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Abbreviations and nomenclature

1D, 2D, 3D 1-, 2-, 3-dimensional
a0 Bohr radius
AC-HRTEM Aberration-corrected high-resolution TEM
AR-EELS Angle-resolved / momentum-resolved EELS
BBA Building-block approach
BLG Bilayer graphene
BF Bright field
BFP Back focal plane
BZ Brillouin zone
c Speed of light
Cc Chromatic aberration (coefficient)
Cs Spherical aberration (coefficient)
𝜒 Susceptibility (EELS); aberration function (HRTEM)
𝜒0(q,q′, E) Kohn-Sham independent-particle polarizability
CCD Charge-coupled device
cLFE Crystal local-field effects
CMOS Complementary metal-oxide semiconductor
CVD Chemical vapor deposition
DF Dark field
DFT Density-functional theory
EELS Electron energy-loss spectroscopy
EFTEM Energy-filtered transmission electron microscopy
EFTEM-SI EFTEM spectrum imaging
ELF Energy-loss function (− Im 𝜀−1)
𝜀(q, 𝜔) Dielectric function
FFT Fast Fourier transform
FWHM Full width at half maximum
G Reciprocal lattice vector
GIF Gatan imaging filter
FWHM Full width at half maximum
h, ħ Planck constant, reduced Planck constant
HRTEM High-resolution transmission electron microscopy
IPH In-plane homogeneous model
KS Kohn-Sham
LDA Local density approximation
LEG Layered electron-gas model
MoS2 Molybdenum disulfide
MR-EELS Momentum-resolved / angle-resolved EELS
𝜋(q,q′, E) Polarizability
q, q Momentum transfer (scattering vector q, abs. value q)

̄q, q̄ In-plane momentum transfer
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qr, qr Reduced momentum transfer (1st BZ)
RMS Root mean square
RPA Random-phase approximation
SAED Selected-area electron diffraction
SiO2 Silicon dioxide
SNR Signal-to-noise ratio
STEM Scanning transmission electron microscopy
tBLG Twisted bilayer graphene
TDDFT Time-dependent density-functional theory
TEM Transmission electron microscopy / microscope
𝜃 Scattering angle
𝜃E Characteristic scattering angle
𝜗 Twist angle (bilayer graphene)
TMD Transition metal dichalcogenide
𝜔 Angular frequency (EELS), complex scattering angle (HRTEM)
ZL Zero loss
ZLP Zero-loss peak

Non-SI units and constants[1]

Name Quantity Symbol Value

ångström length 1Å = 1 ⋅ 10−10m
Bohr radius length a0 = 0.529 177 2108 (18) ⋅ 10−10m
electron mass mass me = 9.109 3826 (16) ⋅ 10−31 kg
electronvolt energy 1 eV = 1.602 176 53 (1 4) ⋅ 10−19 J
elementary charge charge e = 1.602 176 53 (1 4) ⋅ 10−19 C
Hartree energy energy 1Ha = 4.359 744 17 (75) ⋅ 10−18 J
red. Planck constant action ħ = 1.054 571 68 (18) ⋅ 10−34 Js
speed of light speed c = 299 792 458 ms−1
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Introduction

Since its invention in 1931, transmission electron microscopy (TEM) has become a very
important technique for materials characterization on the nanoscale. Using a trans-
mitted beam of accelerated electrons, TEM can nowadays directly image thin, electron-
transparent samples with resolutions down to even less than 1 ångström (10−10 m).

With their thickness of only few atoms, two-dimensional (2D) materials are very well-
suited samples for TEM. Thin mono- and few-layer 2D samples are always transparent to
the electron beam and can be easily cleaved from layered bulk materials. Only weak van
der Waals bonds have to be broken to isolate layers with a thickness of a few atoms—or
even single atoms, as is the case for monolayer graphene and hexagonal boron nitride
(hBN).With the projection ofmono-atomic columns in the TEM images, it is then possible
to locate every single atom, making the interpretation of atomic-resolution TEM images
much more straightforward: With aberration-corrected high-resolution TEM (HRTEM)
or scanning TEM (STEM) it has become feasible to study point defects in 2D materials
[2–5] and their (electron-beam-driven) dynamics [6–11]. Seeing every atom in a 2D
monolayer, it is even possible to investigate the amorphous phase [12, 13].

However, 2D structures are easily destroyed by knock-on damage, which makes TEM
imaging with typical acceleration voltages of 200–300 kV nearly impossible. Low acceler-
ation voltages of 80 kV or less are needed [5, 14, 15], which absolutely require aberration
correction to enable atomic-resolution imaging. In the frame of the SALVE project*, a
dedicated low-voltage electronmicroscopewas built, which operates at voltages between
20 and 80 kV and reaches sub-ångström resolution down to 40 kV. This corresponds to a
resolution of 16 times the electron wavelength of 𝜆, which is achieved by correction of
both the spherical and chromatic aberration of the objective lens.

With the analytical capabilities of electron energy-loss spectroscopy (EELS) in TEM,
the investigation of 2D materials is extended to not only knowing where the atoms are
but also what kind of atom they are [17–20]. Using element-specific ionization-edge
signals in core-loss EELS, it is possible to perform elemental mapping in STEM-EELS or
energy-filtered TEM (EFTEM). Both techniques, STEM-EELS and EFTEM, can in principle
reach atomic resolution. In the case of EFTEM, this requires correction of the chromatic
aberration (Cc), as electrons with a relatively large range of energy losses are used
for imaging. With Cc-corrected EFTEM, lattice resolution was recently demonstrated
in bulk silicon and SrTiO3 [21, 22]. However, these experiments showed significant
contributions from the preservation of elastic contrast: Besides the inelastic scattering
which gives rise to the energy-loss signal, the lattice contrast can also stem from elastic
scattering. This raises the question whether true chemical information can be obtained

*Sub-Angstrom Low-Voltage Electron Microscopy and Spectroscopy project [16]
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in atomic-resolution EFTEM; that is, if an interpretation as elemental maps is possible at
all. Only very thin samples are expected to allow for the EFTEM signal to be interpreted
directly as elemental maps [22–25]. In Chapter 4, we therefore investigate the core-loss
EFTEM signal of graphene, the thinnest and most weakly scattering crystalline sample.
Our experiments with the C-K-edge signal of graphene address the question whether
atomic-resolution elemental mapping is possible in EFTEM.

Being more delocalized than the higher energy losses [26, 27], the low-loss EELS signal
(0–50 eV) is generally not assumed to yield atomic resolution. However, it gives infor-
mation about the dielectric properties on the nanoscale, allowing to study, e.g., optical
properties of individual nanostructures. Compared to optical spectroscopy, low-loss
EELS covers a much larger energy range, reaching from the infrared to the far ultraviolet
frequency spectrum. Besides, the transfer of both energy and momentum during elec-
tron energy-loss experiments allows to record themomentum-resolved dielectric response.
For 2D materials, the technique of momentum-resolved EELS (MR-EELS) is mainly used
to study the dispersions of features in low-loss EELS [28–31] but also in core-loss spectra
[32]. In the low-loss regime, plasmon peaks are the most prominent features, and the
dispersion of the 𝜋 plasmon in graphenewas investigated in numerous experimental and
theoretical works [28, 32–36]. While there is already some work on multilayer graphene
[37], the MR-EELS signal in 2D heterostructures has not been thoroughly investigated
yet. Like in the case of 2D multilayers, the EELS spectra of 2D heterostructures are
expected to show effects of Coulomb interactions between the layers [38]. In Chapter 5,
we evaluate different dielectric model calculations for MR-EELS of 2D heterostructures.
Using a graphene/MoS2/graphene (G/MoS2/G) “sandwich” heterostructure and bulk
MoS2 as test samples, we want to find the most efficient and precise description of arbi-
trary heterostructures. We are especially interested in the G/MoS2/G heterostructure,
as graphene encapsulation can be used to reduce the electron-beam-induced damage
in MoS2 monolayers. With our dielectric model calculations we also investigate the
prospects of this sandwiching technique for the determination of dielectric properties of
beam-sensitive 2D monolayers.

This dissertation is organized as follows:

Part I is this introduction. It gives and overview over the motivation of this work, and
formulates the questions to be answered in the following chapters.

Part II summarizes the theoretical and experimental basics relevant for the presented
work in the fields of EFTEM and EELS.

Chapter 1 describes the transmission electron microscope with its basic setup and
different operation modes. In particular, Section 1.1 covers the instrumentation needed
for TEM and EELS. The basic operation modes of a transmission electron microscope
are described thereafter in Section 1.2. Eventually, Section 1.3 introduces TEM imaging
and electron diffraction with electron energy-loss signals, by the technique of energy-
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filtered TEM (EFTEM) . The state of the art in atomic-resolution EFTEM is summarized in
Section 1.4.
Chapter 2 treats the basics of electron energy-loss spectroscopy (EELS). First, two per-

spectives on EELS are presented: Many aspects of EELS experiments can be understood
either by considering inelastic scattering (Section 2.1) or dielectric theory (Section 2.2).
A theoretical description of EELS signals can also be given ab initio by elaborate methods
based on (time-dependent) density functional theory. This method is briefly summa-
rized in Section 2.3. Ab initio calculations are particularly useful to understand and
interpret the angle-resolved data accessed by momentum-resolved EELS (MR-EELS).
This experimental technique is eventually described in Section 2.4, and the state of the
art in MR-EELS of two-dimensional materials is summarized in Section 2.5.
Chapter 3 gives an overview of the two-dimensional materials used in this work.

Section 3.1 covers graphene, the most prominent 2D material. Another 2D material in
this dissertation is molybdenum disulfide (MoS2, Section 3.2). The preparation of TEM
samples from 2D materials is briefly described in Section 3.3.

Part III presents my work in the fields of energy-filtered TEM andmomentum-resolved
EELS:
Chapter 4 reports on energy-filtered TEM experiments with the Cc/Cs-corrected SALVE

microscope. First, the performance of the SALVE imaging energy filter is discussed in
Section 4.1. The following Sections 4.2 and 4.3 discuss the experimental challenges
in atomic-resolution EFTEM, and present EFTEM images from the plasmon-loss and
carbon K-edge signals of graphene. Eventually, in Section 4.4, the prospects of elemental
mapping in EFTEM are investigated by focus series with the C-K-edge signal of graphene.
Results of this work were previously published in Ref. [39].
Chapter 5 covers (momentum-resolved) low-loss EELS ofmultilayer 2D systems. First,

in Section 5.1, MR-EELS experiments for monolayer MoS2 and G/MoS2/G heterostruc-
tures are discussed and their results are compared to ab initio calculations for MoS2 and
graphene. In Section 5.2, we then present different dielectric model calculations for 2D
multilayers and heterostructures. These models are evaluated with bulk MoS2 in Sec-
tion 5.3, and applied to the G/MoS2/G heterostructures in Section 5.4. Finally, we discuss
the applicability of protective graphene encapsulation in low-loss EELS experiments.
Results of this work were previously published in Ref. [40].

Part IV gives a summary of this dissertation and an outline for further research on the
basis of this work.
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1Transmission electron microscopy

Resolution in light microscopy is limited by the wavelengths of visible light. For the full
visible spectrum, these wavelengths 𝜆 range from approx. 400 to 700nm. The attainable
instrumental resolution of light microscopes is in the same order of magnitude, and is
more precisely given by the Abbe diffraction limit

d ∝ 𝜆
2n sin 𝜃

. (1.1)

Here, n is the index of refraction of a surrounding medium, and 𝜃 is the acceptance angle
of the objective. Even with immersion oils (n > 1) and high acceptance angles, this
resolution is on the order of 100nm, and is insufficient to study nanostructures, or the
crystalline structure of solids.
By using particles with a finite mass instead of photons, electron microscopes can

achieve far better resolutions. With their much shorter de Broglie wavelength, 𝜆 = h/p,
fast electrons can easily yield a diffraction limit well below 1Å and can—in principle—re-
solve single atoms (hydrogen radius a0 ≈ 0.5Å). In transmission electron microscopy
(TEM), highly accelerated electrons move through vacuum (n = 1) and a thin electron-
transparent sample. Focusing of the electron beams is achieved by electro-magnetic
lenses. Typical acceleration voltages of modern TEMs range from 80 to 300 kV, resulting
in de Broglie wavelengths between 4.18 pm (80 kV) and 1.97 pm (300 kV).
However, the actual resolving power in high-resolution TEM (HRTEM) is limited by

aberrations and instabilities of the instrument (see Sec. 1.2.4). In uncorrected (“con-
ventional”) TEMs, the spherical aberration Cs reduces the usable acceptance angles to
the paraxial range of few milliradians (mrad). Only with the invention of aberration
correction, atomic resolution imaging became feasible at moderate acceleration voltages
between 80 and 300 kV. With correction of both spherical aberration Cs and chromatic
aberration Cc, the acceleration voltages can be reduced even further down to low voltages
of 20–80 kV, with resolutions on the order of up to d ≈ 16 𝜆 [41].
The following sections give an overview over the instrumentation needed for TEM

(Sec. 1.1) and the basic operation modes (Sec. 1.2), including high-resolution TEM
(HRTEM, Sec. 1.2.4). Eventually, the technique of energy-filtered TEM is briefly explained
(Sec. 1.3), and the state of the art in atomic-resolution energy-filtered TEM is summarized
(Sec. 1.4).
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CHAPTER 1. TRANSMISSION ELECTRON MICROSCOPY

1.1. Instrumentation

In their basic setup, transmission electron microscopes have many similarities to light
microscopes. Many of their main components such as the condenser system, specimen
stage, and objective lens can be understood by analogy to their light-optical counterparts.
Other components are unique to electron optics, such as the rather involved aberration
correctors for high-resolution imaging, and energy filters for electron energy-loss signals.
The following sections give a short overview over the basic components that are

common to most transmission electron microscopes (Sec. 1.1.1), as well as a description
of additional components with high relevance for this dissertation: monochromators
(Sec. 1.1.2), aberration correctors (Sec. 1.1.3), and energy filters (Sec. 1.1.4).

1.1.1. Basic components

i. The illumination system

For all experiments in this work, thin electron-transparent specimens were probed by
a broad and parallel electron beam. Setting up such a parallel “illumination” involves
having a source for high-energy electrons, as well as a condenser system to shape the
parallel illumination of the sample.

Electron guns To begin with, the illumination system needs a source of electrons with
high brightness, temporal and spatial coherence, and stability. For spectroscopy and
high-resolution TEM experiments, it is also important to use a highly monochromatic
electron source, as will be discussed later in Sec. 1.1.2 about monochromators. The
following paragraphs shortly describe the types of electron guns used in transmission
electron microscopy, with their individual advantages and disadvantages.

Early transmission electron microscopes used thermionic guns with a tungsten hair-
pin filament. Nowadays, thermionic guns are still being used, but they usually have
an indirectly heated tip made of a lanthanum hexaboride (LaB6) crystal. These more
modern thermionic guns provide higher brightness and smaller energy spread (1.5 eV,
[42, p. 74]), but require higher vacuum [43]. The working principle of every thermionic
gun is to overcome the work function for an electron to leave the cathode into vacuum.
This is accomplished by heating the cathode to an elevated temperature T of up to 3000K
[43] and thereby broadening the Fermi distribution of the cathode electrons by a large
kinetic energy kBT . The heated cathode of a thermionic gun is at a high negative electric
potential in the amount of the employed high tension. It is surrounded by a negatively
biased cylindrical Wehnelt electrode with a small circular opening. This opening in the
Wehnelt cylinder ensures that electrons can be only emitted from the very tip of the
cathode. For the emitted electrons, the opening also acts as a converging electrostatic
lens and forms a crossover right outside the Wehnelt cylinder. From there, the electrons
are finally accelerated towards the anode at ground potential, and leave the accelerator
through a hole in the anode, the third electrode of this so-called “triode structure”. As
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1.1. INSTRUMENTATION

seen from behind the anode, the diverging effect of the anode lets the electron beam
seem to originate from a virtual source inside the accelerator.
Highest brightness and lowest energy spread can be achieved with field-emission

guns (FEGs). In the case of a field-emission gun, the electrons leave a sharp tungsten
tip by the tunneling effect. To this end, an extraction voltage of a few kV is applied by
an anode, and no Wehnelt cylinder is used. Between the extractor and the anode of the
accelerator, the gun lens, which is another anode, is introduced. It serves the purpose of
adjusting the focus of the electron beam with respect to the C1 lens, the first component
of the condenser system. Being not heated, cold FEGs are the most sensitive electron
guns. They require UHV conditions and regular flashing to remove contamination from
the tip. Cold FEGs achieve very small energy spreads down to approx. 0.2 eV [44].
A combination of thermionic emission and field emission is used by the so-called

Schottky gun. These guns are widely used nowadays, due to their robustness compared
to cold FEGs and high brightness compared to standard thermionic guns. They typically
achieve an energy spread of about 0.7 eV [45]. Essentially, Schottky guns are thermionic
guns with a heated tungsten tip covered by ZrO2 for enhanced emission characteristics
and stability [42, p. 75]. However, the work function is further reduced by an increased
field strength at the cathode (Schottky effect). This is accomplished by an extractor like
in a cold FEG, which is why Schottky guns are also called “Schottky FEGs“.

From any Schottky or field-emission source, the electrons are finally also accelerated
towards an anode. This anode is at ground potential, whilst the cathode is always
at a negative potential in the amount of the high tension of the electron microscope.
If a monochromator is installed (see Section 1.1.2), monochromatization is usually
performed right before the acceleration, with the exception of so-called ground-potential
monochromators.

The condenser system With the condenser system of a transmission electron micro-
scope, different illumination conditions can be set. The condenser lenses and condenser
apertures can be adjusted to change the illuminated area of the sample, the intensity of
the beam, and the convergence angle of the illumination.
A basic two-condenser setup with two lenses C1 and C2 is sketched in Fig. 1.1. The

depicted alignment is tuned for a nearly parallel, broad illumination with small conver-
gence angle 𝛼. A weakly excited first condenser lens (C1) demagnifies the gun crossover
(virtual source). For the depicted condenser underfocus, the second condenser lens (C2)
focuses the C1 crossover below the sample. With the focus above the sample (condenser
overfocus), the illumination conditions would be less parallel than in condenser underfo-
cus. However, in both cases, the convergence angle can also be reduced by a smaller C2
aperture. By changing the excitation of the C2 lens, the size of the illuminated area can
be varied. Eventually, for the exact focus of the C1 crossover on the sample, a convergent
electron beam is created. In a two-condenser setup, this is usually done in combination
with a high C1 excitation, in order to achieve a much stronger demagnification of the
source.

17



CHAPTER 1. TRANSMISSION ELECTRON MICROSCOPY

When talking about the illumination setup inmodern high-resolution TEMs, the effect
of the objective pre-field also has to be considered, as the sample is actually situated
between the polepieces of the objective. The objective pre-field is often also referred to
as ”condenser-objective“ lens and actually acts as the objective lens in scanning TEM
(STEM). Usually, different illumination setups for TEM and STEM are then realized with
an additionally introduced condenser ”mini-lens” inside or in front of the objective. In
particular, for the parallel illumination needed in TEMmode, this condenser mini-lens is
strongly excited and focuses the beam in the front focal plane of the condenser-objective
lens.

z

cathode

Wehnelt electrode

anode
virtual source

condenser lens 1 (C1)

C1 crossover

condenser lens 2 (C2)
C2 aperture

electron-transparent sample

𝛼

Figure 1.1.: Schematics of a two-condenser system in condenser underfocus. The gun crossover
(virtual source) of a thermionic gun is demagnified by the C1 lens. In order to achieve a nearly
parallel, broad illumination of the sample (low convergence angle𝛼), the C1 excitation is relatively
weak and the C2 lens focuses the C1 crossover below the sample. (Cf. [42, p. 143] and [43, p. 91]).

ii. Sample stage and objective lens

In order to achieve high-resolution imaging in a TEM, the sample needs to be placed in
a very narrow gap between the upper and lower polepiece of the objective lens. Often,
this polepiece gap is only the size of a few millimeters. The sample is surrounded by
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1.1. INSTRUMENTATION

the objective lens, and experiences both the above-mentioned objective pre-field and
the objective post-field. Around the sample, distances are very small and the below-
described elements are in fact very close together, in contrast to the illustration in Fig. 1.2.

The sample stage serves the purpose to hold the TEM sample andmove it both laterally
(in x, y) and along the optical axis (z). For many applications, the stage also needs to
be able to tilt the sample. Sample tilt can be necessary to orientate crystalline samples
along a certain crystallographic axis, or to perform tomography experiments. With the
exception of few very specialized instruments, most modern TEMs have a so-called
”side-entry“ stage. In a side-entry stage, TEM samples with a diameter of approx. 3mm
are loaded by inserting a rod-shaped sample holder in the goniometer. The longitudinal
axis of the sample holder serves as the 𝛼 tilt axis around which the sample can be tilted
independent of the used type of sample holder. The sample holders can themselves
provide additional rotation axes such as the 𝛽 axis in the plane of the sample, or in-plane
rotation around the optical axis. Specialized holders for cryo or in situmicroscopy can
have contraptions for cooling and heating the sample, as well as for electrical contacting
and mechanical or light-optical manipulation.
With the objective lens, a real, magnified image is formed in the first intermediate

image plane. As shown in Fig. 1.2, this plane is conjugate to the sample plane. During
operation in diffraction mode, a selected-area (SA) aperture can be placed in the image
plane to limit the sample region from which diffraction patterns are formed. In the back
focal plane of the objective lens, the first diffraction pattern of the sample can be found,
which is sometimes also referred to as the ”primary image“ [46, p. 84]. An objective
aperture (OA) in the back focal plane can be used to select the direct or a Bragg-scattered
beam for bright-field and dark-field imaging, respectively (see Sec. 1.2.3). TEMs for
high-resolution imaging usually have very strong objective lenses (short focal length
f ) to minimize the spherical aberration Cs. This requires a very strong and confined
magnetic field which can be achieved by an objective with a very narrow polepiece gap
[47, p. 230]. In addition, modern high-end TEMs are often equipped with an aberration
corrector in order to reduce the spherical aberration significantly, or even tune it to
negative Cs [48].

iii. The projector lens system

The projector lens system of a TEM serves two main purposes: Firstly, in image mode, it
further magnifies the intermediate image formed by the objective lens, until a highly
magnified image of the sample can be seen on a fluorescent screen or recorded by a
camera. In combination, the objective lens and projective lens system can achieve a
total magnification on the order of up to 106. Secondly, the projective lens system can
switch to diffraction mode, which is the other main operation mode of a TEM.

The switching between operation modes is performed by the so-called ”intermediate
lens“, which is therefore also called ”diffraction lens“. As can be seen in Fig. 1.2, the
intermediate lens is the first lens of the projector lens system. Depending on its excitation,
subsequent intermediate images in the TEM can either show an image of the sample
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z

sample

objective lens

objective aperture
(objective back focal plane)

selected-area aperture
(1st intermediate image)

intermediate lens

2nd intermediate image

z

projector lens

fluorescent screen

(a) Image mode (b) Diffraction mode

Figure 1.2.: Image-side components of a TEM with ray paths in image mode (a) and diffraction
mode (b). In (a), two points of the sample are imaged on the fluorescent screen. Solid and
dashed lines show the ray paths for the left and right points, respectively. The objective lens
images the object in the 1st intermediate image, whilst the scattering angles for imaging are
limited by an objective aperture in the back focal plane. Further magnification is achieved by
the intermediate lens and the projector lens, and a second intermediate image of the sample is
formed between these two lenses. (b) shows the situation in diffraction mode, where this 2nd
intermediate image shows a diffraction pattern. This is realized by a weakly excited intermediate
lens which images the back focal plane of the objective lens. In diffraction, a selected-area
aperture can be introduced in the 1st intermediate image plane to limit the sample area from
which the diffraction pattern is formed. (Cf. [43, p. 105] & [42, p. 153])
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or its diffraction pattern. In the latter case, the excitation of the intermediate lens is
relatively weak and the second intermediate image plane is a conjugate plane to the
back focal plane of the objective lens [Fig. 1.2(b)].
Below the intermediate lens, the projector lens system can consist of several more

magnifying projector lenses, until the final image is formed on a fluorescent screen
or camera. Besides, in some TEMs, an in-column energy filter is installed inside the
projector system (cf. Sec. 1.1.4), with projector lenses above and below. In order to allow
for energy filtering in both imaging and diffraction mode, the first part of the projector
systemmust be able to project both image and diffraction patterns in the entrance plane
of the energy filter.

iv. Detectors and cameras

In most TEMs nowadays, images and diffraction patterns are recorded electronically,
using CCD (charge-coupled device) or CMOS (complementary metal-oxide semicon-
ductor) cameras. In standard cameras for TEM, electrons are detected indirectly. In a
first step, the electrons penetrate a scintillator layer at the top of the camera. During
scattering processes in the scintillator, light is emitted. In the second step, this light is
directed to the actual CCD or CMOS sensor by a fiber optics between the scintillator and
the camera sensor. The fiber optics reduce the effect of secondary x-ray emission in the
scintillator. In a third step, a certain number of counts is then detected on the pixels of
the sensor. This number of counts per electron is called the conversion rate of the camera,
and depends on multiple factors. Besides the characteristics of the CCD or CMOS sensor,
very important factors are the high tension of the primary electrons, and the thickness
and type of the scintillator. By the choice of the scintillator thickness, the dynamic range
of the camera can be optimized for the used high tension and typical electron dose of
the TEM’s main applications.
A typical CCD or CMOS camera nowadays has a full frame between 1024 × 1024 and

4096 × 4096 pixels at a pixel size on the order of several µm. CCD cameras usually offer
hardware binning to reduce the frame size by a power of two in each dimension. This can
be used to reduce the impact of read-out noise, and thereby improve the signal-to-noise
ratio (SNR). This option is not available for CMOS cameras, due to a different read-out
principle. However, for both types of cameras, also computer-based post-processing
is performed on every frame: Besides dark-frame subtraction also a gain-reference
correction has to be done to remove artifacts from the fiber optics, and to compensate
variations of the camera sensitivity across the frame.

1.1.2. Monochromators

Asmentioned in Sec. 1.1.1, the energy spread of a TEM gun can be on the order of around
0.2 eV at best, if a cold FEG is used. For TEMswith a Schottky-type gun, the energy spread
is more close to 1 eV. Even though this might seem very small compared to electron
energies of 20–300 keV, there are twomain reasons to reduce the energy spread further by
a monochromator: Firstly, the chromatic aberration of the objective lens deteriorates the
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resolution in high-resolution TEM (see Sec. 1.2.4). Monochromation is one possibility to
minimize this effect and achieve atomic-resolution HRTEM at low acceleration voltages.
Secondly, the energy spread of the gun directly affects the energy resolution in electron
energy-loss spectroscopy (EELS, see Chapter 2). For this dissertation,monochromation is
only relevant in the context of EELS, as the presented energy-filtered TEMwork required
chromatic aberration correction, and the same spatial resolution in EFTEM could not be
achieved with monochromation.

