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Abstract

In this dissertation, the signal response of the pnCCD under electron
illumination was studied comprehensively. The pnCCD is a spa-
tially resolving, fast, energy dispersive, charge-coupled-device (CCD)
semiconductor detector that has great potential for applications in
transmission electron microscopes (TEMs) as deduced from previous
measurements with (X-ray) photons. However, there had not been
an elaborate analysis of the pnCCD under electron illumination. The
present work closes this gap with a detailed physical explanation and
modelling of the signal response of the pnCCD to electrons estab-
lished on a systematic investigation with experiments, simulations
and analysis. A series of conducted, application-oriented experiments
showed that the pnCCD improves analysis and methods in electron
microscopy.

As part of this work, a camera with the pnCCD was developed and
mounted at TEMs at numerous research institutes. In a diversity of
experiments, single TEM electrons were imaged in the energy range
of 20 keV to 300 keV. From this data, energy spectra of single electrons
were determined. With the analysis of these spectra in combination
with simulations, the scattering of the TEM electrons inside the de-
tector could be explained as well as the readout signals. A relevant
influence on the measured signal is exerted by the backscattered elec-
trons that do not deposit their full energy in the detector, but rather
scatter out of it. On the basis of the developed analysis, the precise
number of incoming TEM electrons can now be determined.

The relationships between the readout signals, the pnCCD’s pa-
rameters and the parameters of the TEM (mainly the energy of the
TEM electrons) were determined and explained. Furthermore, the
spatial resolution was investigated. The spatial resolution could be
increased with several models allowing images created with single
TEM electrons to offer pixel sizes smaller than the given physical sizes.
For TEM electron energies of < 80keV, images with 5x5 sub-pixel
resolution showed increased contrast and resolved finer details than
images without sub-pixel resolution.

With the help of five selected applications (holography, tomogra-
phy, measurement of magnetic domains, measurement of lattice strain,
ptychography), it is shown that the pnCCD is an excellent imager for
electrons in TEM because the pnCCD improves existing experimental
methods significantly or even enables methods that previously could
only be used on a proof of concept basis due to technical limitations



of other detectors. Primarily, this includes methods that presuppose
the fast acquisition of signals spatially distributed in two dimensions.
In particular, applications in the scanning mode (STEM), in which a
focused electron beam is scanned over a sample quickly and a two
dimensional image is recorded for each probe position, are enabled
by the fast readout of the pnCCD.

To highlight one STEM method, the ptychographic method allows
the reconstruction of the amplitude and phase of the electron wave
that has passed the sample. Based on the modification of the phase
by the sample, conclusions can be drawn about the sample that
are not accessible with other methods. As an example, a complex
sample was investigated consisting of carbon nanotubes and biological
active components. Using the pnCCD and ptychography;, it could
be clearly shown that the synthesis of this sample was only partially
successful. This was the first time that such results could be verified
experimentally.

This dissertation lays the comprehensive foundation for the on-
going and future use of the pnCCD for the detection and imaging
of electrons, in particular in electron microscopy. In addition, the
analysis and findings of this work will provide a valuable basis for the
development and characterization of further future electron detectors.



Zusammenfassung

In dieser Dissertation wurde die Signalantwort des pnCCDs unter
Bestrahlung mit Elektronen umfassend untersucht. Der pnCCD ist ein
ortsauflosender, schneller und energiedispersiver »charged coupled
device« (CCD)-Halbleiterdetektor, welchem abgeleitet von vorausge-
gangenen Messungen mit (Rontgen-) Photonen auch ein enormes
Potenzial fiir Anwendungen in Transmissionselektronenmikroskopen
(TEM) zugesprochen wurde. Es hatte jedoch bisher keine ausfiihrli-
che Analyse des pnCCDs unter Beleuchtung mit Elektronen gegeben.
Die vorliegende Arbeit fiillt diese Liicke mit einer detaillierten phy-
sikalischen Beschreibung und Modellierung der Signalantwort des
pnCCDs auf Elektronen, aufbauend auf einer systematischen Untersu-
chung durch Experimente, Simulationen und Analysen. In einer Reihe
von anwendungsorientierten Experimenten wurde gezeigt, dass mit
dem pnCCD Analysen und Methoden in der Elektronenmikroskopie
grundlegend verbessert werden.

