenser system focusing a
spot in a plane conjugate to the phase plate plane. The resulting specimen
illumination slightly deviates from parallel conditions, though.

The condenser system is usually made of several lenses. In modern
transmission electron microscopes, there are often three magnetic lenses

3 Another meaningful choice of inclination is one that minimizes coma, in the so-called
coma-free alignment [87].

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch.



62 AUTOMATED TEM

Figure 3.8: Changing the size of the illuminated area. From (A) to (B), the strength
of the second condenser lens is reduced and the change of the cross-over
position compensated with the third condenser lens. The marginal rays
(blue) are defined by the aperture below the second condenser lens.

in the condenser to provide three degrees of freedom on the parameters
of the illumination. Those are

« variable demagnification of the electron-source, which controls the
coherence and beam intensity,

o size of the illuminated area at specimen level, and the

« angular distribution of the illumination at specimen level.

The latter is controlled by the relative position of the image of the source
and the front focal plane. In on-plane conditions, parallel illumination
is established. For any deviation, the illumination becomes spreading or
condensing (cf. Figure 3.13), which in turn influences the position of the
zero-order beam focus relative to the diffraction plane.

To change the size of the illuminated sample area, the strength of a lens
in the condenser is varied, as shown in figure 3.8. An aperture limits the
angular distribution of rays from electron-source to specimen. The pro-
jected size on specimen-level can be influenced by changing the aperture
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size or adjusting the focus of the lenses in front of the aperture. For the
conditions shown in figure 3.8, variation of the strength of the second
condenser lens and a matching focus compensation of the third condenser
lens changes the projected size of the aperture on the specimen while
maintaining parallel illumination conditions.

Likewise, the illumination intensity can be adjusted using the first and
second condenser lenses in a similar zoom-system. In practice, this zoom
system is often used in a few discrete parameter combinations and not in a
continuous fashion. This is due to the changing lens-characteristics upon
variation of the excitation, as this may influence the effective lens orienta-
tion. Restriction to a few discrete parameter sets allows for compensation
of the effects using deflectors.

For the lower zoom system consisting of the second and third condenser
lenses, it makes sense to provide a continuous operation, as this enables a
variable size of the illuminated area on the specimen. As a consequence,
not only all combinations of second and third condenser lens excitations
need to result in a focused beam in the front focal plane of the objective
prefield lens, also the lateral position has to be unchanged for constant
inclination of the illumination. Consequently, the optical axis in between
the condenser lenses has to be aligned to the respective centres and local
lens orientations.

A similar situation can be seen in figure 3.9, only with a misaligned
electron-source in shift and tilt which is compensated by the deflection
system below the last condenser lens to provide a specimen illumination
normal to the objective lens orientation. With the misalignment corrected
at the wrong position in the beam path, the changed excitation of one
of the zoom systems results in a shifted and tilted illumination, as can
be seen in (B). Therefore, continuous operation of a zoom system with a
constant excitation of the deflectors requires the corresponding lenses in
the electron-optical system to be well-aligned.

During automated image acquisition using the multi-scale approach,
the magnification is constantly changed. The large field of view imaged
using low magnifications requires use of broad illumination, while high-
resolution imaging demands high coherence and small illuminated areas
to restrict the beam damage to a certain region. This can be implemented
using a small set of presets, with individual offsets to the illumination tilt
to result in common optical axis. Therefore, automated phase contrast
microscopy puts no special requirements on the quality of the alignment.
However, the set-up time required to establish the presets can be non-
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Figure 3.9: Misaligned condenser system. Tilt and shift misalignments present
on the electron-source are compensated by a set of deflectors below
the third condenser lens for one condenser setting (A). With the same
deflections in (B), the excitation of the lower zoom system is changed
identically to figure 3.8, which now results in a still parallel, but tilted
and shifted specimen illumination.
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negligible, if the quality of the electron-optical alignment is particularly
off.

The general robustness on the automated image acquisition is increased
by a good electron-optical alignment, as the effects from lens hysteresis and
other dynamic perturbations have a smaller influence on the direction of
the optical axis. An iterative strategy for attaining an optimized alignment
over a broad range of illumination conditions is presented in appendix B.

Projective Alignment

In standard electron-optics found in TEM, the phase plate is applied in
the first diffraction plane, directly below the objective lens. The alignment
of the projective system is not critical for phase plate application, as it only
influences the beam path below the phase plate.

However, if the phase plate is applied in a magnified diffraction plane,
some more electron-optical elements are found in between electron-source
and phase plate, and the considerations for the additional lenses, deflectors
and quality of alignment are as valid as for the condenser system.

In the KroNos instrument, the microscope column is extended by
the DMU housing a single lens and a pair of deflectors to implement
the magnified diffraction plane. Physically, the DMU is located after
another electron-optical device, a CEOS C;-corrector. The corrector itself
roughly doubles the amount of round lenses in between electron-source
and magnified diffraction plane, compared to a standard electron-optical
set-up with the phase plate applied in the back focal plane. This elevates
the demands on the quality of the electron-optical alignment.

The alignment is further complicated, as the magnified diffraction plane
amplifies the effects of minute misalignments in the condenser system,
which results in an extraordinarily small error margin for the condenser
alignment. A schematic view of the conditions below the object plane can
be seen in figure 3.10.

In the corrector, the positive spherical aberration of the objective lens
(and the rest of the optical system) is compensated by the negative C, of
two hexapoles, i. e. non-round electron-optical elements. Other additional
elements provide the necessary degrees of freedom to correct other aber-
rations as well. During the iterative tuning procedure of the C,-corrector,
the present aberrations are measured and a matching set of parameters for
compensation is generated. After application of the new parameters, the
changed and hopefully smaller residual aberrations are again determined
and the process is repeated.
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Figure 3.10: Beginning of the projective system of the KroNos. Below the objec-
tive, the beam traverses Cs-corrector, diffraction magnification unit
and the first projective. The zero-order beam foci in the conjugated
diffraction planes are marked by (o). Diffracted rays are shown in
green, undiffracted rays in blue. The magnification of the conjugate
diffraction planes is marked by (). In the actual device, the attained
magnification is 3.2 x.

This iterative procedure does not necessarily result in an aligned state
for every single round lens within the corrector (personal communication
Thomas Riedel/CEOS). Therefore, perfect electron-optical alignment for
all elements in between magnified diffraction plane and electron-source
while maintaining full correction of the spherical aberration might be
impossible.

3.4 POSITION DETERMINATION

To enable an automated alignment of the physical position of the phase
plate to the optical axis, the automation software needs to determine
the present mismatch of the phase plate alignment and provision for a
matching compensation. Phase plates are applied in a diffraction plane of
the microscope, which is not directly visible in a regular image. Therefore,
the different possibilities of how an object in a diffraction plane can be
imaged need to be evaluated for usability in an automation process.

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch.



3.4 POSITION DETERMINATION 67

e Front focal plane

<€ . S~ Objective prefield lens
Specimen
< > Objective lens

<_\ Intermediate image
— Projective

/ Screen or camera

Figure 3.11: Ray paths for HM mode. The rays from the parallel illumination
(blue) are focused in the diffraction plane, where the phase plate is
installed. Rays intersecting with the phase plate (green) are generated
by a scattering specimen.

3.4.1 Parallel Illumination

With the objective lens excited at its standard current in high magnification
(HM) mode using a short focal length, the parallel illumination results
in a focused spot in the diffraction plane. To generate a signal, probing
particles need to interact with the object to be imaged. In this case, this is
not the specimen, but the phase plate structure in the diffraction plane.
Since a focused spot is unsuitable to image an extended structure in one
single exposure, a specimen with some scattering power into all angles like
an amorphous carbon film is required, to provide the probing particles for
the diffraction plane. The scattered electrons interact with the phase plate
structure, allowing its position to be detected.

Figure 3.11 shows a lens diagram with condenser, objective pre- and
postfield lenses and a projector lens. The electron-source is imaged into the
front focal plane of the objective prefield, which results in a parallel zero-
order beam through the specimen plane. The scattered electrons that have
interacted with the phase plate carry some information about it, which
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Figure 3.12: Power spectra show Friedel-symmetric images of different types of
phase plates. Zach phase plate in (A), Zernike phase plate in (B), both
imaged close-to-focus.

contributes to the image contrast on the detector. The interaction can be a
change of phase or attenuation of the signal due to electron-absorption or
scattering into high angles.

Image and diffraction planes are connected by a Fourier transform, thus
a Fourier-transformed image of an amorphous sample shows modulation
by the phase plate structure. Typical power spectra are shown in figure 3.12
for Zach (A) and Zernike-type (B) phase plates.

Both power spectra feature a point symmetry about the origin, which
is a property of Fourier transforms of real objects (cf. Friedel symmetry in
section 2.5.1). The scale bars in figure 3.12 have been adjusted to reflect the
direct space distances in the back focal plane, according to equation 2.6.

Due to the weak interaction with the thin specimen, most of the image
intensity is concentrated in the zero-order beam. The amount of scattered
electrons per solid angle is dependent on the specimen’s differential cross
section. For non-crystalline specimen, scattering into smaller angles is
more probable, which results in a higher amount of electrons available
for interacting with a phase plate in the vicinity of the zero-order beam.
Furthermore, the modulation from the envelopes (cf. section 2.4.1) further
dampens the transfer of high spatial frequencies. Therefore, the position
information of the phase plate represented in the Fourier-transformed
image is modulated, and higher signal-to-noise ratios can be expected
for small misalignments of the phase plate position with respect to the
zero-order beam.
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Usability for Automation

If the phase plate position is already close to the zero-order beam and the
signal from the phase plate can be separated from the background, it is
feasible to use a diffractogram of an amorphous part of the specimen for
determination of the phase plate misalignment. Its main advantage over
other imaging possibilities is that an identical configuration of condenser
and objective lenses can be used for phase plate alignment and subsequent
imaging of the specimen area of interest.

Unfortunately, the attainable signal-to-noise ratio is low and depending
on the misalignment (cf. section 3.5.2). In case of a point-symmetric phase
plate structure, the introduction of a Friedel-symmetric second image of
the phase plate makes it difficult to decide which of the two candidate
images corresponds to the real phase plate. The problem can be mitigated
if some symmetry-breaking prior knowledge is available.

For a successful detection of the phase plate position, there should be
as few as possible additional sources of modulation present in the diffrac-
togram, i. e. no modulation by a contrast transfer function or dampening
envelope, a uniform diffractogram background and a phase plate free from
unwanted charge. For the final high-precision alignment step close to the
zero-order beam, nanoparticles of 2-10 nm diameter can be very helpful to
boost the amount of electrons scattered into small angles, which increases
the attainable signal-to-noise ratio for imaging the phase plate.

3.4.2 Defocused Condenser

Deviating from parallel illumination conditions changes the vertical po-
sition of the zero-order beam cross-over behind the objective lens. As
can be seen in figure 3.13, the specimen illumination can be made con-
vergent or divergent by not projecting an image of the electron-source in
the objective prefield lens’ front focal plane. If the deviation from parallel
illumination is big enough, the conical zero-order beam intersects the
phase plate plane in a disk, which generates a spatially extended beam
that can interact with the phase plate structure. Changes to the angular
distribution of the zero-order beam are referred to as a change of the beam
convergence angle.

Figure 3.14 shows a Zernike phase plate at various condenser settings.
This imaging-method does not rely on scattered electrons by a specimen,
as the primary electrons from the defocused illumination are used for
probing the position of the phase plate. Figure 3.14 (A) shows the phase
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Figure 3.13: Lens diagrams for non-parallel illumination. Depending on where the
image of the source is projected relative to the front focal plane, the
illumination is parallel, condensing (A) or spreading (B).

Figure 3.14: Condenser defocus series without a specimen. Overfocus with con-
densing illumination (A-E), focus (F) and underfocus (G-J). The
phase plate diameter was 650 nm. Note the apparent change of phase
plate position (x) and the contrast inversion of a contamination parti-
cle on the phase plate film (white —). Also note the small change in
ellipticity from (A) to (J), which can be corrected by the illumination
stigmator.
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plate with condensing illumination, which is gradually (B-E) changed to
parallel illumination by changing the excitation of the second condenser
lens.

In (F), parallel illumination with a sharp cross-over in the diffraction
plane images the edge of the phase plate structure at infinite distance,
which is the condition used for imaging the specimen. Since there is
no specimen inserted, which generates diffracted electrons, the Fourier
transform of this specific image does not show a modulation by the phase
plate.

Underfocus conditions are shown in (G-J), with a spreading illumi-
nation setting, which results in similar images compared to overfocus
conditions. Since the amount of beam cross-overs after the phase plate
plane is changed from over- to underfocus conditions, the orientation of
the image is rotated about the zero-order beam.

The apparent change of the phase plate centre position from (A) to (J)
stem from non-perfect alignment of the condenser system. Also, a small
difference in ellipticity can be seen, due to a changed stigmation of the
zero-order beam, again introduced by the change of the lens excitation.

Such a condenser focal-series can be used for manual centring of a
Zernike phase plate: As the beam convergence is changed, the ring-system
should concentrically open and close. If in both under- and overfocus
conditions the phase plate appears centred around the same position,
its physical position is close to the optical axis and the electron-optical
alignment of the condenser system is usable.

Usability for Automation

Direct imaging of the phase plate structure using non-parallel illumination
does not suffer from the ambiguity found in the Friedel-symmetric diffrac-
togram representations. Furthermore, it does not rely on the scattering
properties of a sample and is usable with or without a specimen.

The apparent magnification of the phase plate structure can be con-
trolled by the beam convergence angle, besides the magnification of the
projective. The more the convergence angle of the zero-order beam ap-
proaches parallel conditions in the diffraction plane, the smaller is the
apparent magnification of the phase plate structure, which makes the
method applicable to small and large misalignments.

However, the required changes to the condenser system usually result
in small changes of the position and inclination of the optical axis. Small
electron-optical alignment shortcomings of the condenser system can
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be tolerated, as long as the image of the phase plate is still projected on
the detector. This offers the possibility to measure and adjust the phase
plate position using multiple scales, if the relative difference of the re-
spective zero-order beam positions are known. Such differences can be
compensated by an additional tilt parameter for each preset.

3.4.3 Diffraction mode

If the projective of the microscope is focused on the back focal plane rather
than a conjugate image plane, an image of the intensity distribution in the
diffraction plane is projected on the camera, which also allows a direct
imaging of a phase plate, if the structure is illuminated by electrons. As
above, the source of such electrons can be either diffracted electrons from
a scattering specimen or a defocused zero-order beam.

Using parallel illumination conditions, the intensity normally present
in the image background and distributed across the whole illuminated
area is concentrated in a spot in the diffraction plane, so that the electrons
scattered by the specimen are the only source of probing electrons in the
diffraction plane. Depending on the scattering power of the specimen, the
signal from their interaction with a phase plate structure can be weak. To
compensate, relatively long exposure times are necessary for recording a
sufficient signal. For long exposure times, the intense flux of the zero-order
beam can damage the detector. Usually, this is averted by introduction of
a beam stop, i. e. a physical obstruction of the zero-order beam. The beam
stop needs to be aligned using an insensitive detector, e. g. the fluorescent
screen. For an automation software, access to such an insensitive detector
is often limited, which reduces the practicability of this approach.

The intense zero-order beam can be avoided, if it is focused in a plane
below or above the phase plate, i. e. by adjusting the convergence angle of
the illumination. Effectively, this results in a variation of the defocused-
condenser method with a different magnification of the projective.

3.4.4 Low Magnification Mode

Most transmission electron microscopes feature a separate low-magnification
(LM) mode lens program. Its main characteristics are a bigger field of view
and the lower attainable magnifications, which are typically in the range
of 80-2500 x [13]. The lower magnifications are mainly realized by using a
smaller excitation of the objective lens compared to HM, yielding a much

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch.



3.4 POSITION DETERMINATION 73

< A — Objective prefield lens

Specimen

> Objective lens

Figure 3.15: Diffracted (green) and undiffracted (blue) beams for a low magnifica-
tion mode configuration. The phase plate aperture stays in a diffraction
plane for HM mode, which does not coincide with any special plane
for LM.

larger effective focal length. A schematic overview of the resulting beam
paths is shown in figure 3.15.

Since the physical position of the phase plate remains in a HM mode
diffraction plane, it is now situated in a different electron-optical plane in
LM. Due to the longer focal length, the illumination now directly interacts
with the phase plate structure, and no specimen with a scattering power
is needed. The presence of a specimen does not severely impede the
practicability of this mode, as it only results in a superimposed image from
object and phase plate.

For an electron-obstructing Zach phase plate, a hard shadow-image
is cast on the detector. Semi-transparent films attenuate the local inten-
sity of the illuminating wave and the areas with and without film can be
distinguished.
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Figure 3.16: Zach phase plate imaged in LM mode.

Usability for Automation

LM mode is usable for a very coarse alignment of Zach-type phase plates,
because of the much larger structure compared to a Zernike-type phase
plate hole and the higher contrast from the hard shadow-image, as shown
in figure 3.16. The Zernike-type film phase plates do not produce such a
distinct signal, but given a suitable magnification, their location can also
be determined.