In this section, theworking principle of amonochromatorwill be briefly outlined using
the example of a singleWien filter. In fact, this type ofmonochromator is used in Thermo
Fisher/FEI TEMs such as the SALVE III microscope. For an overview of all available types
of monochromators in modern TEMs, the reader is referred to the publication by Kimoto
[49]. The Ω-shaped electrostatic CEOS monochromator of the SALVE I microscope (Zeiss
Libra 200) is also described in the book by Rose [46, pp. 360–362].
The basic concept behind a Wien filter is sketched in Fig. 1.3. The filter consists of

crossed, homogeneous electric and magnetic fields E and B, which are both arranged
perpendicular to the direction of motion of the incident electrons. In the sketch in
Fig. 1.3(a), incident electrons with slightly different velocity |v| move from left to right,
with the E field pointing downwards, and the B field is perpendicular to the drawing
plane. The crossed fields are adjusted such that electrons with average velocity move
straight through the fields, without being deflected (green curve). Slightly slower or
faster electrons (red and blue curves), however, are deflected towards the anode and
cathode of the shown capacitor. Eventually, an energy-selecting slit filters out these
slow and fast electrons and lets only electrons within a certain energy width ΔE pass
[Fig. 1.3(b)]. In the single Wien-filter monochromator (cf. [45, 50]), this leads to a beam
with residual spatial and angular chromaticity [49]. The former can be noticed in TEM
as slight energy variations across the field of view [“rainbow illumination”, Fig. 1.3(b)].

1.1.3. Aberration correctors

Soon after the invention of the transmission electron microscope, it became obvious
that the resolution in TEM is strongly limited by aberrations of the used electromagnetic
lenses. It is mostly due to the spherical aberration of the objective lens that the achiev-
able resolutions of uncorrected (“conventional”) microscopes are about two orders of
magnitude worse than the electron wavelengths 𝜆 of a few picometers (𝜆 ≈ 4.2 pm at
80 kV). In the Abbe formula, Eq. 1.1, this difference can be attributed to a small usable
acceptance angle 𝜃, which is limited by the spherical and chromatic aberrations of the
objective lens. The effects of these two aberrations are sketched in Fig. 1.4. Due to the
spherical aberration, marginal rays at higher angles experience a stronger deflection
than the paraxial rays, which leads to a blurred image in the image plane. Likewise, the
chromatic aberration causes different focus lengths for slightly different electron energies.

In order to reach atomic resolution despite the small usable angles 𝜃, the acceleration
voltages of high-end electron microscopes for materials science became higher and
higher during the mid to late 20th century. With extremely high electron energies of
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Figure 1.3.: Schematics of a single Wien-filter monochromator: (a) The crossed E and B fields de-
flect slow electrons towards the anode (red dashed curve), and fast electrons towards the cathode
(blue dash-dotted line). Only electrons with certain energies can pass the filter (green curve).
(b) Chromaticity of the single Wien-filter monochromator: origin of the rainbow illumination.

up to several MeV, however, only few materials with high atomic number Z could be
investigated without being immediately destroyed by knock-on damage. It wasn’t until
the practical realization of spherical aberration correction in the late 90s, that atomic-
resolution TEM became applicable at medium acceleration voltages between 80 and
300 kV. [51, 52]
First ideas towards aberration correction date back to the work by Scherzer (1936,

[53]) who showed that round electromagnetic lenses have unavoidable spherical and
chromatic aberrations. More precisely, he found that these aberrations cannot be fully
eliminated as long as the lenses are static, rotationally symmetric, and free of space
charge [46, p. 248]. Based on these “practical but not fundamental limitations” [53], the
development of aberration correctors for TEM and STEM was then focused mostly on
concepts that break the rotational symmetry by the use of multipole lenses. Eventually,
correction of the (third-order) spherical aberration (Cs) in TEM was realized in 1998 [51]
with a corrector design by Rose [54], which makes use of the negative Cs of hexapoles.
In his particular design, the arrangement of two hexapoles with an intermediate transfer
doublet (4-f system) eliminates the threefold astigmatism introduced by the hexapoles,
but keeps their rotationally symmetric negative third-order spherical aberration. This
system can therefore compensate the Cs of the objective lens, which is always positive,
and works around the problem of the inexistence of (round) diverging electron lenses.

With decreasing electron energy, i.e., low acceleration voltages, the need for correction
of both the spherical and chromatic aberration in high-resolution TEM increases. Correc-
tion of the chromatic aberration is impossible in the hexapole corrector, as the paraxial
rays are not affected by the hexapoles [52]. Simultaneous correction of Cc and Cs is there-
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Figure 1.4.: Illustration of the effect of spherical and chromatic aberration in TEM. (a) Spherical
aberration of the objective lens. Marginal rays (dashed lines) are deflected more strongly by the
objective lens than paraxial rays (solid lines) . In the image plane, the image of the object point
is blurred by the disk of least confusion. (b) Chromatic aberration of the objective lens. The
different deflections of slow and fast electrons (red dashed and blue dotted lines, energies ∓ΔE)
lead to different defoci in the image plane, which blurs the image.

fore performed in quadrupole-octupole correctors [46, pp. 302 ff.]. The crossed fields of
mixed electric and magnetic quadrupoles in such a corrector act as a first-order Wien
filter, in analogy to the (zero-order) Wien filter described in Section 1.1.2. Whilst these
mixed quadrupole elements correct the axial chromatic aberration, additional magnetic
quadrupole and octupole fields are arranged and excited in such a way, that also the
spherical aberration is corrected, and that the introduction of additional aberrations is
avoided.

1.1.4. Energy filters

The analytical capabilities of a TEM can be extended significantly by the addition of
electron energy-loss spectrometers or imaging energy filters. In the case of a pure
spectrometer, it is possible to acquire electron energy-loss spectra from microscopic
sample areas, and to perform STEM-EELS mapping with a convergent electron probe.
Such a spectrometer always has to be placed at the end of the TEM column, below the
viewing screen and any CCD/CMOS camera(s). By contrast, imaging energy filters can
not only be used to acquire single EELS spectra, but also to filter whole TEM images or
diffraction patterns by the energy losses of the electrons. As a consequence, there exist
both post-column energy filters at the end of the TEM column, and in-column energy
filters within the projective system. For the work presented in this dissertation, both a
Rose-Krahl Ω (OMEGA) in-column filter and a GIF Quantum post-column filter were
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used. These two types of imaging energy filters are sketched in Figs. 1.5 and 1.6 and
are briefly described below, following the descriptions in Refs. [32, 46] and Ref. [55],
respectively.

energy-selecting slit dispersive plane

entrance aperture filter entrance plane

symmetry plane

achromatic image plane

projector crossover

Figure 1.5.: Sketch of the corrected Ω in-column energy filter, following Refs. [32, 46]. Some
of the hexapoles for the correction of second-order aberrations are arranged in pairs that are
symmetrical w.r.t. the indicated symmetry plane.

The corrected Rose-Krahl Ω in-column filter was part of the TEM column of the dis-
continued Zeiss Libra 200 electron microscopes such as the SALVE I microscope. It was
placedwithin the projective system,with parts of the projector above and below the filter.
As can be seen in Fig. 1.5, the Ω filter uses four magnetic prisms to direct the beam on an
Ω-shaped path. In contrast to most post-column filters, the Ω filter does not bend the op-
tical axis by 90°, such that the electrons with the original energy E0 leave the filter along
the original optical axis (green line). For electrons that suffered an energy loss (red line),
the deflections by the magnetic prisms result in a finite total deflection, which separates
different energy losses in the energy-dispersive plane at the end of the filter. In energy-
filtered imaging or diffraction (EFTEM mode), an energy-selecting slit can be inserted in
this plane. The second part of the projective system then magnifies the energy-filtered
image from the achromatic image plane, which is a conjugate plane to the filter entrance
plane. This can be either an image of the sample or its diffraction pattern, depending
on the operation mode of the microscope. Both the image and diffraction mode of the
microscope can also be combined with the EELS mode of the filter. In EELS mode, the
second part of the projective system will image the energy-dispersive plane onto the
microscope’s camera or viewing screen, with no limitation by an energy-selecting slit.
For EELS experiments, it is useful to place an aperture in the filter entrance plane to
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limit the sample region from which the EELS signal is recorded (image mode) or the
contributing scattering angles / momentum transfers (diffraction mode). The size of
the entrance aperture then defines the spatial resolution or momentum resolution of
the EELS signal, respectively. In a typical EELS experiment, the latter is usually called
the collection angle. For momentum-resolved EELS experiments, a slit aperture with an
aspect ratio of approx. 1:30 can be inserted in the filter entrance plane.

entrance aperture
slit aperture or BF/DF detector

energy-selecting slit EELS deflectors

electrostatic shutter

CCD camera

projector crossover

Figure 1.6.: Sketch of the GIF Quantum post-column energy filter, following Ref. [55].

The most widely used energy filters nowadays are the post-column filters of the Gatan
imaging filter (GIF) series. Fig. 1.6 illustrates such a setup on the basis of a GIF Quantum
[55] energy filter. As the name suggests, post-column filters are mounted at the very
bottom of a transmission electron microscope, behind the viewing screen and any CCD
or CMOS camera. This makes it relatively easy to upgrade already existing TEMs from
any manufacturer with an energy filter. Much like the Ω filter, the GIF is equipped
with an entrance aperture of selectable size, with diameters of, e.g., 2.5 and 5mm. For
momentum-resolved EELS (𝜔-q), an additional slit aperture can be installed at the same
position as the STEM bright- and dark-field detectors (aspect ratio ~1:5). In a GIF, the
magnetic prism bends the optical axis by 90° and creates the energy dispersion at the
plane of the energy-selecting slit. The first three dodecapoles of the GIF are used to
project the EELS spectrum in this energy-dispersive plane, and to correct for spectrum
aberrations. The other five dodecapoles project the aberration-corrected spectrum or
energy-filtered image on the CCD camera. With fast EELS deflectors, it is possible to shift
the EELS signal on the camera in order to acquire multiple spectra on a single frame of
the 2048× 2048px CCD. This can be combined with energy shifts by the prism drift tube,
for example to record both low-loss and high-loss spectra within a very short time. [55]
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1.2. Diffraction and imaging modes

In the description of the projector system in Section 1.1.1, diffraction and imaging
were already introduced as the two main operation modes of a transmission electron
microscope. In the following, these two modes will be described in more detail: Firstly,
the very basics of elastic electron scattering will be summarized (Sec. 1.2.1), and a typical
(selected-area) electron diffraction experiment will be outlined (Sec. 1.2.2). Secondly, the
two basic imaging modes, bright-field and dark-field imaging, are described in Sec. 1.2.3.
Finally, Sec. 1.2.4 deals with phase-contrast imaging in high-resolution TEM.

1.2.1. Elastic electron scattering

In electron microscopy, the term elastic scattering refers to the interaction of primary
electrons with the screened potential of the nuclei in the sample. During these interac-
tions, the target is not excited, in contrast to the case of electron-electron interactions,
where the inelastic interactions can be related to electronic excitations. Elastic scattering
is the main mechanism behind structural characterization with electron diffraction, and
also forms the contrast in imaging modes. TEM images can be formed using the unscat-
tered electrons, or from (Bragg) scattered electrons only. These two modes are the bright-
and dark-field imagingmodes, respectively. Images formed from the interference of both
scattered and unscattered beams (partial waves) can be obtained in the high-resolution
TEM (HRTEM) mode.

For most material science applications of TEM, elastic scattering implies Bragg scatter-
ing from lattice planes. The well-known equation for Bragg scattering,

n𝜆 = 2d sin 𝜃B, (1.2)

describes the angles 𝜃B for constructive interference of rays that are reflected from
lattice planes with distance d. The term on the left side denotes the path difference for
constructive interference as multiples of the (electron) wavelength 𝜆, with an integer
factor n for the order of diffraction. In the following, the same condition is expressed in
terms of the Laue equations.

Consider an incoming electronwavewithwave vectork0 (|k0| = 2𝜋/𝜆), and a scattered
wave with wave vector k. For an elastic scattering event, these wave vectors have the
same magnitude, but include a scattering angle 𝜃 = 2𝜃B. The scattering vector q is then
defined by the difference

q = k − k0. (1.3)

As visualized by the Ewald sphere in Fig. 1.7, the Bragg condition is fulfilled if the
scattering vector matches a reciprocal lattice vector G:

q = G = h a + k b + l c (1.4)

Here, a, b and c denote the unit vectors of the reciprocal lattice, in a linear combination
with factors h, k, l ∈ ℤ, the Miller indices. In the hexagonal and trigonal lattices, these
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indices are often extended to the Miller-Bravais indices (hkil), by adding a fourth index
i = −(h + k).

k0

k

q

𝜃

Figure 1.7.: Ewald sphere for a cubic lattice. The Bragg condition is fulfilled if the scattering
vector qmatches a reciprocal lattice vector G.

In a TEM experiment, it can be necessary to consider dynamic scattering as well, in
addition to the above kinematic description. Multiple scattering can involve both elastic
and inelastic scattering events, and is more likely for thick samples, high atomic number
and low electron energy (high tension). In order to distinguish between pure elastic
scattering and multiple elastic and inelastic scattering, energy filtering can be performed
(see Sec. 1.3).

1.2.2. Electron diffraction

Transmission electron microscopes have a dedicated mode for electron diffraction ex-
periments, in which the back focal plane of the objective lens is imaged on the screen
or camera (see Fig. 1.2). In this mode, the magnification of the diffraction pattern is set
by the so-called camera length L, which determines the distance R between a reflection
with scattering angle 𝜃 and the center of the screen. In small-angle approximation, the
camera length is defined by

L ≈ R
𝜃

. (1.5)

The small-angle approximation also implies that the positions R in a diffraction pattern
can be directly related to scattering vectors q. According to the intersects of the Ewald
sphere, Bragg reflections can then be found at certain lattice vectors G of the reciprocal
lattice.
The most widely used technique of electron diffraction is the selected-area electron

diffraction (SAED) method with a highly parallel, broad illumination. As the name
suggests, the investigated area in this method is limited by inserting a selected-area
aperture in an image plane. For a monocrystalline sample that is oriented in a zone axis,
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the resulting diffraction pattern then shows a highly symmetric pattern of individual
Bragg reflections, which are sharper, the more parallel the electron beam is.

1.2.3. Bright- and dark-field imaging

With an aperture in the back focal plane of the objective lens, individual diffracted or
undiffracted beams can be selected for TEM imaging. In the case of bright-field imaging,
a small circular aperture is placed around the undiffracted beam at the center of the
diffraction pattern (𝜃 = 0). This lets strongly scattering objects appear dark in the
image, and creates a bright background at places where no sample is present (vacuum).
The diffraction contrast obtained in bright field imaging is used to obtain contrast that
depends on the atomic number (Z) and thickness of the sample, and is normally used at
low to mediummagnifications. [56, Chapter 4]

Complementary to the case of bright-field imaging, the objective aperture in dark-field
imaging lets only pass certain diffracted beams (𝜃 > 0). This is achieved either by an
off-centered objective aperture or—more often—by tilting the incident beam in such a
way that the beam in question is oriented along the optical axis of the objective. The
latter method avoids complications due to lens aberrations. Typical applications of
dark-field imaging are the investigation of polycrystalline samples, where individual
grains can be made visible; and the investigation of crystal defects.

1.2.4. High-resolution TEM

In high-resolution TEM (HRTEM), an image is formed from both diffracted and un-
diffracted beams. Due to the high intensity of the undiffracted beam for thin TEM
samples, the overall appearance of HRTEM images at low magnifications is similar to
bright-field TEM. However, Bragg-scattered beams are not blocked by the objective aper-
ture and can form lattice contrast by interference. At high magnifications, the lattice of a
crystalline sample becomes visible as periodic intensity variations in the image. This
section outlines the formation of phase-contrast images, following the notation in the
book by Erni [47].
In order to explain the formation of HRTEM images, a wave-optical description is

required. For a parallel illumination in TEM, the incident electron beam is then described
by a planewave of amplitude 1. The interactionwith the sample can—in themost general
case—alter both the amplitude A and phase 𝜙 of this wave, forming the exit plane wave

𝜓ep(r) = A(r) e−i𝜙(r), (1.6)

where r is a two-dimensional vector in the plane of a thin sample. Assuming very thin
and weakly scattering samples, as well as high electron energies, two simplifications can
be made. Firstly, the object (sample) can be seen as a pure phase object; that is, A ≡ 1.
Secondly, the phase change can be considered to be very small (𝜙2 ≪ 1), which results
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in the weak phase-object approximation

𝜓ep(r) ≈ 1 − i𝜙(r). (1.7)

In the diffraction pattern in the back focal plane of the objective lens, one finds that this
exit plane wave is decomposed into its spectrum of spatial frequencies

𝜓ep(q) = ℱ {𝜓ep(r)} . (1.8)

Due to the geometric aberrations of the objective lens, however, this function does not
coincide with the actual wave function in the back focal plane. In fact, the phase of
the electron wave in this plane is already altered by the transfer function tL(q) of the
objective lens

tL(q) = exp [−2𝜋i
𝜆

𝜒(q)] , (1.9)

where 𝜒(q) denotes the wave aberration function. Whereas these optical path differences
do not affect the diffraction pattern

Ibfp(q) = |𝜓bfp(q)|
2

= |tL(q) 𝜓ep(q)|
2

= |𝜓ep(q)|
2

, (1.10)

they are crucial for the formation of phase-contrast images. In fact, the wave function in
the image plane is given by the convolution of the exit plane wave with a general transfer
function t(r):

𝜓im(r) = 𝜓ep(r) ∗ t(r) (1.11)

For the image of a weak phase object, Eq. (1.7), this results in an intensity distribution
of [47, pp. 20 f.]

Iim(r) ≈ 1 + 2 [𝜙(r) ∗ Im t(r)] (1.12)

Iim(q) ≈ 𝛿(0) + 2𝜙(q) Im t(q), (1.13)

where the phase information is transferred via the imaginary part of the transfer function.
For the geometric lens aberrations from Eq. (1.9), this defines the coherent phase contrast
transfer function (PCTF)

PCTF(q) = sin [
2𝜋
𝜆

𝜒(q)] . (1.14)

With a wave aberration function for the rotationally symmetric aberrations defocus C1
and spherical aberration Cs ≡ C3, the coherent PCTF reads

PCTF(𝜃) = sin [
𝜋
𝜆 (𝜃2C1 + 1

2
𝜃4C3)] . (1.15)
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Here, the relation q = 2𝜋𝜃/𝜆 was used to achieve a more compact notation. In Fig. 1.8,
the PCTF is plotted for Scherzer defocus in an aberration-corrected 80 kV TEM with
C3 = 15µm. The first zero of the PCTF defines the point resolution, until which all
information is transferred with the same sign.
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Figure 1.8.: Coherent phase contrast transfer function [PCTF, Eq. (1.15)] for an aberration-
corrected 80 kV TEM (C3 = 15µm) at Scherzer defocus C1 = −9.14nm (blue solid line) and
for C1 = 0 (blue dashed line).

In the above-described linear imaging model, incoherent effects are described by
envelope functions Et and Es for the partial temporal and spatial coherence, respectively.

On the one hand, the spatial coherence is limited by the finite size of the electron source
that illuminates the sample. In terms of a beam divergence semiangle 𝜃s, the envelope
function for partial spatial coherence reads [47, p. 32]

Es(𝜔) = exp
{

−
𝜋2𝜃2

s

𝜆2 [∇𝜒(𝜔)]2}
(1.16)

Here, 𝜔 = 𝜃x + i𝜃y denotes a complex scattering angle that allows for the description of
anisotropic aberrations.

On the other hand, the temporal coherence is limited by chromatic aberrations: With
the chromatic defocus spread ΔC1, the partial temporal coherence envelope is defined
as [47, p. 30]

Et(𝜔) = exp
{

−
2𝜋2ΔC2

1

𝜆2 [
𝜕𝜒(𝜔)

𝜕C1
]
2

}
. (1.17)

Regarding the contributions to the chromatic defocus spread, one has to differentiate
between the case without Cc correction, and the Cc-corrected case. In the first case, ΔC1
is dominated by the instabilities of the high tension U0 and lens current I0, as well as the
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root-mean-square energy spread of the electron beam ΔErms: [47, p. 30]

ΔC1 = Cc√(
ΔU
U0

)
2

+ (2
ΔI
I0 )

2
+ (

ΔErms

E0 )
2

(1.18)

For Cc-corrected HRTEM, this term has to be extended by the current and voltage insta-
bilities of the magnetic and electric quadrupoles of the Cc corrector. For the extended
formula, the reader is referred to the paper by Kabius et al., Ref. [57]. Johnson-Nyquist
noise can further reduce the information transfer by an additional image-spread enve-
lope [58], which eventually becomes noticeable in Cc/Cs-corrected systems [41, 58].

For HRTEMwithout Cc correction, the effect of the envelope function on the PCTF from
Fig. 1.8 are shown in Fig. 1.9 (blue solid line). For the envelope functions Es(𝜃) ⋅ Et(𝜃)
(dashed lines), it was assumed that the chromatic defocus spread is dominated by the
energy width of the electron beam ΔE, with a full width at half maximum (FWHM) of
0.3 eV; Cc is 1mm. The beam divergence semiangle was set to 𝜃s = 0.2mrad and is not
limiting in this case.

The resolution in HRTEM is ultimately limited by the so-called information limit, where
the envelope functions drop below a value of 1/e2 (gray area). The red dash-dotted line
in Fig. 1.9 illustrates the case of a much broader energy distribution of 2 eV FWHM, like
in an energy-filtered TEM experiment (Sec. 1.3). The larger energy width reduces the
information limit significantly.
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Figure 1.9.: Effect of the chromatic aberration on phase-contrast imaging (80 kV, C3 = 15µm,
Scherzer defocus, Cc = 1mm, 𝜃s = 0.2mrad). The blue solid curve exemplifies the full PCTF
for an energy width of 0.3 eV FWHM (ΔErms ≈ 0.13 eV), black dashed lines show the combined
envelope functions Es ⋅ Et. The red dash-dotted curve shows the PCTF for a larger energy width
of 2.0 eV FWHM.
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1.3. Energy-filtered TEM

In the previous sections, the description of TEM image formation and electron diffraction
was completely based on elastic scattering. While inelastic scattering will play a central
role for the electron energy-loss spectroscopy in Chapter 2, it has only detrimental effects
in the above-described TEM imaging and diffraction modes:

On the one hand, we have seen that in HRTEM (Sec. 1.2.4), a broadening of the electron
beam’s energy width leads to a drastic loss of resolution, unless the chromatic aberration
of the objective lens can be corrected. As a consequence, energy losses in the sample can
render atomic-resolution TEM impossible. On the other hand, in electron diffraction,
inelastic scattering leads to a diffuse background in the diffraction pattern [59, p. 191].
This can obscure the contributions from elastic scattering, and hamper the interpretation
of structural information.
As a consequence, first applications of energy filtering in TEM actually aimed for

an elimination of the effects of inelastic scattering, by means of zero-loss filtering [59,
pp. 25 f.]. By filtering only those electrons that have not suffered any energy loss, contrast
and resolution in diffraction and imaging could be improved. With advances in the
development of energy filters (Sec. 1.1.4), however, energy filtering finally became a
versatile tool in analytical electron microscopy.

For energy-filtered TEM (EFTEM), the electron microscope is operated in the imaging
mode, and an image of the energy filter’s achromatic plane is recorded on a CCD or
CMOS camera. The energy selection is performed in the energy-loss spectrum at the
energy-dispersive plane of the post-column or in-column filter. Depending on the
energy dispersion and the size of the energy-selecting slit aperture of the energy filter,
this typically results in an energy window of 1–20 eV. For an energy window centered
around an energy loss E, the acceleration voltage U0 of the TEM has to be increased
by an offset ΔU = E/e. This compensates the energy loss in the sample and ensures
that concerning the objective lens, aberration corrector, projection system and energy
filter, no separate adjustments for reduced electron energies have to be made [60]. The
condenser system, on the other hand, has to be re-adjusted to keep similar illumination
conditions.
In a way, the energy selection in EFTEM can be described by analogy to dark-field

imaging, where scattered beams are filtered by an objective aperture. Whereas the
objective aperture in dark field TEM filters the spectrum of spatial frequencies q, an
EFTEM energy-selecting slit filters the spectrum of energy losses E = ħ𝜔. Fig. 1.10
exemplifies the acquisition of (core-loss) EFTEM images with a post-column energy
filter. The unfiltered image Fig. 1.10(a) shows two triangular objects A and B of different
materials. A specific core-loss signal for material B is filtered from the EELS signal
[Fig. 1.10(b)] by an energy-selecting slit. In the filtered image Fig. 1.10(c), areas with
material B light up.

Applications of EFTEM As already mentioned above, energy filtering can be used to
enhance the contrast in TEM images. In zero-loss filtered imaging, inelastically scattered
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energy-selecting slit

A
BB

energy loss

(a) (b) (c)

Figure 1.10.: Acquisition of EFTEM images from characteristic ionization-loss signals. (a) Un-
filtered image in the entrance plane of the energy filter; (b) EELS signal of an ionization edge;
(c) Energy-filtered image from the element-specific edge signal.

electrons are blocked and cannot contribute to the image intensity. For very thick
samples, however, it can be that nearly all electrons experience inelastic scattering and
that it is more appropriate to performmost-probable loss imaging. In this case, the energy
window is centered at themost probable energy loss, in order to obtain both high contrast
and high signal. From the fraction of inelastically scattered electrons it is also possible
to obtain thickness maps of a sample. This is based on the log-ratio method for EELS
(see [61, pp. 294 ff.]), and requires recording a zero-loss filtered image and an unfiltered
image.
Energy-loss filtered imaging can also be used to map electronic excitations in the

low-loss region. If the energy window is placed at a plasmon peak, small shifts of the
peak position can be detected [59, p. 363], and bulk and surface plasmon modes can be
mapped. This application is particularly interesting for nanostructures. With very small
energywindows, it is also possible to obtain a spatially resolved EELS signal by sequential
recording of EFTEM images with different energy offset E. This EFTEM spectrum imaging
technique is complementary to STEM-EELS, where the specimen is scanned, and a full
spectrum is recorded for each point.
Last but not least, one of the main applications of EFTEM is elemental mapping based

on ionization edges in the EELS signal. For an elemental map, multiple EFTEM images
are recorded for energy losses directly below and above an element-specific ionization
edge. In the so-called jump-ratio method, the post-edge signal from the ionization edge
is compared to only one pre-edge image. In the more elaborate three-windowmethod,
a fitted background signal is obtained from two images taken directly before the edge.
The elemental map is then calculated as the background-subtracted edge signal.