Im Rahmen dieser Arbeit wurde eine Kamera mit dem pnCCD als
bildgebenden Sensor entwickelt und an TEMs mehrerer Forschungs-
institute installiert. In verschiedenen Experimenten wurden unter
anderem einzelne Elektronen im Bereich von 20keV bis 300 keV ab-
gebildet. Anhand dieser Aufnahmen konnten Energiespektren von
einzelnen TEM Elektronen gewonnen werden. Durch die Analyse der
Spektren konnten in Kombination mit Simulationen die Streuvorgén-
ge in dem pnCCD untersucht und die ausgelesenen Signale erklart
werden. Einen signifikanten Einfluss haben hierbei TEM Elektronen,
die nicht ihre gesamte Energie im Detektor deponieren, sondern
wieder aus dem sensitiven Detektorvolumen heraus streuen. Die in
diesem Zusammenhang entwickelten Analysen ermoglichen nun die
prézise Anzahl der eintreffenden TEM Elektronen zu bestimmen.

Die Abhingigkeiten zwischen den ausgelesenen Signalen, den
pnCCD Parametern und den TEM Parametern (hauptséchlich die
Energie der TEM Elektronen) wurden bestimmt und beschrieben.
Weiterhin wurde das raumliche Auflésungsvermdogen untersucht wel-
ches fiir die Abbildung von Einzelelektronen mit mehreren Model-
len signifikant gesteigert werden konnte, so dass die Pixelgroflen in
resultierenden Bildern kleiner sind als die gegebene physikalische
Pixelgrofie. Besonders fiir Elektronenenergien von < 80keV konn-
ten Bilder mit einer 5x5 sub-pixel Auflosung erzeugt werden, die
einen erhohten Kontrast und kleinere Details zeigen als Bilder ohne
sub-pixel Auflosung.
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Anhand von fiinf ausgewédhlten Anwendungen (Holographie, To-
mographie, Abbildung von magnetischen Doménen, Messung von
Kristallgitterverspannungen, Ptychographie) wurde gezeigt, dass der
pnCCD verschiedenste experimentelle Methoden in der Transmissi-
onselektronenmikroskopie entscheidend verbessert und dass Metho-
den, die ehemals im »proof-of-concept« Stadium waren, nun mit dem
pnCCD praktisch anwendbar sind. Dazu zdhlen Methoden, die eine
schnelle Aufzeichnung von rdumlich in zwei Dimensionen verteilten
Signalen zwingend voraussetzen. Insbesondere Anwendungen im
»scanning« Modus (STEM), in dem eine Probe mit einem fokussierten
Elektronenstrahl in zwei Dimensionen abgerastert und fiir jede Pro-
benposition ein zweidimensionales Bild aufgenommen wird, werden
durch die schnelle Auslese des pnCCDs ermoglicht.

Hervorzuheben ist ein ptychographisches Verfahren, mit dem die
Elektronenwellenfunktion, die die Probe passierte, in Amplitude und
Phase bestimmt wird. Daraus ldsst sich die Phasenveranderung der
Wellenfunktion durch die Probe bestimmen, welche Riickschliisse
auf die Probe zulassen, die mit herkommlichen Methoden nicht zu-
ganglich sind. In einem konkreten Fall wurde eine komplexe Probe
bestehend aus Kohlenstoffnanoréhrchen und biologisch aktiven Kom-
ponenten untersucht. Mit dem pnCCD und der ptychographischen
Methode konnte erstmals eindeutig festgestellt werden, dass die Syn-
these der Probe selbst nur zum Teil erfolgreich war.