The electrostatic phase plates have been used with a Kleindiek micro-
manipulator (cf. section 3.2). For that device, external coarse control is
necessary, as it does not feature position encoders and therefore no inter-
nal closed-loop operation, which results in a poor absolute positioning-
accuracy. For the Kleindiek drive, use of the LM mode is therefore required.
Zernike film phase plates have been used with the KonTEM drive, which
offers a much higher position-repeatability thanks to its integrated en-
coders and closed-loop operation, which make a very coarse alignment
step in LM mode unnecessary.

Switching from HM to LM and back introduces a large current change
in the objective lens, which in turn can cause hysteresis problems. To
avoid frequent mode switches, the large Zach phase plate structure can
be coarsely aligned to a certain distance of the zero-order beam, which
permits use of other imaging techniques for determining the phase plate
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Figure 3.17: Comparison of a Zernike phase plate, imaged with the defocused
condenser method (A) and simulation (B). The edge of the simulated
phase plate hole is marked by a circle.

position, as described above. For imaging without applied phase plate,
no potential is applied and the structure is used as a slightly misaligned
objective aperture.

3.5 PHASE PLATE RECOGNITION

For the images acquired using the methods described above, image pro-
cessing algorithms capable of extracting the position of the phase plate
need to be developed. The attainable images can be divided into two cate-
gories: Direct visualisation techniques, such as the defocused-condenser
and LM mode method and Fourier-domain techniques with parallel illu-
mination. In the following, suitable algorithms for position-determination
are presented.

3.5.1 Defocused Zernike Phase Plate

If non-parallel illumination conditions are used, the phase plate can ap-
pear in different sizes, depending on the chosen condenser setting (cf. Fig-
ure 3.14). By modelling the Zernike phase plate as a semi-transparent
aperture with phase-shifting properties, the characteristic ring system of a
defocused phase plate can be generated, as shown in figure 3.17.
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Figure 3.18: Template of a defocused Zernike plate, generated from twenty views
with varying background.

It proves to be difficult to match the shape of an experimental image of a
defocused phase plate with a simulation result, since the actual appearance
is not only depending on the phase-shifting and electron-absorbing proper-
ties of the phase plate, but also on the convergence angle of the zero-order
beam used for illuminating the phase plate. The potentially imperfect
properties of the phase plate further complicate the analysis. While a simu-
lated image can in principle be used as a template in a template-matching
algorithm, better results could be obtained using a template generated
from actual phase plate views.

Template Matching

Template matching algorithms offer an efficient approach to finding ar-
bitrary structures in images, provided a template similar enough to the
structure to be found is available. For generating such a template, twenty
images of the very same phase plate with identical illumination conditions,
but varying background contribution from different specimen positions
have been aligned and combined into a low-noise representation. The
relevant part has been centred, cropped and rotationally averaged. An
example of a resulting template is shown in figure 3.18.

To account for different phase plate sizes (cf. section 3.4.2), the template
image can be linearly scaled. The scaled template and the phase plate
image are then correlated and a peak-finding algorithm is applied to the
correlation map. The peak corresponds to the phase plate position, as can
be seen in figure 3.19.

If the apparent size of the phase plate is unknown, e. g. by a mismatch
of requested and resulting electron-optical settings due to lens hysteresis,
a range of different radii can be assumed, a corresponding set of scaled
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Figure 3.19: Template from figure 3.18 scaled to match the green circle is applied
to (A). Resulting correlation map in (B). The found phase plate position
and size is highlighted by a circle with marked centre (x).

templates generated and correlated with the image. After normalisation,
the best matching template yields the highest peak of all correlation maps,
which determines both the phase plate position and its apparent size.
The latter is useful, if the effective beam convergence angle needs to be
determined.

Algorithm Evaluation

To measure the performance of the phase plate detection algorithm, all
intermediate images during an automated phase-contrast imaging session
have been recorded. During routine application of the automated phase-
contrast imaging, those images are only used for alignment and are usually
not kept.

In the acquired dataset, a total of 484 images have been evaluated
of which 432 show a phase plate. Illumination conditions, magnifica-
tion and camera acquisition time were kept constant. The electron dose
was 14 e~ nm™ >, which is about a hundred times smaller than typical doses
used for imaging beam sensitive specimen.

Depending on the specimen position, the local specimen thickness
varies, which is reflected in the mean intensity of the acquired images.
Thicker specimen locations result in a lower image intensity, and a smaller
signal-to-noise ratio in such images can be assumed. For comparison, the
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Figure 3.20: Image mean intensity distribution in intermediate alignment steps
during an automated phase-contrast microscopy session. Depending
on the local specimen thickness, different mean values are attained,
which correspond to the signal-to-noise ratio present in the images.
Higher values correspond to thinner parts of the specimen.

images in the dataset have been partitioned by their mean intensity into
three classes, as shown in figure 3.20.

This partition is used to differentiate the imaging conditions for the
evaluation of the algorithm’s performance. Ground-truth reference posi-
tions of the phase plate center are marked manually and compared to the
positions found by the algorithm. A graphic representation of the results
is shown in figure 3.21.

For low signal-to-noise ratios, a significant amount of outliers is present,
which suggests a poor reliability. For intermediate and high signal-to-noise
ratios, the positioning error is reduced.

Another source of error may be hidden in the way the reference positions
are generated, since they were acquired manually by visual inspection,
which also suffers from a low signal-to-noise ratio. Therefore, the assumed
reference positions might exhibit a small error.

An automated phase plate centring algorithm should therefore use a well-
matching template and monitor the mean image intensity. To account for
varying specimen-thickness, the camera acquisition time can be adjusted
accordingly to ensure a sufficient signal-to-noise ratio for reliable phase
plate position determination.
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Figure 3.21: Box plot of the mismatch between reference position and positions
found by the template-matching algorithm, differentiated in classes
of different signal-to-noise ratio, corresponding to figure 3.20. With
higher mean image intensity, an increased amount of outliers (+) is
present, suggesting a failure to detect the correct phase plate position.

3.5.2 Zernike Phase Plate in Fourier-Domain

The method described in the previous section has the disadvantage of
relying on non-parallel illumination, but is useful to bring the phase plate
close to the optical axis, such that a Fourier-domain based algorithm does
not need to be able to deal with large mismatches.

To take the image of the specimen with applied phase plate, the illumina-
tion conditions have to be changed to parallel illumination. The necessary
change of condenser lens excitations might result in an altered optical
axis, which can be accounted for in a static calibration of the used presets,
where the effective illumination tilts are harmonised.

A harder problem is posed by phase plates exhibiting less conductive
regions, which show a varying amount of charging depending to the cur-
rent exposure to electrons. The charging results in an additional parasitic
electrostatic potential, which has a strong influence on the zero-order
beam, and is able to alter both its position and focus. This complicates the
alignment, since the alignment goal is a relative positioning of the phase
plate to the zero-order beam, which should most conveniently not be a
moving target.

Since the additional parasitic potential appears to be constant as long as
the illumination conditions are unchanged, phase plates prone to charging
effects need to be aligned using the condenser settings of the final exposure.
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As this requires parallel illumination, charging phase plates need to be
aligned in a Fourier-domain representation.

Ideal conditions, such as imaging with minimal lens aberrations, pristine
phase plate, thin, homogeneous amorphous-carbon film background and
a moderate electron dose of about 66 e” nm™> result in a clear and sharp
signal in the diffractogram. To test phase plate finding algorithms with
a standardized data set, a series of images with deliberate phase plate
misalignment using the described imaging conditions was acquired. Two
members of this data set are shown in figure 3.22 (A-B).

The contrast resulting from the slightly misaligned phase plate in fig-
ure 3.22 (A) is interesting. The part of the diffractogram covered by the
phase plate hole is transferred with high intensity, iff exactly one of the
Friedel mates passes through the phase plate film material and the other
through the hole. A more precise discussion of the contrast formation in
this configuration can be found in appendix A.

In a naive implementation of a phase plate position determining algo-
rithm, the noise reduced diffractograms are transformed into an edge
representation, e. g. by application of the Sobel operator, as shown in fig-
ure 3.22 (C-D). From the edge representation, the position of circles
corresponding to the size of the Zernike phase plate can be found by
application of the circular Hough transform [24].

The Hough transform uses an accumulator array of a size equivalent
to the image dimensions. For each non-zero pixel in the source image,
the corresponding pixels in the accumulator array in distance r are in-
cremented. In the resulting accumulator array, the pixel position being r
distant from the center of a circle of radius r therefore receives the majority
of votes, and can be found by a peak-finding algorithm.

The resulting accumulator array for the image shown in 3.22 (C) can be
seen in figure 3.23 (A), with two clearly recognizable peaks corresponding
to the Friedel-symmetrized phase plate centres.

With the described method applied to all members of the test data
set, the correct phase plate centres can be found for all the 55 test images
with linearly spaced mismatches up to 0.35 mrad. This can be seen in a
maximum projection of all the resulting accumulator arrays shown in
figure 3.23 (B).

Besides the optimal reference data set, image-series with controlled
non-ideal imaging conditions were acquired, which can be used to test the
robustness of a phase plate finding algorithm. Several of such data sets exist,
which vary in their signal-to-noise ratio, defocus, sample background and
parasitic charge of the used phase plate.
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Figure 3.22: (A-B) Diftractograms of images acquired under ideal conditions with
different phase plate misalignment. In (A), the zero-order beam is
still within the phase plate hole, in (B) not. An edge representation
of (A-B) is shown in (C-D).
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Figure 3.23: Hough transform of figure 3.22 (C) in (A) shows two clear peaks cor-
responding to the mismatch. Maximum projection of 55 accumulator
arrays from a test bench with deliberate misalignments in (B) confirms
successful application to all members of a test data set.

Figure 3.24 shows two members of a non-ideal test data set with similar
position mismatches as in figure 3.22. The naive method fails as soon as the
used edge-finding algorithm fails to highlight the outline of the phase plate
hole, which easily happens if the contrast is modulated by a nonvanishing
CTF. Because of the lacking robustness, the naive approach is not suitable
for automation.

Application to Non-Ideal Circumstances

The modulated background in the diffractograms proves to be challenging
for image processing algorithms, as it occludes the small signal of the phase
plate. For a similar problem, the determination of CTF parameters from
diffractograms, the literature describes several approaches to extract and
subsequently subtract the background signal [59, 4, 81]. Unfortunately, the
reported methods are unable to reliably deal with the azimuthally varying
contrast present in diffractograms with an applied Zernike phase plate.
The automation software does not need to rely on the data present
in a single image, as it controls the image acquisition process. Better
background models can be attained by measuring the individual image
background contribution in an additional reference exposure prior to
phase plate insertion. The diffractogram background of the reference
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Figure 3.24: (A-B) Diffractograms of non-ideal images with different phase plate
misalignment and angularly varying background signal. Background-
subtracted versions of (A-B) are shown in (C-D).
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image can then be subtracted from the more or less identical image with
applied phase plate.

However, even this potentially perfect approach can fail, if insertion of
the phase plate results in a change of the effective wave-aberrations, e. g. by
introducing an additional defocus.

As shown in figure 3.24 (C-D), also the background-subtracted data is
modulated. The part of the phase plate with smallest distance to the zero-
order beam appears to be transferred with stronger intensity compared to
the rest.

For such modulated data, no universally applicable thresholding method
could be established, which allows a reliable separation of remaining back-
ground and phase plate signal. Therefore, methods that do not require
thresholding have been investigated:

The most successful approach is again based on template correlation,
for which eflicient algorithms exist for Cartesian coordinate systems. Due
to the imposed Friedel-symmetry in the diffractograms, the mismatch
positions are better represented by a polar coordinate system, with iden-
tical values found for azimuthal angles modulo 7. For efficient template
correlation, the Fourier-domain diffractogram is transformed into a corre-
sponding polar representation. The result of such a transformation can be
seen in figure 3.25.

Subsequently, a correlation of the polar representations with calculated
templates, each corresponding to the resulting contrast for a certain radial
mismatch (cf. last column in figure 3.25) is performed. The resulting
correlation maps, one for each tested radial mismatch, can be combined
into a unifying map, where each of the correlation results contributes one
column corresponding to the radial mismatch tested by the individual
template. Using a peak-finding algorithm, both the azimuthal and radial
phase plate mismatch can then be extracted.

In figure 3.26, such resulting unified maps are shown for ideal and
less-ideal imaging conditions. While for ideal imaging conditions this
algorithm is able to extract coordinates compatible with the deliberate
misalignment in the test data set, its performance is not robust for the
less-ideal diffractogram data.

The efforts to increase the robustness can be summarized in the follow-
ing insights:

 Presence of a modulated background is a major obstacle. If the
phase plate itself changes the parameters of the CTE even potentially
perfect background subtraction using an image from an identical
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Figure 3.25: Polar representation of the background subtracted Fourier transform
of misaligned Zernike phase plates. Upper row corresponds to the
smaller misalignment of figures 3.22 and 3.24 (A), the lower row to
the larger misalignment found in (B). The last column shows a cor-
responding template, centred at the angular origin. Phase plate hole

radius is designated by q..
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Figure 3.26: Maps resulting from correlating all possible templates with the polar
transformed and background-subtracted representation of a Fourier-
transformed phase plate image. Each template (e. g. last column in
figure 3.25) contributes one pixel column according to the respective
radial mismatch. With ideal conditions (left column), the phase plate
position can be extracted for both mismatches. With less ideal condi-
tions (right column), the detection fails for mismatches smaller than
the phase plate radius (upper row).
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specimen position often fails to separate phase plate and background
signal.

« The phase plate signal is influenced by the current amount of con-
tamination or charge present on the perimeter of the phase plate
hole. It varies with local specimen and illumination conditions.

Therefore, presence of a charge on the phase plate is detrimental for robust
phase plate detection algorithms working on a Fourier-domain signal,
mostly due to problems of separating signal and background.

Possibly, the situation can be improved, if images of better quality can
be reliably acquired, which mainly means that the additional aberrations
introduced by the phase plate itself need to be accounted for. As the
magnitude of additional defocus introduced by the phase plate does not
appear to be constant and no static compensation can be found, attempts
to extend the auto-focusing routine to work with an applied Zernike film
phase plate were attempted.

As the auto-focusing routine works by comparing the resulting image
shift upon application of a varied illumination tilt, the physical position of
the phase plate has to be adjusted accordingly and at least roughly aligned
to the resulting zero-order beam positions in the diftfraction plane. With
manual supervision, this technique can result in a slightly better image
quality, but the robustness of the approach is poor, as the phase plate needs
to be aligned twice. A non-robust means to cure the shortcomings of
another non-robust process is a poor choice, though. For automated phase
plate image acquisition, this approach does not appear to be feasible.

To summarize, non-ideal phase plates should be avoided for automated
image acquisition, as their effects on the image contrast appear to be
uncontrollable for an algorithm.

Positioning in Friedel-Symmetric Representation

Since the Friedel-symmetry only allows to determine the azimuthal mis-
match angle modulo m, the correct angle has to be determined by choosing
one of the two possible azimuthal angles and checking the correctness
of the assumption in a subsequent acquisition. Failure in guessing the
correct angle often results in a configuration, where the zero-order beam
is focused on the phase plate hole perimeter, which quickly introduces
a parasitic charge and renders the phase plate unusable. To avoid this
undesired situation, the previous coarse alignment steps using the defo-
cused condenser lens method should actually position the phase plate at a
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Figure 3.27: Proposed modification of a Zernike phase plate shape featuring an odd
symmetry. At perfectly aligned position (A), a small single-sideband
signal is present in the Fourier-transformed image, which may help
a human operator or an algorithm to decide whether the aligned
state has been successfully reached. Since the true orientation of the
misaligned shape is known (B), the ambiguity of even symmetric
objects is resolved.

certain offset to the optical axis. With this prior knowledge, the correct
angle can be chosen on first try.

For phase plates with large holes, it is feasible to target a position in
between hole center and edge so that the intense zero-order beam does
not interact with the phase plate. For phase plates with hole radii smaller
than the mechanical repeatability of the positioning device this can result
in a targeted position, where the zero-order beam has to pass through the
phase plate film material.

If a small azimuthal variation of the effective cut-on frequency is tolera-
ble, the round phase plate hole can be approximated by a polygon with a
small odd amount of sides, e. g. a pentagon, as shown in figure 3.27. Be-
cause of the odd symmetry, the actual position can be distinguished from
its mirror image, if the true orientation of the polygon is known (B). A
further advantage is the presence of a recognizable signal even for perfect
alignment (A) due to single-sideband contrast, which may help an algo-
rithm or a human operator to decide whether the alignment goal has been
reached.
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Necessity of Fourier-Domain Alignment

Phase plates prone to charging effects demand performing the final align-
ment step with the illumination conditions used for imaging, as any change
of the illumination condition results in a differently charged phase plate
which alters the relative position of phase plate and zero-order beam.
Therefore, the alignment has to be done in a Fourier-domain representa-
tion.

For phase plates less susceptible to charging, an acceptable alignment
can be attained by exclusively using the defocused-condenser method,
i. e. the Fourier-domain alignment step can be completely avoided.