Spatial resolution in EFTEM For the spatial resolution in EFTEM, there are two fun-
damental limiting factors: The first limitation is given by the origin of the energy-loss
signals that are used for imaging. As will be discussed in Sec. 2.1.2, inelastic electron
scattering is delocalized. This delocalization decreases with higher energy loss E.
The second limitation is given by the chromatic aberrations of the microscope’s ob-

jective lens, and the optics of the energy filter. In an EFTEM experiment, the chromatic
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defocus spread, Eq. (1.18), is no longer determined by the energy width of the primary
beam but by the energy width of the energy-loss distribution within the energy window.
For this reason,monochromating the beamdoes not help in EFTEM,whichmakes atomic
resolution EFTEM only feasible in Cc-corrected TEMs.

Energy-filtered diffraction In order to record energy-filtered diffraction patterns, the
energy filter of the TEM has to be set to the same “EFTEM” mode as in energy-filtered
imaging. Technically, the only difference is that the microscope is operated in diffrac-
tion mode, such that a diffraction pattern is projected in the filter entrance plane. As
already mentioned, energy filtering in diffraction mode can be used for zero-loss filtered
diffraction, i.e., for removing the background signal from inelastic scattering. On the
other hand, the principle of EFTEM spectrum imaging can also be applied to diffraction.
With series of energy-filtered diffraction patterns with small energy windows ΔE, it is
possible to obtain a momentum-resolved EELS datacube, as depicted in Fig. 1.11.

qy

qx

ΔE

E

E

qy

qx

Figure 1.11.: Recording of an EELS datacube with energy-filtered diffraction. Energy-filtered
diffraction patterns are recorded subsequently for different energy losses E, which yields
momentum-resolved EELS data (datacube in qx, qy, E). The energy resolution is limited by the
width of the energy windows ΔE ≳ 1 eV.

Compared to othermethods formomentum-resolvedEELS (see Sec. 2.4), the advantage
of this technique is the highmomentum resolution, as the individual diffraction patterns
can be recorded with the full resolution of the CCD or CMOS camera. However, the
energy resolution ΔE is limited to approx. 1 eV by the minimum size of the energy
windows.
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1.4. State of the art: Atomic-resolution EFTEM

In high-resolution TEM with correction of third-order geometric aberrations, the spatial
resolution is usually limited by chromatic aberrations. As shown in Sec. 1.2.4, the partial
temporal coherence envelope Et cuts off information transfer at high scattering angles 𝜃,
and the attainable resolution is governed by the product of the objective lens’ chromatic
aberration Cc and the energy width ΔE. While the relevant ΔE in HRTEM is the energy
width of the electron source, and monochromation can help to improve the resolution,
high-resolution EFTEM experiments require Cc correction. In EFTEM, the energy width
is no longer determined by the electron source, but by the energy losses in the sample.
Typical energy windows for EFTEM experiments are several electronvolts large, and a
small Cc is the only way to retain high spatial resolution.

First EFTEM experiments with Cc correction were performed by Urban et al. [21],
at an acceleration voltage of 300 kV in the FEI Titan 60–300 PICO microscope at the
Ernst Rusk Centre Jülich. They demonstrated lattice contrast from a silicon (Si) sample
in [110] orientation, resolving the Si dumbbells with a spacing of 1.35Å. With their
background-subtracted Si elemental maps, they claim to obtain chemical information
with atomic resolution. However, they have also observed lattice contrast in the pre-
edge signal in front of the Si-L2,3 edge (onset: 99 eV [62]), which is an indication of the
preservation of elastic contrast. In further experiments with SrTiO3 in [110] zone axis,
Forbes et al. [22] have found that despite being in separate atomic columns, titanium
and oxygen cannot be discriminated by their EFTEM ionization-edge signals. They
conclude that the interpretation of EFTEM signal from the Ti-L2,3 and O-K edges cannot
be directly interpreted as elemental maps for Ti and O, respectively. According to their
image simulations for different sample thickness and defocus, the interpretation as
elemental maps seems to be restricted to very thin samples (< 3nm).

A similar conclusion is drawn by various EFTEM image calculations for bulk materials.
Stallknecht and Kohl and Navidi-Kasmai and Kohl [23, 24] have performed calculations
for GaAs in [1̄01] orientation, and for In2O3-doped ZnO and oxygen defects in SrCuO2,
respectively. They have found that an interpretation of EFTEM images as elemental
maps is only possible for samples thinner than one third of the extinction length (1/3 of
the thickness with the first zero in the Pendellösung plot). This results in a maximum
sample thickness of only few nanometers, which is in good agreement with the above-
mentioned image calculations by Forbes et al. [22]. Also the calculations for SrTiO3 by
Verbeeck et al. [25] suggest, that an interpretation of EFTEM images as elemental maps
can only be possible for thin samples, and breaks down for thick samples, ionization
edges at low energy loss, and high acceleration voltages.

By contrast, the strong contributions from preservation of elastic contrast do not seem
to hamper elemental mapping with STEM-EELS. STEM-EELS mapping has not only been
used for the identification of single foreign atoms [17, 20, 63] but also proven to be able
to discriminate different elements within a periodic lattice [64, 65]. Even for relatively
low energy losses, Kapetanakis et al. [66] have found inelastic lattice contrast in the
low-loss STEM-EELS of graphene. Apparently, the relatively new technique of energy-
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filtered imaging TEM (EFISTEM, see Ref. [67, 68]) is not hampered by preservation of
elastic contrast either: In this method, a combination of the STEM-EELS and EFTEM
setups is used, and the incoherent imaging seems to suppress preservation of elastic
contrast—independent of the sample thickness [68].
In summary, the correction of chromatic aberrations (Cc correction) enables atomic-

resolution EFTEM. The interpretation of atomic-resolution EFTEM images as elemental
maps is however hampered by the preservation of elastic contrast; that is, lattice contrast
from elastic scattering is carried by the inelastically scattered electrons. To some extent,
this can be understood as single inelastic and single or multiple elastic scattering, which
is very likely to happen in thick samples. While alternative techniques in the scanning
mode, STEM-EELS and EFISTEM, seem to be less affected by preservation of elastic
contrast, elemental mapping in EFTEM could therefore only be possible for very thin
samples.
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2Electron energy-loss spectroscopy

In a transmission electron microscope, every information about a sample is obtained
from its interactions with the transmitted primary electrons. Whereas (high-resolution)
imaging and diffraction techniques mostly rely on elastic scattering, the basis for elec-
tron energy-loss spectroscopy (EELS) are inelastic scattering processes. These inelastic
processes can mostly be attributed to interactions between the primary electrons and
(bound) electrons in the sample. The most widely used phenomenon is the interaction
with inner-shell electrons. The resulting ionization edges in the EELS signal can be
used to analyze the elemental composition of a sample. Typically, interactions with
inner-shell electrons give rise to energy losses of several hundred electronvolts.

By contrast, in the low-loss regime (approx. 0–50 eV), energy losses are mostly caused
by interactions with valence electrons. The features in low-loss EELS comprise peaks
that arise from phonons, excitonic excitations, interband transitions, and plasmons. The
most prominent feature, though, is the so-called zero-loss peak (ZLP) which is caused
by the large fraction of unscattered or purely elastically scattered electrons. As these
electrons have not suffered any energy loss, the ZLP is centered around E = 0. Its width
is mainly determined by the energy width of the primary beam. By measuring the full
width at half maximum (FWHM) of the ZLP without a sample (in vacuum), one can
obtain a measure for the energy resolution in EELS. The main limiting factor for this
instrumental energy resolution is the energy width of the primary beam. Therefore,
many modern TEMs are equipped with monochromators that reduce the energy width
to 0.1 eV or less, or use highly monochromatic field-emission guns instead of thermionic
guns. Recent developments with ground-potential monochromators have even achieved
energy resolutions of few meV in (S)TEM-EELS, which allows for detailed studies across
the frequency spectrum of visible light, down to features in the infrared [69].
The following sections summarize the basics of TEM-EELS. Sec. 2.1 gives a brief

overview of the notations from inelastic scattering. A description of the EELS signals is
then given within dielectric theory in Sec. 2.2. Finally, Sections 2.3 and 2.4 describe the
ab initio calculation and experimental acquisition of momentum-resolved EELS, and the
state of the art in momentum-resolved EELS of 2D materials is summarized in Sec. 2.5.
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2.1. Inelastic scattering

The basic phenomenon behind any TEM-EELS experiment is the inelastic forward scat-
tering within a TEM sample. During an inelastic scattering process, energy is transferred
by electron-electron interaction between the primary electron and core-shell or valence
electrons of the sample. In the following, the basic concepts of inelastic scattering will be
introduced with a strong focus on geometrical considerations (Section 2.1.1). Following
this, the delocalization of inelastic scattering will be discussed (Section 2.1.2), due to its
high importance for energy-filtered TEM.

2.1.1. Geometric considerations

Due to their wave nature, swift electrons can be associated with a de Broglie wavelength
𝜆. In the non-relativistic limit*, this wavelength can be expressed by the formula 𝜆 =
h/√2meE0, with h being Planck’s constant, and with the rest massme and kinetic energy
E0 of the accelerated electrons. In electron diffraction, the incoming electron wave
is usually described by the corresponding wave number k0 = 2𝜋/𝜆, or wave vector
k0 = k0 ez . Accordingly, scattered electrons are described by a wave vector k of different
direction and—in the case of an inelastic scattering event—of different magnitude. The
angle between the incident and scattered electron waves is denoted by the scattering
angle 𝜃, and the change in the wave vector defines the scattering vector q = k − k0 (see
Fig. 2.1). This relation corresponds to the conservation of momentum ħq = ħ(k − k0).
Similarly, conservation of energy yields the transferred energy†

E = ħ2

2me
(|k0|2 − |k|2) , (2.1)

i.e., the energy loss of the scattered electron.
By decomposition of the scattering vector in components parallel and perpendicular

to the incident electron (cf. Fig. 2.1), the following approximation can be made under
the assumption of a small scattering vector |q|2 ≪ |k0|2:

|k|2 = |k0|2 + |q|2 − 2|k0||q| cos 𝜂 ≈ |k0|2 − 2|k0||q| cos 𝜂. (2.2)

From the above Eqs. (2.1) and (2.2), it follows that the energy loss can be related to the
parallel component q∥ of the scattering vector:

E ≈ ħ2

me
|k0||q| cos 𝜂 = ħ2

me
|k0||q∥| =

2E0
|k0|

|q∥| (2.3)

The perpendicular component q⟂, however, is directly related to the scattering angle 𝜃.
In small angle approximation 𝜃 ≪ 1 and under the assumption of small energy losses

*Only non-relativistic formulae are presented in this work, as the relativistic and non-relativistic
electron wavelengths differ by less than 4% for the used low acceleration voltages of ≤ 80 kV.

†For relativistic corrections, the reader is referred to the book by Egerton [61, pp. 190 ff.].
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(E ≪ E0, |k| ≈ |k0|), it reads
|q⟂| ≈ |k0| 𝜃. (2.4)

In analogy to the above relation, a characteristic scattering angle 𝜃E can be defined via

|q∥| = |k0| 𝜃E, (2.5)

where 𝜃E = E/2E0 follows directly from Eq. (2.3). Note that this characteristic scattering
angle coincides with the width of the angular distribution of inelastic scattering. Yet, in
the here presented geometrical picture of inelastic scattering, it is more reasonable to
talk about the corresponding momentum transfer qE ≡ q∥, which corresponds to the
minimum total momentum transfer that occurs in the limit 𝜃 → 0.

k0

k

q

|q⟂|

|q∥|

𝜃

𝜂

Figure 2.1.: Geometry of an inelastic scattering event. The incident
electron with wave vector k is deflected by a scattering angle 𝜃 and loses
part of its kinetic energy. The difference to the resulting wave vector
k is defined as the scattering vector q, which can be decomposed in
components parallel (q∥) and perpendicular (q⟂) to the incident beam.

2.1.2. Delocalization of inelastic scattering

High resolution in TEM can only be obtained from scattering to high angles 𝜃. For the
elastic scattering processes described in Sec. 1.2.1, primary electrons pass the nuclei of the
sample at very low distance. Due to the Coulomb attraction of the nuclei, this results in a
strong deflection of the electrons [cf. Fig.2.2(a)]. The electron-electron interactions that
are responsible for inelastic scattering, however, yield much smaller scattering angles.
For low energy losses of a few electronvolts, the scattering angles are so small that the
energy-loss signal is delocalized by several nanometers. In fact, due to this delocalization,
EELS signals can even be recorded in so-called aloof mode, where the electron beam
is placed several nm outside the sample. For the description of this delocalization of
inelastic scattering, there are two different approaches:
A classical theory for the delocalization goes back to Niels Bohr, who determined

the maximum impact parameter bmax for an energy transfer to a bound electron of the
sample. He assumed that for a fast electron with velocity v and distance b from the
bound electron [Fig. 2.2(b)], the interaction time is on the order of 𝜏 = b/v. If this time
is long enough that the bound electron can follow the changing electric field of the fast
electron, the interaction is adiabatic. However, if the corresponding frequency 1/𝜏 is
higher than the resonance frequency 𝜔 of the bound electron, the electron is not able to
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follow and an energy transfer occurs. This yields the (non-relativistic) condition

bmax ≈ v
𝜔

(2.6)

for the maximum distance during an inelastic interaction, i.e., the delocalization of the
inelastic scattering.

+

𝜃

e−

e−

(a) (b)

+ e−

v

e−

b

Figure 2.2.: Elastic scattering vs. aloof inelastic scattering: (a) Elastic scattering to high scattering
angles 𝜃. The primary electron is deflected by the Coulomb attraction of the nucleus. (b) Inelastic
scattering of an aloof electron at large distance (impact parameter b). During the inelastic
scattering event, the primary electron interacts with a bound electron of the sample and is hardly
deflected.

Another approach estimates the delocalization from the Heisenberg uncertainty prin-
ciple for typical scattering angles of inelastic scattering. For the transferred momentum
p = ħq ≈ h𝜃/𝜆 and position x of the scattering event, the uncertainty principle states
that

ΔpΔx ≥ h. (2.7)

As mentioned in Sec. 2.1.1, the characteristic scattering angle 𝜃E is a measure for the
width of the angular distribution in inelastic scattering. Hence, with Δ𝜃 ≈ 𝜃E, we obtain
the rough approximation [61, p. 224]

Δx ≥ 𝜆
𝜃E

≈
2𝜆E0
E

. (2.8)

From this relation, it can already be seen that delocalization increases, the smaller the
energy loss E is. However, a more realistic estimation can be obtained from the angle 𝜃50
that contains 50% of the inelastic scattering. For a Lorentzian angular distribution and a
Bethe ridge cutoff, this yields [27]

d50 ≈ 0.71 𝜆 (
E0
E )

3/4
. (2.9)
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The resulting delocalizations for selected energy losses E and electron energies E0 are
shown in Table 2.1.

Table 2.1.:Delocalization d50 of inelastic scattering for selected energy losses E and high tensions
(electron energies E0), according to Eq. (2.9).

E0

E
2 eV 20 eV 200 eV 300 eV 500 eV

20 keV 6.10nm 1.08nm 0.19nm 0.14nm 0.10nm
80 keV 8.39nm 1.49nm 0.27nm 0.20nm 0.13nm

300 keV 10.65nm 1.89nm 0.34nm 0.25nm 0.17nm

2.2. Dielectric theory

In the previous section, the description of inelastic scattering was restricted to geometric
considerations only. A description of the EELS signals themselves in terms of inelastic
scattering can be givenwithin the Bethe theory [61, pp. 128 ff.],which is beyond the scope
of this thesis. For the low-loss EELS of solids, however, the signal can be well described
in terms of dielectric theory. In the dielectric description, the Coulomb potential of the
fast electron acts as a disturbance to a homogeneous dielectric sample. An extensive
derivation of the resulting stopping power can be found in textbooks, e.g., the book by
Landau and Lifshitz [70]. As the calculations performed in this thesis are based on the
non-relativistic dielectric theory, the non-relativistic derivation is summarized in the
following, starting from basic electrodynamics.

2.2.1. Maxwell’s equations and wave equations

The four most fundamental equations of electrodynamics are known as Maxwell’s equa-
tions. This set of differential equations also plays a central role in the dielectric description
of EELS experiments. In the following, Maxwell’s equations will be summarized in their
macroscopic formulation, and in a differential notation. With themagnetic flux density B
and the electric field strength E, the two homogeneous equations read

∇ ⋅ B(r, t) = 0 (2.10)

∇ × E(r, t) = −
𝜕B(r, t)

𝜕t
. (2.11)

The first equation (2.10) is Gauss’s law formagnetic fields. It states thatmagnetic fields are
free of sources; that is, there exist no magnetic monopoles. The second equation (2.11)
is Faraday’s law of induction and describes the formation of electric eddy currents by
alteringmagnetic fields. For amacroscopic description of electrodynamics in continuous
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media, it is convenient to define the two inhomogeneous equations as follows:

∇ ⋅ D(r, t) = 𝜚(r, t) (2.12)

∇ × H(r, t) = j(r, t) +
𝜕D(r, t)

𝜕t
(2.13)

The first equation (Gauss’s law) describes the electric displacement field D caused by
electric charges with charge density 𝜚. In the second equation, the magnetic field H is
related to electric current densities j and displacement currents. In a linear, homogeneous
and isotropic medium, the two newly introduced quantities D and H relate to the E and
B fields as follows: The displacement field D is connected to the electric field strength E
via the vacuum permittivity 𝜀0 and a scalarmacroscopic dielectric constant 𝜀r:

D(r, t) = 𝜀0 𝜀r E(r, t) (2.14)

Similarly, the magnetic flux density B reads

B(r, t) = 𝜇0 𝜇r H(r, t), (2.15)

where 𝜇0 denotes the vacuum permeability, and 𝜇r is the relative permeability of the
medium. In vacuum, the quantities 𝜀r and 𝜇r are equal to 1, and Eqs. (2.10)–(2.13)
coincide with themicroscopic formulation of Maxwell’s equations.

The propagation of electromagnetic waves in a medium or in vacuum is governed by
the wave equations for the E and B field, which directly follow fromMaxwell’s equations.
Exemplarily, the wave equation for the B field can be derived as follows, under the
assumption of a charge-free (𝜚 = 0) and current-free ( j = 0) medium:

Consider the curl of Eq. (2.13)

∇ × [∇ × H(r, t)] = 𝜀0 𝜀r
𝜕
𝜕t [∇ × E(r, t)], (2.16)

where the left side of the equation can be rewritten using the vector relation ∇×(∇×H) =
∇(∇H) − ∆H, and Eq. (2.11) can be plugged in on the right side:

∆H(r, t) = 𝜀0 𝜀r
𝜕2

𝜕t2
B(r, t) (2.17)

Using the relation (2.15) for the B and H field, the following wave equation can be
obtained for B:

∆B(r, t) − n2

c2
𝜕2

𝜕t2
B(r, t) = 0 (2.18)

In the above equation, two following two substitutions were made: c = 1/√𝜀0 𝜇0 for
the speed of light, and n = √𝜀r 𝜇r for the index of refraction. Starting from Eq. (2.11) a
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similar derivation can be made for the E field, which leads to the wave equation

∆E(r, t) − n2

c2
𝜕2

𝜕t2
E(r, t) = 0. (2.19)

The two wave equations imply that in vacuum, electromagnetic waves propagate with
the speed of light c, whereas the the propagation in a dielectric medium reduces to c/n
with n > 1.

2.2.2. Potential functions, Coulomb gauge

Both the electric field E and the magnetic field B can be understood as derivatives of
potential functions. In electrostatics, the electric field E can be expressed as the gradient
of the scalar electrostatic potential 𝜙. In electrodynamics, on the other hand, the source-
free magnetic field can be described as the curl of a vector potential A:

B(r, t) = ∇ × A(r, t) (2.20)

In combination with Eq. (2.11), this definition implies that

∇ × (E(r, t) +
𝜕A(r, t)

𝜕t ) = 0, (2.21)

which in turn requires the existence of a scalar potential 𝜙, with

− ∇𝜙(r, t) = E(r, t) +
𝜕A(r, t)

𝜕t
. (2.22)

The vector potential A is however not unique, and arbitrary gradient fields can be added
to it without being in conflict with the definition in Eq. (2.20). An appropriate gaugemust
be chosen, such as the Coulomb gauge ∇A = 0. This choice leads us to the well-known
Poisson’s equation, and to a wave equation for the vector potential:

Starting from Gauss’s law Eq. (2.12) and Eq. (2.14), substituting the above relation
Eq. (2.22) directly yields Poisson’s equation

∆𝜙(r, t) = −
𝜚(r, t)
𝜀0 𝜀r

. (2.23)

Likewise, starting from Eq. (2.13), a wave equation for the vector potential can be ob-
tained in Coulomb gauge. Using Eqs. (2.22), (2.20), and the vector relation ∇ × (∇ × A) =
∇ (∇A) − ∆A, it reads

∆A(r, t) − n2

c2
𝜕2A(r, t)

𝜕t2
= n2

c2
∇ [

𝜕𝜙(r, t)
𝜕t ] − 𝜇0𝜇r j(r, t). (2.24)
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2.2.3. Energy losses of fast electrons in a dielectric

Within the frame of dielectric theory, TEM-EELS signals can be described in terms of
the dielectric response of the thin sample. The fast electron with velocity v is consid-
ered to move through the medium and induce an electric field. A so-called stopping
power can then be derived from the deceleration of the electron, which corresponds
to a loss of kinetic energy. For thin films, such derivations have been performed with
and without retardation by Kröger [71] and Ritchie [72], respectively. A simpler non-
relativistic derivation for an infinite medium is sketched below, following the approach
by Ritchie [72].

The charge density of the moving electron can be expressed with a delta distribution:

𝜚(r, t) = −e 𝛿(r − vt) (2.25)

Regardless of the medium, this charge density can first be associated with an external
scalar electric potential 𝜙ext(r, t), which can be obtained via Poisson’s equation‡

∆𝜙ext(r, t) = − 1
𝜀0

𝜚(r, t). (2.26)

In Fourier space, Poisson’s equation can be readily solved, as the left and right side read

− |q|2 𝜙ext(q, 𝜔) = − 1
𝜀0

𝜚(q, 𝜔). (2.27)

If we plug in the Fourier transform of the charge density Eq. (2.25) and solve for the total
potential 𝜙tot = 𝜀−1

M 𝜙ext, we obtain

𝜙tot(q, 𝜔) = −2𝜋e
𝜀0|q|2

𝜀−1
M (q, 𝜔) 𝛿(qv − 𝜔), (2.28)

with a momentum- and frequency-dependent macroscopic dielectric function 𝜀M(q, 𝜔).
From this total electric potential we can deduce a decelerating force F = −eE = −e∇𝜙tot

which corresponds to the electron’s energy loss per unit path length, and is also called
stopping power. It can be assumed that this force is oriented opposite to the direction of
the velocity v, and that during transmission through the sample, the electron is hardly
decelerated and approximately keeps its initial velocity v. We now analyze the stopping
power at the position r = vt of the electron, and obtain

F = −e
v
v
E(r, t) |r=vt

= e
v
v

∇𝜙tot(r, t) |r=vt

= e
(2𝜋)4v

v∬ −iq𝜙tot(q, 𝜔) exp [i(qv − 𝜔)t] dq d𝜔. (2.29)

‡For the relativistic calculation, both Poisson’s equation and the wave equation for the vector potential
are needed (cf. Ref. [70]).
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After plugging in Eq. (2.28), we decompose the scattering vector q in components q∥ and
q⟂ parallel and perpendicular to v. Making use of the delta distribution in Eq. (2.28),
we can drop the exponential as well as the integration over q∥. With 𝜔 = qv = q∥v, the
stopping power reads

F = ie2

(2𝜋)3𝜀0v2 ∬ 𝜔
𝜀−1
M (q⟂, 𝜔)

(𝜔/v)2 + |q⟂|2
dq⟂ d𝜔. (2.30)

It can be shown that due to the symmetry of 𝜀M with respect to 𝜔, only its imaginary
part will contribute to the integral [70]. This results in the expression

F = −e2

4𝜋3𝜀0ħv2 ∫
∞

0 ∫
ħ𝜔

q2E + |q⟂|2
Im [ − 𝜀−1

M (q⟂, 𝜔)] dq⟂ d𝜔. (2.31)

From the integrand we find the probability for an energy loss ħ𝜔 with momentum
transfer ħq, which predicts the following proportionality for the momentum-resolved
EELS signal:

EELS(q⟂, 𝜔) ∝ 1

q2E + |q⟂|2
Im [ − 𝜀−1

M (q⟂, 𝜔)] (2.32)

In some cases, it may be appropriate to omit the q-dependent prefactor and define an
energy-loss function

ELF(q⟂, 𝜔) = − Im 𝜀−1
M (q⟂, 𝜔). (2.33)

The above results describe the double-differential scattering probability for an infinite
medium, and do not account for effects of retardation, i.e., relativistic effects. From the
much more elaborate derivation by Kröger [71], the following expression can be derived
for a thin slab of thickness t:

𝜕2P(E, 𝜃)
𝜕E𝜕Ω

= e3

4𝜋3ħ2𝜀0v2
Im

[
t𝜇2

𝜀∗𝜑2
−

2𝜃2 (𝜀∗ − 𝜂∗)2

𝜑4
0𝜑4

ħ
mev

(A + B + C)
]

(2.34)

Here, the notations from Ref. [73] were used. The scattering probability P is expressed in
terms of the scattering angle 𝜃 / solid angle Ω and the energy loss E. The symbols 𝜀∗ and
𝜂∗ denote the conjugate complex (macroscopic) dielectric functions of the thin sample
with thickness t, and of the surroundingmedium. Moreover, the following abbreviations
are used:

𝜇2 = 1 − 𝜀∗𝛽2 with 𝛽 = v/c, (2.35)

𝜑2 = 𝜆2 + 𝜃2
E with 𝜆2 = 𝜃2 − 𝜀∗𝜃2

E 𝛽2, (2.36)

𝜑2
0 = 𝜆2

0 + 𝜃2
E with 𝜆2

0 = 𝜃2 − 𝜂∗𝜃2
E 𝛽2. (2.37)
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The terms A, B and C account for the surfaces or interfaces of the sample and read

A =
𝜑4
01

𝜀∗𝜂∗ (
sin2 de
L+ +

cos2 de
L− )

, (2.38)

B =
𝛽2𝜆0𝜃E𝜑2

01

𝜂∗ (
1
L+ − 1

L− ) sin(2de), (2.39)

C = −𝛽4𝜆0𝜆𝜃2
E [

cos2 de tanh(𝜆de/𝜃E)
L+ +

sin2 de coth(𝜆de/𝜃E)
L− ]

. (2.40)

The additional abbreviations used are defined as follows:

𝜑2
01 = 𝜃2 + 𝜃2

E [1 − (𝜀∗ − 𝜂∗) 𝛽2] , de = tE/ (2ħv) , (2.41)

L+ = 𝜆0𝜀∗ + 𝜆𝜂∗ tanh (𝜆de/𝜃E) , L− = 𝜆0𝜀∗ + 𝜆𝜂∗ coth (𝜆de/𝜃E) . (2.42)

2.2.4. Linear microscopic response

Macroscopic dielectric theory is well suited to describe a TEM-EELS experiment for
the most part. In the macroscopic description in the previous section, the energy-loss
probability was expressed in terms of the macroscopic dielectric function 𝜀M(q, 𝜔). The
expressions for the energy-loss probability was given for thin, homogeneous, dielectric
slabs. The aim of the following section is to summarize the relations that are needed
to describe the dielectric response on a microscopic scale. Later, these relations will be
used to derive the energy-loss function − Im 𝜀−1

M frommicroscopic ab initio calculations
based on (TD)DFT. For this purpose, only the linear response will be described. Moreover,
relativistic effects, i.e. retardation, will be neglected.
If we consider a small disturbance by an external potential 𝜑ext, the susceptibility 𝜒

gives the induced charge density 𝜚ind in the dielectric:

𝜚ind(r, t) = e2 ∬ 𝜒(r, r′, t − t′) 𝜑ext(r′, t′) dr′ dt′ (2.43)

Via its Coulomb potential vC , the induced charge density 𝜚ind in turn causes an induced
potential 𝜑ind. With the following definition for the Coulomb potential,

vC(r, r′, t − t′) = e2

4𝜋𝜀0
1

|r − r′|
𝛿(t − t′), (2.44)

this induced potential reads

𝜑ind(r, t) = 1
e2 ∫ vC(r, r′) 𝜚ind(r′, t) dr′. (2.45)

The external potential and the induced potential sum up to the total potential 𝜑tot =
𝜑ext + 𝜑ind, which can be related to the induced charge density via another response
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function, the polarizability 𝜋:

𝜚ind(r, t) = e2 ∬ 𝜋(r, r′, t − t′) 𝜑tot(r′, t′) dr′ dt′ (2.46)

In a shorthand notation, we can drop the integrals and write the response functions as
operators.