Diese Dissertation bildet die Basis fiir die zukiinftige Verwendung
des pnCCDs zur Detektion und Abbildung von Elektronen insbeson-
dere fiir die Elektronenmikroskopie. Dariiber hinaus kénnen aufbau-
end auf den Erkenntnissen und Ergebnissen dieser Arbeit zukiinftige
Detektorsysteme fiir Elektronen charakterisiert und optimiert werden.
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1 Introduction

RicHARD P. FEYNMAN ONCE HOPED that we would be able to iden-
tify samples not by their precipitates but by looking at their atoms.*
With the development of the transmission electron microscope (TEM),
this has become a reality. Today, not only does electron microscopy
tell us what kind of material we are looking at, but also what their
properties are. More importantly, we can figure out on what the prop-
erties of the material depend on, for instance the atomic arrangement,
the crystal structure, the position of proteins and many more. This
quest to gain an even deeper understanding about samples drives
the development of the electron microscope instrument and of ex-
perimental methods. As part of a TEM, spatially resolving electron
detectors have also been improved over time. Properties of a digital
detector that can be improved include readout rates, signal response
and spatial resolution.

Previous experimental data and theoretical considerations sug-
gested that the pnCCD provides these improvements. In this disserta-
tion, the pnCCD is used as a direct electron detector to record images
with electrons. On the one hand, information about the investigated
samples is gained in improved ways. On the other hand, the pnCCD’s
properties are characterized under electron illumination. A detailed
description of the signal response to electrons had been missing which
is now provided with this thesis.

There are many investigations on the pnCCD under X-ray illumi-
nation. The pnCCD was originally developed as one of the three
European photon counting cameras (EPIC) on board of the X-ray
Multi Mirror (XMM-Newton) observatory to image space in the X-ray
spectral regime.> Since its launch in 1999, the XMM-Newton has deliv-
ered images that provide a wealth of information about our universe.3
The mission is still flying successfully and new discoveries are still
made.4 A follow-up mission including seven pnCCDs is planned to
be launched in 2017 called the extended ROentgen Survey with an
Imaging Telescope Array (eROSITA).> On the ground, the pnCCD has
also been used in X-ray applications at synchrotrons,® at the X-ray
free electron laser facility LCLS (linac coherent light source)” and in
table top experiments. A compact table top X-ray color camera has
also been developed.? In addition, in an optical light application, the
pnCCD is used in the adaptive optics system of the large binocular
telescope (LBT).?

* Feynman, 1959.

2 Striider et al., 1997; Strider et al., 2001.

3 Struder et al., 2003; Brusa et al., 2o10.

4 Nicastro et al., 2016; Irwin et al., 2016.

> Meidinger et al., 2010.
®Send et al., 2016.

7 Strider et al., zo1o; Ferguson et al.,
2015; Schot et al., 2015.

8 Ordavo et al., 2011.

9 Xivry and Rabien, zo12.
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During the work for this thesis, it was shown, that the pnCCD is a
suitable detector for electrons. In combination with TEM, the pnCCD
provides answers to actual scientific questions which will be further
motivated by two explicit examples.

Moore’s Law states that the number of integrated circuits per area

doubles approximately every two years as achieved by shrinking

the size of the contained transistors. Today, commercially available

structure sizes are 14nm™ to 10nm."* Developments are ongoing © AMD 14 nnt 2016.
to make the 7nm process commercially viable.”* With such small " Samsung 10 nnt 2016.
structure sizes, further physical limitations arise. New materials and IBM 7 nm 2015.

processes can alleviate these problems by increasing the conductiv-

ity with an increased charge carrier mobility. One of the parameters

influencing the electron mobility is strain in the crystal lattice.’3 Poten- 3 Smith, 1954; Welser, Hoyt, and Gib-

tial material combinations are SiGe'4 or InGaAs.*5> The lattice strain bons, 1992.

. . . . 4G, E. Thompson et al., 2004.
can be engineered through various techniques'® which must then be P *
> Bennett et al., 2014.

characterized. Principle methods to measure the lattice strain with 16 Bedell, Khakifirooz, and Sadana, 2014.
nanometer precision had been developed with slow cameras, however

the low throughput impedes practical use.’” During this thesis, it is 7 Miiller et al., 2012a.

shown that these methods become actually feasible with a fast imager

like the pnCCD.*8The measurement of lattice strain is shown in the ® Miiller, ..., Ryll, ..., et al,, 2012b.

application section 9.5.