3.5.3 Electrostatic Zach Phase Plates

In LM mode, the very coarse position of a Zach phase plate can be de-
termined (cf. figure 3.16), by using a template correlation approach. Sub-
sequently, the phase plate position error can be further minimized by
using the defocused-condenser method, similar to the method used for
the Zernike phase plates. The feature to detect is of course no longer a con-
centric ring system, but resembles the appearance depicted in figure 4.12.

For finding the phase plate position in a Fourier-transformed image,
the same imaging conditions as for Zernike film phase plates should be
used, i. e. minimal lens aberrations and a scattering amorphous sample
background. The Zach phase plate offers a wide-open area similar to
an objective aperture. Therefore, minimisation of the lens aberrations
by focusing with an applied phase plate can be done with the standard
focusing algorithm using an induced beam tilt (cf. section 3.1.2).

If the phase plate is close to the zero-order beam after a coarse alignment
step, a static voltage to activate the phase-shifting property can be applied,
which causes increased transfer of spatial frequencies localized at a position
corresponding to the current phase plate position. This can be seen in
figure 3.28. Due to the odd symmetry of the Zach phase plate design, the
ambiguity of the Friedel-symmetry can be resolved.

The phase plate alignment using the defocused-condenser method
yields a similar accuracy as with Zernike film phase plates, since the same
positioning system can be used. In the vicinity of the zero-order beam,
the alignment accuracy is depending on the local charge present on the
phase plate tip.

A further unfavourable factor for an alignment in reciprocal space at
target-resolution (i. e. rather high magnification) is the poor resolution of

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch.



90 AUTOMATED TEM

Figure 3.28: Diffractograms of images taken close-to-focus with applied Zach phase
plate. In (A), a potential of —2 V is applied, which just compensates
the trapped charge on the phase plate tip. In (B), a potential of -5V is
applied, which highlights the region in front of the phase plate tip.

low spatial frequencies. For achieving a low cut-on frequency, the phase
plate tip has to be placed close to the zero-order beam, and monitoring its
position becomes difficult. This can be seen in figure 4.3 (D). The effect
is even more pronounced, if only small detectors are available, since low
spatial frequency resolution as well as the attainable signal-to-noise ratio
are directly influenced by the detector size. The absolute size of the detector
is not important, since the optical system compensates for the physical
pixel size. Therefore, cameras featuring 4096 x 4096 or an even higher
amount of pixels greatly facilitate a Fourier-domain alignment task.

3.6 AUTOMATED ALIGNMENT

To integrate the routines described in this chapter into Leginon, existing
software had to be modified or extended. Leginon’s code base is organized
into a variety of nodes, each of which responsible for a certain functional-
ity, such as centring a specimen feature on the camera, changing presets
or performing an autofocus routine. The software framework provides
the necessary infrastructure to facilitate the node communication with
each other and the underlying physical instruments like microscope or
camera. The modular approach allows to generate so-called applications
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by defining which of the nodes should be present, and how they are able
to communicate with each other.

A crucial part of automated phase plate application is the alignment
of the phase plate itself. For that, a specialized node implementing the
defocused-condenser as well as the Fourier-domain alignment approach
has been developed. The available multi-scale imaging application is used
as a base, where the phase plate alignment step is integrated.

Each automated phase plate alignment procedure begins with a very
thorough mechanical alignment of the specimen to the object plane. The
residual focusing error is then corrected with a small adjustment of the
objective lens’ current.

3.6.1  Multi-Scale Phase Plate Alignment

With the specimen focused, the phase plate is automatically inserted and
centred using the methods described throughout this chapter. A multi-
scale approach is used, wherein a fixed sequence of microscope settings is
used to measure and correct the current phase plate position mismatch.
This allows to image the phase plate with varying magnifications. Small
magnifications are used in the beginning of the alignment process to be
able to deal with large mechanical mismatches. Afterwards, a preset result-
ing in higher phase plate magnification is used for a precision-alignment
step. The position of the respective centre of the optical axis resulting from
the changed condenser settings of each preset is calibrated and known
to the system. Intermediate images resulting from such an alignment
procedure can can be seen in figure 3.29.

Figure 3.30 shows a screen shot of the implemented phase plate align-
ment node with the current phase plate position and the location of the
optical axis defined by the condenser setting used for the final exposure
marked.

3.6.2  Alignment at an Offset Position

Focusing and phase plate alignment should be done at a specimen position
away from the area of interest, since the dose used for achieving focus
and alignment is able to destroy all meaningful information of a beam-
sensitive specimen. An example is shown in figure 3.31, with the focusing
position about 2 pm away from the area of interest, while the high-intensity
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Figure 3.29: Multi-scale alignment of a Zernike film phase plate using the
defocused-condenser method. The centre of the optical axis at target
magnification is indicated by (). Imaging parameters:

(A-B) illuminated area 28 um, beam convergence 0.01993, magnifica-
tion 6500 x. Solid black features in the right image corners stem from
the copper mesh supporting the phase plate film material

(C-D) illuminated area 3.953 pm, beam convergence 0.01993, magni-
fication 15 000 Xx.

Due to a FIB error, the former content of the hole did not lift off
properly and is still attached to the phase plate hole perimeter.
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Figure 3.30: Screenshot of Leginon with opened automated alignment node using
the defocused-condenser method. The actual phase plate position
found by image processing (+) needs to be corrected to coincide with
the optical axis position ().

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch.



94 AUTOMATED TEM

Figure 3.31: Focusing and phase plate alignment for the area of interest (white
square) is done at an offset position (+). Images of the area of interest
at target resolution can be seen in figures 6.7 and 6.8.

illumination used for focusing is limited to a circular area with i. e. 1.3 um
diameter around the focusing position.

For focusing-purpose, a structure with high contrast qualified to be
recognized in a correlation is required. Often, the signal from amorphous-
carbon film is sufficient to serve this purpose, but if low-dose and resulting
low signal-to-noise ratios are used, it is better to have a distinct feature,
such as gold nanoparticles, film edges or contamination spots present at
the focusing position.

Phase plate alignment with the defocused condenser method just re-
quires sufficient signal from the phase plate, as described in section 3.5.1.
If an alignment in the Fourier-domain is required, the focusing position
should be free from artefacts and localized features, as this impedes the
performance of the phase-plate-finding algorithm. Figure 3.32 shows an
image acquired at the final exposure setting, but still at the offset position,
with an amorphous-carbon background. Its main purpose is to check
the alignment quality, as the electron-scattering in the vitrified water ice
is negligible, which results in low contrast in the corresponding diffrac-
tograms [57]. If the phase plate alignment proves to be reliable, this step
should be omitted to save time and dose on the phase plate.
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Figure 3.32: Multi-scale phase plate alignment in Fourier-domain. Image at align-
ment position in (A), corresponding Fourier transform in (B) shows
acceptable alignment. Imaging parameters:

(A-B) illuminated area 1.2 pum, beam convergence 0.0104, magnifica-
tion 64 000 X.

Note the effects of some parasitic charge on the phase plate, which
introduces a modulation within the phase plate hole.
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3.6.3 Timing

One of the goals of automated electron microscopy is taking as many
images as possible in a given time frame, and enabling a better use of
an expensive instrument e. g. by permanently running it. The current
naive implementation of the alignment procedure takes a lot of additional
time, which drastically decreases the throughput compared to standard
automated microscopy. It may be possible to omit some of the steps in
the multi-scale alignment approach, if the robustness of the phase plate
finding algorithm is further increased and some peculiarities of the motors
can be cured*.

Depending on the time needed for mechanically translating the phase
plate, bringing the microscope in another preset configuration, obeying
wait times to stabilize the lens currents and waiting for the camera to
expose an image, the time needed for each multi scale alignment step
varies. The timings from one automated phase-contrast imaging session
with slightly more than 200 individual alignment procedures have been
measured. The results are presented in figure 3.33.

The first data point is the time the machine needs to insert the phase
plate after having performed the focusing routine. This usually takes the
longest time, as the motors need to travel a rather long distance from the
position of the center of the objective aperture to the phase plate position,
which is typically about 3 mm. At maximal speed, the KonTEM drive
is able to move with a velocity of about 1 mm/s, but upon approaching
the target coordinates, the closed-loop positioning algorithm reduces the
speed.

The first two alignment steps use a preset resulting in a small phase
plate magnification, as shown in figure 3.30 (A-B).

In between the second and the third step, the preset is changed to
a higher phase plate magnification (cf. figure3.30 (C-D)), which takes
several seconds. The phase plate is mechanically translated in between the
first and the fourth steps. In the final step, the preset used for imaging
the specimen is sent to the microscope, and the remaining positioning-
error is accounted for by a small adjustment to the illumination tilt, with a
magnitude usually smaller than o.1 mrad. In each iteration, the time spent
for automated phase plate alignment sums up to about two minutes.

4 The current implementation takes about the same time to travel a distance of 3 mm as to
travel a couple of pm. Furthermore, there are some non-linearities in the motions present,
which make a check at the same preset necessary.
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Figure 3.33: Timing of automated phase plate centring, including times for chang-
ing the microscope settings, additional wait times to stabilize electron-
optical elements and camera exposure times. The first four steps corre-
spond to the images shown in figure 3.30. Mechanical movements are
indicated by (m), changes to the optical axis by using the illumination
tilt deflectors by (e).

If the second iteration of each preset can be saved, and the final check is
omitted, the alignment time could probably be reduced to about 80 s, with
a further improvement possible by modifying the closed-loop positioning
routine of the KonTEM device.

For generating a self-aligning Volta phase plate (cf. section 2.5.2), a
charge of about 50 nC is needed [16], which takes about 30 s at the illumi-
nation conditions used for the final exposure of the discussed automated
alignment session. Some more time needs to be accounted for trans-
lating the aperture drive, which may take another 30s. Therefore, the
self-aligning phase plates may not only have an advantage in attainable
image quality, but also in the achievable throughput.

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch.



Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch.



RESULTS WITH ELECTROSTATIC PHASE PLATES

In this chapter, the results for application of electrostatic Zach phase plates
are presented, which were all manufactured by Simon Hettler/KIT [39].
Using a Zeiss 923 microscope with standard optics, the principal function
and applicability of the electrostatic phase plates are verified. The properties
of the optical system are found to limit the achievable image quality, most
importantly the large obstructions of the electron-obstructing phase plate
structure. To remedy this problem, the phase plates are physically inserted in
the magnified diffraction plane of a Zeiss Libra 200 MC CRYO DMU, short
Kronos. The effects of the optical system on the quality of the attainable
images are discussed.

4.1 RESULTS WITH ZEISS 923

The Zeiss 923 features standard electron-optics with a FEG, a three-lens
condenser system, a Riecke-Ruska type condenser-objective lens with a
focal length of 3.7 mm, a projective and an imaging energy-filter. The phase
plates are applied to the first diffraction plane, directly below the objective
lens and in the vicinity of an anticontaminator, i. e. a metal surface cooled
to liquid-nitrogen temperature for improving the local vacuum conditions.
The instrument is used with an acceleration voltage of 200 kV.

4.1.1  Characterisation of Zach Phase Plates

For verification of the phase-shifting property of an electrostatic phase
plate, an amorphous specimen is inserted in the microscope object plane,
and the phase plate electrode is aligned to the zero-order beam using the
mechanical translation of the Kleindiek micromanipulator. To monitor the
current position of the phase plate, the methods described in section 3.4
can be used.

With coincidence of back focal and phase plate plane verified in diffrac-
tion mode, the convergence angle of the illumination is adjusted to be
parallel. In diffractograms of an amorphous sample, the obstructions
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of the electron-opaque phase plate structure are then visible in a sharp
Friedel-symmetric pattern (cf. figure 4.1).

For using the phase plate, the electrode-tip needs to be aligned with
respect to the zero-order beam. To visualize the phase shifting effect of an
applied potential, the objective lens is defocused to introduce Thon rings
in the diffractogram, which can be seen in figure 4.1. During acquisition
of the voltage-series, the defocus remains fixed.

Application of a potential to the electrode changes the pCTF by intro-
duction of an additional phase shift, as described by equation 2.4. For an
applied potential corresponding to an additional phase shift of 7/ to the
zero-order beam, the wave aberration function is no longer modulated
by a sine, but by a cosine function. With constant defocus and a phase
shift of 7/, the position of the pCTF zero-crossings are located at the same
position as the pCTF maxima for the unshifted case. This can be seen in
figure 4.1 (A) and (E).

For a quantitative evaluation of the phase shifting properties, the pCTF
parameters ¢,,, Az and A, can be extracted from the individual diffrac-
tograms by a suitable software such as ctffind4 [67]. The respective results
are graphically integrated in figure 4.1 and additionally visualized in a sep-
arate plot shown in figure 4.2, which reveals a quasi-linear relationship of
induced phase shift and applied potential. Additionally, a small influence
on the effective defocus can be seen, which has been predicted in [56] for
the more localized field-distribution of a Boersch phase plate.

The rather large distance of about 2 um from electrode-tip to zero-order
beam requires a voltage of approximately 5 V to generate the necessary
phase shift of 7/>. This results in a large extent of the phase shifting potential
distribution with a relatively small field gradient in the vicinity of the
zero-order beam. The conditions are therefore unsuitable to influence
low spatial frequencies, as a relative phase shift difference of 7/ between
scattered and unscattered electrons is only present at large distances to the
zero-order beam (cf. section 2.5.1).

A large distance to the zero-order beam reduces the influence of a
localized parasitic charge on the electrode-structure. The effect of such
a residual charge is visible in figure 4.1 (C), as it produces a small phase
shift even though no external potential is applied. Another effect is the
introduction of a small astigmatism, which can be seen in the elliptical
shape of the pCTF zero-crossings in the diffractograms.
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Figure 4.1: Diffractograms with inserted Zach phase plate and varied applied po-
tential. The fitted positions of the pCTF zero-crossings are highlighted
in green. The zero-crossings of the corresponding calculated pCTF
with the additional phase shift set to o is shown in blue. For +5V, the

phase shift is ?'Fprommatel y +7/a.
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Figure 4.2: Zach phase plate characterisation at a distance of approximately 2 pm
from the zero-order beam. The applied potential influences the phase
shift linearly and has also a small effect on the defocus.

4.1.2  Contrast Transfer of Low Spatial Frequencies

If the phase plate is operated with a lower voltage, the resulting phase
shifting field is more confined, and the electrode-tip needs to be positioned
closer to the zero-order beam to impose the necessary phase shift of 7/-.
At the same time, the effective cut-on is reduced due to the larger gradient
of the potential distribution around the zero-order beam.

Successtul application to a filamentous biological specimen could be
demonstrated, as shown in [32] and figure 4.3. The filaments have a diame-
ter of 10-15 nm, resulting in the presence of the corresponding structure
factors with low spatial frequencies in the direction perpendicular to the
filament orientation.

By varying the sign of the applied potential, positive and negative phase
contrast conditions can be established. The specific distribution of the
main structure factors of elongated filaments allows the observation of
multiple origins of the generated contrast: Only the filaments oriented
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Figure 4.3: Application of a Zach phase plate on a filamentous actin specimen.
Depending on the sign of the phase shift, positive (A) and negative (B)
phase contrast can be achieved. The image without applied poten-
tial (C) still shows phase contrast transfer due to single-sideband con-
trast, which influences filaments oriented parallel (— ) and perpendicu-
lar (=) to the phase plate electrode differently. A periodogram in (D)
shows the Friedel-symmetric phase plate tip very close to the zero-order
beam. Images courtesy of Nicole Frindt/CryoEM.
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Figure 4.4: The difference image of positive and negative phase contrast images
in (A) suppresses the parts, which have been transferred regardless of
the applied potential. In contrast to the image without applied potential
in figure 4.3 (C), the signal from the filaments parallel to the electrode
orientation is present. A defocused image with retracted phase plate is
shown in (B). Note the apparent image shift due to a tilted illumination.
Images courtesy of Nicole Frindt/CryoEM.

parallel to the phase plate electrode show the corresponding contrast modu-
lation. Without an applied potential, but with the electrode still at the same
position, the resulting image shows phase contrast due to the obstruction
of one of the Friedel pairs corresponding to the structure factors of the
filaments oriented perpendicular to the electrode orientation.

The contribution from positive and negative phase contrast can be high-
lighted by subtracting the negative phase contrast image from the positive
one, which suppresses the contributions equally present in both images,
i. e. stemming from single-sideband contrast. The filaments oriented par-
allel to the electrode orientation show a signal which means the contrast is
produced by the potential application. This can be seen in figure 4.4 along
with a defocused view of the sample area with removed phase plate, which
shows regular positive phase contrast.
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4.1.3  Considerations for Improvement

To reduce the influence of the electron-obstructing structure on the con-
trast, the electrode would need to be further miniaturized. The realized
size of about 1 um at the electrode tip is already close to the manufacturable
limit. As detailed in section 2.5.1, there are in principle two more possi-
bilities to attain an optical miniaturisation of the phase plate structure:
Choosing a longer wavelength by a smaller acceleration voltage or using a
longer effective focal length. For the latter, the DMU in the Zeiss KroNos
has been designed, which provides a 3.2 x magnified diffraction plane.
This results in an effective focal length of about 15 mm, which is about four
times larger than the conditions in the Zeiss 923.