𝜚ind = e2𝜒𝜑ext, (2.47)

𝜚ind = e2𝜋𝜑tot (2.48)

Using this operator notation also for the induced potential 𝜑ind = e−2vC 𝜚ind, the follow-
ing Dyson equation can be derived, which relates the susceptibility to the polarizability:

𝜒 = 𝜋 + 𝜋vC𝜒 (2.49)

Eventually, the two response functions can be related to the dielectric function 𝜀 which
was already defined as the connection between D and E field within the macroscopic
theory of Sec. 2.2.1. In spectroscopy experiments, where the displacement field D is
controlled by the external perturbation, the definition from Eq. (2.14) translates to
𝜑ext = 𝜀𝜑tot, with the above-defined potentials. The relations between the dielectric
function and the polarizability and susceptibility become

𝜀 = 1 − vC𝜋 and 𝜀−1 = 1 + vC𝜒. (2.50)

2.2.5. Plasmons

Plasmons are collective oscillations of electrons in a solid, and are quantized excitations
of energy E = ħ𝜔P. As such, they can be considered as bosonic quasiparticles, and as
longitudinal waves moving through the solid. In electron energy-loss spectroscopy, plas-
mon peaks are typically themost prominent features. They are particularly important for
the quantification of sample thickness by EELS, as the probability of single or multiple
plasmon excitation increases with sample thickness [74]. The occurrence of plasmons
in electron energy-loss spectra can be understood by taking a look at classical models
for the dielectric function in semiconductors and metals. In the following, the Lorentz
model for semiconductors and the Drude model for metals are summarized, following
Ref. [75].

i. The Lorentz model

For semiconductors, the dielectric function can be described by the Lorentz oscillator
model. This ad hoc model describes the binding between electrons and nuclei in analogy
to a spring with restoring force F = me𝜔2

0r. The oscillator is driven by an external electric
field E and damped by a viscous damping termmeΓṙ, so that the full equation of motion
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reads [75]
mer̈ + meΓ ṙ + me𝜔2

0r = −eE. (2.51)

With the ansatz of an alternating electric field E = ̂E e−i𝜔t , the Lorentz oscillator has the
amplitude

r̂ =
−e ̂E/me

𝜔2
0 − 𝜔2 − iΓ𝜔

. (2.52)

The induced dipole moments ̂p = −e r̂ then result in a polarization P = n p̂, where n is
the electron density. Via the relation

D = 𝜀0 𝜀rE = 𝜀0E + P, (2.53)

we obtain the following dielectric function in the Lorentz model:

𝜀r(𝜔) = 1 +
ne2/𝜀0 me

𝜔2
0 − 𝜔2 − iΓ𝜔

(2.54)

The real and imaginary part 𝜀1 and 𝜀2 of this frequency dependence are illustrated in
Fig. 2.3 (solid black and dashed red line). A blue dash-dot line shows the energy-loss
function − Im 𝜀−1 which is accessible by EELS experiments.

𝜔0

𝜔

𝜀(𝜔) 𝜀1
𝜀2

− Im 𝜀−1

Figure 2.3.: Sketch of the real and imaginary part of the dielectric function 𝜀 = 𝜀1 + i𝜀2 in the
the Lorentz model with small damping (Γ = 0.1𝜔0).

ii. The plasma frequency of the free electron gas

In the case of metals, the valence electrons are assumed to form a free-electron gas.
In the Lorentz oscillator model from above, such unbound electrons can be described
by setting the restoring force to zero. The remaining terms in the equation of motion
then describe electrons which are driven by an electric field, and affected by viscous
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damping. This corresponds to the Drudemodel in which the free electrons suffer random
collisions with a mean free time 𝜏, which is the inverse of the parameter Γ of the viscous
damping. [75] In an alternating electric field E, the Drude model results in the solution

𝜀(𝜔) = 1 −
𝜔2
P

𝜔2 + iΓ𝜔
(2.55)

for the dielectric function. The parameter𝜔P = √ne2/𝜀0me is called the plasma frequency.
In the case of very small damping Γ → 0, the dielectric function vanishes at this frequency
and the electrons oscillate in phase. For these plasma oscillations or plasmons, we can
formulate the following conditions which are applicable also beyond the Drude model:

𝜀1 ≡ Re 𝜀 = 0 and 𝜀2 ≡ Im 𝜀 → 0 (2.56)

Under these conditions, the energy loss function − Im 𝜀−1 diverges, as can be seen in the
Lorentz model from Fig. 2.3 (blue dash-dotted line).

2.3. Ab initio calculations for EELS

Whereas ad hoc models such as the Lorentz and Drude models give a qualitative de-
scription of the dielectric function based on empirical parameters, ab initio methods
describe dielectric properties from first principles. In the context of EELS experiments,
this can be achieved by time-dependent density functional theory (TDDFT). In the frame
of this work, a brief overview of TDDFT calculations is given, with a restriction to the
random-phase approximation (RPA). The following sections give a short summary of
the concepts of density functional theory (DFT) and TDDFT in linear response, followed
by practical aspects of EELS calculations for two-dimensional materials.

2.3.1. Density functional theory

Density functional theory (DFT) is a quantummechanical framework that can be used
to determine ground-state properties of many-body systems from first principles. Most
applications use DFT to calculate the electronic structure of condensed matter such as
molecules, solids and nanostructures. As reflected in the name of the technique, all
quantities in DFT are expressed as functionals of the charge carrier density n(r). This
representation by a function of only a single three-dimensional coordinate r is justified
by the so-called Hohenberg-Kohn theorem [76]. It states that the total energy E can be
expressed as a functional of n(r), and that the minimization of E uniquely defines the
correct ground-state density.

In the Kohn-Sham approach, DFT maps the very complicated many-body system to a
single-particle system with the same ground-state properties. The key concepts of this
approach are briefly outlined in the following.
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As a starting point for electronic structure calculations, a many-electron system can
be described by a Schrödinger equation for N interacting electrons at positions ri [77]:

{

N

∑
i

[− ħ2

2me
∇2
i + vext(ri)] +∑

i<j

e2

|ri − rj|}
Ψ(r1, r2, … , rN ) = E Ψ(r1, r2, … , rN ) (2.57)

Here, all atomic nuclei are assumed to be at fixed positions (Born-Oppenheimer ap-
proximation), and are already described by a single external potential vext(r). Yet, the
remaining problem with N electrons can—in general—still not be solved with today’s
computers. Besides the Coulomb interaction that is explicitly written as a sum over
all pairs of electrons on the left side, a full description of the many-body system has to
include effects of exchange, i.e., Pauli exclusion, and correlation. These exchange and
correlation effects are crucial, and their representation as functionals of the electron
density n(r) is what separates DFT from earlier approximations such as the semiclassical
Thomas-Fermi approximation.

The Kohn-Sham equations In the Kohn-Sham (KS) equations, the many-body system
is mapped to an auxiliary single-body system. The effective KS potential for the single-
body problem reads

vKS(r) = vext(r) + vH(r) + vxc(r), (2.58)

where vext(r) is the external potential of the atomic nuclei. The term

vH(r) = e2 ∫
nKS(r′)
|r − r′|

dr′ (2.59)

is the Hartree potential for the Coulomb interactions of the electrons with density nKS(r),
and vxc(r) accounts for the exchange and correlation effects. The eigenfunctions 𝜙i(r)
and eigenenergies 𝜖KSi of the KS system can be obtained from the time-independent
Schrödinger equation

[− ħ2

2me
∇2 + vKS(r)] 𝜙KS

i (r) = 𝜖KSi 𝜙KS
i (r). (2.60)

From these eigenfunctions 𝜙KS
i (r) and the occupation fi of the orbitals, the electron

density can then be calculated as follows:

nKS(r) =
N

∑
i

fi |𝜙KS
i (r)|2 (2.61)

Eqs. (2.58), (2.60) and (2.61) are the so-called Kohn-Sham equations. For a given approx-
imation for the exchange and correlation effects in vxc(r) and an initial guess of the
electron density nKS(r), they can be solved in a self-consistent cycle. Eventually, the
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electron density nKS(r) is supposed to correspond to that of the actual many-body system,
n(r).

Exchange and correlation potentials A practical approximation of exchange and cor-
relation effects is given by the local density approximation (LDA). Within the LDA, the
exchange and correlation potential vxc(r) is locally approximated by the constant electron
density of a uniform electron gas [78]. For a homogeneous electron gas, the exchange
energy is exactly known, and the correlation energy can be determined with quantum
Monte Carlo calculations [77]. The relatively simple LDA is often used, as it gives sur-
prisingly good results, especially for bond lengths [78]. However, the LDA is known to
underestimate band gaps [79]. Beyond the LDA, a more sophisticated approximation for
the exchange and correlation effects is given by the generalized gradient approximation
(GGA). In the GGA, the LDA is extended by an expansion with the gradient ∇n of the
electron density. This can improve the LDA results, if the general assumption of a slowly
varying electron density n(r) is correct. [78]

2.3.2. Time-dependent DFT

As described above, DFT can be used to describe ground-state properties of a many-body
system. In order to describe its dynamics, time-dependent DFT (TDDFT) calculations
have to be performed. Formally, there are certain similarities betweenDFT and TDDFT: In
analogy to the Hohenberg-Kohn theorem in DFT, the Runge-Gross theorem of the TDDFT
states that, starting from a given initial state Ψ(r, 0), any observable can be obtained from
the time-dependent density n(r, t) [80]. Moreover, the Kohn-Sham equations can be
formulated for TDDFT system as well, with the time-dependent Schrödinger equation
[81]

i
𝜕
𝜕t

𝜙KS
i (r, t) = {−−ħ2∇2

2me
+ vKS [n] (r, t)} 𝜙KS

i (r, t). (2.62)

From a practical point of view, however, many spectroscopy experiments can be
treated in the frame of the linear response, assuming only small perturbations to the
external potential:

vext(r, t) = vext(r) + 𝛿vext(r, t) (2.63)

For these small perturbations, the linear microscopic response can be determined as
𝛿n/𝛿vext. Using the notations from Sec. 2.2.4, this yields the susceptibility

𝜒 = 𝛿n
𝛿vext

. (2.64)

Furthermore, with the response of the Kohn-Sham system, 𝜒0 = 𝛿n/𝛿vKS, we can write

𝜒 = 𝛿n
𝛿vKS

𝛿vKS
𝛿vext

= 𝜒0
[

𝛿(vext + vH + vxc
𝛿vext ] = 𝜒0

[1 + (
𝛿vH
𝛿n

+
𝛿vxc
𝛿n )

𝛿n
𝛿vext ] . (2.65)
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With the Coulomb potential vC = 𝛿vH/𝛿n and the exchange-correlation kernel fxc ∶=
𝛿vxc/𝛿n, this yields the Dyson equation

𝜒 = 𝜒0 [1 + (vC + fxc) 𝜒] . (2.66)

For fxc = 0, the so-called random-phase approximation (RPA), we recover the Dyson
equation from Sec. 2.2.4, with 𝜋 = 𝜒0. Hence, the polarizability 𝜋 in RPA can be obtained
from the independent-particle polarizability 𝜒0 of the Kohn-Sham system. The latter
can be calculated from a DFT ground state calculation as follows: [81]

𝜒0
G,G′(qr, 𝜔) = ∑

i, j
(fi − fj)

⟨𝜙j|e
−i(qr+G)r|𝜙i⟩⟨𝜙i|e

+i(qr+G
′)r|𝜙j⟩

ħ𝜔 − (𝜖i − 𝜖j) + i𝜂
(2.67)

Here, a summation over possible transitions between states |𝜙i⟩ and |𝜙j⟩ is performed
in reciprocal space, with reduced momentum transfer qr and reciprocal lattice vectors
G,G′.
For the simulation of an EELS experiment with TDDFT, the energy-loss function

[Eq. (2.33)] has to be calculated via themacroscopic dielectric function 𝜀M(q, 𝜔):

ELF(q, 𝜔) = − Im 𝜀−1
M (q, 𝜔) = − Im 𝜀−1

0,0(qr, 𝜔) (2.68)

Here, themacroscopic average of the inverse dielectric function was obtained by setting
G,G′ = 0 in the microscopic quantity 𝜀−1

G,G′(qr, 𝜔). With the relations from Eq. (2.50), we
can further rewrite the energy-loss function in RPA:

ELF(qr, 𝜔) = − Im [1 + vC(qr) 𝜒0,0(qr, 𝜔)] (2.69)

Eventually, the ELF canbeobtained from the independent-particle polarizability𝜒0
G,G′(qr, 𝜔)

by solving the Dyson equation for 𝜒G,G′(qr, 𝜔). This yields to the recursive expression

ELF(qr, 𝜔) = −vC(qr) Im
[

𝜒0
0,0(qr, 𝜔) +∑

G

𝜒0
0,G(qr, 𝜔) vC(qr + G) 𝜒0

G,0(qr, 𝜔) + …
]

,

(2.70)
where crystal local-field effects (cLFE) are incorporated via the Coulomb kernel vC(qr+G).

2.3.3. Low-loss EELS simulations for 2D materials

Time-dependent DFT calculations for two-dimensional materials involve complications
as compared to their three-dimensional counterparts: With their periodicity in two
dimensions, 2D materials can be more efficiently described in frequency space, with
reciprocal vectors q = qr + G. However, this representation enforces periodicity in all
three dimensions. For the simulation of a 2D monolayer, this leads to artificial replica
(gray hatched areas in Fig. 2.4), which will interact with each other. This interaction
between the layers will manifest in two different stages of the TDDFT calculations: Firstly,
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on a quantum-mechanical level, during the DFT ground-state calculation; and secondly,
during the linear-response calculation via the Coulomb kernel vC(q). This requires that
EELS simulations for 2D materials are conducted as follows:

(1) DFT ground-state calculation have to be performedwith increased interlayer spacing.
For layered materials with AB stacking, removing the second layer from the unit
cell readily increases the spacing by a factor of two [Fig. 2.4(a,b)]. More vacuum be-
tween the layers can be introduced by a supercell with increased height [Fig. 2.4(c)].
Convergence tests for the layer distance have to be performed with respect to the
Kohn-Sham band structure (i.e. the eigenenergies 𝜖i), and the independent-particle
polarizability 𝜒0.

(2) During the linear-response calculations, long-range Coulomb interactions between
the layers have to be avoided by a Coulomb cutoff (see Ref. [82]). This can be
achieved by solving the Dyson equation in real space, or by strongly increasing
the interlayer spacing by Fourier interpolation / zero padding [83, 84]. In order to
obtain the momentum-resolved EELS signal, the linear response has to be calculated
separately for different momentum transfers (scattering vectors q). The achievable
momentum resolution is limited by the k-space sampling in step (1).

c

a

c

a

2c

a

(a) (b) (c)

d0
2d0

4d0

Figure 2.4.: Supercells for the DFT calculations for 2D materials: (a) AB-stacked bulk material
with two layers in the unit cell (blue), and layer distance d0 = c/2. (b) Single layer in the same
unit cell. The distance to the periodic replica is d = 2d0. (c) Single layer with increased supercell
height 2c. The layer distance is d = 4d0.

For the direct comparison between TDDFT-RPA calculations and momentum-resolved
EELS experiments, the calculated spectra are usually broadened to match the exper-
imental energy resolution ΔE. Furthermore, the finite momentum resolution in the
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experiments has to be considered, especially for small q. The Lorentzian prefactor
(q̄2 + q2E)−1 of the EELS signal also has to be accounted for, and must either be added to
the calculations for the ELF or removed from the experimental data.

2.4. Momentum-resolved EELS

Momentum-resolved EELS (MR-EELS), also called angle-revolved EELS (AR-EELS), is a
technique to obtain the momentum-dependent loss function − Im 𝜀−1(q, 𝜔) of a sample,
by performing EELS in the diffractionmode of a TEM. The differentmethods forMR-EELS
acquisition will be described in the following.
In usual EELS experiments, the q-dependent energy-loss signal is integrated up to a

collection semiangle 𝛽. This angle can be controlled in diffraction mode, by changing
the size of the filter entrance aperture and the camera length. Alternatively, 𝛽 can be
controlled by the size of the objective aperture, independent of the camera length. With
very small collection angles, it is also possible to recordmomentum-resolvedEELS signals.
In analogy to dark-field imaging, different momentum transfers q can be selected by an
off-centered entrance aperture, or—more conveniently—by tilting the incident electron
beam. In the following, this technique will be therefore be referred to as “beam-tilt
method”. For the measurement of the full momentum-resolved energy-loss function,
EELS signals have to be recorded sequentially for different beam tilt or different aperture
positions [cf. Fig. 2.5(a)].

With an imaging energy filter, however, it is also possible to record different q simulta-
neously, in a single image acquisition [cf. Fig. 2.5(b)]. In this case, one of the two camera
axes acts as the energy axis for the EELS signals, whereas different momentum transfers
(or scattering vectors) can be found along the second axis. For these “𝜔-qmaps”, a single
crystallographic axis has to be selected from the diffraction pattern. This is accomplished
by a slit aperture in the filter entrance plane,with a fixed orientation perpendicular to the
energy-dispersive axis of the energy filter. In order to access different crystallographic
axes, it is therefore necessary to control the orientation of the diffraction pattern. In
principle, this can be done either by adjustments of the image rotation in the projector
system (see, e.g., Ref. [85]), or by rotating the sample. Usually, the rotation of the sample
can be achieved more easily, if a sample holder with an in-plane rotation axis is used [28,
34]. With a single direction of the diffraction pattern selected, the energy filter creates
an energy dispersion in the perpendicular direction. This results in an 𝜔-qmap on the
CCD or CMOS camera. From the recorded 2D data EELS(q̄, 𝜔), EELS signals for different
in-plane momentum transfers q̄ can then be extracted via line profiles along the energy
axis E = ħ𝜔.
The two different methods to record momentum-resolved EELS signals both have

advantages and disadvantages. First of all, the 𝜔-qmode places high demands on the
energy filter, and requires a special 𝜔-q alignment. For the simultaneous recording of
different q, the filter has to transfer a large field of view free of distortions. Moreover, slit
apertures in the filter entrance plane are not installed in every imaging energy filter. In
GIF post-column filters, they have only recently become a standard option. Eventually,
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the aspect ratio of the installed slit aperture also determines the achievable momentum
sampling in the 𝜔-qmaps. If a certain range of q values is recorded simultaneously, it is
the width of the slit aperture that limits the momentum resolution [34].
The beam-tilt method, on the other hand, can be performed with any spectrometer,

any TEM and any sample holder. Due to the sequential recording for different q, the
exposure times of the camera can be adjusted to the Lorentzian decay of the EELS signal
with increasing q. This can greatly improve the dynamic range of the MR-EELS data.
On the other hand, the sequential acquisition is also the main drawback of tilting the
beam: Ultimately, the quality of the MR-EELS data is limited by the signal-to-noise
ratio (SNR) at high q. With the required high acquisition times, the total duration of a
MR-EELS experiment in the beam-tilt method is always higher than in an equivalent 𝜔-q
experiment. Under many circumstances, this makes the results less reliable, especially
when comparing data for different q. For example, the dispersion of features in the
EELS spectra can be systematically altered by electron-beam-induced damage, or by the
accumulation of contamination. Moreover, the beam-tilt method makes it difficult to
observe changes over time. As a consequence, it is usually advantageous to use the 𝜔-q
method, if a dedicated spectrometer mode is available, and the slit aperture has a high
aspect ratio.
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Figure 2.5.: Acquisition of MR-EELS signals with the beam-tilt and 𝜔-qmethods. (a) Selection
of the momentum transfer q in the beam-tilt method, with a circular aperture and a beam tilt
𝜃 ≈ q/k0. The EELS datacube is recorded sequentially in (qx, qy). (b) Slit aperture in the 𝜔-q
mode, for parallel recording of different qx. The EELS datacube can be built frommultiple 𝜔-q
maps for different qy.

58



2.5. STATE OF THE ART: MR-EELS OF 2D MATERIALS

2.5. State of the art: MR-EELS of 2D materials

A short history of momentum-resolved EELS Early momentum-resolved TEM-EELS
experiments were already conducted in the 1950s by Watanabe [86, 87], using a Möl-
lenstedt analyzer as a spectrometer. The Möllenstedt analyzer was equipped with a fine
slit aperture, perpendicular to which it created an energy dispersion. A large energy
dispersion was achieved by the off-axis energy dispersion during the deceleration of the
electrons in the analyzer. In his “energy analysis of diffraction patterns” [87], Watanabe
investigated the angular dependence of excitations in low-loss EELS 𝜔-qmaps. From
the measured dispersions of three metals (Mg, Be, and Al), he was able to conclude that
the excitations are actually plasma oscillations of the metal electrons (plasmons) [86].
Among several other materials, Watanabe already studied graphite and bulk MoS2 [87].

Later momentum-resolved EELS (MR-EELS) experiments with a Wien-filter analyzer
(Curtis and Silcox, 1971 [88]) offered more signal and flexibility for MR-EELS experi-
ments. The focusing of the Wien filter in the non-dispersive direction allowed for wider
entrance slits at the same energy resolution, and thus increased the intensity of weaker
signals. Several MR-EELS studies of bulk and surface plasmons were conducted with
𝜔-q maps recorded in this setup, for bulk materials such as aluminum films [89, 90],
silicon [91], and magnesium [92].

Over the last decades, 𝜔-q experiments were then conducted with slit apertures in dif-
ferent energy filters, including the widely-used GIF post-column filters. In 1999, Midgley
demonstrated that with a standard GIF and a slit aperture, momentum resolutions of
up to 10−4 Å can be achieved [93]. He used a special technique, operating the TEM in
image mode and with a highly convergent beam. By raising the sample to a defocused z
position, he then achieved strongly magnified diffraction patterns, with effective camera
lengths on the order of several hundred meters. The capabilities of this technique were
demonstrated by the visualization of Čerenkov radiation, waveguide modes, and surface
plasmon modes in aluminum and diamond [93].

Momentum-resolved low-loss EELS of 2Dmaterials Since the discovery of graphene,
MR-EELS investigations were also performed on various 2D materials. For graphene,
special attention was given to the 𝜋 plasmon peak in the low-loss spectrum. Several
MR-EELS studies on 2D materials exist for the plasmon dispersion in (single-layer)
graphene (Refs. [28, 34, 35]). For the 𝜋 peak between 4 and 8 eV, Kinyanjui et al. [28] and
Wachsmuth et al. [34] have observed a (quasi-)linear dispersion across the Brillouin zone,
similar to that in single-wall carbon nanotubes [28]. This differs from the expected √q
dispersion for plasmons in 2D, which can be attributed to 𝜋 → 𝜋∗ interband transitions
[33, 36]. With their experimental 𝜔-qmaps and TDDFT-RPA calculations, Wachsmuth
et al. have also observed an anisotropy in the dielectric response of graphene. They
have found that along the ΓM direction of the Brillouin zone, the 𝜋 peak splits into two
peaks—an effect that was not observed in the ΓK direction.

For 2D transition metal dichalcogenides (TMDs), MR-EELS studies are mostly focused
on band gaps, excitons and interband transitions. Hong et al. [94] have reported on

59



CHAPTER 2. ELECTRON ENERGY-LOSS SPECTROSCOPY

band gaps and interband transitions for mono- and few-layer MoS2, in MR-EELS with
momentum transfers below 0.1Å−1. A recent MR-EELS study on 1T-TiSe2 by Shu et al.
[95] focuses on the 𝜋 plasmon dispersion but also on the plasmon-exciton coupling
(plexciton) in this material. For WSe2, Hong et al. have very recently reported on their
investigation of exciton dispersions [31]. They have observed three dispersive features
between 1.5 and 3 eV, for momentum transfers up to 0.2Å−1.
Further MR-EELS studies exist on more “exotic” 2D materials. Kinyanjui et al. have

investigated the thiophosphate MnPS3 [96] and described a high-energy plasmon be-
tween 14 and 24 eV with clear square-root dispersion. A recent publication by Gaufrès
et al. [97] describes the momentum-resolved dielectric response of mono- and few-layer
black phosphorus. Their experiments show the dispersion of a high-energy plasmon at
around 19 eV, for momentum transfers along the armchair and zigzag direction, across
the whole Brillouin zone.
To date, few studies were focused explicitly on plasmon modes in multilayer 2D

materials or heterostructures. In their study of multilayer graphene, Wachsmuth et
al. [37] have investigated the plasmon dispersion in few-layer graphene with different
number of layers. They discovered that different plasmon modes can be excited in
three-layer graphene, depending on the out-of-plane momentum transfer qz . These
experimental findings were found to be in good agreement with calculations based on a
layered electron-gas (LEG) model. A more elaborate theoretical framework beyond the
LEG model was developed by Andersen et al. [98]. They describe the dielectric response
of van der Waals heterostructures with a quantum-electrostatic heterostructure (QEH)
model. Similar to the in-plane homogeneous (IPH) used in this work, this model also
accounts for the out-of-plane extension of the monolayers. Using the QEH model,
Andersen et al. have calculated the dispersion of graphene plasmons in the 0–2 eV range,
for graphene/hBN heterostructures.
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The research field of two-dimensional (2D) materials has attracted a lot of interest over
the recent years. Since the first successful isolation of single graphene layers byNovoselov
and Geim in 2004 [99], a large number of different 2D materials and 2D heterostructures
have been studied. Numerous possible applications of 2D materials are currently being
explored, including (opto-)electronics and filtration.