4.2 RESULTS WITH ZEISS KRONOS

As member of the model line succeeding the Zeiss 923, the Zeiss Kronos
features the same principal electron-optical components with the notable
addition of a monochromator in the electron-source, the integration of
a Cs-corrector and a DMU. The overall quality of the electron-optical
set-up is improved by provisioning for more components enabling a better
electron-optical alignment. Furthermore, the design of many elements
has been revised, so that the microscope offers a better electrical and
mechanical stability. For phase plate experiments, the instrument is used
with an acceleration voltage of 200 kV.

Due to the magnified environment, the aperture of the Zach phase plate
needs to be scaled as well in order to not obstruct electrons scattered into
high angles. The dimensions of the electrode tip should not be scaled to
benefit from the relative miniaturisation.

At first, phase plates with scaled structures were not available and prelim-
inary tests using the available phase plates designed for the Zeiss 923 were
performed. This can be seen in the diffractograms of figure 4.5, in which
a significant proportion of the higher spatial frequencies is obstructed
by the aperture. Since phase plates are primarily applied to improve the
contrast transfer of low spatial frequencies, the small phase plates can still
be used for a performance evaluation.

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch.



106 RESULTS WITH ELECTROSTATIC PHASE PLATES

Figure 4.5: Small Zach phase plate designed for the Zeiss 923 in the magnified
diffraction plane of the Kronos. Even with the zero-order beam far
from the phase plate tip, apparent signs of charging are present in the
close-to-focus (A) and defocused image (B).

4.2.1  Application of Zach Phase Plates in the DMU

First experiments immediately revealed much stronger distortions com-
pared to the experience from the Zeiss 923. Phase plates well usable in
the Zeiss 923 proved to be unsuitable for the KroNos instrument, as signs
of charging were present even at large distances of the electrode to the
zero-order beam. This can be seen in figure 4.5.

Several ineffective methods for improving the charging behaviour were
tried, such as application of a plasma cleaner prior to installing the phase
plate into the microscope and minimizing the phase plate exposure to
ambient atmosphere in between the plasma cleaning and the installation
step [31].

Two means proved to be effective. First, a heating device was fitted to
the phase plate assembly and later directly integrated on the phase plate
chip. The phase plate is permanently heated while not in use, which helps
the vacuum system remove the contamination [40].

Secondly, an additional coating of the structure with amorphous-carbon
and subsequent removal of the resulting short-circuit at the electrode-tip
by FIB polishing proved to be beneficial [31, 32, 39]. The much better
results can be seen in the left column of figure 4.6, which shows only minor
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Figure 4.6: Amorphous-carbon coated Zach phase plate in the DMU. The Thon
rings have a regular form in (A) and (C) at a large distance to the zero-
order beam of about 4.5 pm, and are compatible with a standard pCTF
model. The application of a potential has only marginal effect.

In (B) and (D), the distance is reduced to about 2.5 pm, where applica-
tion of a potential has some effect, but results in an irregular distribution
of the pCTF minima.
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Figure 4.7: Comparing the effect of varied applied potential of o and —4 V using
a strong defocus in an image montage. The modification from pCTF
zeros to maxima and vice versa suggests a phase shift of about 7-.

distortions for a distance in between electrode and zero-order beam of
about 4.5 pm.

Due to the gentle gradient in the static potential distribution, the phase
shifting effect on the zero-order beam is negligible at this distance, even
for applied potentials of 5 V.

The phase shifting effect can be increased by reducing the distance
between electrode-tip and zero-order beam. At a distance of about 2.5 um,
the diffractograms show a significant effect on varying the magnitude
of the applied potential, as can be seen in the right column of figure 4.6.
Unfortunately, reducing the distance also amplifies the apparent pCTF
distortions.

By application of a sufficient voltage adapted to the distance in between
zero-order beam and electrode, phase shifts of approximately 7/> can be
achieved. This is shown in the comparing montage of diffractograms
with and without applied potential in figure 4.7. At least for a few spatial
frequencies, the pCTF zeros of the former coincide with the positions of
the pCTF maxima of the latter, similar to the situation in figure 4.1 (A)
and (E).

A possible remedy for the problem has been described in [31], which
involves positioning the phase plate at an uncritical distance similar to the
one shown in figure 4.6 (A) and (C), as well as changing the phase plate
electrode geometry to apply a more extended field of higher magnitude.
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Although this may hide the effects of the charging problem, it broadens
the area with soft cut-on (cf. section 2.5.1). This impedes the transfer of
low spatial frequencies, which in turn contradicts the design goal of the
DMU. Therefore, for full usability of the Zach phase plate in the DMU, a
solution to the distortion problem has to be found.

4.2.2  Analysis of the Problem

In the DMU, the Zach phase plates are applied in a prototype instrument
with complicated optics, which employ not only round lenses, but also
hexapoles used in the C, corrector. As the shadow-image of the opaque
phase plate aperture is reproduced with the expected shape in the diffrac-
tograms, the general existence of regular imaging capabilities of the optical
system can be assumed. However, to rule out the possibility of a distortion
in the phase plate plane, which is corrected by another electron-optical
element in the system, the properties of the beam in the phase plate plane
need to be characterized.

Analysis of intermediate beam conditions in a transmission electron
microscope column is challenging, as the image is influenced by all ele-
ments present in the beam path from the electron-source to the fluores-
cent screen or camera. Direct and undistorted probing of a problematic
electron-optical element is normally impossible.

Shape and Diameter of the Zero-Order Beam

However, the diffraction plane in the DMU is physically accessible and
phase plates or apertures with defined shapes can be inserted. Intense
electron-exposure usually alters the optical properties of the film material
of a Zernike phase plate, due to introduction of a static charge or the
adsorption of contamination particles sourced from the vacuum [27, 20].

Using similar illumination conditions as for evaluating the Zach phase
plate in the last section, the astigmatism of the zero-order beam in the
phase plate plane can be visualized by the appearance of the round phase
plate hole (cf. figure 3.4.2). Then, the beam is stigmated, focused in the
phase plate plane and aligned to the Zernike phase plate hole. Subsequent
mechanical translation of the phase plate film with flood-beam illumi-
nation results in the elongated patterns shown in figure 4.8. The round
shapes are generated by resting the zero-order beam on the film surface
for a short time.
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Figure 4.8: Determination of minimal zero-order beam diameter in the magnified
diffraction plane. A Zernike phase plate film is used as a surface for
imprinting the beam, as well as length calibration and assessment of
on-plane condition. Raw image in (A), line scan data and fit in (B).

Too strong electron-exposure results in a distorted signal, as the phase
shift imprinted on the film material exceeds m and reverses the contrast
impression. For data collection, a round shape with an undistorted signal
is therefore chosen, as highlighted in figure 4.8. The data is extracted in
a line scan which is then subjected to a fit procedure with the sum of a
Gaussian and a linear term used as the model function.

The Gaussian distribution has a full width at tenth maximum of about
1 um, which should correspond to the minimal diameter of the zero-order
beam in the magnified diffraction plane. Some uncertainty of this rather
large value exists, since the length calibration is done using the phase plate
hole diameter as a reference, which is hard to determine due to the highly
defocused imaging conditions.

A similar value of 0.75 um for the zero-order beam diameter has been
found for the Zeiss 923 [77], where the phase plates do not show such detri-
mentally distorted figures. Therefore, the size and shape of the zero-order
beam does not seem to be the crucial factor for the distortion problem.

Character of the Distortion

All Zach phase plates inserted into the magnified diffraction plane showed
a similar characteristic distortion which can be seen in the diffractograms
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Figure 4.9: Example of typical artifacts due to a charged phase plate in the magni-
fied diffraction plane. Upon changing the focus conditions from defo-
cused (A) to close-to-focus (B), the pattern of the pCTF zeros changes
from a rather round distribution to a distinct symmetric shape.

shown in figure 4.9. The pattern shows a dependence on the tunable lens
aberrations, such as defocus and twofold astigmatism. While round shapes
of the figure can be attained for large values of Az, the figure reduces to a
distinct symmetric shape for small defocus, shown in figure 4.9 (B). As a
change to the defocus in either direction results in the same change to the
pattern, this value is believed to approximate in-focus conditions.

This particular shape can be approximated in a simulation for vanishing
defocus and certain combinations of the lens aberrations C, and A,, as
shown in figure 4.10.

However, the scale on which the shapes are produced differs from that of
the observed shapes with an applied phase plate. For instance, to generate a
similar pattern with the same imaging conditions as used for the observed
pattern, a huge spherical aberration coefficient of 2 m and a large value
for the twofold astigmatism are required. The actual magnitude of C; is
more likely in the range of a few um. For such values, the shape can only
be reproduced using much higher magnifications. Therefore, the source
causing the distortions has to be stronger than the influence of Cs on the
low spatial frequencies.

During application of Zach phase plates with the Zeiss 923, often small
adjustments of the twofold astigmatism are necessary. It is well possi-
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Figure 4.10: Attempt to reproduce the characteristic pattern from figure 4.9 with
a calculated pCTF pattern. By keeping Az = o and varying Cs and
twofold astigmatism A,, shapes similar to the ones in figure 4.9 can
be generated. Used parameters for Cs and A;:

(A): 2m and 4.5pum, same pixel size, dimensions and electron-
wavelength as in figure 4.9.
(B): 10 pm and 10 nm.
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ble that the scale the distortions work on with the shorter focal length
conditions approximately match the effect of the twofold astigmatism
aberration, which is correctable with a stigmator. Therefore, correction of
the distortion effect might be possible using a shorter focal length.

The KroNOs microscope also features a regular diffraction plane di-
rectly after the objective lens, with a standard aperture drive and several
objective apertures. Attempts to insert the phase plate motor in the first
diffraction plane were hindered by the design of the anticontaminator,
which features only two openings for specimen and objective aperture
insertion. In principle, the phase plate could be integrated by replacing
the standard objective aperture drive. However, the objective apertures
are thermally coupled with the anticontaminator. This connection can be
disassembled, but hardly reassembled on-site (personal communication
Dmitry Kolmykov/Zeiss). For not impeding regular microscope use, this
potentially harmful operation was not attempted.

4.2.3 Attempts at Problem Mitigation

Alignment Optimisation

During the characterisation of the imaging-properties of the DMU, several
flaws in the electron-optical alignment of the microscope were discovered.
The most prominent effect was the induced tilt by changing the conver-
gence angle of the illumination. Since the long effective focal length of the
microscope amplifies small deviations from perfect alignment, the error
margin is reduced compared to standard instruments. At first, it could not
be ruled out that a crooked beam path through the DMU lens is the reason
for the distortions, e. g. by using the marginal parts of the lens. Therefore,
some efforts towards alignment improvement were undertaken.

Fortunately, the laboratory enjoyed good support from the microscope
manufacturer, especially by Dmitry Kolmykov, who succeeded in attaining
an electron-optical alignment, which allowed changing any lens current in
between electron gun and magnified diffraction plane without inducing
a severe tilt. This was only possible by manually tuning the deflectors in
the C,-corrector and by adjusting the physical position of the corrector
relative to the DMU by several mm.

The efforts to improve the general electron-optical alignment did not
show any effect on the distortions. Therefore, it was concluded that a
residual trapped charge on the phase plate is mainly responsible for the
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pronounced distortions, which appear much more severe due to the mag-
nified environment.

In-Situ Plasma Cleaning

Since carbon coating and subsequent polishing of the tip electrode did
not result in a sufficient suppression of the charging effects, it was tried to
actually remove the contamination from the phase plate. For this purpose,
an ibss GV1iox downstream asher was fitted to the DMU for in-situ plasma
cleaning. The effects of the first tests using an Argon-Oxygen gas mix are
shown in figure 4.11.

Due to the lack of a lead shielding for the plasma cleaner, it was removed
from the microscope column after the cleaning session to acquire the image
in figure 4.11 (B). Therein, the phase plate seems to be reduced in size,
which is attributed to a removed amorphous-carbon coating. However,
the irregularities on the phase plate surface are virtually unchanged. For
the acquisition of this image the vacuum had to be broken to remove
the plasma cleaning device. This exposes the phase plate to a nitrogen
atmosphere at ambient pressure.

To rule out a contamination occurring during removal of the plasma
cleaner, the experiment was repeated and image (C) could be acquired
after an additional plasma cleaning attempt without breaking the vacuum’.
As this did not show any significant improvement, a much longer plasma
cleaning session was attempted. The results of 40 h of plasma cleaning
using ambient air are shown in figure 4.12. The imaged phase plate is the
sister phase plate located on the same phase plate chip, which showed a
less structured surface. Suitable non-parallel illumination conditions are
chosen to highlight certain features on the phase plate surface, which are
attributed to charge centres.

A noticeable effect after the application of the plasma cleaning de-
vice was a persistent change of the terminal pressure attained by the
turbo molecular pump improving from about 4.35 x 1077 mbar to about
3.75 X 10~/ mbar, as measured with the microscope pressure sensors. Al-
though a small cleaning effect on the tip of the phase plate is visible, the
apparent charging effects of the phase plate were not improved by the
procedure. In fact, the effect of removing the amorphous-carbon coating
is not beneficial at all, as the formerly passivated contamination spots on
the surface re-emerge.

1 With the permission of the X-ray Safety Officer. Even without a lead shield, the X-ray dose
rate did not appear to be different from the background radiation level.
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Figure 4.11: First attempt at in-situ plasma cleaning. The state before plasma
cleaning (A) shows thick amorphous-carbon coating. After applica-
tion of 1.5 h of plasma cleaning using an RF power of 70 W and an
Argon-Oxygen mix as process gas, the carbon coating is virtually re-
moved (B). In (C), the state after additional 2.5 h of plasma cleaning
using a Nitrogen-Oxygen gas mix does not show a significant change.

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch.



116 RESULTS WITH ELECTROSTATIC PHASE PLATES

p ,wo.~r-~o:“\‘="

Figure 4.12: Comparison of the appearance of the phase plate electrode in the mag-
nified diffraction plane using non-parallel illumination to highlight
the charged parts of the phase plate. The initial image (A) shows distor-
tions concentrated at the phase plate tip, which can be reduced by the
application of an in-situ plasma cleaning device for 40 h using ambient
atmosphere as process gas (B). An LM view of this phase plate can be
seen in figure 3.16.
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The results are in accordance to the findings reported in [82], where a
similar approach was attempted with a Boersch phase plate in the PACEM
microscope.

4.2.4 Further Possibilities to Remedy the Charging Problem

The effects of an exposure of the electrode to accelerated electrons were
studied using simulation techniques reported in [82]: The primary 200 keV
electrons were found to be energetic enough to penetrate the electrode-
material. They are well capable of creating scattering events below the
shielding electrode and can therefore produce secondary electrons in the
insulating material which cannot be compensated due to the low electron-
mobility within the material.

A possible remedy is increasing the distance from the trapped charge to
the tip of the electrode by partially removing the insulator. This has been
attempted in [82] by employing back-etching techniques which resulted
in the removal of the insulator for about 500 nm.

The method did show some beneficial effect, but was ultimately not
capable to provide a solution to the charging problem. As the effects of a
charge present on the electrode can be observed on a large length scale
of at least 2 um (cf. figure 4.1), it should be investigated, whether a more
extreme patterning resulting in a truly free-standing electrode is able to
provide a better effect.

As the amorphous-carbon coating proved to be very effective, further
attempts should be directed towards optimizing this technique. Polishing
of the electrode tip should be performed using a helium FIB to avoid
implanting gallium ions in the insulator.

Furthermore, the phase plate manufacturing should be reviewed with
regard to the possibility of reducing the surface roughness and presence
of pockets (cf. figure 2.9). A possible cure of the contamination problem
could be the variation of the surface material from gold to e. g. amorphous-
carbon coated titanium, which showed good performance in [34]. Adapta-
tion of this material composition to a Zach phase plate has been attempted
in [39] and yielded only small distortions in the diffractograms, but this
specific phase plate unfortunately failed to produce any phase shift.

The plasma cleaning device may offer an additional degree of freedom
for handling of the phase plates. As in-situ plasma cleaning is able to
remove the carbon coating, a thick amorphous carbon protection layer
could be applied, which can then be removed in the microscope to avoid
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any surface contamination by the ambient atmosphere. For this, the final
coating has to be applied in an evaporator capable of adding the protective
coating afterwards. Additionally, after the final manufacturing steps in
a helium FIB, an additional protection layer has to be applied without
exposing the phase plate to ambient atmosphere, e. g. by using a vacuum
transfer from the FIB to a suitable coating device.

If an oxidised surface is the main source of poor conductivity, the plasma
cleaner could be used with hydrogen as process gas, which reduces the
oxidations.

Generally, the attainable final pressure in the DMU is at least an order of
magnitude worse compared to the conditions found with an anticontami-
nator. To enhance the lifetime of a Zach phase plate free from parasitic
charge, the vacuum system should be upgraded accordingly.

4.3 DISCUSSION

The charging behaviour of electrostatic Zach phase plates imposes a se-
vere limitation on their practical use. For the KRoNOs microscope, no
working phase plate with small enough charging behaviour to be suitable
for meaningful imaging could be obtained. To enable (automated) phase
plate application, the charging problem has to be solved first.