The electronic properties of 2D materials have undoubtedly received the most atten-
tion, as they range from extraordinarily high conductivity (graphene) to semiconductiv-
ity (MoS2) and insulation (hBN). With these very different electronic properties, mono-
and few-layer sheets are often seen as ultimately thin building blocks for new electronic
or optoelectronic devices [100, 101]. The stacking of individual 2D sheets offers many
degrees of freedom for designing heterostructures with tailored electronic properties
[102]. Besides the stacking sequence of the 2D building blocks, recent investigations
have even addressed the twist angles in vertical heterostructures [103–109].

In multilayers or bulk materials, the layers are weakly bound by van der Waals forces,
which can be easily overcome during mechanical exfoliation, i.e., cleavage, or liquid
exfoliation. Thus, first 2D sheets of graphene were obtained by mechanical exfolia-
tion, and the exceptional mechanical and electronic properties of the two-dimensional
material were first demonstrated with exfoliated single layers [99, 110, 111]. To date,
exfoliation still offers some of the best quality 2D layers for fundamental research and
for the assembly of heterostructures [102]. However, for the production of continuous
2D sheets on a larger scale, chemical vapour deposition (CVD) has become the standard
growth technique for graphene, hBN and TMDs [112–114]. The CVDmethod can provide
polycrystalline 2D monolayers in the size of centimeters, much larger than exfoliated
flakes with typical sizes of a few µm. Novel two-dimensional materials are also created
with bottom-up methods, e.g., based on cross-linking of self-assembled monolayers of
aromatic molecules [115, 116], or polymers [117]. A large number of new 2D materials
is also found by “top-down” preparation, especially via liquid exfoliation [118].

The stability of 2D layers is often connected to the hexagonal “honeycomb” lattice the
top view of which is depicted in Fig. 3.1(a). Here, the lattice vectors a1 and a2 of same
length a are defined in such away, that they include an angle of 60° and form a rhombical
unit cell (dashed lines). For the typical honeycomb lattice, two basis atoms are placed at
lattice sites at the corners of the unit cell, and at the position (a1 + a2)/3within each cell.

The in-plane distance of these atomic sites is a/√3, and the lattice-plane distances that

yield the first two orders of Bragg reflections are d1 = √3a/2 and d2 = a/2.
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Figure 3.1.: Real and reciprocal lattice of a hexagonal 2D crystal. (a) Real-space lattice with
in-plane lattice vectors a1 and a2. The dark and light gray circles mark two different lattice sites in
the honeycomb lattice. (b) Reciprocal lattice with vectors b1 and b2 and high-symmetry points
of the Brillouin zone (blue). First-order Bragg reflections are indexed in Miller-Bravais (hkil)
notation.

Fig. 3.1(b) shows the reciprocal lattice of the hexagonal crystal system. The reciprocal
lattice vectors b1 and b2 define the six equivalent first-order Bragg reflections of the
[101̄0] family. The Brillouin zone (blue) is the primitive cell of the reciprocal lattice,
with the marked high-symmetry points Γ, M and K. The Γ point marks the center of the
Brillouin zone (q = 0). The M and K points can be found at the center of the edges and
at the corners of the Brillouin zone, respectively.

3.1. Graphene

Graphene is a two-dimensional allotrope of carbon, and was the first two-dimensional
material ever isolated. It can be mechanically exfoliated from bulk graphite with the so-
called “Scotch-tape” method, by repeated cleavage with adhesive tape. An identification
of graphene monolayers is possible, e.g., by Raman spectroscopy [119], light reflection
on SiO2/Si/ substrates [120, 121], and electron diffraction [122].
The carbon atoms in the graphene layers are in a flat honeycomb arrangement with

sp2 bonding and a C-C atom distance of 1.42Å. The in-plane lattice constant is a = 2.46Å
[123]. As constituents of bulk graphite, the layers are AB stacked, with a layer distance of
d = 3.35Å. The top and side view of this graphite structure are sketched in Fig. 3.2. In the
top view, Fig. 3.2(a), a single layer of graphene is sketched with black filled circles. Atoms
of neighboring layers in graphite are marked by open blue circles. The two adjacent
layers are shifted by 2(a1 + a2)/3with respect to each other. The side view, Fig. 3.2(b),
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shows the graphite structure along the lattice vector a2, such that both sketches share
the same horizontal axis.

a1

a2
60∘

a3

d

(a) Graphene ( ) and graphite ( + ), top view (b) Graphite, side view

Figure 3.2.: Sketch of the crystal lattice of graphene and graphite: (a) View along the c axis, with
atom positions in graphene (black filled circles) and graphite (black filled + blue open circles).
The unit cells are marked with dashed lines, and are defined by unit vectors a1 and a2 (red).
(b) Side view of graphite along a2, showing the AB stacking of graphene layers.

Graphene is famous for its extraordinary electronic properties. At the K and K′ points
of the reciprocal lattice [cf. Fig. 3.1(b)], the electronic band structure of graphene forms
Dirac cones with linear dispersion around the Fermi level. The touching Dirac cones
make graphene a “zero-gap” semiconductor with very high conductivity. In fact, the
charge carriers can be described asmassless Dirac fermionsmoving with a Fermi velocity
of vF ≈ c/300 [124].

In TEM experiments, freestanding graphene monolayers are very stable up to around
80 kV acceleration voltage [14]. With its high conductivity and low atomic mass (Z = 6),
graphene is very well suited as a substrate for other materials. In particular, electron
beam-induced damage in more sensitive 2D materials can be significantly reduced by
graphene encapsulation [125, 126]. Graphene monolayers can be most clearly identified
in TEM by electron diffraction at different sample tilt: Due to the elongated relrods in the
3D reciprocal space, the intensities of Bragg reflections hardly vary for monolayers with
different tilt angle [122]. In low-loss EELS, clean, freestanding graphenemonolayers show
two distinct peaks at around 5 and 15 eV which are known as the 𝜋 and 𝜋 + 𝜎 (plasmon)
peaks [127]. They are usually attributed to the collective oscillations of 𝜋 electrons, and
oscillations of both 𝜋 and 𝜎 electrons, respectively. The plasmonic character of these
excitations has however been questioned [128], and it was shown that depending on the
momentum transfer q, the peaks can be attributed either to single-particle excitations
(𝜋 → 𝜋∗, 𝜎 → 𝜎∗) or collective excitations. In particular, the peaks are unscreened single-
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particle transitions for q → 0, and acquire collective character for finite momentum
transfers [36].

3.2. Molybdenum disulfide

Molybdenum disulfide is probably the most well-studied two-dimensional transition
metal dichalcogenide (2D TMD). Similar to graphene, a monolayer of MoS2 can be
exfoliated from a bulk crystal (2H-MoS2), or grown by chemical vapor deposition (CVD).
MonolayerMoS2 (1H-MoS2) is a direct-gap semiconductor—in contrast to bulk 2H-MoS2,
which has an indirect bandgap [129]. As a consequence, 1H-MoS2 was already not only
used for prototype transistors [100, 130] but also for light-emitting diodes (LEDs) [101].
Within each layer of MoS2, molybdenum (Mo) and sulfur (S) atoms are arranged as

depicted in Fig. 3.3. In the top view, one molybdenum atom and two sulfur atoms per
unit cell form a hexagonal lattice with lattice constant a = 3.16Å [131]. The two sulfur
atoms are situated directly above each other and have a vertical distance of dS = 3.18Å
[132]. This results in monolayers that already have a thickness of three atoms, which
is why MoS2 is often also described as “quasi-2D” material. In bulk MoS2, the distance
between molybdenum atoms of neighboring layers is d = 6.15Å [131], which yields a
vertical distance of 2.97Å between the closest sulfur atoms of adjacent layers.

a1

a2
60∘

dS

d

(a) 1H-MoS2, top view (b) 2H-MoS2, side view

Figure 3.3.: Crystal lattice of 2H-MoS2: (a) Top view of monolayer MoS2 (2H phase). Teal and
yellow dots mark the positions of molybdenum and sulfur atoms, respectively. The unit cells are
marked with dashed lines, and are defined by unit vectors a1 and a2 (red). (b) Side view of bulk
2H-MoS2 along a2. Each MoS2 monolayer consists of two layers of sulfur atoms above and below
the molybdenum atoms.

In TEM,a discriminationbetweenmonolayer (1H) andmultilayer (2H)MoS2 is possible
by electron diffraction. Due to the loss of sixfold rotational symmetry with the two
different atomic species in the 1H-MoS2, neighboring first-order Bragg reflections in
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SAED patterns have slightly different intensities [133]. For 2H-MoS2 with two or more
layers, these differences cancel out. Freestanding MoS2 monolayers are susceptible
to beam-induced damage in TEM, and even at low acceleration voltages of 80 kV or
less, sulfur atoms can be knocked out. While the knock-on threshold for for the static,
pristineMoS2 lattice is around 90 kV [5], the actual knock-on threshold is further reduced
by lattice vibrations [5]. Further, the semiconducting MoS2 can suffer from charging
and ionization [125]. Graphene encapsulation of MoS2 can therefore strongly reduce
the beam-induced damage by providing both a barrier for the knock-on damage, and
enhanced conductivity against charging and ionization [134, 135]. With graphene layers
on both sides, the cross-section for vacancy creation in TEM can be even reduced by a
factor of 600 [135].

3.3. TEM sample preparation

TEM samples of two-dimensional materials can be prepared by transfer of mechanically
exfoliated flakes or CVD-grownmonolayers. Bothmethods were used for the preparation
of the samples studied in this dissertation, and are therefore briefly outlined.

Mechanically exfoliated 2D flakes can be obtained by repeated cleavage of the bulk
material with adhesive tape. After multiple cleavage steps, atomically thin layers can
first be transferred to a SiO2/Si substrate. This is achieved by pressing the adhesive tape
on the SiO2 surface and peeling it off. With a well-defined SiO2 thickness of, e.g., 90nm,
monolayer flakes can then be identified by light microscopy: From their contrast with
respect to the substrate, the thickness of the flakes can be estimated via the Fresnel
equations. Subsequently, the identified monolayers can be transferred to a holey carbon
TEM grid by bringing them into contact and etching the SiO2 substrate. First, the contact
between the flakes and the carbon grid is established by a drop of deionized (DI) water or
isopropyl alcohol (IPA). In the second step, the SiO2 surface is etched with a potassium
hydroxide (KOH) solution. This etching process only affects the thin SiO2 layer and takes
only few seconds. Finally, residuals of the etching are removed by rinsing with IPA and
DI water. Fig. 3.4(a,b) show exemplary light microscopy images of a few-layer graphene
flake on the SiO2 substrate and after transfer to a holey carbon TEM grid, respectively.
For the transfer of CVD-grown monolayers from copper (Cu) foil, the holey carbon
TEM grid is also brought into contact with the 2D layer using IPA or DI water. With an
ammonium persulfate (APS) solution, the thin Cu foil can then be fully removed by
etching over several hours. Eventually, the TEM grids are freely floating on the surface of
the APS solution, and the 2D layer adheres to the holey carbon film. Residuals from the
etching process can be removed by carefully submerging the TEM grids in IPA and DI
water. For the EFTEM investigation of graphene in this work (Chapter 4), commercially
available CVD graphene from Graphenea company (San Sebastián, Spain) was used, and
transferred to holey carbon TEM grids from Quantifoil company (Jena, Germany).

Both preparation techniques can also be used to prepare vertical 2D heterostructures.
This involves the repeated transfer of single 2D layers on the same TEM grid, using
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50µm20µm

(a) (b)

Figure 3.4.: Light microscopy images of mechanically exfoliated flakes of mono- and few-layer
graphene before and after transfer to a TEM grid: (a) Flakes before transfer, on the SiO2/Si
substrate. The red and blue arrows mark the top left and bottom right edges of the largest flake.
The white dashed line marks a monolayer flake. (b) Graphene flakes on the holey carbon grid.
The same edges are marked in red and blue. Images courtesy of Dr. T. Lehnert.

one of the above described methods. In the case of mechanically exfoliated layers, the
µm-sized flakes have to be aligned carefully at the same position of the TEM grid. The
EELS investigation of a graphene/MoS2/graphene sandwich presented in Chapter 5
were performed with mechanically exfoliated graphene and MoS2 flakes which were
subsequently transferred to Quantifoil holey carbon grids.
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4Atomic-resolution EFTEM of graphene

Low-voltage TEMwithCc correctionmakes it possible to study 2Dmaterials like graphene
with atomic-resolution EFTEM: On the one hand, acceleration voltages of 80 kV and less
prevent knock-on damage in these very beam-sensitive samples [5, 14, 15]. This allows
for the high electron doses that are required for EFTEMwithweak ionization-edge signals.
On the other hand, the correction of chromatic aberrations not only enables atomic
resolution at low acceleration voltages, it also allows for large energy windows in EFTEM.
While large energy windows are always advantageous to achieve a sufficient signal-to-
noise ratio (SNR) in core-loss EFTEM, they are absolutely crucial in combination with
the weak energy-loss signals from 2D samples.
In this Chapter, we will investigate the prospects of elemental mapping by atomic-

resolution EFTEM, using graphene as a test sample. As suggested by EFTEM image
simulations in literature, such very thin samples could still yield true elemental maps,
and be less influenced by preservation of elastic contrast [22–25]. Here, we want to
clarify this experimentally: We investigate whether an interpretation as elemental maps
is still possible for atomically thin, weakly scattering samples such as graphene.

Our EFTEM experiments were conducted in the SALVE III Cc/Cs-corrected TEM (cf. Ap-
pendix B and Ref. [41]) at an acceleration voltage of 80 kV. In the following, we will first
characterize the EFTEM performance of the SALVE low-voltage GIF imaging energy filter
with respect to possible limitations for atomic-resolution imaging: In Sec. 4.1, the chro-
matic distortions (chromaticity) and non-isochromaticity of the GIF will be quantified
for all available high tensions between 20 and 80 kV. Following this, we will present our
EFTEM results for the C-K-edge and plasmon-loss signals of graphene. The details of
our experiments are summarized in Sec. 4.2, including the image processing technique
which was used to improve the signal-to-noise ratio in the EFTEM images. The resulting
EFTEM images with lattice contrast from the C-K-edge, zero-loss and plasmon-loss signal
are shown and discussed in Sec. 4.3. Eventually, in Sec. 4.4, we compare experimental
focus series from the C-K edge and plasmon loss to corresponding image simulations.
This behavior at different defoci is supposed to allow for a discrimination between actual
chemical contrast and preserved elastic contrast.
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4.1. EFTEM performance of the SALVE low-voltage GIF

With the correction of chromatic aberrations in the SALVE III microscope, lattice contrast
images can be obtained even with large energy widths ΔE of several electronvolts. In
order to take advantage of Cc correction in EFTEM experiments, the imaging energy
filter should not introduce too large chromatic aberrations and distortions, either. In
the following, we will characterize the two most severe distortions in the GIF. These are
energy variations across the field of view (“non-isochromaticity”) and chromatic image
distortions by energy-dependent lateral shifts (“chromaticity”).
In order to illustrate the effect of the non-isochromaticity, Fig. 4.1 shows the energy

deviations ΔE in a 2048 × 2048 pixel EFTEM image (SALVE III GIF, 80 kV). In the shown
example, energy differences of up to±0.2 eVoccur towards the edges of the image. During
EFTEM experiments, this effect is easily visible in zero-loss filtered images with very
small energy windows (1–2 eV). If the energy centering of the ZLP is correctly adjusted
at the middle of the image, the intensity is already partly cut off in the outer regions of
the image. Accordingly, the non-isochromaticity can be a limiting factor especially in
EFTEM experiments with small energy windows, which for example have to be used in
EFTEM-SI with high energy resolution.
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Figure 4.1.: Non-isochromaticity of the GIF: The
actual energy losses vary slightly across the field
of view of the EFTEM image.

By contrast, the chromaticity of the energy filter is usually limiting if large energy
windows are used. Large energy differences within the energy window come with
strong chromatic distortions, and the recorded EFTEM images are blurred. The shifts
can amount to several percent of the image size, depending on the energy differences in
the window, and the tuning state of the GIF. Fig. 4.2 illustrates the shifts in the SALVE
low-voltage GIF at a high tension of 80 kV. Across the field of view of the GIF camera
(dashed rectangle), the chromatic shifts are shown for energy differences of ±50 eV (blue
and red arrows). For better visibility, the magnitude of the shift vectors was increased by
a factor of 5.
In the following, the non-isochromaticity and chromaticity of the SALVE III energy

filter (GIF Quantum ERS) are characterized by quantitative measurements. The non-
isochromaticity and chromaticity values are determined for the standard GIF double-
focus alignment at 80 kV, and special single-focus alignments that allow for operation at
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Figure 4.2.: Illustration of chromatic shifts (chromaticity) in
the GIF: Shifts across the field of view of the CCD camera (gray
dashed rectangle) for energy offsets of −50 eV (red) and +50 eV
(blue). For better visibility, the magnitudes of all vectors were
increased by a factor of 5.

the low voltages of 20, 30, 40, and 60 kV. Measurements with alternative double-focus
alignments at 20 to 60 kV are not discussed, as they resulted in very high chromatic
distortions which render these alignments useless for our atomic-resolution EFTEM
experiments.

4.1.1. Non-isochromaticity

A quantification of the non-isochromaticity can be achieved by recording a series of
energy-filtered images without a sample (in vacuum), while shifting the ZLP across the
energy-selecting slit aperture. Along the E axis of the resulting EFTEM spectrum imaging
(SI) stack, the intensity profile then corresponds to the convolution of the ZLP with the
energy-selecting slit. This procedure is illustrated in Fig. 4.3. In the figure, the width of
the energy slit is 2 eV, and the ZLP is shifted across the energy-selecting slit. As soon as
the ZLP partially overlaps the energy slit (hatched area), a nonzero intensity is recorded.
Over the whole energy axis, this finally yields the shown intensity profile (blue solid
line).
If we assume that the ZLP has a Gaussian shape and express the slit aperture by two

Heaviside step functions, the intensity profile is given by two Gaussian error functions,
with

I(E) =
I0
2 { erf [𝜂 (E − 𝜖1)] − erf [𝜂 (E − 𝜖2)] }. (4.1)

Here, I0 is the integrated intensity of the ZLP, and the factor 𝜂 is related to the energy
width. The parameters 𝜖1 and 𝜖2 denote the energy offsets of the left and right edge of
the energy-selecting slit.

Due to the non-isochromaticity of theGIF, the centering of the energy axiswill however
vary across the field of view. For every point on the camera, the energy offsets 𝜖1 and
𝜖2 will be different. They can be determined by fitting the function from Eq. (4.1) to
the EFTEM-SI stack, and their variation across the field of view is a measure for the
non-isochromaticity of the energy filter.
For the characterization of the SALVE III GIF, the non-isochromaticity was measured

with a 1 eV energy slit. Instead of the EFTEM-SI function of the DigitalMicrograph
software [136], a custom script was used for the recording of the EFTEM images. Using
the drift tube of the GIF instead of high tension offsets, very small energy steps of
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Figure 4.3.:Measurement of the non-isochromaticity of the GIF, exemplified with a 2 eV energy-
selecting slit.

0.05 eV could be achieved. For the most part, the characterization was performed for
the GIF tuning state that can be achieved by the automatic EFTEM tuning routine of
DigitalMicrograph. However, manual re-tuning was necessary for the 40 kV setting,
where the result of the automatic tuning was far from the optimum conditions.

In the post-processing of the EFTEM-SI stacks, the raw 2048 × 2048 pixel frames from
the CCD camera were binned by a factor of 64. For every of the 32 × 32 binned samples,
the energy offsets 𝜖1 and 𝜖2 of the left and right edge of the energy slit were determined
by fitting Eq. (4.1). An exemplary result of this curve fitting is shown in Fig. 4.4(a). The
fitted error functions are plotted with a black solid line. In Fig. 4.4(b), the fit result for
positions 𝜖1 of the left (rising) edges are shown for all pixels of the binned EFTEM-SI data.
In the shown example for 80 kV, energy variations between approx. −1.0 and −0.6 eV
result in a non-isochromaticity of about Δ𝜖 = 0.4 eV over the full field of view.

Table 4.1 summarizes the measured non-isochromaticities for all high tensions of
the SALVE III TEM. Separate values are given for the results from the left (rising) and
right (falling) edge of the intensity profiles. This allows to estimate the accuracy of the
presented evaluation, beyond the finite energy step size of 0.05 eV. With the exception
of the 60 kV results, the two values deviate by less than 0.05 eV. In the case of the 60 kV
tuning, the results were distorted by relatively strong energy gradients right at the edges
of the CCD camera. In the Table, our non-isochromaticity results are also compared
to the measured values by the manufacturer (Gatan), and their specifications for the
low-voltage GIF. With few exceptions, the measurements by Gatan can be confirmed
within an accuracy of 0.1 eV. The stronger deviations for 40 kV and 80 kV can be partly
explained by the particular tuning states at the time of the measurements. This becomes
apparent for 40 kV, where the automatic tuning routine did not work properly. For this
high tension, the tuning state of the GIF is less accurately reproducible. Besides, slightly
higher deviations occur for 80 kV, which is the only high tension with a double-focus
alignment. Overall, the measured non-isochromaticities are all below the specifications
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Figure 4.4.: Exemplary fit results for the non-isochromaticity of the GIF: (a) Intensities at the
center of the camera and fitted combination of error functions at the left and right edge of the
energy-selecting slit; (b) Mapped energy offsets for the left edge over the whole camera at binning
64 (32 × 32 pixels). The shown results were obtained at 80kV with a 1 eV energy-selecting slit
and a step size of 0.05 eV.

for the SALVE III low-voltage GIF. In fact, the strictest specification (≤ 0.40 eV at 20 kV)
is even met at the highest acceleration voltage of 80 kV.

Table 4.1.: Non-isochromaticity of the SALVE III GIF

High tension This measurement Gatan Specs

Δ𝜖1 (eV) Δ𝜖2 (eV) (eV) (eV)

20 kV 0.27 0.25 0.19 0.40
30 kV 0.27 0.29 0.22 0.60
40 kV 0.36a 0.32a 0.17 0.70
60 kV 0.25 0.34 0.32 1.00
80 kV 0.41 0.39 0.28 1.25
a With manual re-tuning.

4.1.2. Chromaticity

Themeasurement of the GIF chromaticity can also be performedwithout a sample, using
the mask aperture of the filter. This aperture has an array of circular holes, and is placed
in the filter entrance plane (cf. Fig. 1.6 on p. 26). If the mask aperture is imaged with
the ZLP signal at different high-tension offsets, the positions of the circular holes will be
slightly shifted on the camera. By comparing their positions to that at zero energy offset,
a measure for the chromaticity can be defined.
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ΔE = −50 eV ΔE = +50 eV

Figure 4.5.: Chromatic shifts in the SALVE III low-voltage GIF (80kV): Shifted mask aperture
for energy offsets ΔE of −50 eV (red, left image) and 50 eV (blue, right image) are shown in
comparison to the unshifted mask (0 eV, green).

Fig. 4.5 depicts the observed energy shifts for a high tension of 80 kV, with energy
offsets of ∓50 eV. Note that the shifts for higher and lower energies (blue and red circles)
go in the same direction. From similar data for all high tensions between 20 and 80 kV,
we use the relative shift of the holes to quantify the chromaticity. The absolute shifts of
the circular holes in pixels were determined by circle detection in the images with and
without energy shifts. Largest shifts were usually observed for the outermost holes. We
obtain a percental chromaticity value from the ratio between these maximum absolute
shift and the full width of the image. Separate images were recorded for large energy
offsets up to +80 eV. Negative energy shifts were limited to −50 eV, as large negative
high tension offsets would correspond to high energy gains. They are therefore not
implemented in the software of the energy filter.
The resulting relative chromatic shifts of the SALVE III GIF are plotted in Fig. 4.6. For

each high tension between 20 kV (red triangles) and 80 kV (blue filled circles), values
for different energy offsets are plotted with connecting lines to guide the eye. By far
the strongest chromatic shifts occur for the 80 kV double-focus alignment, with relative
shifts up to several percent. The single-focus alignments for voltages between 20 and
60 kV have much lower chromatic shifts below 1%. For realistic energy differences of
±25 eV within a large 50 eV energy window, however, the chromatic shifts stay below
the 1% mark for all high tensions. Thus, the energy filter easily meets the specifications
by the manufacturer, which require distortions between 4.5% at 20 kV and 1.125% at
80 kV (cf. Table 4.2). In fact, regarding the isochromaticity, the single-focus alignments
for 20–60 kV perform even better than the standard double-focus alignment at 80 kV.
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Figure 4.6.:Chromaticity of the SALVE III low-voltage GIF:Maximum lateral shifts for energy off-
sets between −50 and +80 eV. The measurements were performed with the standard alignments
for 20, 30, 40, 60, and 80 kV.

Table 4.2.: Chromatic distortions (chromaticity) of the SALVE III GIF: Specifications and accep-
tance test measurements by the manufacturer for an energy window of 50 eV.

20 kV 30 kV 40 kV 60 kV 80 kV

Specifications 4.5% 2.8% 2.25% 1.5% 1.125%
Measurement (Gatan) 0.33% 0.19% 0.37% 0.21% 0.08%

4.1.3. Summary

Themeasured non-isochromaticity and chromaticity of the SALVE III low-voltage GIF are
well below the specifications by the manufacturer. At all high tensions, the energy-loss
variations across the field of view are well below 0.5 eV. Within energy windows of up
to 50 eV width, chromatic distortions stay below 1% of the field of view.