Analysis of the imaging behaviour of the magnified diffraction plane
did not show obvious evidence of the optical set-up to be responsible for
the increased distortions. Since the magnetic field in the DMU is different
to the conditions found in the vicinity of the objective lens, a contribution
to the problem cannot be ruled out, though. The main effect is attributed
to stem from the presence of a parasitic and static charge on the phase
plate electrode, which is amplified by the magnified environment.

The examination of the behaviour of primary electrons in the insulator
from [82] hint at a fundamental limitation of the use of insulating material
in the vicinity of the zero-order beam.

To reduce the cut-on effects, the electrode has to be brought close to the
zero-order beam. The magnifying optics of the DMU not only affect the
electrons scattered by the sample, but also broaden the zero-order beam.
Therefore, in order to attain low cut-on frequencies, the extent of the zero-
order beam needs to be reduced, which can be done by using smaller
convergence angles of the illumination. Using the available technology,
this means a further reduction of the illumination intensity, which in turn
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puts higher demands on the mechanical stability of the system, as exposure
times need to be increased accordingly.

Although better working phase plates were available for the Zeiss 923
microscope, automated application was not attempted due to the restric-
tions of the microscope and the available micromanipulator. As access
to a less magnified diffraction plane in the KRoNOs instrument was not
available, and development of an effective cure for the problems unlikely,
the efforts to make the electrostatic phase plates work were reduced and di-
rected towards a new application variant Zernike film phase plates, which
is presented in the following chapters.
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THE CUT-ON PROBLEM

This chapter discusses the influence of a finite cut-on frequency of a Zernike
film phase plate on the imaging process. Afterwards, a method to overcome
the effects is presented and the properties of the resulting non-linear contrast
formation are discussed.

51 SIMULATION OF CUT-ON EFFECTS

With the Zernike phase plate aligned to the zero-order beam, the effect of
a finite cut-on frequency is equivalent to a high-pass filter. A lens diagram
of the corresponding geometry can be seen in figure 2.12. For a discussion,
the most important property of the Zernike phase plate is the hole radius
and its orientation to the zero-order beam. The effects from varying these
parameters can be studied in numerical simulations.

The simulation environment is based on the discrete Fourier transform,
which allows to access an image representation corresponding to the con-
ditions in the back focal plane of the objective lens. The phase plate effects
are simulated by a multiplying the specimen’s structure factors with the
modulation by the phase plate. A subsequent inverse Fourier transform
produces the modulated image wave, from which the image intensity can
be calculated by taking its squared absolute value. At first, a pure phase
object in the shape of a Siemens star pattern is used as a synthetic test
specimen for the image simulation, as shown in figure 5.1 (A).

The change of the original specimen to the filtered image is shown in
figure 5.1. The cut-on frequency has been chosen to be ¥s of the Nyquist
frequency, i. e. the lower /s of the representable spatial frequencies are
excluded from the image-formation process.

The center of the filtered test pattern appears undistorted, since it con-
sists only of a high-frequency components that are transferred without
alterations. Lower spatial frequencies are missing, and the large unmod-
ulated regions relating to a solid and featureless bulk area of a specimen
appear distorted.

The standard approach to alter the cut-on frequency for Zernike phase
plates is modifying the size of the hole. Its effect can be seen in figure 5.2.
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Figure 5.1: The synthetic pure phase object in the shape of a Siemens star test

pattern (A) features a radially varying spatial frequency content. Appli-
cation of a Zernike phase plate (B) distorts the shape, leaving only the
Siemens star centre with high spatial frequency content intact.
The effective filter in Fourier-domain is depicted in the inset, with the
position of the zero-order beam marked by (x). Spatial frequencies
traversing the film material (gray) gain an additional phase shift of
/> and contribute to the image formation process.

Figure 5.2: Variation of the apparent cut-on frequency from ¥is (A) to ¥4 of the
Nyquist frequency (B). Smaller physical distances in reciprocal space
relate to larger object dimensions in direct space.
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Figure 5.3: Effects of medium (A) and strong (B) phase plate misalignments of ¥4
gcand q.. The cut-on frequency is ¥4 of the Nyquist frequency, identical
to figure 5.2 (B). The azimuthal orientation of lowest distance to the
zero-order beam is marked by (—).

Smaller holes in the film material result in a reduced cut-on frequency
which allows larger structures of the object to be faithfully transferred.

5.1.1 Misaligned Phase Plates

With the help of simulations, the effects of a phase plate misalignment on
the apparent image contrast can be studied.

Figure 5.3 shows the effects of moderate and strong misalignments of a
Zernike phase plate. A strong misalignment corresponding to the radius
of the phase plate hole results in phase contrast transfer of low spatial
frequencies, but introduces an azimuthally varying contrast modulation.
For this misaligned configuration, the corresponding lens diagram in
figure 5.4 shows that certain low spatial frequencies traverse the phase
plate film material, while their Friedel pairs pass through the phase plate
hole. For those spatial frequencies, the situation is similar to an applied
Hilbert phase plate (cf. section 2.5.2), only with a smaller film thickness
corresponding to a phase shift of 7/, rather than m for regular Hilbert
conditions. This results in a certain modulated phase contrast transfer
which is detailed in appendix A.
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\ Specimen

<— Objective lens

<— Zernike phase plate

Figure 5.4: Cut-on reduction with misaligned Zernike phase plate in the back focal
plane. The phase plate edge is shifted towards the zero-order beam
position. Electrons scattered in the opposite direction (green) or to
sufficiently high angles (dark green) are now affected by the phase plate.
Other angles are not affected ( ), while their Friedel pairs traverse
the film material.

Electrons scattered to even higher angles are transferred with regular
Zernike contrast, as both Friedel pairs traverse the phase plate film mate-
rial.

For a limited set of spatial frequencies corresponding to object features
along a certain azimuthal orientation, the cut-on frequency can therefore
be adjusted by deliberate misalignment of the Zernike phase plate. The ef-
fective cut-on frequency is determined by the remaining distance between
phase plate edge and zero-order beam.

5.1.2  Deliberate Misalignment

The contrast transfer can be extended to cover more azimuthal orienta-
tions by integrating the signal contributions for different zero-order beam
misalignments on the camera. This can be accomplished by a relative
movement of the zero-order beam along the perimeter of the phase plate
edge, which results in a precessing motion following the circular shape of
the phase plate hole. The idea to utilize a precession movement to change
the effective cut-on frequency of the phase plate was communicated by the
KonTEM staft, but has been published elsewhere in the meantime [60]. A
similar use of a precessing motion of the zero-order beam for phase plate
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Figure 5.5: Cut-on reduction with tilted illumination. In the back focal plane, the
optical axis and the zero-order beam cross-over position are shifted
towards the phase plate edge. Electrons scattered in the direction of
the illumination tilt (green) or in any direction to sufficiently high
angles (dark green) are affected by the phase plate, while others ( )

are not.

application is described in [6]. The following study is novel and has not
been reported yet.

One implementation possibility is to execute the movement by phys-
ically translating the Zernike phase plate using its motorized aperture
drive, resulting in the conditions shown in figure 5.4. This imposes high
demands on the mechanical precision of the manipulator.

A more robust way to implement the precession movement is keeping
the phase plate stationary and scanning the zero-order beam with the
illumination tilt deflectors during the exposure time of the camera. The
static situation is visualized in another lens diagram in figure 5.5. Opposed
to the situation with a physical movement of the phase plate, this is no
longer side-effect free:

As mentioned in section 3.1.2, changing the illumination tilt can induce
an image shift on the camera, if a certain amount of defocus is present.
Worst-case conditions for this acquisition scheme can be assumed for
small focal lengths (e. g. 2 mm) and large phase plate hole radii (e. g. 2 um),
which results in a necessary illumination tilt magnitude of 1 mrad. Such
small angles allow neglecting higher-order effects, that the resulting im-
age shift s depends linearly on the defocus, induced tilt angle § and the
magnification M of the projective
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Figure 5.6: Focus-precision needed for sustaining the image resolution with varied
illumination tilt during the exposure. The maximal focus error is plotted
and the area of tolerable defocus coloured. The calculation is valid for
a physical pixel size of 15 um and a variation of the illumination tilt
of 1mrad.

s~2M-Az- f,

as detailed in [48]. Any image shift smaller than half a pixel on the camera
sensor should not introduce any loss of spatial resolution. Physical camera
pixel sizes are typically in the order of 15 um. The maximal magnification
attainable with a certain focus error and a given illumination tilt can be
calculated to

pixel size
Sz

With the estimated values for pixel size and illumination tilt, the necessary
focus precision can be calculated and is in the range of 20-150 nm for
an intermediate resolution range. A plot of the distribution is shown in
figure 5.6.

Since phase plates need to be applied using close-to-focus conditions,
the requirement on the focus precision is usually not restricting. For high-
resolutions using an uncorrected instrument with nonvanishing spherical
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aberration, the limitations may impose a small disadvantage, where the
use of an optimal defocus to extend the passband of phase contrast transfer
might be prohibited (cf. section 2.5).

Likewise, the double amount of the needed focus precision can be
regarded as an upper limit for the maximum specimen thickness, if the
image depth-of-field should cover the whole bulk of the sample.

In an uncorrected microscope, a significant phase error is introduced by
tilting the illuminating beam to large angles, as discussed in [90]. Therein,
the additional phase shift is given by

Ag (B) = -2nCNg*.

For C; = 2mm and an acceleration voltage of 200 kV, this means for a
resolution of 3 A, a maximum tilt angle of about 0.2 mrad is acceptable to
limit the additional phase shift to 7/4. For a resolution of 5 A, the maximum
tolerable tilt is about 0.9 mrad. For a focal length of 2.7 mm the values
correspond to phase plate hole radii of about 500 nm and 2.5 um.

The effects of both detrimental properties are therefore controllable by
using close-to-focus imaging conditions and using a phase plate with the
radius of the hole adapted to the desired resolution range.

5.1.3 Properties of the Precession Technique

In practice, the precession movement needs to be approximated by a
polygon with a finite number of edges. Using an equivalent scheme, the
effects on the resulting image contrast can also be studied by simulation:

For each individual misalignment position, the resulting contrast is
simulated. The results are subsequently integrated into a combined image
intensity by incoherent summation.

In actual microscopy, such an incoherent summation can be done simi-
larly by acquiring an image for each misaligned position and combining
the parts by image-processing. A less controlled, but potentially much
quicker approach is to exploit the integrating character of the sensor by
dynamic application of the relative motion during the acquisition time of
the camera.

Simulated results for the Siemens star pattern, where the circular trajec-
tory is approximated by a polygon with different effective radii are shown
in figure 5.7. Compared to the equivalent static situation in figure 5.3, the
image contrast does not show an angular dependence anymore.
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Figure 5.7: Incoherently summed results of 16 simulated images with the Zernike
phase plate position varied along a circular trajectory, with the same
imaging conditions as in figure 5.3. The approximated precession radii
are ¥4 g (A) and g. (B).

Figure 5.8: Simulation results for a disc-shaped test specimen. Other simulation
parameters same as in figure 5.7. While contrast transfer of low spatial
frequencies is enabled by using a maximal precession radius, the image
intensity is still modulated (B).
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For another synthetic test specimen with higher amount of low spatial
frequencies, application of the same simulation parameters still results in
visible image artefacts, as shown in figure 5.8. The low spatial frequency
structure factors are present, but transferred with wrong amplitudes.

For an analysis, the static geometry in the diffraction plane with a
misaligned Zernike phase plate is shown in figure 5.9. Therein, spatial
frequencies of same magnitude but varying angular orientation are high-
lighted if they traverse the phase plate film material and gain a phase shift.
For different spatial frequencies, the ratio of shifted to unshifted spatial
frequencies varies.

This is the reason for the contrast modulation in figure 5.8 (B). To correct
its effect, the modulation needs to be characterized as a function of the
spatial frequency: The amount of shifted spatial frequencies of a certain
magnitude g; corresponds to the length of the individual arcs subtending
the film material, which in turn corresponds to 1—/x (cf. figure 5.9). Using
the cosine rule, 0 can be calculated to

G:arccos(_qCJrq +d )
2qd

Using arccos (—0) = m —arccos (6), the amount of shifted spatial frequen-
cies f of same magnitude g can be expressed as

f(q) = %arccos(qc_sz_q).

If the Zernike phase plate is the only means for contrast generation, i. e. no
lens-aberrations are present, f also gives the modulation of the contrast
transfer for the modified Hilbert conditions (cf. section 5.1.5) using the
beam precession method.

By choosing reasonable values corresponding to the values of the ex-
trema of the function’s restricted domain, f can be defined for all g to

0 for|q| € [0,q. —d]
f(a) =4 -arccos (HT_CI) for|ql € Jgc ~d,qc+d[ - (51)
1 otherwise

Figure 5.10 shows f for the different precession radii d, corresponding
to the radii used for the image simulations.
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Figure 5.9: Geometry in the back focal plane with Zernike phase plate consisting
of phase-shifting film material (grey) and cut-out hole with radius
corresponding to a spatial frequency g.. The zero-order beam positions
for aligned conditions and misaligned by a distance d are indicated
by (x). The dynamic mode implements the precession motion along
the dashed circle with radius d.

With a zero-order beam (ZOB) misalignment of ¥, g, certain spatial
frequencies of magnitude ¢, g, traverse the film material and gain
a phase shift of 7.. Depending on the magnitude of g;, the ratio of
shifted (green) to unshifted ( ) spatial frequencies varies.

The setting is a top view of the diftraction plane in figures 5.4 and 5.5.
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Figure s5.10: Transfer factors for precession radii of ¥4 (green) and g, (blue). The
position of the structure factors g, and g, from figure 5.9 are high-
lighted.

5.1.4 Correction of the Precession Contrast Transfer Modulation

With the geometrical reason of the non-linear transfer attenuation recog-
nized, its effect can be compensated by multiplying the structure factors
with the inverse of f. The corrected simulation results are shown in fig-
ure 5.11.

5.1.5 Contrast Transfer with Hilbert Conditions

The asymmetric application of the phase plate to the Friedel pairs in the rele-
vant range of spatial frequencies results in a modulated contrast transfer
similar to using a regular Hilbert phase plate. As detailed in appendix A,
the image contrast transfer for in-focus conditions can be reduced to

I(r)»1+¢(r)—a,p(r)

with a, the transmittance of the phase plate film material and a, ¢ the
amplitude and phase structure factors of the specimen. The image intensity
potentially contains a mixture of amplitude and phase contrast. If the
amplitude structure factors vanish, e. g. for thin specimen consisting of
atoms with low atomic numbers, the image modulation is proportional to
the specimen phase modulation.
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Figure 5.11: Simulation results for the disk test specimen. Simulation parameters
same as in figure 5.7, with the structure factors corrected according to
equation 5.1. In (A), the image still suffers from cut-on, as the preces-
sion radius is too small to cover the spatial frequencies responsible to
accurately describe the bulk of the sample. With the extreme preces-
sion radius in (B), only the lowest spatial frequencies are not faithfully
transferred due to the discretisation in the simulation.
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Sufficiently high spatial frequencies are transferred with regular Zernike
contrast, as either of the Friedel pairs is phase shifted. For the smaller
spatial frequencies, the dynamic imaging mode’s transfer modulation
applies and the combined image intensity for in-focus conditions of a pure
phase object is then given by

0 for|q| € [0,q. — d]
FUM®] = 1(6(q) - a9 () -f(q) forlql€]gc—d,qe +d[ -
3(q) —2a,9(q) otherwise

5.2 DISCUSSION

The proposed dynamic imaging mode is a major improvement to the
existing technology, as it allows an adaptation of the cut-on frequency of a
Zernike film phase plate with a certain hole size to the requirements of
the specimen. By choosing a precession radius equivalent to the radius
of the phase plate hole, the cut-on effects are eliminated. The formerly
vanishing transfer of the spatial frequencies smaller than g, is replaced by
a non-linear phase contrast modulation.

As the simulations with a pure phase object and a perfectly transparent
phase plate show, nearly perfect reconstruction is achieved if the non-linear
attenuation of structure factors is accounted for in a subsequent image
processing step. Application of the precession technique can be realized
using beam deflectors present in any transmission electron microscope,
and especially does not rely on additional and complicated electron optics.

The presence of a Cs-corrector in the beam path after the phase plate is
beneficial. Due to the vanishing spherical aberration, the necessarily tilted
illumination does not result in an additional phase shift for high spatial
frequencies, and the contrast transfer is optimized for in-focus conditions.

Depending on the lowest spatial frequency present in the specimen, the
cut-on frequency can be tuned accordingly by choosing precession radii
smaller than the hole in the film material. This introduces some margin
for alignment errors. The precision of the physical alignment of the phase
plate hole to the zero-order beam is critical, if extreme precession radii
are chosen. Failure to attain perfect alignment and employment of the
dynamic imaging mode exposes the delicate edge of the phase plate hole to
the intense zero-order beam, which usually alters the phase plate structure.
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The dynamic imaging mode also allows the use of irregularly shaped
openings in the film material, as only the distance of zero-order beam and
edge of the opening is relevant to attain the desired contrast transfer. Using
a phase plate of odd symmetry such as the pentagonal structure proposed
in section 3.5.2, the zero-order beam can be positioned in the corners
of the polygon. If the compensating image processing step is adjusted
accordingly, also a phase plate hole of polygonal shape is able to enable
tull spatial frequency contrast transfer.
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RESULTS WITH ZERNIKE FILM PHASE PLATES

Two different types of Zernike film phase plates could be obtained. Both
were installed in the back focal plane of a FEI TiTAN KRr10S with standard
electron-optics.

The properties of the dynamic imaging mode are validated and the au-
tomated application for single-particle and tomography data acquisition is
demonstrated.

6.1 CHARACTERISATION OF ZERNIKE PHASE PLATES

Zernike film phase plates were installed in a FEI Titax Krios featuring
a standard electron-optical set-up and operated at 200 kV. To apply the
phase plates, the objective aperture drive was replaced by a KonTEM
high-precision micromanipulator.

The microscope features an automatic cooling system allowing to sus-
tain the sample at cryogenic temperatures for extended periods of time.
The quasi-permanent use of an anticontaminator results in very clean
vacuum conditions in the vicinity of the sample and the phase plate. The
relevant terminal pressure is estimated to be better than 5 x 10~® mbar,
which results in reduced sample and phase plate contamination.

In Zernike phase plates, the actual phase shift is determined by the thick-
ness and composition of the film material (cf. section 2.2). In principle, the
attained phase shift can be verified by using defocused imaging conditions
and taking two exposures one with an applied and another with retracted
phase plate. The effect from the phase plate can then be seen as a shift of
the Thon ring system in the diffractograms.

As charged phase plates may introduce a defocus change, this technique
usually fails. Therefore, the phase-shifting behaviour has to be determined
in a single exposure.

To provide an overdetermined equation system, many zero-crossings
should be present in the diffractograms. This can be realized by either at-
taining a high magnification and a smaller defocus aberration or a medium
magnification and a higher defocus. Phase plate alignment in the Fourier-
domain is facilitated by using large hole radii, therefore the largest available
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Figure 6.1: Diffractogram of an amorphous-carbon film imaged with an aligned
KonTEM Zernike phase plate and high defocus. With 200 keV elec-
trons and Cs of 2.7 mm, the fitted pCTF parameters are: Az: —11.0 pm,
A,:250nm, @pp: —0.45m rad. The resulting pCTF zeros with the phase
shift by the phase plate (green) and with the additional phase shift set
to o (blue) are highlighted. The phase plate hole size is indicated by a

circle.

holes are chosen for phase plate film characterisation. It is further facili-
tated using low magnifications, since the Friedel-symmetric figure appears
larger. Therefore, an intermediate magnification of 64 ooo x resulting in
an equivalent pixel size of 2.1 A on the detector is chosen.

An amorphous sample is positioned in the object plane and the phase
plate hole is centred to the optical axis. Many CTF zero-crossings are
produced by using a high defocus of e. g. —11.5 um. The convergence angle
of the illumination is adjusted such that the focus of the zero-order beam
coincides with the phase plate plane. To attain a sufficient signal-to-noise

ratio, an exposure time of 30 s with a dose rate of 14 ¢~ A% s is used.

For KonTEM’s crystalline metal film phase plates based on chromium
(personal communication Jorg Wamser/KonTEM), an annotated diffrac-
togram shown in figure 6.1 features a sufficient number of Thon rings to al-
low determination of the CTF parameters. A regression using ctffind4 [67]
reveals a phase shifting property of —0.45 7.

In the annotated diffractogram, some of the zero-crossings found using
the regression do not coincide with the actual location of the individual
Thon rings. The effect is most pronounced in the vicinity of the edge of
the phase plate hole and extends for about one um into the film material.
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Figure 6.2: Diffractogram of an amorphous-carbon film imaged with an aligned
amorphous-metal film Zernike phase plate and high defocus. The
fitted pCTF parameters are: Az: —11.6 um, A,: 100 nm, @,,: —0.367 rad.
Colour meanings same as in figure 6.1. Note the irregular Thon rings
due to a double film layer (—).

Higher spatial frequencies well match the resulting pattern of the pCTF
parameters found by the regression. The irregular phase-shifting behaviour
next to the phase plate hole points to a static charge present at the hole
perimeter.

The image was acquired with an intended defocus of —11.5 pm. In the
regression, the actual Az is determined to be about —11 um, which is a
significant deviation pointing to a focus-changing effect of the phase plate.

In addition, two amorphous-metal Zernike film phase plate assem-
blies with the film material made of the alloy Pd,, ;CusSi,6.s and an
amorphous-carbon coating could be obtained from Manuel Dries and
Tina Schulze/LEM [21] . On request, large holes of up to 4.5 um diameter
have been cut into the film surface of one of the phase plate assemblies.

Their performance is characterized in a similar set-up as for the Kon-
TEM phase plate. The regression based on the image shown in figure 6.2
suggests a phase shifting property of —0.36 m.

Due to the larger size of the hole in the film material compared to the
KonTEM phase plate, pCTF zero-crossings are present in the unshifted
area inside the hole. This allows observation of unshifted and shifted pCTF
signal in a single exposure. The actual positions of the zero-crossings well
match the expectation, suggesting a reduced charging problem.
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In every hole cut into the film material of this specific assembly, the
former content of the hole is not removed, but placed at a random position
next to the edge of the hole (cf. figure 3.29). At the specific regions covered
by a double film layer, the phase contrast transfer is modulated accordingly:

With the phase plate centred to the optical axis, the individual Friedel
pairs for spatial frequencies passing through the film in this area receive
a phase shift of 7> and n respectively. This results in a changed contrast
transfer, similar to the irregular Hilbert contrast for a misaligned phase
plate (cf. section 5.1.5).

For the dynamic imaging mode, the contrast transfer is similar to the
regular Hilbert contrast conditions, as a total phase shift difference of m is
introduced between the Friedel pairs. The contrast transfer is expected
to be modulated accordingly for a certain azimuthal range of low spatial
frequencies. Furthermore, a small charge seems to be present at the double
film region, as the pCTF zeros inside the hole show a small kink at the same
location. This can also be seen as an intensity modulation in diffractogram
of images acquired close-to-focus (cf. figure 6.9). Apart from that, fitted
and intended defocus values show no significant difference.

6.2 DYNAMIC IMAGING MODE

To demonstrate the enhanced transfer of low spatial frequencies by the dy-
namic imaging mode, a beam-sensitive biological sample of phospholipids
in an aqueous solution is used. They feature a hydrophilic, phosphor-
containing headgroup and a lipophilic tail consisting of long fatty acid
chains. In an aqueous environment, they self-assemble into structures
which minimize the exposure of the lipophilic part to water molecules.
This results in the formation of characteristic shapes, such as micelles,
bilayer sheets and bilayer vesicles, which can also be nested. A schematic
view of possible geometries is shown in figure 6.3.

Depending on the length of the fatty acid chains, a characteristic lipid
bilayer with a defined distance of the hydrophilic head parts is formed [50].
Typical characteristic distances of the lipid bilayers vary around 42-52 Al62].

Since the hydrophilic head part contains phosphor, which has a higher
phase shifting potential than atoms with a lower atomic number (e. g. car-
bon), a lipid bilayer oriented perpendicular to the electron-beam generates
two elongated areas of dark contrast with a brighter area inside, as long as
positive phase contrast conditions are chosen.
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Figure 6.3: Phosphorous lipid bilayer. In aqueous solutions, the structure self-
assembles due to the phosphor-containing hydrophilic outer part (white
circles) and the hydrophobic inner part, forming a characteristic bilayer
with specific distances. Typical shapes contain micelles, liposomes (left)
and sheets (right). Image adapted from [80].

For conventional imaging of lipid bilayer structures, large defocus values
in the order of about —1.5 to —2.0 um need to be chosen. Zernike phase
plates used with dynamic imaging mode enable contrast transfer of the
relevant spatial frequencies without the strong modulation, which are
inevitable using such large defocus values. This can be seen in an annotated
plot of the resulting pCTF shown in figure 6.4, where the structure factors
of the phospholipids are highlighted.

Application

Since the delicate bilayer structure is quickly destroyed by electron-exposure,
low-dose imaging techniques need to be employed. The sample-area con-
taining a vesicle is chosen at a low magnification of 4800 x, while focusing
and exposure is done using a magnification of 64 ooo x. To avoid exposing
the area of interest to the electron-beam during focusing and phase plate
alignment, the image and illumination shift deflectors are used to shift
the optical axis in order to focus a nearby area of the sample. A similar
situation has been shown in figure 3.31.

To demonstrate the effects of the different imaging conditions, two
images with applied phase plate (dynamic imaging mode and static) and
two more without (defocused and focused) are taken at the same specimen
location, in the same order as listed here. From first to last exposure, a
degradation of the specimen is to be expected. The images with applied
phase plate and the focused images are acquired using the same intended
objective lens excitation. However, since acquisition of the defocused
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Figure 6.4: Phase contrast transfer with a high Az of —1.6 um (green) compared to
the transfer modulation of an applied Zernike film phase plate using

the dynamic imaging mode (blue). The relevant range of structure

factors for a lipid bilayer are highlighted ( ). The size of
the phase plate hole is indicated (light blue area). For the envelopes, an

energy width of 0.1eV is assumed.
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image requires a change of the objective lens current, which is reset for
acquiring the close-to-focus image, the effective focus might be slightly
changed due to hysteresis effects. The specific order optimizes the signal
in the defocused image, as the specimen suffers from only two rather than
three previous exposures.

CHROMIUM FILM PHASE PLATE For a pristine KonTEM phase plate
of 2 um diameter, the focusing routine has to be performed with the
applied phase plate, as insertion of the phase plate introduces a focus
change. The following image series is acquired using a rather high dose of

about 25¢~ A~ ", which can be seen in figures 6.5 and 6.6.

The change from static to dynamic imaging mode with a precession
radius corresponding to the phase plate hole radius results in an apparent
reduction of the cut-on frequency. The most striking effect is the elim-
ination of the typical fringing artefacts present in the image taken with
statically applied phase plate (cf. figure 6.5). However, the bilayer structure
is not faithfully reproduced, as it shows an inverted contrast compared to
expectation and the positive phase contrast in the defocused image.

The inverted contrast requires a particular phase shift for the low spatial
frequencies corresponding to the lipid bilayer structure. The most probable
source for such a phase shift are overfocus conditions or an irregular phase
shift of the phase plate.

It is not clear, whether the focusing step with applied phase plate was
successful, as the close-to-focus image shows a significant amount of phase
contrast transfer. However, the particular amount of defocus does not
result in recognizable Thon rings in a diffractogram, and no apparent arte-
facts of strong defocus can be seen in the image. Therefore, the magnitude
of defocus mismatch should be rather small and not sufficient to affect the
low spatial frequencies of the lipid bilayer structure.

As can be seen in figure 6.1, the phase-shifting potential of the phase
plate deviates from the intended —7/> in an area of the phase plate film
close to the hole perimeter, probably due to charging. This phase shift is
probably sufficient to result in an inverted image contrast and most likely
the reason for the observed effect.

Interestingly, there is also an apparent shift of images acquired with and
without applied phase plate, which cannot be attributed to a tilted illumi-
nation, since both close-to-focus and defocused images have a constant
image shift compared to the ones with applied phase plate. This is another
symptom of a less-than-ideal phase plate.
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Figure 6.5: Semi-automated application of a Zernike phase plate on a beam-
sensitive specimen. Centred phase plate in (A) with heavy fringe
artefacts, which are reduced using the dynamic imaging mode in (B).
Note the inverted contrast of the lipid bilayer.
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Figure 6.6: Same area and imaging conditions as in figure 6.5, but with removed
phase plate. What should be focus conditions in (A) show significant
amount of phase contrast, as the formerly found conditions have been
influenced by the phase plate. In (B), an additional defocus of —1.6 pm
is applied. Note the apparent image shift compared to the images
acquired with the phase plate shown in figure 6.5, even for similar
focusing conditions (A).
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CARBON-COATED AMORPHOUS-METAL PHASE PLATE The ex-
periment is repeated with a fresh preparation of a liposome specimen
and another Zernike phase plate obtained from Manuel Dries and Tina
Schulze/KIT. With the new phase plates, the effective focus is hardly altered
by inserting the phase plate. Therefore, the focusing can be done without
applied phase plate, which reduces both complexity of the preparatory
steps and the electron-exposure of the phase plate. Apart from that, the
image acquisition process is comparable to the one described above, save
for the necessary adjustments to the precession radius and a small increase

of the acquisition time for a higher dose of about 30 e~ A™~ per image.

This time, application of the phase plate qualitatively results in the
expected positive phase contrast transfer. Static and focused conditions
are shown in figure 6.8.

Low spatial frequencies in the bulk of the nested multilamellar vesicles
are transferred with highest contrast using the dynamical imaging mode.
However, they also show some imperfections, manifesting itself in a loss
of phase contrast transfer in a specific azimuthal orientation, and a strange
contrast of the gold nanoparticles. Both shortcomings are a sign of a phase
plate degradation. The underlying mechanism is discussed in the following
section.
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Figure 6.7: Dynamic phase plate imaging mode (A). The non-linear low spatial
frequency contrast has been corrected in an image processing step.
Note the particular contrast of the gold nanoparticles, e. g. the marked
one (0).
The same area is imaged with removed phase plate and applied defocus
of —1.6 um (B), where the specimen is degraded by two additional
exposures compared to (A).
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Figure 6.8: Static phase plate (A) and focus conditions (B) for the same area of
interest as shown in figure 6.7.
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6.3 FAILURE MECHANISM

For an analysis of the phase plate degradation mechanism, the diffrac-
togram images acquired on a specimen region with amorphous-carbon
background directly after the automated phase plate alignment sequence
are evaluated. The used method follows to the procedure described in sec-
tion 3.6, i. e. specimen focusing without applied phase plate on amorphous-
carbon background and subsequent phase plate alignment in four steps
using presets with low and intermediate magnifications and the corre-
sponding defocused condenser settings. The individual microscope set-
tings used for alignment and imaging are executed in a defined sequence,
which minimises lens hysteresis effects.

In figure 6.9, an image-series acquired using a large phase plate with
a hole diameter of approximately 2.5 um is shown. Initially, the phase
plate shows only minor signs of charging, as can be seen in the modulated
intensity next to the phase plate hole. In the resulting images, no suspicious
charging artefacts are visible, and insertion of the phase plate results in an
unnoticeable focus change and negligible image shift.

The mechanical alignment is repeated for each new specimen position
and the resulting diffractograms of the post-alignment images are shown
in the subsequent images in figure 6.9. They show a progressive charging
effect, as the intensity modulation in the vicinity of the phase plate hole
becomes more pronounced.

Apart from that, the initial repeatability of the automated alignment
process is very good, as the apparent phase plate positions are virtually
identical. Therefore, the source of the constant mismatch of about 200 nm
is most likely a failure to accurately account for the shift of the optical axis
in between the preset used for alignment and the preset used for imaging.
The corresponding preset alignment accounted for lens hysteresis effects by
using the exact sequence of condenser excitations that were also occurring
during the alignment sequence, but used a different reference phase plate.
Probably, the slightly different charging characteristics give rise to the
resulting position mismatch.

Within the shown sequence, the phase plate is not used in dynamic
imaging mode, i. e. the zero-order beam is kept stationary at the aligned
position, and the misalignment does not result in a direct contact of the
phase plate film material with the focused zero-order beam. Therefore,
the source of the accumulated charge of the film material is either the
diffracted electrons from the sample or the defocused zero-order beam
used during alignment. The former is probably of negligible intensity
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Figure 6.9: Evolution of phase plate charging with static imaging mode. From

left-to-right and top-to-bottom, the diffractogram images show the
condition of the phase plate directly after consecutive automated align-
ment sequences. The charging effects can be seen in a circular intensity
modulation in the film material following the phase plate hole and
hole remainder outline. With each alignment sequence, the charging
becomes worse. The repeatability of the attained phase plate position
(marked in the first diffractogram) is satisfactory.
The highlighted diffractograms (00) show the situation after an unsuc-
cessful phase plate alignment attempt, where the zero-order beam is
focused on the film material far away from the location of the phase
plate hole.
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Figure 6.10: Evolution of phase plate charging with applied dynamic imaging mode.
From left-to-right and top-to-bottom, the diffractograms show the
phase plate condition directly after consecutive automated alignment
sequences. Phase plate charging influences the focus of the zero-order
beam, such that its focus is no longer in the same plane as the phase
plate. This can be seen in a blurred edge of the phase plate hole.

The Thon rings in the highlighted (0) diffractogram stem from a fo-
cusing error, with a defocus mismatch of about 4 um.

compared to the latter and pointing to the alignment process as the culprit
of phase plate charging.

However, as discussed in section 3.5.1, a certain signal-to-noise ratio
has to be attained while probing the phase plate for a reliable position
determination. Therein, presence of thicker parts of the sample, which
reduces the signal by about a factor of two result in a significantly higher
probability of a failed position determination. Hence, there is not much
margin for further reduction of the probing intensity.

The phase plate degradation becomes worse, if the margin for alignment
errors is reduced by application of smaller phase plates and use of the
dynamic imaging mode. Similarly to the circumstances described above,
images documenting the phase plate position directly after the alignment
sequence are acquired. In figure 6.10, the alignment history of the specific
phase plate used in section 6.2 is recorded from first insertion to acquisition
of the images shown in figures 6.7 and 6.8.