In general, the smallest errors occur for the single-focus alignments at the low acceler-
ation voltages of 20 to 60 kV. For the non-isochromaticity, this matches the general trend
of smaller energy variations at lower acceleration voltage. Only the 40 kV alignment
produces very different non-isochromaticity values, depending on the varying success
of the automatic tuning routine and manual re-tuning. The chromaticity shows much
stronger variations between the different high tensions. Here, the single-focus align-
ments for the low voltages performs up to an order of magnitude better than the 80 kV
double-focus alignment. Only when comparing 20 kV to other single-focus alignments,
the expected trend to higher chromaticities at low voltages becomes visible.

Regarding only the non-isochromaticity and chromaticity values at the different volt-
ages, EFTEM experiments in the SALVE III should be conducted with the single-focus
alignments at 20, 30, 40, or 60 kV. However, due to their line-focus illumination of the
energy-selecting slit, these settings led to serious charging of the slit aperture. In com-
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bination with the roughness of the slit edges, this results in bright and dark stripes in
the energy-filtered images, as shown in Fig. 4.7. The stripes are horizontal in the image,
which corresponds to an orientation perpendicular to the energy-selecting slit of the GIF.
Due to the low signal-to-noise ratio in core-loss EFTEM experiments, the stripes cannot
be easily removed during post-processing, e.g., by subtraction. As a consequence, 80 kV
was the best high tension for our EFTEM experiments in the SALVE III microscope.

Figure 4.7.: Stripes in the single-focus GIF alignments for
EFTEM at 20–60 kV: Zero-loss-filtered EFTEM image (20 kV)
without a sample, using a narrow 1 eV energy window. The
image shows horizontal bright and dark stripes, presumably
due to a combinationof the roughness of the energy-selecting
slit, and charging at the slit edges.
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4.2. EFTEM experiments with graphene

4.2.1. Experimental setup

All EFTEMexperiments in thisworkwere performedwith the SALVE III FEI/ThermoFisher
“Titan Themis3” TEM [41] at an acceleration voltage of 80 kV. With the CEOS Cc/Cs correc-
tor, chromatic and geometric aberrations were corrected to allow for atomic-resolution
imaging in EFTEM—even with 20 eV large energy windows. To this end, the chromatic
aberration Cc was tuned to a negative value of Cc = −5µm, partly compensating the
fixed positive C3c of 16mm. The chromatic first-order astigmatism A1c and chromatic
dispersion Wc were corrected to values below 1µm. The phase plate of the geometric
aberrations was tuned to phase shifts below 𝜋/4 for scattering angles up to 50mrad. For
optimized contrast transfer, the spherical aberration Cs was tuned to a value of −5µm,
counteracting the fixed positive C5 of 3mm. In HRTEM imaging of graphene, these
conditions favor bright-atom contrast, which should match the expected bright atoms
from the genuine inelastic contrast.
The GIF Quantum ERS low-voltage energy filter was set up in EFTEM mode, us-

ing the automatic tuning routines for minimization of distortions such as the non-
isochromaticity and achromaticity of thefilter (cf. Sec. 4.1). While thenon-isochromaticity
of below 0.5 eV is absolutely negligible for large energy windows, large magnifications
have to be used tominimize the influence of chromatic distortions (chromaticity). Hence
the field of view in our atomic-resolution EFTEM experiments was chosen to be only
about 13nm in size. With a chromaticity of < 0.3%, the maximum absolute shifts then
amount to < 0.04nm and hardly affect the resolution.

Condenser adjustments for the high-tension offsets were calibrated with the software
routine of DigitalMicrograph, keeping the illuminated area roughly the same for all
energy offsets. The X-FEG high-brightness gun was optimized for highest beam current
and used without monochromator excitation. In conjunction with a converged electron
beam, this led to a bright but rather inhomogeneous illumination, as will be visible in
the raw signals (cf. Fig. 4.9).

Theused graphene sampleswere preparedusing commercially availableCVDgraphene
from Graphenea company, Spain. During the EFTEM experiments, clean graphene areas
of approx. 20 × 20nm2 were identified in zero-loss-filtered images and the same sample
positions were used for core-loss-filtered and plasmon-loss-filtered images.

4.2.2. C-K-edge signal

In TEM experiments with graphene, only a small fraction of primary electrons get
scattered in the sample, and even fewer electrons undergo inelastic scattering processes.
Not only are the carbon atoms in graphene weak scatterers due to their low atomic
number of Z = 6, but also the sample consists of only one layer of atoms.
For the EELS signal of graphene, this results in an extremely bright ZLP, containing

more than 90% of all electrons. Among the inelastically scattered electrons, most con-
tribute to the plasmon peaks in the low-loss region, with the 𝜋 + 𝜎 plasmon at around
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15 eV being the most prominent feature. The signal from ionization losses is eventually
orders of magnitudes lower than even the plasmon peak. For example, an EFTEM im-
age from the carbon K edge (C-K edge) of graphene receives only one in about 10 000
primary electrons, even with a large energy window of 20 eV. This is demonstrated
in Fig. 4.8, where the EELS spectrum of graphene is shown up to the carbon K edge
(onset: 284 eV [62]). The highlighted 20 eV energy window is centered at an energy loss
of 300 eV. While the very intense ZLP had to be cropped at an intensity of 108 counts,
the signal for higher energy losses had to be strongly enhanced to be shown in the same
plot. Starting from 140 eV, the EELS signal was multiplied with a factor of 104, which
exactly compensates for the above-mentioned low fraction of electrons in the C-K-edge
signal.
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Figure 4.8.: EELS overview spectrum of graphene with the C-K ionization edge at around 300 eV.
The high-loss signal with energy losses > 130 eV was enhanced by multiplication by the factor
104, whereas the very intense ZLP was cropped at 108 counts. Adapted from Ref. [39], © 2020
Elsevier B.V.

In the actual EFTEM images from the C-K edge, this low fraction of primary electrons
results in a very low SNR, even for very high electron dose. In Fig. 4.9, the signal from the
C-K edge is compared to the zero-loss (ZL) filtered image. For the C-K-edge image, a large
acquisition time of 4 s was used, with a total electron dose on the order of 109 e−/nm2

on the sample. However, the C-K-edge image is formed by only 105 e−/nm2, even for
the shown inhomogeneous illumination by a rather converged, bright electron beam.
This corresponds to only ~100 counts per pixel on binned 1024 × 1024 px frames of the
Gatan Ultrascan 1000XP CCD. Nevertheless, the signal in the C-K-edge image is sufficient
to detect the graphene lattice in the Fourier transform of the image. The inset in Fig. 4.9
shows the Fast Fourier transform (FFT) of the C-K-edge image with the six first-order
Bragg reflections of graphene.
Besides the low SNR in the images, atomic-resolution EFTEM with the C-K edge of

graphene is also complicated by the effects of the high-tension offset on the condenser
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Figure 4.9.: Exemplary raw EFTEM images from the zero-loss and C-K-edge signals of graphene
(80 kV, SALVE III). (a) ZL filtered image with a 20 eV wide energy window and bright-atom
contrast; (b) C-K-edge EFTEM image with the same size window centered around an energy loss
of 300 eV. The inset shows the cropped FFT of the image with inverted contrast.

system. The excitations of the condenser lenses have to be adjusted to the slightly faster
electrons with E0 ≈ 80.3 keV. With respect to the illuminated area, these adjustments
can be calibrated in the TEM and GIF software. However, the high tension offset also
introduces tilts in the condenser system, and the rotation center needs to be re-tuned
manually.

4.2.3. Image processing

With the FFT of the raw C-K-edge EFTEM signal of graphene, it can be shown that the Cc-
corrected SALVE III microscope is able to resolve the graphene lattice in HRTEM imaging.
However, due to the bad SNR, it is impossible to see the lattice directly in the EFTEM
image, with actual spatial resolution. Moreover, the FFT does not give any indication of
the contrast in the image; that is, it is not possible to distinguish between bright-atom
contrast and dark-atom contrast. While the local SNR cannot be further increased in the
described experimental setup, it is possible to calculate an averaged signal over multiple
unit cells. This allows for a (qualitative) evaluation of the image contrast in core-loss
EFTEM.

This averaging over multiple unit cells can be performed efficiently by a convolution
of the raw EFTEM image with the graphene lattice. The image processing steps in this
method are described in the following, and are illustrated in Fig. 4.10. In a first step,
the graphene lattice can be extracted from a zero-loss filtered image [Fig. 4.10(a)] by
calculating its autocorrelation [Fig. 4.10(b)]. From the maxima in the autocorrelation,
the convolution kernel in Fig. 4.10(c) can be obtained. In the second step, the raw EFTEM
image from the C-K edge [Fig. 4.10(d)] is convolved with the kernel; that is, the EFTEM
signal is periodically averaged over multiple unit cells of the graphene lattice.

An alternative to the periodic averaging is Fourier filtering of the images, with circular
masks around the central spot in the FFT and around the first-order Bragg reflections.
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As shown in Appendix C, this leads to similar results. However, the strong suppression
of noise by the Fourier filtering can give wrong results, as a clear lattice can be obtained
even from pure random noise, as demonstrated in Fig. C.2. While the averaging method
also creates periodic artifacts, they have very low contrast and cannot be mistaken for
the actual graphene lattice (cf. Fig. C.3).

1nm 1nm

(a) ZL (b) (c)

1nm 1nm

(d) C-K (e) (f)

Figure 4.10.: Processing of atomic-resolution EFTEM images. (a–c) Extraction of the graphene
lattice as a convolution kernel for summation over multiple unit cells. From the zero-loss filtered
image (a), the graphene lattice is obtained by calculating the autocorrelation (b). The maxima in
the autocorrelation yield the convolution kernel shown in (c). (d–f) Convolution of the C-K-edge
imagewith the kernel. The raw EFTEM image (d) is convolvedwith the kernel from (c). (e,f) show
the resulting average over a large number of unit cells. Adapted from Ref. [39], © 2020 Elsevier
B.V.

4.3. Atomic-resolution C-K-edge images of graphene

With the summation of C-K-edge EFTEM images over multiple unit cells, the graphene
lattice becomes directly visible. This allows us to evaluate the contrast in the EFTEM
images, and can give an indication whether the lattice contrast stems from the inelastic
scattering, or from preservation of elastic contrast.

In the case of pure inelastic contrast, each carbon atom could be considered as a “self-
luminous” object that appears bright in the perfectly focused image (defocus C1 = 0).
This is very different from the (coherent) phase-contrast imaging described in Sec. 1.2.4.
In fact, the partial waves for the unscattered beams and for the inelastically scattered
beams correspond to orthogonal states of the object (i.e., the sample) and cannot interfere.
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It is therefore not expected that images with either bright-atom contrast or dark-atom
contrast can be deliberately formed by tuning the contrast transfer function.
By contrast, preservation of elastic contrast would show exactly this behavior. In

Cc-corrected EFTEM experiments, electrons with different energy losses all form phase-
contrast images with same defocus, the intensities of which are summed up on the
camera. For different defocus, the PCTF has either positive or negative sign, leading to
bright or dark atoms in the image.

From our EFTEM experiments in the SALVE III microscope, we can now better evaluate
“real” inelastic imaging and phase-contrast imaging. Fig. 4.11 shows averaged C-K-edge
EFTEM images along with zero-loss (ZL) filtered taken at the same defocus. For all
images, the raw EFTEM signals were averaged over more than 100 unit cells, using the
method described in Sec. 4.2.3. In Figs. 4.11(a,b), both images show clear bright-atom
contrast, whereas the carbon atoms appear dark at different defocus in Fig. 4.11(c,d).
This indicates that even for monolayer graphene, the lattice contrast could stem from
preserved phase contrast. Not only is it possible to form dark-atom contrast images from
the C-K-edge signal, but also do we find the same bright-atom contrast or dark-atom
contrast in the ZL and C-K-edge images.
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Figure 4.11.: C-K-edge EFTEM images of graphene with bright-atom contrast and dark-atom
contrast. (a,b) Bright-atom contrast in zero-loss (ZL) filtered and C-K-edge filtered images at
same defocus. (c,d) Same with dark-atom contrast. Adapted from Ref. [39], © 2020 Elsevier B.V.

In EFTEM, the signal from an ionization edge (post-edge image) is usually compared
to the signal in front of the edge (pre-edge image). This allows to identify the signal from
the edge itself, without the background signal from the tail of plasmon losses. Typically,
a background subtraction is even performed with multiple pre-edge images. For our
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EFTEM images of the C-K edge in graphene, however, such a background subtraction is
not very sensible, due to the very low SNR in the pre-edge signal. Therefore, we compare
the C-K-edge signal with a pre-edge signal that has about the same SNR. As shown by
the highlighted energy windows in the EELS signal in Fig. 4.12, a signal with similar
intensity is present at an energy loss of 140 eV (blue region). The integrated intensity
in the energy window between 130 and 150 eV is very close to that in the 290–310 eV
window (red).
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Figure 4.12.:EELS background signal of the C-K edge (onset: 284 eV). At an energy loss of around
140 eV, the integrated intensity of the EELS signal in the 20 eV window is similar to that at the
C-K edge.

The averaged EELS signal from the two highlighted energy windows is shown in
Fig. 4.13(b,c). For comparison, the raw ZL signal is depicted in Fig. 4.13(a). As far as
possible, all three images were taken under the same conditions. That is, the focus of
the objective lens was kept the same, and only the condenser adjustments were applied
in-between the recording of the three images. As expected, the ZL signal has the best SNR,
despite much shorter exposure time and even though the raw signal is shown instead of
an averaged image. However, all three EFTEM images show the graphene lattice with
dark-atom contrast. The pre-edge image shows the preservation of elastic contrast, and
the C-K post-edge image has similar dark-atom contrast despite the expected bright-atom
contrast from inelastic scattering.
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Figure 4.13.:Zero-loss, pre-edge andC-K post-edge EFTEM images of graphene,with 20 eV energy
windows: (a) Raw zero-loss (ZL) signal; (b) Averaged pre-edge signal (140 eV); (c) Averaged C-K-
edge signal (300 eV). The raw data of all three EFTEM images were recorded at the same sample
position, and with same focus.

4.4. EFTEM focus series of graphene

Amore systematic test for the phase-contrast behavior of the C-K-edge images is to record
focus series. In a focus series, phase-contrast images are supposed to show alternating
bright-atom contrast and dark-atom contrast over a large range of different defoci. By
contrast, a “purely” inelastic image should feature bright-atom contrast at zero defocus,
and the lattice contrast should vanish for high positive or negative defocus.
In order to record focus series from the C-K-edge signal, we have first identified the

optimum (de)focus with the clearest Bragg reflections in the FFT. Starting from this
setting, we have varied the defocus by ±20nm in steps of 2nm. For each focus step, an
image was recorded with an exposure time of 4 s. As a result, the accumulated dose for
such a focus series with 21 images was on the order of 1010 e−/nm2. Often, holes in the
graphene started to form shortly thereafter.

In the post-processing of the images, the same kernel was used for the averaging over
more than 100 unit cells in all images. Fig. 4.14(a) shows the resulting experimental
focus series from the C-K-edge signal of graphene. Within the shown defocus range of
±8nm around the clearest imagewith bright atoms (C1,opt), we observemultiple changes
between bright-atom contrast and dark-atom contrast. Around the bright-atom image
at C1,opt, images with clear dark-atom contrast can be found for ±6nm. For larger defoci
beyond the shown range of ±8nm, the contrast quickly vanished.

We compare our experimental results to image simulations with themutual coherence
multislice method. In this approach the mutual coherence function (MCF) describes
the coherence between partial waves from inelastic scattering. Only those partial waves
which belong to the same object state can interfere. In calculations with the MCF, the
propagation of the electrons through the sample and the microscope column has to be
performed separately for different energy losses. Thereby, the MCF always depends on
a set of two different in-plane scattering vectors ̄q, ̄q′, which makes the calculations a
four-dimensional problem and computationally expensive. For our image simulations,
the necessary 4D Fourier transforms were therefore reduced to 2D FFTs, using matrix
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(a) Experiment: C-K edge, 290–310 eV (b) Simulation: C-K edge, 290–310 eV

Figure 4.14.: EFTEM focus series of graphene, C-K-edge signal (290–310 eV). (a) Experimental
images with defocus offsets between −8 and +8nm around the optimum defocus C1,opt show
an inversion of contrast from dark-atom contrast to bright-atom contrast and vice versa. The
images were averaged over more than 100 unit cells to improve the SNR. (b) Corresponding
image simulations based on the mutual coherence function (MCF) [39, 137]. Adapted from
Ref. [39], © 2020 Elsevier B.V.

diagonalization [137]. Eventually, the results for different energy losses were summed
up over the whole energy window (290–310 eV) and weighted with the experimental
EELS signal.

For the comparison to the experiments, the image calculations were performed for
defoci around the calculated optimum defocus for bright-atom contrast, C1,opt = +3nm.
We assume this focus to be the same as the optimum focus in the experiments. In order
to match the converged electron beam in the EFTEM experiments, the illumination
convergence semiangle in the image calculations was set to a rather large value of
2mrad. This results in the simulated focus series in Fig. 4.14(b), where we show the
same focus range of ±8nmas in the experiments. At negative defocus offsets ΔC1 of −6 to
−8nm from the bright-atom image (C1,opt), we find the first images with clear dark-atom
contrast. This is in good agreement with the findings from the experimental focus series,
where the contrast inverts over the same focus range. For positive defocus offsets, the
contrast cannot be as clearly identified as dark-atom contrast. While the experiment
shows a relatively clear dark-atom contrast image for ΔC1 = +6nm, the corresponding
image simulation is rather diffuse, with comparatively low contrast. This suggests that
while the inversion between bright-atom contrast and dark-atom contrast can be shown
in both experiment and simulation, the exact parameters of the experiments are not
matched and could deviate slightly from the nominal values. It also has to be noted
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that the electron dose in the experiments is not simulated by the calculations. Due to
the inhomogeneous illumination and strong post-processing of the data, the effective
electron dose in the images cannot be easily assessed. As a result, the simulations in
general show too high contrast.
As a reference for the preservation of elastic contrast, we also evaluate a focus series

of the plasmon-loss signal of graphene. With the signal from the 𝜋 + 𝜎 plasmon peak at
around 16 eV, the graphene lattice can only be imaged by preservation of elastic contrast,
as the delocalization of inelastic scattering is too high for this energy loss (cf. Table 2.1 on
p. 43). For the plasmon-loss images, we have centered a 20 eV window at 16 eV, and we
have then varied the defocus by ±20nm in steps of 2nm, analogous to the focus series
with the C-K-edge signal. Fig. 4.15(a) shows the resulting focus series for ±8nm around
the optimum focus C1,opt for bright-atom contrast. Like in the case of the C-K-edge
images, all plasmon-loss images were averaged over a large number of unit cells.

1nm

−8nm −6nm −4nm

−2nm C1,opt +2nm

+4nm +6nm +8nm

1nm

−8nm −6nm −4nm

−2nm C1,opt +2nm

+4nm +6nm +8nm

(a) Experiment: plasmon loss, 6–26 eV (b) Simulation: plasmon loss, 6–26 eV

Figure 4.15.: EFTEM focus series of graphene, plasmon-loss signal (6–26 eV). (a) Experimental
images with defocus offsets between −8 and +8nm around the optimum defocus C1,opt show
an inversion of contrast from dark-atom contrast to bright-atom contrast and vice versa. The
images were averaged over more than 100 unit cells to improve the SNR. (b) Corresponding
image simulations based on the mutual coherence function (MCF) [39, 137]. Adapted from
Ref. [39], © 2020 Elsevier B.V.

Our results for the plasmon loss show similar contrast inversions as the C-K-edge
images, with changes between bright-atom contrast and dark-atom contrast within
around 6–8nm. Again, we show the corresponding MCF image simulations to our
experiments [Fig. 4.15(b)], which confirm the two contrast inversions in this defocus
range. The similarities between the plasmon-loss and C-K-edge signals can be further
investigated by EFTEM image simulations for single, isolated carbon atoms. In Fig. 4.16,
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such image simulations for the plasmon loss and C-K edge are presented along with
horizontal linescans across the center of the atoms (blue curves). The plasmon-loss im-
ages [Fig. 4.16(a)] readily show a clear inversion from bright-atom contrast at optimum
defocus C1,opt and dark-atom contrast at large negative defocus offsets of −4 to −8nm.
The atom appears either bright or dark on a nonzero background signal. By contrast, the
C-K-edge signal in Fig. 4.16(b) always shows the carbon atom with bright intensity on
a dark background with zero intensity. However, for high defoci, the C-K-edge signal
is significantly broadened, with a full width at half maximum (FWHM) beyond the
atomic spacing of 1.4Å. This broadening implies that no true atomic resolution can
be obtained for graphene, as the intensity would spread over multiple atomic sites. In
conjunction with the ring-shaped intensity profiles that can be observed especially for
high positive defocus offsets, this can lead to the signal actually being higher between
the atoms than at the positions of the atoms themselves. This effect is visualized in
Fig. 4.16(c), where the simulated signals for the C-K-edge of single carbon atoms are
incoherently summed to form graphene images with both bright-atom contrast and
dark-atom contrast. This suggests that besides the contributions of preserved elastic
contrast, a mere broadening of the inelastic signals can already cause the dark-atom
contrast in our graphene experiments.
In both cases, the observed dark-atom contrast in the carbon K-edge signal is an

obstacle for elemental mapping by EFTEM, even in a Cc/Cs-corrected microscope. The
locations of the carbon atoms does not necessarily coincide with high intensities in
the EFTEM images. While Cc/Cs correction enables lattice contrast from ionization-
edge signals, a direct interpretation as elemental maps might not even be possible for
ultimately thin samples like graphene.
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Figure 4.16.: EFTEM image simulations for single carbon atoms: (a) Plasmon loss, 6–26 eV;
(b) C-K edge, 290–310 eV. The plots show horizontal linescans across the center of the atom.
(c) SummedC-K-edge signals of single atoms, forming graphene imageswith bright-atomcontrast
or dark-atom contrast. Adapted from Ref. [39], © 2020 Elsevier B.V.
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5Low-loss EELS of 2D heterostructures

This Chapter deals with the interpretation of momentum-resolved low-loss EELS spectra
of two-dimensional heterostructures. As a prototypical example for a vertical 2D het-
erostructure, a graphene/MoS2/graphene (G/MoS2/G) “sandwich” is investigated. This
particular heterostructure combines two of the most well-known 2D materials, and has
a very specific application in TEM experiments. By encapsulation with graphene, the
stability of single-layer MoS2 (1H-MoS2) can be significantly enhanced, making it more
than 2.5 orders of magnitude more resistant against electron-beam-induced damage
[125]. In HRTEM imaging of transition metal dichalcogenides (TMDs), this allows for
much higher electron dose [125, 126] and the signal from the graphene lattice can be
easily removed from HRTEM images by Fourier filtering.
In low-loss EELS of G/MoS2/G, however, one measures the dielectric response of the

whole system. The contributions from graphene andMoS2 cannot be easily separated, as
will be shown by the direct comparison of MR-EELS experiments and RPA calculations
in Sec. 5.1. In the following, the dielectric response of the G/MoS2/G heterostructure is
understood with the help of dielectric model calculations based on TDDFT-RPA calcula-
tions for graphene and MoS2. Model calculations of different complexity are introduced
in Sec. 5.2 and are then compared against each other in Sec. 5.3, using bulk MoS2 as
a test system. Eventually, the energy-loss function of the G/MoS2/G is described by a
combination of TDDFT-RPA calculations for graphene and MoS2, and dielectric model
calculations for the interactions between the layers (Sec. 5.4). By direct comparison
between these ab initio calculations and the MR-EELS experiments, the prospects of
the sandwiching technique in (momentum-resolved) EELS are discussed. Potential
obstacles are named, regarding both the calculations and the (MR-)EELS experiments.

Besides the G/MoS2/G sandwich, the presented combination of TDDFT and dielectric
model calculations can be also applied to other 2D heterostructures. This combined
approach is a computationally efficientmethod for the calculation of dielectric properties
of vertical heterostructures, and could also beusedbeyond the scope of EELS experiments.
The evaluation of different models in this thesis raises awareness for the influence of
the finite thickness of quasi-2D TMDs as their layers cannot be assumed to be strictly
two-dimensional.
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5.1. Experiments and single-layer RPA calculations

In the following sections, the EELS signals of graphene and MoS2 heterostructures will
be discussed on the basis of MR-EELS experiments and TDDFT-RPA calculations. This
section will first give an overview over the experimental methods and parameters for the
MR-EELS of MoS2 monolayers, and the G/MoS2/G heterostructure. Following this, the
parameters of the TDDFT-RPA simulations for graphene and MoS2 will be summarized.
Eventually, we will directly compare the experimental spectra to the simulations, and
discuss the spectrum of G/MoS2/G by reference to only the simulations for graphene
and MoS2.

5.1.1. MR-EELS experiments

The experimentalMR-EELSdata ofMoS2 and theG/MoS2/G sandwichwere recordedwith
the𝜔-qmode in the SALVE I TEM (cf. Appendix B and Ref. [138]), a prototypemicroscope
on the basis of a Zeiss Libra 200 TEM. The TEMwas operated at an acceleration voltage of
40 kV, in order to minimize beam-induced damage especially in the freestanding MoS2
monolayer. All EELS experiments were performed with an energy resolution of about
0.1 eV,which could be achievedwith the Ω-shaped electrostaticmonochromator. For the
preparation of the TEM samples, single-layer MoS2 and graphene flakes were produced
by mechanical exfoliation, and transferred to Quantifoil holey carbon TEM grids (see
Sec. 3.3). In the case of the G/MoS2/G sandwich, the stacking of multiple 2D flakes was
performed precisely in a light microscope, and with the help of a micromanipulator.

Momentum-resolved EELS data were obtained with an Ω-type in-column energy
filter (see Sec. 1.1.4), at a momentum resolution on the order of 0.1Å−1. The sample
was oriented perpendicularly to the incident beam, and oriented along the ΓM or ΓK
direction w.r.t. the spectrometer slit aperture using an in-plane rotation holder. Clean,
freestanding sample areas were chosen with selected-area apertures, restricting the
probed area to 200–400nm in diameter. The high-intensity signal from the ZLP (E ≈ 0,
q̄ ≈ 0) was blocked with a beam stop, to protect the CMOS camera and allow for the high
exposure times that are necessary for the weaker signals at high momentum transfers.

For each 𝜔-qmap, we have recorded image series with at least 100 frames on a 4096 ×
4096 px CMOS camera, at acquisition times of 1 to 1.5 s per frame. The post-processing
of the 𝜔-qmaps was performed with the Python analysis scripts from Ref. [139]. Single
frames of the image series were corrected for filter and camera artifacts, aligned and
summed up to 𝜔-qmaps with high signal-to-noise ratio. Along with each 𝜔-qmap from
the sample, a separate map was recorded in vacuum, as a reference for the zero-loss peak
(ZLP). From all 𝜔-q maps, the energy-loss function (ELF) was extracted by correcting
for the influence of the finite width of the slit aperture, and by removing the (q̄2 + q2E)−2

prefactor.
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5.1.2. TDDFT-RPA calculations

TDDFT-RPA calculations of graphene and MoS2 were performed with the method de-
scribed in Sec. 2.3.3. The DFT software ABINIT [140] was used for the ground-state
calculations. In the ABINIT plane-wave code, we have used norm-conserving Troullier-
Martins pseudopotentials, and a plane-wave basis set with energies of up to 30Ha for
graphene, and 40Ha for MoS2. For both materials, supercell heights Lz of twice the layer
distances d0 in the bulk materials were used to avoid interactions between periodic
replica of the layers [cf. Fig. 2.4(b) on p. 55]. This increased spacing was sufficient to
achieve convergence of the Kohn-Sham band structures.

On the basis of the ground-state calculations from ABINIT, the Kohn-Sham polarizabil-
ity 𝜒0 was calculated with the DP code [141]. For converged linear-response calculations,
the ground state results were expressed onMonkhorst-Pack k-point grids with 59×59×1
symmetric sampling points (graphene), and 23 × 23 × 1 shifted sampling points (1H-
MoS2). The increased layer spacing Lz = 2d0 in the ground state was also found to be
sufficient for convergence of the independent-particle polarizability. For the final RPA
calculations for the response 𝜒 of interacting particles, crystal local-field effects were
taken into account with three-dimensional lattice vectors G,G′ up to cut-off vectors of
length Gcut = 8Å−1 (graphene), and Gcut = 6Å−1 (1H-MoS2). The cutoff for long-range
Coulomb interactions was implemented by solving the RPA Dyson equation in mixed co-
ordinates ( ̄q; z). Eventually, the energy-loss function (ELF) was calculated via Eq. (2.69).
Comparable TDDFT calculations for the dielectric response of graphene and MoS2 can
also be found in literature, and show very similar results [33, 142–145].

5.1.3. MR-EELS of 1H-MoS2 and G/MoS2/G

In Fig. 5.1, the MR-EELS signals of 1H-MoS2 and the G/MoS2/G heterostructure are
directly compared to TDDFT-RPA calculations for graphene and 1H-MoS2. We will first
take a look at the experiments and calculations for the bare MoS2 monolayer.
Fig. 5.1(a) shows the spectra for 1H-MoS2 for in-plane momentum transfers ̄q = | ̄q|

of 0, 0.3, and 0.6Å−1 along the ΓM direction*. The experimental energy-loss functions
are shown along with the ZLP reference that was recorded in vacuum. TDDFT-RPA
calculations for 1H-MoS2 are shown with solid red lines. For q̄ = 0, the effect of the beam
stop is clearly visible as a sharp cutoff for E → 0 in the experimental spectrum (gray filled
curve) and ZLP reference (blue dotted line). Besides, the spectrum shows a large number
of clear features. The sharp peaks at 2–3 eV can be attributed to excitonic states and
interband transitions, and have also been observed in other EELS experiments [94, 109,
144, 146–148]. Together with several other low-energy features, they form a broad peak
centered at 5 eV. In the following, they will therefore be subsumed under the name “𝜋
peak”, in analogy to the peak in graphene, which is at a similar energy loss [34]. For zero
q̄, also the “𝜋 + 𝜎 peak” at higher energy is actually split in two distinct features. It has the
highest intensity at around 12 eV and a clear shoulder at 23 eV. The RPA calculation for

*For monolayer MoS2 spectra with a large set of momentum transfers, see Appendix D.1.
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1H-MoS2, q̄ = 0 (solid red line) differs strongly from the experimental signal. Regarding
the low-energy features, these deviations are partly due to the missing excitonic features
in the RPA, and a correct theoretical description of excitonswould requiremore elaborate
Bethe-Salpeter equation (BSE) calculations. The missing high-energy feature at 23 eV,
on the other hand, is a deviation that occurs similarly in graphene, and can be explained
by out-of-plane momentum transfers [34]. For the overall shape of the ̄q = 0 spectrum,
the finite momentum resolution of the experiment also plays an important role. In
fact, the experimental signal contains considerable contributions from small nonzero
momentum transfers q̄ ≤ 0.1 eV, whereas the RPA calculation was performed for the
limit of vanishing momentum transfer only. This effect of the finite aperture size is
shown in Fig. D.1(a) of the Appendix, and makes up for part of the differences between
RPA calculations and the experimental ELF.

At higher momentum transfers of ̄q = 0.3Å−1 and 0.6Å−1, we find only two peaks
in total, namely the 𝜋 peak at 8–9 eV, and the 𝜋 + 𝜎 peak at 20–24 eV. The agreement
between RPA calculations and experiments is getting much better with increasing ̄q, and
both the RPA calculations and the experiments show the dispersion of the 𝜋 and 𝜋 + 𝜎
peak. In the experimental data, the effect of the beam stop can no longer be seen, and
the ZLP shows a very similar decay in the vacuum reference (blue dotted curves) and
in the 1H-MoS2 spectrum. However, the deterioration of the SNR for higher q can be
clearly seen in the experimental data, with a rather noisy signal already for ̄q = 0.6Å−1.

Fig. 5.1(b) shows the experimental ELF of the G/MoS2/G at the same momentum
transfers of | ̄q| of 0, 0.3, and 0.6Å−1. The sample was oriented along the ΓM direction
of the MoS2 layer, with arbitrary orientation of the surrounding graphene layers. For
q̄ = 0, the cutoff from the beam stop is again clearly visible in the experimental data.
Down until this cutoff, there is a high signal from G/MoS2/G, which can be attributed
to graphene, with its “zero bandgap”. From the spectrum of 1H-MoS2, the sharp 3 eV
peak is still visible. Apart from these two distinct features, graphene and 1H-MoS2
form two main peaks, the 𝜋 peak at 5 eV, and the 𝜋 + 𝜎 peak at around 18 eV. The
latter peak in the experiment cannot be explained directly with the RPA calculations
for 1H-MoS2 and graphene, which are shown with red solid lines and black dashed
lines, respectively. Compared to the calculations for the monolayers, the 𝜋 + 𝜎 peak
in G/MoS2/G is shifted to a much higher energy. This is particularly apparent for the
higher momentum transfers of q̄ = 0.3 and 0.6Å−1, where the shown RPA calculations
should be in good agreement with the monolayer spectra (cf. Fig. 5.1(a) and Ref. [34]).
The shift of the 𝜋 + 𝜎 peak shows clearly that the spectrum of the G/MoS2/G sandwich
cannot be understood as a simple sum of the graphene and 1H-MoS2 spectra. Instead,
the heterostructure must be simulated as a stack of interacting layers. In the following,
the important Coulomb interactions between the layers of vertical 2D heterostructures
will be described by dielectric model calculations (Sec. 5.2). These models will be tested
with bulk 2H-MoS2 as a test system in Sec. 5.3. Eventually, the energy-loss spectrum of
the G/MoS2/G sandwich will be revisited and correctly described in Sec. 5.4.
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Figure 5.1.:Momentum-resolved EELS of monolayer MoS2 and the G/MoS2/G heterostructure.
Experimental results with a momentum resolution of Δq = 0.1Å−1 (gray filled curves) are
compared to RPA calculations for MoS2 monolayers (red solid line) and graphene (black dashed
line). The blue dotted lines show the ZLP reference signal recorded in vacuum, i.e., without a
sample. Adapted from Ref. [40], © 2018 American Physical Society.
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5.2. Dielectric model calculations for 2D heterostructures

If low-loss EELS signals of two-dimensional heterostructures are simulated with ab initio
methods, this usually requires large supercells. As a consequence, such calculations can
become computationally expensive, and quickly varying the sequence or the spacing of
the layers is impossible.

However, at the same time, the 2D layers are only weakly bound, and mostly interact
by long-range Coulomb interactions. This offers another approach for the simulation
of the dielectric response of 2D heterostructures. As an alternative to the direct TDDFT
calculations with large supercells, the response of the heterostructure can be described
in two steps: In the first step, the response of each monolayers is separately simulated by
TDDFT in RPA. In the second step, the screening effect of neighboring layers is taken into
account within dielectric theory by calculating the response for a geometry of stacked
layers.
In the following, three dielectric model calculations are introduced, in the order of

decreasing complexity. First, the fully microscopic building block approach (BBA, [83])
is described. The BBA can be readily understood in terms of TDDFT-RPA calculations,
with Kohn-Sham polarizabilities of different monolayers being stacked along the z axis.
Second, the in-plane homogeneous model (IPH, [40, 149]) is introduced. In the IPH
model, the 2D layers are assumed to be homogeneous in the plane of the layers but with
nonlocal behaviour and finite extension in the out-of-plane direction. Third, the layered
electron-gas model (LEG, [37, 150, 151]) is explained. With its strictly two-dimensional,
homogeneous layers, the LEG model allows for a relatively easy description of arbitrary
2D heterostructures, without problems due to lattice mismatches. The LEG model can
even be used on the basis of experimental MR-EELS data, or with dielectric functions
from the Lorentz or Drude model.
In Fig. 5.2, the three different models are sketched for a three-layer graphene/MoS2/

graphene (G/MoS2/G) heterostructure. Later in Sec. 5.4, this particular heterostructure
will be discussed in more detail.

5.2.1. The building-block approach

With the so-called building-block approach (BBA, [83]), the response of a few-layer or
bulk material can be very accurately described based on the microscopic response of the
constituent monolayers. It relies on the fact that the Kohn-Sham polarizability 𝜒0 is a
very localized quantity and that for a stack of layers, it can be written as the sum of the
single-layer KS polarizabilities 𝜒0,𝛼 [40]:

𝜒0
̄G, ̄G′( ̄qr, E; z, z′) ≈ ∑

𝛼
𝜒0,𝛼

̄G, ̄G′( ̄qr, E; z − z𝛼, z′ − z𝛼) (5.1)

Here,mixed coordinates (q̄, ̄q′; z, z′) were used, with ̄q, q̄′ being two-dimensional vectors
in the plane of the layers, and z𝛼 is the real-space z coordinate of the 𝛼-th layer.
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Figure 5.2.:Sketch of differentmodel systems for the dielectric response of a three-layer graphene
(gray) and MoS2 (yellow) heterostructure. From left to right, the complexity of the calculation is
reduced. (a) Fullymicroscopic layers in the building-block approach (BBA),with latticemismatch
between the layers; (b) In-plane homogeneous (IPH) model with averaged dielectric response
(polarizability𝜋) in x and y; (c) Layered electron-gas (LEG)modelwith perfectly two-dimensional,
homogeneous layers. Adapted from Ref. [40], © 2018 American Physical Society.

In principle, such a stack of layers could be composed of different materials, with
individual KSpolarizabilities𝜒0,𝛼 fromseparate TDDFT calculations. Practically, however,
this fullymicroscopic BBAmodel requires that the reciprocal in-plane lattice vectors ̄G, ̄G′

match for all layers 𝛼. As a consequence, the stacked two-dimensional materials have to
be commensurate, and no lattice mismatch or arbitrary twist angles are allowed†. This
makes the BBAuseful formultilayers of the samematerial but not for 2Dheterostructures.
On the other hand, the huge advantage of the BBA is that it can precisely describe the
response of multilayer and bulk materials, with hardly any loss of precision compared
to direct TDDFT calculations for the full system. The BBA can even describe AB-stacked
layered materials, by introduction of a real-space translation 𝝉 for every second layer
[83, pp. 105 ff.].

Based on the KS polarizability from Eq. (5.1), EELS signals can be calculated by solving
a Dyson equation for the susceptibility 𝜒. In shorthand (operator) notation, this equation
reads [cf. Eq. (2.49)]

𝜒 = 𝜒0 + 𝜒0 vC 𝜒. (5.2)

As described in Sec. 2.3.2, the energy-loss function is then obtained from themacroscopic
G,G′ = 0 component of 𝜒 [cf. Eq. (2.33)]:

ELF(q, E) ∝ − Im [1 + vC(q) 𝜒0,0(q, E)] (5.3)

5.2.2. The in-plane homogeneous model

We have so far described the building-block approach (BBA) with fully microscopic
response functions. For the description of 2D heterostructures, however, it would be

†For the effect of a twist angle in 2D multilayers, see Appendix D.3.
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advantageous to have another model which is not complicated by lattice mismatchs
between different layers. Analogous to Eq. (5.1), we therefore introduce the “in-plane
homogeneous” (IPH) model [40, 149] with the polarizability

̃𝜋IPH
̄G,Ḡ′( ̄qr, E; z, z′) = ∑

𝛼
̃𝜋𝛼( ̄qr + ̄G, E; z − z𝛼, z′ − z𝛼) 𝛿Ḡ,Ḡ′ . (5.4)

In thismodel, the Kronecker delta 𝛿 ̄G,Ḡ′ ensures that the polarizability is diagonal in ̄G, ̄G′.
As a result of the diagonality, the energy-loss function calculated from ̃𝜋IPH will only
depend on the reduced in-planemomentum transfer in the Brillouin zone [cf. Eq. (2.70)],
without contributions from nonzero ̄G, ̄G′ of different layers. From each layer 𝛼, only
the in-plane averaged response is needed. Starting from TDDFT-RPA calculations for the
Kohn-Sham polarizabilities 𝜒0,𝛼 of the monolayers, these quantities ̃𝜋𝛼 can be obtained
by solving a first Dyson equation with themicroscopic Coulomb kernel [149]

̃vḠ(q̄r, z) = v2D( ̄qr + ̄G) e−|q̄r+ ̄G||z| (1 − 𝛿Ḡ, ̄0) . (5.5)

Here, the case of zero in-plane ̄Gwas intentionally excluded, and the long-range Coulomb
interactions are not accounted for, unless a second Dyson equation is solved for the full
(multilayer) system. For the latter, only the head of the IPHpolarizability, ̃𝜋IPH

̄0, ̄0 (q̄r, E; z, z′),
is used, and the ̄G, ̄G′ = 0̄ component can be calculated separately for each layer 𝛼. In
Fig. 5.3, the polarizability ̃𝜋𝛼( ̄q, E; z, z′) is plotted for 1H-MoS2, with fixed energy loss
E = 8 eV and momentum transfer ̄q = 0.3Å−1. The z sampling is about 0.5Å. The real
and imaginary part show a localization of the polarizability within approx. ±3Å from
the center of the layer (z = 0). It has to be noted that the vertical distance between the
sulfur atoms in 1H-MoS2 already amounts to dS ≈ 3.18Å (cf. Fig. 3.3). This gives rise to
a higher z extension compared to graphene, where the response of the single layer is
much more localized within less than ±1Å [83, p. 103].
For the description of a multilayer system with the IPH model, the individual layers

are stacked along the main diagonal z = z′, and a Dyson equation is solved with the
Coulomb kernel

v ̄0(q̄r, z) = v2D( ̄qr) e
−|q̄r||z| 𝛿Ḡ, ̄0. (5.6)

5.2.3. The layered electron-gas model

In the layered electron-gas (LEG) model, the response of a multilayer stack is composed
of the response of homogeneous, perfectly two-dimensional layers. Compared to the
IPH model, this is an even stronger simplification. On the other hand, LEG calculations
offer a very high flexibility as they are only based on macroscopic dielectric functions.
We will first describe the LEG model in analogy to the BBA and IPH, with mixed

coordinates. The LEG equivalent to Eqs. (5.1) and (5.4) can be formally written as [40]

𝜋LEG
̄G, ̄G′( ̄qr, E; z, z′) = ∑

𝛼
Π𝛼( ̄qr + ̄G, E) 𝛿(z − z𝛼) 𝛿(z′ − z𝛼) 𝛿Ḡ, ̄G′ . (5.7)
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Figure 5.3.: Polarizability ̃𝜋(q̄, E; z, z′) of single-layer MoS2 in the IPH model: The real and imagi-
nary part are shown for fixed E = 8 eV and ̄q = 0.3Å−1. The dashed lines mark the local response
along the main diagonals z = z′.

with Π𝛼(q̄, E) of the monolayers that have yet to be defined. By comparison between
Eqs. (5.1) and (5.7), we find the following properties that were included in the expression
for the LEG polarizability 𝜋LEG: Firstly, the polarizability is localized on strictly two-
dimensional layers at positions z𝛼, and is zero everywhere else. Secondly, as in the case
of the IPH model, the Kronecker delta 𝛿Ḡ, ̄G′ ensures that the polarizability is diagonal in

̄G, ̄G′, such that no contributions from nonzero ̄G, ̄G′ are involved anymore. In summary,
we have deliberately constructed an artificial system of strictly two-dimensional layers
with scalar, macroscopic polarizabilities Π𝛼(q̄, E).

Now the remaining question is how to obtain these macroscopic single-layer polariz-
abilities Π𝛼( ̄q, E). For this quantity we demand that in the case of a single, isolated layer,
the exact response ̄𝜒𝛼 of the monolayer is reproduced by the Dyson equation

̄𝜒𝛼( ̄q, E) = Π𝛼( ̄q, E) + Π𝛼(q̄, E) v2D( ̄q) ̄𝜒𝛼(q̄, E), (5.8)

where v2D(q̄) = e2/(2𝜀0| ̄q|) denotes the Coulomb potential in 2D. This response of the
monolayer can be obtained from TDDFT calculations, with ̄𝜒𝛼(q̄, E) = Lz 𝜒𝛼

0,0( ̄q, E), with
Lz being the height of the supercell. Alternatively, with its macroscopic quantities, the
LEG model can also be used on the basis of macroscopic 2D dielectric functions 𝜀𝛼

2D(q, E)
from MR-EELS experiments or from the Lorentz oscillator model (cf. Sec. 2.2.5). Via
Eq. (2.50), these dielectric functions yield Π𝛼(q̄, E) as

Π𝛼(q̄, E) =
1 − 𝜀𝛼

2D(q̄, E)

v2D(q̄)
. (5.9)
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The response of the multilayer system is eventually described by a Dyson equation for
the full LEG polarizability 𝜋LEG. This introduces the Coulomb interactions between the
layers, with an exponential decay along the z direction:

vC( ̄q; z − z′) = v2D(q̄) e−| ̄q||z−z′| (5.10)

In the following, we take a closer look on the practical application of the LEG model for
two different multilayer systems: bulk materials and three-layer heterostructures.

LEG model for bulk materials As described by Fetter in 1974 [150], the response of a
layered electron gas can be analytically described if the array of layers is periodic, i.e., if
we describe a bulk material. For an infinite stack of identical, equidistant layers with
distance d, the energy-loss function is given by [38, 150, 151]

ELF(q, E) = −vC(q̄) ⋅ Im
v2D(q̄) Π𝛼( ̄q, E)

1 + S( ̄q, qz) v2D( ̄q) Π𝛼(q̄, E)
, (5.11)

where

S(q̄, qz) =
sinh(| ̄q|d)

cosh(| ̄q|d) − cos(qzd)
. (5.12)

Note that in contrast to the BBA, the stacking of the layers cannot be described in the
LEG model with its homogeneous layers.

LEGmodel for three-layer heterostructures For a three-layer heterostructurewe have
𝛼 = 1, 2, 3 in Eq. (5.7), and we can express the polarizability of discrete layers at positions
z𝛼 by a diagonal 3 × 3matrix. With the definition 𝜋LEG

𝛼,𝛽 𝛿(z − z𝛼) 𝛿(z′ − z𝛽) = 𝜋LEG(z, z′),
the matrix reads

𝜋LEG =
⎛
⎜
⎜
⎝

Π(1) 0 0
0 Π(2) 0
0 0 Π(3)

⎞
⎟
⎟
⎠

. (5.13)

Here, the q and E dependence was dropped to keep a cleaner notation. In the same basis,
we can denote the exponential terms from the Coulomb potential [Eq. (5.10)] as matrix
elements

V𝛼,𝛽 = e−|q̄||z𝛼−z𝛽|. (5.14)

The susceptibility 𝜒 of the LEG model can then be obtained by matrix multiplications
and inversions, with the Dyson equation

𝜒LEG = 𝜋LEG [1 + v2D V 𝜒LEG] . (5.15)
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Eventually, the energy-loss function can be calculated via Fourier transform in z, z′‡:

ELF(q, E) = − Im [1 + vC(q̄, qz) 𝜒 ((q̄, qz)), ( ̄q, qz), E)]

≈ − Im
[
e2/2𝜋𝜀0
q̄2 + q2z ∬ eiqz(z′−z)∑

𝛼,𝛽
𝜒LEG

𝛼,𝛽 (q̄, E) 𝛿(z − z𝛼) 𝛿(z′ − z𝛽) dz dz′
]

(5.16)

5.3. Evaluation of the model calculations for bulk MoS2

Among the above-described dielectric model calculations, the layered electron-gas (LEG)
model is by far the simplest description of a 2D multilayer or heterostructure. Yet, it
has been successfully applied to simulate (momentum-resolved) low-loss EELS signals
of bulk graphite and multilayer graphene [37, 151]. In contrast to graphene with its
one-atom-thin layers, MoS2 is a more difficult 2D material to describe. Each layer of
1H-MoS2 has already got a finite thickness of dS = 3.18Å, which does not match to the
assumption of strictly two-dimensional layers. Hence, in the following, bulk MoS2 will
be used as a test system to evaluate the more sophisticated BBA and IPH models, and to
test the limits of the LEG model.

Fig. 5.4(a) shows the results for the ELF of bulk MoS2 for BBA, IPH and LEG model cal-
culations, at an intermediate momentum transfer of q̄ = 0.3Å−1 along the ΓM direction.
As a reference, the TDDFT-RPA calculation for AB-stacked bulk 2H-MoS2 is shown with
a black solid line. This direct RPA calculation is in relatively good agreement with the
experiment (gray filled curve), except for the underestimated height of the 𝜋 + 𝜎 peak at
around 24 eV. The BBA calculation for bulk MoS2 was performed on the basis of RPA
calculations for 1H-MoS2, with the AB stacking described by periodicity along z, and
shifts in every second layer. The results from the BBA (green solid line) hardly differ
from the direct RPA calculations. Most changes can again be observed for the 𝜋 + 𝜎 peak,
where the height is further decreased. However, the deviations w.r.t. the RPA calculation
are very small. In the IPH calculations, a stack with a finite number of MoS2 layers was
simulated in mixed coordinates (q̄; z, z′). For N = 50 layers, the result was found to be
nearly converged (blue dash-dot line) and is in good agreement with the RPA and BBA
results.

By contrast, LEGmodel calculations strongly deviate from theRPA,BBAand IPH results,
even for N → ∞. The red dashed line shows the LEG result for bulk MoS2 according
to Eq. (5.11). In the LEG model, the 𝜋 + 𝜎 peak has a redshift of 1–2 eV compared to
the RPA reference. The overall shape of the spectrum is also different, with a lower and
broader 𝜋 + 𝜎 peak and a slightly higher 𝜋 peak. The LEG result still shows similarities to
the RPA calculations for an MoS2 monolayer (red dotted line), which suggests that the
interaction between the layers is underestimated.
In the LEG model, the interaction between the layers is described by the Coulomb

potential Eq. (5.10). For equidistant layers with a distance d, the interaction between

‡For the Fourier transform of response functions see Sec. A.3.3 in the Appendix.
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Figure 5.4.: Evaluation of dielectric model calculations for bulk MoS2: (a) Simulations for ̄q =
0.3Å−1 (ΓM) and experimental spectrum (gray filled curves). As a reference, the RPA calculation
for bulk MoS2 is shown in black. Both the BBA (green solid line) and IPH calculations (blue
dash-dot line) are in good agreement with the RPA. The LEG calculation (red dashed line) differs
significantly, with a shift of several eV in the position of the 𝜋 + 𝜎 peak. The RPA spectrum of a
monolayer is shown with a red dotted line. (b) 𝜋 + 𝜎 peak positions for different layer distances
d in the IPH and LEG models, q̄ = 0.3Å−1. The determination of the peak positions from the
MR-EELS simulations is explained in Appendix D.2. Adapted from Ref. [40], © 2018 American
Physical Society.
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adjacent layers is given by
vC( ̄q; d) = v2D( ̄q) e−|q̄|d . (5.17)

The problem with MoS2 in the LEG model can be attributed to thickness dS = 3.18Å of
the single layers, which effectively reduces the interlayer distance d. For a systematic
analysis of this effect, it is instructive to vary the ratio d/dS in the and IPH calculations.
This can be most conveniently done by artificially increasing the layer distance d in the
model calculations.

As a reference for the amount of interaction between the layers, we can use the shift of
the 𝜋 + 𝜎 peak for fixed q̄ = 0.3Å−1. With increasing strength of the Coulomb interaction,
this peak should move from approx. 17 eV for the isolated monolayer (d → ∞) to 24 eV
for bulk MoS2. This expected behavior is shown in Fig. 5.4(b), where a red dotted line
indicates the 𝜋 + 𝜎 peak position for an isolated monolayer, i.e., in the RPA calculation
for 1H-MoS2. For the actual layer distance d = d0, a black cross indicates the 𝜋 + 𝜎 peak
position from the RPA reference for bulk 2H-MoS2. Intermediate peak positions from the
IPH and LEGmodels are plotted with blue dash-dotted and red dashed lines, respectively.
Starting at high layer distances d ≥ 3d0, both models correctly reproduce the limit of
non-interacting layers (red dotted line). When going to lower distances, however, the
LEG model systematically underestimates the position of the 𝜋 + 𝜎 peak; that is, the
influence of the Coulomb interaction is also underestimated. Eventually, for d = d0, only
the IPH model can correctly reproduce the correct peak position, and the LEG result
deviates by nearly 2 eV.
As a conclusion, it can be shown that while the LEG model was reported to correctly

describe the energy-loss function of multilayer graphene, it fails to reproduce the ELF
of multilayer MoS2. This failure can be attributed to the finite thickness of monolayer
MoS2, which consists of a stack of three atomic layers of sulfur and molybdenum. The
LEG model is unable to account for this finite layer thickness and will therefore underes-
timate the Coulomb interactions between all TMDmonolayers with similar structure.
Similar multilayer systems and heterostructures therefore have to be described by more
sophisticated models such as the IPH model.

5.4. Momentum-resolved EELS of graphene and MoS2
heterostructures

In the above investigation of bulk MoS2, the correct simulation of the Coulomb interac-
tion between the layers was crucial to obtain a good match to experimental (MR-)EELS
signals. As demonstrated in Fig. 5.4, the layer distance d is an important parameter for
the strength of the interaction. However, for arbitrary 2D heterostructures, the layer dis-
tances are often not known from literature, and are difficult to assess. Especially in TEM
experiments with freestanding 2D samples, these vertical distances cannot be directly
measured. In the following study of the G/MoS2/G sandwich, we therefore consider the
layer distance as an unknown parameter at first. We investigate the influence of the
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exact distance with our IPH model, and estimate the layer distance from the best match
between IPH calculation and MR-EELS experiment.
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Figure 5.5.:Real and imaginary part of the IPH-model polarizability ̃𝜋( ̄q, E; z, z′) of the G/MoS2/G
sandwich for fixed E = 20 eV and q̄ = 0.3Å−1 (ΓM). In this example, the layer distance was set to
d = 4Å.