There is an initial misalignment of about 100 nm, most likely for the
same reasons as discussed above. This time, the dynamic imaging mode is
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used after the phase plate alignment, and the zero-order beam is scanned
along the hole perimeter with a precession radius of 0.177 mrad, while
the phase plate hole has a radius corresponding to 0.18 mrad. The corre-
sponding real-space distance is only about 15 nm, which is smaller than the
initial misalignment and hence the focused zero-order beam is scanned
over the film material.

Surprisingly, no immediate effect can be seen in the second diffrac-
togram. In the third image, a pronounced ring system is visible. An
analysis of the recorded data from the automated image acquisition soft-
ware shows that the preceding focusing sequence failed, as a minor focus
mismatch was corrected with a defocus change of 4.1 um. Therefore, the
observed rings are not caused by the phase plate charging, but are regular
Thon rings. This is confirmed in the following exposure, which shows an
unsuspicious modulation of the diffractogram.

Starting with the fifth exposure, the edge of the phase plate hole appears
blurred. This is due to the charged phase plate affecting the location of the
zero-order beam focus in z-direction, i. e. the plane of zero-order beam
focus and phase plate is no longer coincident.

By this, the phase plate is effectively no longer applied in a diffraction
plane and especially not in a plane with a clear spatial separation of scat-
tered and unscattered electrons. During the precessing motion, the phase
plate edge intersects the cone of the zero-order beam and modulates it
with the film material. Since the remainder of the cut-out hole is still
present at a specific orientation, the structure factors corresponding to
that azimuthal range of spatial frequencies are subjected to an irregular
contrast transfer. This results in the particular contrast modulation of the
gold nanoparticles.

In figure 6.11, representative nanoparticles from each exposure corre-
sponding to the respective phase plate conditions (cf. figure 6.10) are
shown. In the upper row, no specific signs of irregular contrast can be
seen, while the lower row shows a progressing deterioration.

6.4 VERIFICATION OF HIGH-RESOLUTION COMPATIBILITY

To demonstrate the compatibility of high-resolution imaging and dynamic
imaging mode, an inverted, thermally annealed bulk heterojunction con-
sisting of an 1:1 blend of F,ZnPc/Cg, with a thickness of about 45 nm is
used [63]. Compared to the sample used for demonstrating the enhanced
low spatial frequency contrast transfer (cf. section 6.2), which quickly
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Figure 6.11: Nanoparticle contrast evolution using dynamic imaging mode. From
left-to-right and top-to-bottom, the phase plate accumulates charge,
which changes the zero-order beam focus in z-direction, i. e. the zero-
order beam is no longer focused in the phase plate plane. Because
of this, the structure factors corresponding to the same azimuthal
orientation as the phase plate hole remainder are partially influenced
differently, which results in an inverted contrast. The highlighted image
(o) shows the nanoparticle marked in figure 6.7 (A).

shows degeneration upon multiple exposures, the present sample allows

acquisition of at least three images with a doubled dose of 60 e~ A", be-
fore the high spatial frequency information present in the sample starts
to vanish. This allows performing the focusing sequence at the area of
interest.

Figure 6.12 shows the sample imaged with an applied amorphous-metal
Zernike film phase plate with a larger hole size of approximately 2.25 um
radius in static and dynamic imaging mode. For the latter, the preces-
sion radius has been chosen not to intimately follow the phase plate hole
perimeter. On the one hand, this reduces the electron-exposure of the
delicate phase plate edge. On the other hand, this gives a higher probability
of a successful high spatial frequency information transfer. As detailed
in section 5.1.2, the illumination tilt applied during the dynamic imaging
mode blurs high resolution image information, if the focus mismatch is
too large. There is a small uncertainty of the attained focus due to the
sample topology.
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Figure 6.12: Close-to-focus images of an inverted organic photovoltaic cell imaged
with an applied Zernike phase plate in static (A) and dynamic imaging
mode (B). The non-linear contrast contribution of the dynamic imag-
ing mode has been corrected by image processing. In the highlighted
areas (0), a clear contrast improvement is visible. The lowest spatial
frequencies are not affected, as the precession radius is not sufficient.
Top right insets show a region with high-resolution image information.
The corresponding diffractograms are shown in the lower left.
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Figure 6.13: Periodograms of images depicted in figure 6.12. Static phase plate (A)
shows intensity around the phase plate hole perimeter, suggesting a
small charge. Using dynamic imaging mode (B), this edge is relo-
cated to about 1.5 x the phase plate radius. This results in information
transfer from about 50 to 5 A (0).

Nevertheless, with o0.35 mrad the precession radius is chosen larger
than in the experiment to demonstrate the influence on the low spatial
frequencies (cf. section 6.2). With the much larger phase plate, this results
in an effective cut-on frequency of about o.2nm™.

The sample is highly crystalline and offers structures with periodicities
in excess of 2nm™". In figure 6.12, the insets show successful transfer
of an exemplary feature with a periodicity of 5.3 A. The corresponding
periodograms shown in figure 6.13 assess the presence of that resolution
in both static and dynamic phase plate application modes.

At the same time, the dynamic imaging mode enables a better contrast of
features with a size of up to 5 nm, corresponding to the chosen precession
radius. Enhanced contrast transfer of such features can be seen in the
highlighted regions of figure 6.12.

High spatial frequency contrast transfer is impeded by the additional
attenuation of the phase plate film material, the modulation of the pCTF
due to non-vanishing wave aberrations (cf. figure 6.4 for a plot of the
approximate wave aberration conditions), the dampening envelopes and a
tfurther attenuation by the detector’s MTF and DQE.
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6.5 PHASE PLATE TOMOGRAPHY

The literature knows a few reports of successful acquisition and reconstruc-
tion of tomograms with applied Zernike film phase plates [15, 14], mostly
to address low-resolution problems in the range of 5-10 nm. Compared
to a standard approach using high defocus and a large field of view of
1.8 x 1.8 um?, three- to fivefold contrast increase of the low spatial fre-
quencies at an identical dose is reported [14]. The use of a phase plate is
described as an enabling technology to identify the interesting parts of the
sample. Similarly, a low spatial frequency contrast transfer enhancement
is reported in [41].

In [15, 14], a fully manual approach is described, which takes about 2 to
3 h for the acquisition of a single tilt series from —60 to 60° in 3° increments.
A semi-automated approach with manual specimen and phase plate hole
tracking is reported in [41].

In principle, the algorithm described in section 3.1.4, can be trivially
extended to support automated tilt-series acquisition with an applied
phase plate, as the geometry model accounts for the 3D sample movement,
i. e. specimen shift in x, y and z. However, for the available microscope,
several instrumental shortcomings need to be addressed for a successful
application.

6.5.1 Adaptation to the Titan Krios

In trial runs without an applied phase plate, the mismatch of optical axis
and mechanical tilt axis was measured and corrected for, and the required
model of the geometry set up. The standard acquisition scheme begins
with a stage tilt of 0°, and uses negative tilt increments up to the maximum
tilt value, then returns to 0°, accounts for a possible mismatch compared
to the first untilted image, and begins with acquisition of another tilt series
using positive tilt increments. Unfortunately, the exact location of the
mechanical tilt axis seems to be dependent on the tilting direction, which
introduces a large mismatch of tilt axis and optical axis of about 600 nm.

Inability of the system to align specimen-plane, mechanical tilt axis and
optical axis inevitably results in a 3D specimen shift as a function of the
mechanical stage tilt, which need to be compensated using the image shift
deflectors and the focus of the objective lens.
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Figure 6.14: Compensatory image shifts as applied during a typical tilt series. The
magnitude of applied image shifts is minimal in the negative tilting
direction, as the electron-optical alignment is optimized for it. The
values for the start of both tilt series at 0° is not coincident, since the
stage fails to mechanically reproduce the original specimen position,
which is compensated by an image shift.

Shift Compensation

A typical distribution of the image shifts to compensate for the specimen
movement during a tilt-series acquisition is shown in figure 6.14.

The graph shows a complicated movement pattern with necessary image
shifts of up to about 1 um. For phase plate application, use of the image shift
deflectors has to be side-effect free, i. e. must not change the inclination of
the optical axis. Using the alignment protocol detailed in appendix B, this
requirement can be met for the needed distances.

Defocus Compensation

To provide an advantage, phase plates need to be applied with vanishing
or very small wave-aberrations. Therefore, tight control of the attained
focus is of high importance, which demands a precise determination of the
parameters of the model geometry. In principle, very accurate predictions
in x, y and z are attainable, as reported in [91].

However, for the present instrument, the algorithm fails in a repro-
ducible way. For one tilting direction, the position of the optical axis can
be chosen to be coincident with the tilt axis. This results in minor focus
deviations. For the tilt axis position for the other tilting direction, the focus
predictions from the model are not accurate and result in a large mismatch
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Figure 6.15: Defocus compensation during tilt series acquisition. Probably due to
mechanical imperfections of the stage, the algorithms fails to predict
correct values for focus compensation. Smoothed values are found
by application of a regression using a sixth order polynomial on the
defocus variation of several tilt series.

of desired and attained focus. The exact reasons for this behaviour could
not be determined with certainty, but can most likely be attributed to the
mechanical properties of the stage, which is not reproduced by the model
geometry.

Fortunately, the focus mismatch was found to be well reproducible
and can therefore be corrected. For the necessary characterisation, sev-
eral tilt series with large initial defocus were acquired and evaluated
using ctffind4 [67]. The resulting data are shown in figure 6.15.

From the data, a behavioural model of the defocus mismatch was gener-
ated: By using the random sample consensus algorithm [30] to exclude
outliers from the regression, a sixth order polynomial was fitted to the
normalized defocus values for expressing the necessary focus correction
as a function of the mechanical stage tilt.

The model was tested by acquisition of several tilt series with large
intended initial defocus. A subsequent analysis of the attained focus using
ctffind4 confirmed its suitability.
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An alternative way of optimizing the focusing behaviour could be an
accurate calibration of the mechanical tilt axis location and a mechanical
relocation of the specimen to this point upon changing the tilting direction.

6.5.2 Application

With the aforementioned adaptations, integration of a phase plate is trivial.
After having chosen the area of interest in a lower magnification image,
focus area and area of interest were selected, similarly to the procedure
described in section 3.1.3. After precise focusing with the stage using an
untilted view, the phase plate was aligned at the same offset position as the
focusing was done (cf. section 3.6.2). Then, the first half of the tilt series
was acquired. Since the alignment of the condenser system allows to apply
large image shifts without introducing any tilt (cf. section 3.3), the phase
plate position remained stable throughout the tilt-series acquisition.

After the first half of the tilt-series has been acquired, the phase plate
is removed and the preset switched to the lower magnification setting to
account for any mechanical shift of specimen and stage. The necessary
image shift offset is calculated, and the phase plate recentred at the former
focusing position. Then, the other half of the tilt-series was acquired.

Upon visual inspection, the phase plate appeared to remain centred for
every member of the tilt series. Average diffractograms from all tilted views
and all slices of the reconstructed tomogram can be seen in figure 6.16.
The averages show the characteristic features of a well-aligned phase plate.

The acquisition of the whole tilt series using a field of view of 435 x
435nm? in 98 individual views ranging from —65 to 65° could be success-
tully demonstrated. Including the time for focusing and aligning the phase
plate two times, the procedure takes about 0.5 h.

No additional degradation of the phase plate could be discovered after
acquisition of the last member of the tilt series. This may be due to the
increased stability of metal film phase plates compared to amorphous-
carbon film phase plates, the greater distance from the zero-order beam
as a result of using a larger phase plate or the well controlled acquisition
scheme, which avoids contact of the focused zero-order beam with the
phase plate film material.
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Figure 6.16: Diffractogram averages of tomogram data. Average of all members of
the tilt series (A) and of all z slices of the tomogram reconstruction (B).

6.6 DISCUSSION

From the two tested phase plate types, only the amorphous-carbon coated
metal film phase plates were able to generate the expected contrast for low
spatial frequencies. Moreover, they produced only negligible image and
focus shifts upon insertion and they could be aligned without having to
use identical illumination conditions as for the final exposure. All of this
hints at a smaller charging susceptibility. Therefore, an amorphous-carbon
coating seems to be key to reduce the charging behaviour of metal film
phase plates, just as it was the case for the electrostatic phase plates.

The dynamic imaging mode proves to be compatible with high-resolution
imaging. Preconditions for the successful application are a very precise
focusing and a reasonable size of the round phase plate. If a C,-corrected
instrument is available, the latter restriction is less striking, as discussed
in section 5.1.3. Also, a clear improvement of the low spatial frequency
contrast transfer can be seen, as the prominent fringing artefacts are com-
pletely eliminated, and the attained contrast is higher than in images with
appropriate defocus.

Application to beam-sensitive specimen can be done easily, if the electron-
optical alignment allows to change the field of view without altering the
relative position of the phase plate with respect to the zero-order beam.
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With very careful calibration of the movements of the microscope stage,
this even enables the unattended acquisition of tomographic tilt-series.
The dynamic imaging mode was not tested with tomogram acquisition, as
the defocus gradient present in the tilted views combined with a precessing
illumination would result in a blurring of the image on the detector. If
the precessing motion was implemented with a mechanical phase plate
translation, this restriction would not apply.

Future attempts to improve the situation could possibly make use of
the image tilt/diffraction shift deflectors located below the phase plate
plane to generate a compensating tilt, which could enable the use of the
dynamic imaging mode also for out-of-focus conditions. The feasibility
depends on the distance of specimen-plane and the image tilt deflectors,
which introduces a non-linear dependence of defocus and tilt on the
image shift. For small phase plate holes, small field of views and low
resolution requirements, the approach might be realizable but needs a
careful evaluation beforehand.

The lifetime of a Zernike film phase plate depends on the way it is used.
Contact of the zero-order beam with the delicate hole perimeter has to be
avoided by all means. This complicates the applicability of the dynamic
imaging mode.

Using the defocused condenser method for alignment, a degradation
is visible even for the small doses used. If the phase plate is aligned on a
thin part of the sample, the dose can be reduced without penalising the at-
tained precision. Also, the number of images taken during the multi-scale
alignment procedure can be reduced, if the accuracy of the mechanical
translation is improved. Alternatively, this can be realized with the present
hardware by employing the beam tilt deflectors for phase plate alignment.
This might require using a C,-corrected system to avoid a negative influ-
ence on the image quality.

However, reduction of the dose only prolongs the usable time of the
phase plate and does not solve the fundamental charging problem. For that,
development of film materials less susceptible to charging is necessary.

An alternative alignment approach using parallel illumination and large
phase plate holes might be feasible and offer a superior performance in
terms of charging behaviour: The mechanical precision of the translation
device is good enough to bring the phase plate to a lateral position, where
the zero-order beam is threaded through the hole, if a non-charging phase
plate is used. Absence of a charge also ensures a focused zero-order beam
in the phase plate plane, which in turn produces a recognizable signal for
an image processing algorithm to determine the position-mismatch with
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160 RESULTS WITH ZERNIKE FILM PHASE PLATES

a suitable specimen-background. The ambiguity imposed by the Friedel-
symmetry can be resolved by an asymmetric phase plate structure, such
as the proposed pentagonal hole. This Fourier-domain based approach is
most likely less robust compared to the defocused-condenser method, as
presence of a small charge or unsuitable specimen background increases
the probability of an unsuccessful position determination.
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SUMMARY AND OUTLOOK

There is a growing interest to understand the structure-function relation-
ships of low atomic-number samples in material-science and structural-
biology. TEM is a key technology to visualize such samples on a broad
scale, as its imaging regime ranges from Angstrom resolution to the mi-
crometer scale. Furthermore, it has the ability to extract information not
only from the surface of the sample, but also from the bulk, unlike many
other microscopy technologies.

Unfortunately, as the main contrast mechanism of low-Z materials
is a modulation of the phase of the electron wave, contrast transfer in
conventional TEM is severely impeded by the unfavourable properties of
the pCTE. Especially when interested in faithful representation of the low
spatial frequencies present in the sample, conventional TEM demands use
of excessive defocus values to apply the necessary phase shift of 7>, which
in turn causes contrast inversions and image aberrations, rendering the
image contrast subject to interpretation.

Phase plate technology for TEM is a potential cure to this problem, but
the practicability of its application is severely impeded by the additional
and delicate steps required to bring them to use, as well as the limited
lifetime of the available phase plates.

71 AUTOMATION

Several methods and procedures to enable automated phase plate align-
ment have been integrated into the Leginon framework. Necessary modi-
fications were the augmentation of the internal data structures, e. g. to
enable tight control of the beam conditions in the diffraction plane, as
well as addition of the necessary infrastructure to manipulate the position
of a phase plate. Furthermore, several image processing algorithms to de-
termine the current phase plate position have been developed, integrated
and evaluated. Due to the modular approach, the extensions are com-
patible with Leginon’s standard automation workflows, which has been
demonstrated in single-particle and tomography contexts.
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During application, several aspects of automated image acquisition were
found essential for reliable phase plate alignment:

o Dedicated presets with a known relationship of the relative optical
axis position allow phase plate centring across different scales. This
is very helpful, as it allows compensation of large positioning errors
with very low dose.

o The defined sequence of presets controls the hysteresis effects of the
optical system.