For different layer distances, the polarizabilities of graphene and MoS2 are stacked
as depicted in Fig. 5.5, and the ELF is calculated for the full three-layer system. As a
rough estimate for the layer distances in the G/MoS2/G sandwich, it is reasonable to use
the layer distance in graphite (d = 3.35Å) as a lower bound. This completely ignores
the vertical extension of the 1H-MoS2 layer, with a distance dS/2 = 1.59Å between the
molybdenum and sulfur atoms (cf. Fig. 3.3 on p. 64), and causes an overestimation of
the Coulomb interactions between the layers. In the other extreme case, we can look
at the limit of non-interacting layers in the limit d → ∞. The IPH results for these two
cases are shown in Fig. 5.6 for a momentum transfer of ̄q = 0.3Å−1.

For the case d → ∞, we obtain the sum of the graphene and MoS2 RPA spectra from
Fig. 5.1(b). In comparison to the experimental spectrum (gray filled curve), we find
two major differences in the shape of the spectra: Firstly, the ratios between the heights
of the 𝜋 and 𝜋 + 𝜎 peaks are very different in the calculations and experiments. Due
to the interaction between the layers, the intensity of the 𝜋 peak is much lower in the
experiment. Secondly, the position of the 𝜋 + 𝜎 peak is at a higher energy loss with
increasing Coulomb interaction, just like in the case of bulk MoS2 in Sec. 5.3. With
interacting layers in the IPH model with d = 3.35Å, the match with the experiment is
significantly improved, with the 𝜋 peak being much lower, and the position of the 𝜋 + 𝜎
peak is much closer to the experiment. On the other hand, the 𝜋 + 𝜎 peak position is
slightly overestimated. This can be attributed to the unrealistically low layer distance
of graphite that we have assumed so far. If we increase the layer distance to find the
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Figure 5.6.: Calculations with the in-plane homogeneous (IPH) model for the G/MoS2/G het-
erostructure with different layer distances. The black dashed line shows the calculation for the
graphite layer distance of 3.35Å. The best match between the IPH model and the experimental
spectrum (gray filled curve) is achieved for d = 4.00Å. Adapted from Ref. [40], © 2018 American
Physical Society.

best match between IPH calculations and experiment, we obtain a distance of d = 4.00Å
(solid green curve).

For the particular combination of graphene and MoS2 in a vertical heterostructure,
there actually exist predictions for the layer distance from molecular dynamics [152,
153]. They suggest that it is the carbon-sulfur distance in the heterostructure which is
close to the graphite layer distance, d = 3.35Å. In conjunction with the molybdenum-
sulfur distance in MoS2 (1.6Å), this yields a distance of d = 4.95Å between the centers
of the graphene and MoS2 layers. With this literature value for the layer distance, we
now compare our IPH results to that obtained from the LEGmodel. If the LEGmodel also
yields an adequate description of the G/MoS2/G spectrum, it would be even possible to
use graphene encapsulation in TEM-EELS experiments and—in theory—be able to extract
the response of 1H-MoS2 alone, using reference spectra of graphene as an input. Fig. 5.7
shows the IPH and LEG results for a fixed layer distance d = 4.95Å and a momentum
transfer of q̄ = 0.3Å. In fact, the LEG calculation matches the experimental result just
as well as the IPH model. As a consequence, this particular heterostructure with only
one layer of MoS2 between graphene does not yet show the deficiencies of the LEG
model, and this relatively easy modelling of the low-loss EELS signal can still be used.
In principle, this would even allow for an “inverse” LEG model calculation, where the
response of the encapsulated layer is calculated from ELF of the sandwich.

In practice, however, there are several difficulties that hamper the extraction of the
response of a single layer. Firstly, an “inverse” calculation with the LEG model first
requires the calculation of the complex dielectric function from the ELF, using Kramers-
Kronig analysis. This requires a very precise subtraction of the ZLP from the experimental
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Figure 5.7.: Evaluation of the IPH and LEGmodel calculations for the G/MoS2/G heterostructure:
Using the theoretically predicted layer distance of d = 4.95Å between graphene and MoS2,
IPH and LEG model calculations yield nearly the same results (blue dash-dot and red dashed
curves, respectively). Both simulations were performed for q = 0.3Å−1 and are compared to the
corresponding experimental spectrum from Fig. 5.1. Adapted from Ref. [40], © 2018 American
Physical Society.

EELS data, which is a delicate procedure [154]. Secondly, the experimental data can
always be altered by contamination in the investigated sample area, which has a strong
influence on the EELS signal (see Supplemental Material of Ref. [40]).

In summary, the use of the sandwiching approach for reduced beam damage is rather
impractical for low-loss EELS. In the ELF of the graphene sandwich, the dielectric re-
sponses of the single layers are coupled by Coulomb interactions, and a simple sub-
traction of graphene reference spectra is impossible. Even if the relatively simple LEG
model can still be used for a reconstruction of the signal of encapsulated MoS2, the
practical application in (MR-)EELS is complicated by the ZLP removal and the influence
of contamination on the EELS signal.

104



Part IV.

Summary and outlook

105





Summary and outlook

In this dissertation, selected two-dimensional materials were studied by two tech-
niques of analytical transmission electronmicroscopy: energy-filtered TEM (EFTEM) and
momentum-resolved EELS (MR-EELS). Experimental investigations in EFTEM and MR-
EELSwere conducted at low acceleration voltages of 80 kV and 40 kV in the SALVE III and
SALVE I transmission electron microscopes, respectively. Both the core-loss EFTEM and
the low-loss EELS studies were conducted to clarify how the respective energy-filtered
images and energy-loss signals can be interpreted in the special case of atomically thin
materials.

Atomic-resolution EFTEM of 2D materials In Chapter 4, the prospects of elemental
mapping by EFTEM of atomically thin samples were studied with the carbon K-edge sig-
nal of graphene. The choice of graphene as a test sample was motivated by its robustness
against beam damage at 80 kV and its thickness of only one atomic layer. With its low
atomic mass, graphene is also not expected to scatter strongly and shows no dynamical
scattering effects. By chromatic aberration correction with the Cc/Cs corrector of the
SALVE III microscope, graphene lattice contrast was obtained in the raw EFTEM signal
from the carbon K edge and from the plasmon loss. In the case of the C-K ionization
edge, the lattice could be only detected by weak Bragg reflections in the fast Fourier
transform of the raw data. To enhance the signal in the C-K-edge images, a summation
over multiple unit cells was performed by convolution of the raw signal with the hexago-
nal graphene lattice. The strong improvement in the signal-to-noise made the graphene
directly visible in the processed images. In addition to C-K-edge images, plasmon-loss
images and zero-loss filtered images were taken under the same conditions, and serve
as a reference for the phase contrast obtained from elastic scattering. Eventually, the
defocus behavior of the EFTEM images was studied systematically by recording focus
series with the C-K edge and plasmon-loss signal. From these EFTEM experiments, we
can draw the following conclusions:

— In C-K-edge EFTEM images of graphene, both bright-atom and dark-atom contrast
can be obtained, depending on the defocus C1. Zero-loss, plasmon-loss, and C-K-
edge images taken at the same defocus all show either bright-atom or dark-atom
contrast.

— Focus series with the C-K-edge and plasmon-loss signals show similar contrast
inversions from bright-atom to dark-atom contrast and vice versa, which is usually
an indication that the lattice contrast stems from preserved elastic contrast (phase
contrast).
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— Due to the broadening of the inelastic signal in defocused images of single carbon
atoms, the unexpected dark-atom contrast can also be caused by overlapping
bright-atom signals.

These results rule out EFTEMas a technique to obtain “real” chemicalmaps, i.e., elemental
maps, from core-loss signals—even for ultimately thin samples like graphene, which do
not show dynamical effects at 80 kV.

Further investigations of the preservation of elastic contrast in the ionization-edge
signal of thin samples could involve complementary experiments with energy-filtered
electrondiffraction ormomentum-resolvedEELS.Experimentswithmultilayer graphene
and thin slabs of graphite could clarify the role of the sample thickness in the C-K-edge
filtered images and diffraction patterns.

Direct EFTEM imaging could also be continued with different two-dimensional materi-
als such as transition metal dichalcogenides or hexagonal boron nitride. These materials
would be very challenging to image in EFTEM, as they are much more beam sensitive
than graphene. However, the presence of two different elements could showmore di-
rectly towhich extent chemical information is still present in the core-loss EFTEM images.
Also, if the dark-atom contrast in graphene was caused by the overlap of bright-atom
signals, materials with larger atomic spacing may still show bright-atom contrast from
individual atoms. With respect to elastic contributions in STEM-EELS spectrum imaging,
systematic investigations with different collection and convergence angles could lead to
a better understanding of the reciprocity between STEM and TEM, and its validity for
STEM-EELS and EFTEM elemental mapping.

Low-loss EELS of 2D heterostructures In Chapter 5, the interpretation of low-loss
EELS spectra of 2D heterostructures was studied by momentum-resolved EELS experi-
ments with the 𝜔-q mode of the SALVE I microscope, and a combination of dielectric
model calculations and ab initio calculations. As a prototypical 2D heterostructure, a
graphene/MoS2/graphene “sandwich” was investigated at an acceleration voltage of
40 kV. This three-layer system is of particular interest for TEM experiments, as the encap-
sulation by two graphene layers improves the stability of the MoS2 monolayer against
beam-induced damage. A second test system for our model calculations is bulk MoS2,
where the Coulomb interaction between the monolayers requires more sophisticated
calculations than in the case of graphite.
The necessity to account for Coulomb interactions between the layers of multilayer

systems and heterostructures was demonstrated by direct comparison of the MR-EELS
spectra of the G/MoS2/G heterostructure and ab initio calculations for graphene and
MoS2. Low-loss EELS spectra of 2D heterostructures cannot be understood as the sum
of the monolayer spectra. As computationally efficient methods to describe the het-
erostructures, three different dielectric model calculations of different complexity were
then introduced. Their results were compared with bulk MoS2, showing that the layered
electron gas model (LEG) incorrectly describes stacks of (quasi-)2D layers with finite z
extension, such as MoS2. The building-block approach (BBA), on the other hand, leads
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to very exact results for MoS2 multilayers, but cannot be applied to heterostructures
with a lattice mismatch. Among the three investigated models, this leaves the in-plane
homogeneous model (IPH) as the only model that can precisely describe arbitrary 2D
heterostructures. In Section 5.4, the IPH model is then used to describe the MR-EELS
signal of a G/MoS2/G heterostructure. By comparison to the experimental spectra, the
importance of the layer distance, which cannot be easily assessed in plane-view TEM
experiments, is emphasized. With respect to the G/MoS2/G sandwich, we can draw the
following conclusions:

— The IPH correctly describes the overall shape of the MR-EELS signal of G/MoS2/G.
The best match between the experiments and simulations is achieved for a layer
distance of d = 4.00Å, which is between the layer distance in graphite (d = 3.35Å)
and the theoretical predictions for the layer distance in G/MoS2/G of around 4.95Å.

— Despite its failure for bulk MoS2, the simpler LEG model still yields a very good
description of the spectrum of the G/MoS2/G sandwich. Due to its simplicity, the
LEG model could in theory even be used for an “inverse” calculation, i.e., for a
reconstruction of the dielectric properties of a single layer from theMR-EELS signal
of a graphene sandwich.

In future work, one could attempt to perform this reconstruction for different beam-
sensitivematerials. Thiswould however be connected to certain experimental challenges.
Firstly, the exact layer distance has to be known from other experiments such as conver-
gent beam electron diffraction [155]. Secondly, the complex dielectric function needs
to be obtained from the EELS signal using the Kramers-Kronig relations. This in turn
requires very precise subtraction of the zero-loss peak from the MR-EELS data.
Further low-loss EELS experiments with 2D heterostructures could make use of the

high energy resolution that has become available over the last years. Instead of focusing
on high-energy plasmons, it would also be interesting to study (interlayer) excitons
and phonons in 2D heterostructures. These phenomena could also strongly depend on
the twist angles between the monolayers, an effect that we have not observed in our
investigations of the high-energy plasmons (see Appendix D.3).
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AFourier transforms

A.1. Time and frequency domain

The Fourier transform ℱ of a time-dependent function f (t) to the domain of angular
frequencies 𝜔 is defined by the integral

̃f (𝜔) ≔ ℱ{f (t)}(𝜔) = ∫ f (t) e+i𝜔t dt. (A.1)

In the inverse Fourier transform ℱ−1, normalization is ensured by the prefactor 1/2𝜋:

f (t) ≔ ℱ−1
{

̃f (𝜔)}(t) = 1
2𝜋 ∫

̃f (𝜔) e−i𝜔t d𝜔 (A.2)

A.2. Spatial dimensions

With the dot product qr of the 3D wave and position vectors, the Fourier transform of
the (one-particle) function f (r) is defined as

̃f (q) ≔ ℱ{f (r)}(q) = ∫ f (r) e−iqr dr (A.3)

f (r) ≔ ℱ−1
{

̃f (q)}(r) = 1
(2𝜋)3 ∫

̃f (q) e+iqr dq (A.4)

A.3. Special functions

A.3.1. Delta distribution

𝛿(t) = 1
2𝜋 ∫ e−i𝜔t d𝜔 𝛿(𝜔) = 1

2𝜋 ∫ e+i𝜔t dt (A.5)

𝛿(r) = 1
(2𝜋)3 ∫ e+iqr dq 𝛿(q) = 1

(2𝜋)3 ∫ e−iqr dr (A.6)
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A.3.2. Coulomb potential

In SI units, the Coulomb potential in real and reciprocal space are:

v(r) = e2

4𝜋𝜀0
1

|r|
v(q) = e2

𝜀0
1

|q|2
(A.7)

For mixed coordinates (q̄; z) with nonzero “in-plane” ̄q, the Coulomb potential reads

v(q̄; z) = e2

2𝜀0
e−| ̄q||z|

| ̄q|
. (A.8)

A.3.3. Response functions

In the one-dimensional case with coordinates z and q in real and reciprocal space, the
linear response functions ℛ(z, z′), ℛ̃(q, q′) are defined by

g(z) = ∫ ℛ(z, z′) f (z′) dz′ (A.9)

and
̃g(q) = ∫ ℛ̃(q, q′) ̃f (q′) dq′. (A.10)

The relation between the response function in real and reciprocal space can be derived
by rewriting the Fourier transform of Eq. (A.4) and comparing it to Eq. (A.10):

̃g(q) = ℱ{g(z)}(q) = ∫ e−iqzg(z) dz

= ∫ e−iqz
∫ ℛ(z, z′) f (z′) dz′ dz

= ∬ e−iqz ℛ(z, z′) [
1
2𝜋 ∫ eiq

′z′ ̃f (q′) dq′
] dz′ dz

= ∫ dq′ 1
2𝜋 ∫ dz e−iqz

∫ dz′ e+iq′z′ ℛ(z, z′)
⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

=ℛ̃(q,q′)

̃f (q′) (A.11)

Hence, the Fourier transform of the response function reads

ℛ̃(q, q′) = 1
2𝜋 ∫ dz e−iqz

∫ dz′ e+iq′z′ ℛ(z, z′). (A.12)

In two and three dimensions, the prefactors become (2𝜋)−2 and (2𝜋)−3, respectively. The
back transforms have the same prefactors.
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BThe SALVE I and SALVE III microscopes

Table B.1.: The SALVE I and SALVE III transmission electron microscopes

SALVE I SALVE III

Base instrument Zeiss Libra 200 FEI Titan Themis3

High tensions 20, 40, 80 kV 20, 30, 40, 60, 80 kV

Electron source Schottky Schottky (X-FEG)

Monochromator Ω-shaped electrostatic Single Wien filter

Aberration corrector CEOS hexapole CEOS quadrupole-octupole
Cs corrector Cc/Cs corrector

Energy filter Corrected Ω in-column GIF Quantum ERS low-voltage

Cameras TVIPS T416 CMOS camera FEI Ceta CMOS camera
(4096 × 4096 px) (4096 × 4096 px)

GIF: Gatan UltraScan 1000XP
(2048 × 2048 px)
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CProcessing of atomic-resolution EFTEM
images

During the image processing described in Sec. 4.2.3, EFTEM images are averaged over a
large number of unit cells by a convolution with the graphene lattice. As an alternative,
the graphene lattice can be made visible by a Fourier filter with circular masks around
the central spot in the FFT, and around the first-order Bragg reflections. In the following,
the FFT and convolution methods are compared with respect to their reliability and
possible filtering artifacts.

C.1. Fourier filtering

With Fourier filtering, the signal from the graphene lattice can be very efficiently ex-
tracted from the noisy raw data. In the fast Fourier transform (FFT) of the data, the
periodicity of the lattice can be readily seen, and a filter mask that keeps only those
spatial frequencies can be applied. After the Fourier back-transform, the signal is free of
noise, and shows a clear image with dark or bright atoms.
Fig. C.1 compares the results of this Fourier filtering method to the averaged C-K-

edge focus series from Sec. 4.4. The filtered images in Fig. C.1(b) always show the same
bright- or dark-atom contrast as the averaged signals in Fig. C.1(a). In addition, the
Fourier filtering significantly reduces the noise in the images, which leads to much
clearer images.

However, Fourier filtering can also give very misleading results as it is even possible to
produce a nicely periodic signal out of pure random noise. This is exemplified in Fig. C.2,
where the same filter mask as in Fig. C.1(b) was applied to an image with computer-
generated random noise from the numpy.random module in Python. In the Fourier
transform of this white noise [inset in Fig. C.2(a)], only the frequency components inside
the red circles were selected by a filter mask. After inverse Fourier transform, the filtered
image [Fig. C.2(b,c)] shows a clear, noise-free hexagonal lattice that could partly be
mistaken for an actual bright-atom or dark-atom signal.
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1nm
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+4nm +6nm +8nm

(a) Averaged signal, 290–310 eV (b) Fourier-filtered signal, 290–310 eV

Figure C.1.: EFTEM focus series of graphene, C-K-edge signal (290–310 eV). (a) Averaged signal,
cf. Fig 4.14; (b) Fourier-filtered signal, with narrow circular masks around the zero beam and
first-order Bragg reflections in the FFT.

2nm 1nm

(a) (b) (c)

Figure C.2.: Application of the Fourier filtering method on random noise. (a) Random noise
and FFT (inset) with filter mask (red circles); (b) Fourier-filtered image with hexagonal lattice;
(c) Cropped center area from (b). Data from Ref. [39].
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C.2. AVERAGING METHOD

C.2. Averaging method

The method used for signal enhancement in Sec. 4.2.3 is the averaging of the signal
over a large number of unit cells within a single EFTEM image. This was implemented
by a convolution of the raw EFTEM signal with the graphene lattice. Similar to the
above-discussed Fourier filtering, this filtering with a dedicated convolution kernel
can introduce a periodic lattice in images that initially did not have any periodicity.
Without the strong suppression of noise thatwe have seen in the Fourier filteringmethod,
however, this only results in periodic noise, with the introduced lattice having very low
contrast. This is demonstrated in Fig. C.3, where the convolution method is applied to
a raw graphene C-K-edge EFTEM image [Fig. C.3(a)] and random noise [Fig. C.3(d)].
The same convolution kernel [Fig. C.3(b)] is used for both signals. Eventually, only the
actual C-K-edge signal results in a clear lattice, while the random noise shows only a
very weak lattice [Fig. C.3(c,e)]. As a consequence, the averaging over multiple unit cells
cannot give the same misleading result as the Fourier filtering method.

1nm

1nm

1nm

(a) C-K edge signal

(b) kernel

(c)

(d) random noise (e)

convolution

convolution

Figure C.3.: Averaging of atomic-resolution EFTEM images: periodic artifacts from the convo-
lution with a hexagonal lattice. (a–c) Averaging of the graphene C-K-edge signal (cf. Fig. 4.10);
(d,e) Convolution of random noise with the same kernel. The resulting image shows periodic
artifacts with low contrast. Data from Ref. [39].

119





DSupplemental MR-EELS spectra

D.1. MR-EELS of monolayer MoS2

As a supplement to Fig. 5.1(a), the MR-EELS spectra and TDDFT-RPA calculations for
monolayer (1H-)MoS2 are shown for a larger set of momentum transfers in Fig. D.1.
The effect of the finite aperture size in the 𝜔-q experiments is shown by a correction to
the RPA calculations in Fig. 5.1(a). Contributions from nonzero momentum transfers
become apparent in the q̄ = 0 spectrum, where the RPA spectra with and without
correction for the rectangular 𝜔-q aperture differ significantly (black dashed and solid
red lines). Fig. 5.1(b) shows the TDDFT-RPA calculations for the two high-symmetry
directions ΓM and ΓK. In contrast to the case of graphene [34], no anisotropy can be
observed.

D.2. Determination of peak positions in MR-EELS spectra

For the determination of 𝜋 + 𝜎 peak positions in MR-EELS spectra of bulk MoS2 (Sec. 5.3,
Fig. 5.4), the results of ab initio calculations and dielectric model calculations were
blurred by convolution with a Gaussian of width 𝜎 = 2.0 eV. This allowed for an easier,
more accurate and robust determination of the peak position, as compared to taking
the global maximum of the more “noisy” raw data. In Fig. D.2, the blurred spectrum
for bulk MoS2 is exemplarily shown for the LEG model result for a momentum transfer
of q̄ = 0.3Å−1. All 𝜋 + 𝜎 peak positions in Fig. 5.4 were obtained from the maxima in
blurred TDDFT-RPA, LEG and IPH data. The 𝜋 and 𝜋 + 𝜎 peak positions in Fig. D.4 were
obtained from blurred experimental spectra and LEG model calculations.
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APPENDIX D. SUPPLEMENTAL MR-EELS SPECTRA
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Figure D.1.: MR-EELS and ab initio calculations for 1H-MoS2 for momentum transfers up to
q̄ = 0.8Å−1: (a) Comparison of measured energy-loss functions (gray filled curves) and TDDFT-
RPA calculations for the ΓMdirection of the Brillouin zone. The effect of the finite aperture size is
shown with a black dashed line. (b) TDDFT-RPA calculations for the ΓM and ΓK direction (solid
red line and black dashed line). Please note that for q̄ = 0, a different scaling factor had to be
used to match the intensity of the calculations to that of the measured spectra. Adapted from
Ref. [40], © 2018 American Physical Society.
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D.3. MR-EELS OF TWISTED BILAYER GRAPHENE
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Figure D.2.: Determination of the 𝜋 + 𝜎 peak position in the MR-EELS simulations of bulk MoS2
( ̄q = 0.3Å−1) with artificially increased layer distance d. (a) Original spectrum from the LEG
model calculation; (b) Same signal after convolution with a Gaussian (𝜎 = 2.0 eV). Adapted from
Ref. [40], © 2018 American Physical Society.

D.3. MR-EELS of twisted bilayer graphene

In the BBA, IPH and LEG models (Sections 5.2.1–5.2.3), arbitrary twist angles cannot be
incorporated in the calculations of the MR-EELS signals. In particular, the IPH and LEG
models cannot even account for different stacking, as the 2D layers are considered to
be homogeneous in the in-plane directions. The influence of the relative orientation
between the layers is discussed in the following, using the MR-EELS spectra of twisted
bilayer graphene as an example.
Fig. D.3 shows the momentum-resolved EELS signal of graphene along with that of

twisted bilayer graphene (tBLG) with two different twist angles 𝜗. All spectra were
recorded with the SALVE III microscope (see Appendix B) at 80 kV without monochrom-
atization (ΔE ≈ 0.7 eV). Different momentum transfers along the ΓM direction of one
of the graphene monolayers were accessed with the beam tilt method, using a small
circular aperture. In the spectra of graphene [Fig. D.3(a)], a splitting of the 𝜋 peak at
5–10 eV can be observed for high q̄. This is in accordance with the results byWachsmuth
et al. [34], who have found this effect in the ΓM but not in the ΓK direction. As one
would expect, this anisotropic effect is nearly gone for tBLG with a twist angle near 30°
[blue filled curve in Fig. D.3(b)]. In this particular case, the second graphene layer is
oriented nearly perfectly in ΓK direction. By contrast, the two distinct peaks are still
visible for small twist angles (𝜗 = 9°, dashed lines and green filled curves).

Apart from this, the differences between the tBLG spectra in Fig. D.3(b) canbe explained
by the amount of contamination in the probed sample areas. In particular, at ̄q = 0,
the broadened 𝜋 + 𝜎 peak for 𝜗 = 29° indicates stronger contamination (cf. Ref. [32,
p. 70]). For a more systematic investigation of the role of the twist angle, we have
performed MR-EELS experiments on tBLG with a large number of different 𝜗. In Fig. D.4,
we evaluate the positions of the 𝜋 and 𝜋 + 𝜎 peaks in tBLG for a fixedmomentum transfer
of q̄ = 0.5Å−1. The different twist angles between 0 and 30° were realized by stacking
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Figure D.3.:MR-EELS of graphene (a) and twisted bilayer graphene [tBLG, (b)] with two different
twist angles 𝜗. Note that for better comparability, all tBLG spectra in (b) were normalized to the
height of the 𝜋 + 𝜎 peak at 15–28 eV. For the graphene monolayer in (a), only the ̄q = 0 spectrum
was multiplied with a different scaling factor. Data from Ref. [156].
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D.3. MR-EELS OF TWISTED BILAYER GRAPHENE

two polycrystalline layers of CVD graphene. As a reference, the peak positions in AB-
stacked BLG (ΓM) are shown with solid black lines, and simulations with TDDFT-RPA
(ΓM) and the LEG model are shown with green dashed lines. Overall, we find that all
tBLG measurements are in good agreement with the references for AB-stacked BLG, and
that no systematic variations can be found with respect to the twist angle 𝜗. For the
overall shape of the low-loss MR-EELS spectra in Sections 5.3 and 5.4, the twist angles
cannot play a dominant role.
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Figure D.4.: Positions of 𝜋 and 𝜋 + 𝜎 peaks inMR-EELS spectra of twisted bilayer graphene (tBLG)
with different twist angles 𝜗 between 0 and 30°. Peak positions in ̄q = 0.5Å−1 spectra of tBLG
(red and blue crosses) are compared to a reference measurement with AB-stacked BLG (solid
black lines) and an RPA+LEG calculation (green dashed lines). Data from Ref. [156].
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