 Automated focusing routines proved to be suitable to precisely attain
the desired focus for controlling the residual wave aberrations.

» Focusing and phase plate alignment can routinely be carried out
at an offset position, which enables application to beam-sensitive
specimen.

The controlled imaging conditions allow a reliable phase plate detection
and a very precise phase plate alignment with respect to the zero-order
beam. This is a key capability to enable deterministic application and
advanced acquisition schemes, such as the dynamic imaging mode with
Zernike film phase plates.

7.2 PHASE PLATES

All phase plates used in this work suffered from strong charging effects,
which eventually dominate the phase shifting property. By cautious use
during phase plate alignment, where the amount of electrons interacting
with the phase plate structure is limited, the lifetime of the phase plates
could be increased.

First and foremost, the exposure of the phase plate structure to the
focused zero-order beam has to be avoided. Also a defocused zero-order
beam should be avoided, as it was shown that it also results in a pro-
gressively increasing static charge on the phase plate. But since a certain
probing of the phase plate structure is inevitably necessary for position-
determination, optimised conditions should be chosen, which minimise
the used dose. To enable a successful phase plate alignment in fewer at-
tempts, the accuracy of the mechanical translation should to be improved.

Phase plate technology would greatly benefit from the availability of
highly conductive materials immune to charging-effects. This is a cur-
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rent research interest, e. g. the investigations of Manuel Dries and Simon
Hettler/LEM.

7.2.1 Zernike Film Phase Plates

Two different implementations of Zernike hole film phase plates could be
evaluated, one plain-metal phase plate by KonTEM, and another made of
an amorphous metal foil with amorphous-carbon coating by Manuel Dries
and Tina Schulze/LEM. The latter showed a reduced charging behaviour,
which allowed phase contrast imaging with the expected qualitative con-
trast for low spatial frequencies at least for a couple of exposures.

For both phase plate types, the cut-on effects can be effectively reduced
by using the dynamic imaging mode, which renders the effective cut-
on frequency a tunable parameter. Since the hole diameter is no longer
decisive for the attained cut-on frequency, large phase plate holes can be
used, which offer better detectability in a Fourier-domain based alignment
scheme.

Depending on the chosen precession radius, the phase plate hole perime-
ter needs to sustain an elevated electron dose due to the finite size of the
zero-order beam and potentially a high amount of low spatial frequencies
present in the sample. Large phase plate holes offer a much greater hole
perimeter area, which helps distribute the charge on a larger surface. This
in turn increases the effective lifetime of the phase plate.

With the dynamic imaging mode, the low spatial frequency contrast
transfer is modulated according to the chosen precession radius and the
physical size of the phase plate hole. For quantitative image contrast,
this modulation can be accounted for in an image processing step. Since
both phase and amplitude contrast are similarly transferred, the dynamic
imaging mode is only applicable to certain specimen which offer mainly
phase contrast information and only negligible amplitude contrast.

7.2.2  Electrostatic Zach Phase Plate

Electrostatic phase plates provide superior properties, such as a tunable
phase shift and avoiding an additional scattering process for the elec-
trons already diffracted by the sample. However, the available Zach phase
plates installed in the magnified diffraction plane of the Zeiss KroNoOs
microscope were unfit to leverage their theoretical advantage and failed to
produce usable images. The problems can be attributed to the presence of
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an insulating material, which traps implanted charges. Eventually, those
charges dominate the phase-shifting effect of the phase plate.

To avoid the charging effects, the insulator needs to be removed in the
area close to the phase plate tip to a sufficient distance. To manufacture
such a free-standing electrode, back-etching techniques can be used.

Even noble metals (gold) used as the material for the electrode sur-
face were found to exhibit a charging behaviour in the electron-beam.
To improve the applicability of electrostatic phase plates, the electrode
material needs to be optimized, e. g. by using a coating with titanium and
amorphous carbon.

If the charging problem can be solved, the amount of obstructed spatial
frequencies can be minimized by physical miniaturisation of the electrode
assembly. For that, the methods developed for the semiconductor-industry
could be leveraged. Alternatively, the installation of the phase plate in a
magnified diffraction plane was shown to be feasible.

7.3 INSTRUMENTATION

The magnified diffraction plane in the prototype phase contrast instrument
Zeiss KroNos failed to provide an advantageous environment for the phase
plates. This is not caused by insufficient electron-optical properties of the
diffraction plane but rather the amplification of the detrimental charging
effects of the available phase plates due to the magnified conditions.

Also due to the magnified conditions, the requirements on the quality
of the electron-optical alignment of the instrument are elevated compared
to a standard configuration. The situation is further complicated by the
presence of a C,-corrector located in front of the magnified diftraction
plane.

Generally, phase plate application benefits from a very small focus of
the zero-order beam in the diffraction plane, which corresponds to a high
spatial coherence of the electron source. This is especially true when the
phase plates are installed in a magnified diffraction plane. The standard
approach uses small condenser apertures and a suitable electron-optical
demagnification of the electron source, which decreases the luminosity.
This in turn requires longer exposure times and a corresponding higher
electrical and mechanical stability of the microscope column. An alterna-
tive approach may be the use of better electron sources with cold rather
than thermally-assisted Schottky emitters.
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For Zernike film phase plates, the conditions presented in a microscope
with standard electron optics and an intermediate focal length, such as
the Trtan Kr10s proved to be sufficient. The clean vacuum conditions
established by a quasi-permanently applied anticontaminator effectively
prevent adsorption of contamination particles on the phase plate structure.
With the dynamic imaging mode, the effective cut-on frequency is a tun-
able parameter. Its applicability could be further increased by integration
of a Cs-corrector and a better electron source.

7.4 SAMPLES

This work focused on the development of the necessary methods and
approaches to enable automated phase contrast imaging and not on ac-
tual application with the primary intent to gain further insight on the
imaged specimen. The developed automated approach allows using the
dynamic imaging mode in a dose-limited environment, as shown at the
example of a beam-sensitive biological specimen. With a material science
sample, an active layer of an organic photovoltaic cell featuring highly
crystalline regions, the compatibility of the dynamic imaging mode with
high-resolution image information was shown. On both samples, the
tunability of the effective cut-on frequency could be demonstrated and a
better low spatial frequency contrast transfer free from the typical cut-on
artefact could be achieved.

With the methods developed in this work, the phase plate imaging
should be applied to suitable samples with the intent to exploit the superior
imaging conditions. This should be done on both biological and material-
science specimen.

75 OUTLOOK

Such experiments should also compare the performance of Zernike phase
plates used with dynamic imaging mode, electrostatic Zach phase plates
and Volta phase plates. To ensure deterministic and repeatable imaging
conditions, this comparison should be implemented using an automation
software supporting tight control of the diffraction plane, such as the
extensions to Leginon developed in this work. The proposed improvement
of the Zernike phase plate hole in form of a symmetry-breaking pentagonal
shape should be evaluated, just as the possibilities to make the dynamic
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imaging mode compatible with tomography applications by application of
a matching tilt below the phase plate.

If a constant phase shift of 7/ is the only required property, the Volta
phase plate might provide sufficient results for the majority of the spec-
imen. Advanced imaging techniques, such as gathering the necessary
information for an exit-wave reconstruction in only three images requires
a tunable phase shift, which could be provided by electrostatic and laser
phase plates.

Since the magnified diffraction plane in the KroNoOs instrument am-
plifies the detrimental charging effects, the performance of a Zach phase
plate should be evaluated in a modern conventional electron-optical set-up.
With minor modifications, the phase plate could be installed in the first
diffraction plane of the Trtan Kr1os with the KonTEM micromanipulator,
and the performance evaluated. The developed routines integrated into
the Leginon software can be used for automated phase plate application.
For that, only minor modifications are necessary, such as the adjustment
of the template used for identifying the current phase plate position.

If the proposed improvements to the Zach phase plate are not sufficient
to reduce the charging behaviour to an acceptable level, the matter-free
design of the proposed anamorphic phase plate should be evaluated. This
design requires a specialised electron-optical set-up with two successive,
elongated and orthogonally oriented diffraction planes. For the design
of such a microscope element, the experience gained from the prototype
instrument Zeiss KRoNOs can be adapted:

The proposed column element should be placed directly below the
objective lens to avoid unnecessary complication of the electron-optical
alignment. This probably requires an additional transfer lens to relay the
first diffraction plane of the objective lens to the plane where the first
phase plate is located. If the transfer lens is carried out using a zoom
system consisting of two lenses, the effective focal length of the system
becomes adjustable. In the beam path between the electron-source and the
phase plate planes, every round lens should be provided with a full set of
deflectors to enable the possibility of a perfect electron-optical alignment.
Special attention should be given to the design of the vacuum system,
which should be capable of attaining at least the same terminal pressure
as reached in the specimen plane with an applied anticontaminator.

While C-correction is not strictly required for demonstrating the ap-
plicability of the set-up, it is highly desired for actual imaging. Therefore,
provisions to integrate such a system should be made. To avoid alignment
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problems, it should be located in the beam path below the diffraction
planes.

Apart from the improvements to the optical system, the instrument
should be equipped with a detector providing a large field of view as well

as high MTF and DQE to improve the signal available for Fourier-domain-
based phase plate alignment.
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HILBERT CONDITIONS WITH SEMI-TRANSPARENT
/>, FILM

Similarly to the conditions found when using a Hilbert phase plate, for a
misaligned Zernike hole phase plate, the phase-shifting film material is
only effective on one Friedel pair. The difference to Hilbert conditions is
the phase-shifting capability of the film material, as it is only half of that
of an ideal Hilbert phase plate. This results in different contrast transfer to
the image intensity, as shown below.

Following the argumentation in [19] for weak phase weak amplitude
objects, the modulated diffraction wave can be written as

G(q) B(q)exp(iP(q))
?(q) [6(q) +é(q) —ip(q)]G(q)

with € and ¢ the amplitude and phase structure factor contributions at spa-
tial frequency g, which are modulated by a complex modulation function
G, which can account for various amplitude and phase modulations B and
P of the object wave. Splitting the latter in symmetric and asymmetric
contributions, designated by indices s and 4, neglecting second order
effects and exploiting symmetry relationships of Fourier transforms for
a real valued intensity representation in direct space, the image intensity
can be expressed by

I(r) = B*(o)+ 23(0)7'"1{é (q) [Bs (q) cos (Ps (q))
+iB4 (q)sin (Ps (q)) ] exp (iP4 (q))
-9 (q) [-Bs (q) sin (Ps (q))

+iB4 (q) cos (Ps (q))] exp (iPa (q))} (A1)

as shown in [19].

Here, the modulation function G consists of the wave aberration func-
tion y (q) and contributions from the phase plate on one half of the diffrac-
tion plane. The zero-order beam or illumination term is described by B (o).
The spatial frequency at which the edge of the phase plate is located is
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designated by q,, similar to the cut-on frequency, but only effective in one
spatial frequency unit vector g, perpendicular to the phase plate edge.

As a side effect of the phase-shifting capability, any matter film phase
plate will exert some attenuation a, € [0,1] on the passing electrons, due
to scattering and absorption. Contrary to standard Hilbert phase plates,
the phase shift is not —m, but —7/>. The complex object wave modulation
G is then

G (q) - exp (iy (q)) qx > qo

, 4o < 0.
acexp(i(y(q)-%)) dr<do

In the following, it is assumed that g, = o, i. e. the phase plate edge is in
contact with the zero-order beam.

The object wave modulation is split into symmetric and asymmetric
parts of amplitude and phase modulation factors:

Ps = y(@-5 Pa = F-sign(qy)
Bs = M4 B, = 5 .ggn(q,)

2

and inserted into equation A.1. To increase clarity, phase and amplitude
contributions are expanded separately. For the amplitude contrast modu-
lation « (q), using equation A.1:

[Bs (a) cos (Ps (4))
+iB (q) sin (Ps (q))] exp (iP4 (q))

[ cos(2 -y (@)

- sign (gx) sin (y (q) - Z)] exp (if - sign (qx))

«(q)

l_ao

+1
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which is hard to simplify any further. However, if the wave aberration func-
tion vanishes (i. e. for focus conditions and small g), further simplifications

are possible, since sin % = cos £ = V2 Tt follows

— isign (qy) - —2610 ) g (1+ isign (gx))

R

wl@ = (0

R

i (1+a, +isign (gy) (1+a,) —isign (gx) (1—a,) + (1 - a,))

P4

! (1+ aoisign (gx)) -
2

Similarly, for the phase contrast modulation ¢ (q):

v (q) [-Bs (q) sin (Ps (q))

+iB4 (q) cos (Ps (q))] exp (iPa (q))
[_1+ do sin(y(q) _ Z)

sign (9,) cos y (@)~ = ) Jexp (17 -sign (4. ).

1 —dg
+1

which again is not easily simplified. With vanishing wave aberrations, this
becomes

P

2

v(a) \/5[1 +2aO 1 —Zao V2

+ isign (qy) ]72 (1+ isign (gx))

P

i ((1+a,) +isign(gx) (1—a,)) (1 + isign (gx))

P

i (a0 + isign (qx)) .
The image intensity then becomes
I(r) ~ B*(o)+2B(0)F '{é(q)a(q)-¢(qyv(q)}
~ B’(o)+ B(o)f_l{é (q) (1 + a,isign (gy))
-9 (q) (a0 + isign (qx)) }

Considering the alternative case with the phase plate edge placed at the
other side of the zero-order beam, the only difference is the sign of g. If
the resulting image intensities are incoherently summed, the sign terms
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with negative and positive contributions compensate each other due to the
linearity of the Fourier transform. Therefore, the combined intensity of
two images with a 7/> Hilbert phase plate on either side of the zero-order
beam becomes

I(r) ~ B*(0) + B(0) 7" {é(q) — 4.9 (q)}

or with plane-wave illumination identified with unity and the structure
factors transformed into direct space

I(r)~1+¢e(r)—aop(r).

In the context of the dynamic imaging mode with the zero-order beam
precessing along the perimeter of a Zernike phase plate hole, the contrast of
the recorded in-focus image for the low spatial frequencies corresponding
up to twice the radius of the phase plate hole is therefore proportional
to a mixture of the object’s amplitude and phase contrast information.
Using a suitable specimen with vanishing amplitude contrast, this allows
in-focus recording of the object’s phase information. The recorded contrast
is only half of what is attainable using a 7/> phase plate on both Friedel
pairs concurrently, even for high phase plate film transmittances a,— 1.

With the dynamic image acquisition mode described in chapter 5, an
additional deterministic frequency-dependent modulation occurs, as de-
tailed in section 5.1.3. With known parameters of the imaging process, this
additional modulation is correctable.
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CONDENSER ALIGNMENT OPTIMISATION

1. Normalize the objective lens and choose illumination conditions
suitable for phase-contrast imaging. Select values for varying the
illuminated area. Make sure the condenser system can attain parallel
illumination for both values.

2. Use diffraction mode with a long camera length (e. g. 2 m) to visual-
ize any tilt induced by the condenser

3. Toggle between the two illuminated areas, normalize the condenser
lenses after each toggle

a) For high excitations of the second condenser lens, adjust the
shift in between second and third condenser lens

b) For low excitations of the second condenser lens, adjust the
tilt
c) The goal is to find a setting where the centres of both caustic

figures are coincident. Ideally, this is then also the case for the
intermediate values of illuminated area.

4. Align the condenser tilt to the optical axis defined by the objective
lens normal using illumination tilt

5. Repeat at 3 until satisfied

B.1 ILLUMINATION TILT AND SHIFT

The standard tilt calibration routines used by the microscope manufacturer
usually apply rapidly alternating tilt values for each deflector system axis
and ask the user to optimize the ratio of the deflector excitations in such a
way that a spot or the image of the luminous field aperture remains sta-
tionary in image mode. Likewise, for calibrating the ratios for image shift,
alternating values are applied, and the values modified such that the spot
formed by the zero-order beam in the diftfraction plane remains stationary.
Within the scope of machines manufactured by FEI, this alignment is
called pivot-point alignment.
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For phase plate usage, the alignments for illumination shift and tilt
are very important, as they enable changing the area of interest on the
specimen without affecting the beam path below the objective lens. For
both manufacturers, FEI and Zeiss, the necessary alignment routines are
only enabled by using elevated user rights, such as so-called supervisor
accounts or require service or factory logins to the control software. In
case of FEI, the tilt pivot-point alignment is also accessible to an ordinary
user.

If highest demands on precision are needed for a single lens config-
uration which e. g. brings the phase plate close to the diffraction plane,
another technique can be used as follows:

1. Using image mode, the illumination is adjusted in such a way, that a
feature (e. g. contamination spot for film phase plates) in the phase
plate plane (i. e. on the film of a Zernike phase plate) is visible. The
closer the conditions to the on-plane configuration the better.

2. For both deflector system axes, a certain offset to the image shift
parameter (starting from a few nm up to about 10 um) needs to be
applied. Then, the corresponding pivot point calibration parameters
need to be adjusted until the feature remains stationary regardless
of the chosen image shift.
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