The second example relates to medical science. To cure certain dis-

eases, medicine is administered. The medicine’s effectiveness can

be increased if the medicine is not dispensed in the whole body but

can be directly transported to the site of the problem, for example

to certain types of cells or to an organ. A new way of drug delivery

employs carbon nanotubes containing the active ingredient which are

only released at specific cells. The characterization of such systems

is difficult, due to the inclusion of weakly interacting materials that

result in images with very low contrast. The emerging field in elec-

tron microscopy (EM) of ptychography provides a method to image

weakly interacting materials." The ptychographic method depends  Rodenburg, McCallum, and Nellist,
on a fast spatially resolving detector. Experiments conducted during 1993; Pennycook et al., 2015.
this thesis showed that the pnCCD fulfills this requirement and that

ptychography in a TEM is enabled with the pnCCD. The weakly scat-

tering materials of the drug delivery nanotube could be imaged with

the pnCCD.*°In combination with a single element detector imaging *Yang, ..., Ryll, ..., etal,, 2016.
strongly scattering material, it was shown clearly, that the synthesis

of the intended nanotube system was only partially successful. Based

on theses findings, the fabrication of the nanotube system can be

improved. The application of the pnCCD in ptychography is shown

in the application section 9.6.

To understand and optimize the images that are recorded in these ap-
plications, the signal response of the pnCCD to electron illumination
has been investigated in this thesis. For this, first the TEM instrument
is explained (chapter 2) providing an understanding where the sam-



ple and pnCCD are located in the microscope and how images are
formed. The electrons of the TEM impinge on the detector and scatter
inside of the detector material. The theory of electron scattering (chap-
ter 3) builds the basis for many explanations throughout this thesis.
When the TEM electron scatter in the pnCCD, signals are recorded
that are influenced by the peculiar properties of the pnCCD (chapter
4). The raw recorded signals are corrected during post-processing.
If single electrons are imaged, images with sub-pixel resolution can
be created (chapter 5). A qualitative description of the scattering
of electrons can be achieved by simulating the signal generation by
electrons coming from the TEM (chapter 6). Throughout this thesis,
simulations are used to explain relationships between recorded sig-
nals, properties of the pnCCD and the electrons. These relationships
are examined especially with the help of energy spectra when single
electrons are imaged (chapter 7). The characteristics and origins of the
recorded signals can be explained based on the analyzed data. The
spatial resolution for various electron energies is determined. With
the learned knowledge, the spatial resolution can be enhanced when
imaging single electrons (chapter 8). Various models are explained
and evaluated. The understanding gained in the previous chapters
is applied, when the pnCCD is employed in a TEM, to improve and
enable methods in EM (chapter g). The success of the applications
shows that the pnCCD is a valuable tool for electron microscopy.

INTRODUCTION

19






2 Transmission Electron Microscopy

THE FIRST TEMS WERE IRON CAST and supported on wooden tables.
Levers had to be turned manually to adjust microscope parameters
(see figure 2.1). Presently, TEMs are fully digitally controlled, can be
accessed remotely and some models are hidden away in a box, re-
sembling more a monolith than a complex microscope. The principal
components however have not changed over the years.

In this chapter, the components of a TEM are described as well as
the working principles. Starting in the first section, the calculation of
the electron wavelength is done, since the short wavelength is one of
the reasons for the success of EM. In the second section, the instrument

4
l.j-‘. .-:

H ' ‘_
T

and its components are described as well as the two operation modes
(imaging in TEM and scanning in STEM). The ray paths of the two
main image types, real space images and diffraction patterns, are
shown. In the third section, the different detector types are introduced
that are used in the TEM. In the fourth section, directly detecting and
spatially resolving imagers are described.

Figure 2.1: Replica of early electron mi-
croscope from 1933. Image taken from

To convey information in an efficient way, in this thesis, three main Brew, 2017.
types of electrons are distinguished based on their location and origin:
The TEM electrons, the primary electrons and the signal electrons (see
figure 2.2). TEM electrons originate from the electron gun and scatter
in the sample. The TEM electrons are the electrons in the microscope Electron gun
before impinging on the detector. A TEM electron inside the detector

is called a primary electron, which can have a different energy than
TEM electron

the TEM electron as it loses energy in the detector. The primary v P
electron interacts with the material of the detector generating signal Sample
electrons. *

There are some references to scanning electron microscopes (SEMs) zlr;rc”t":x
throughout the text. A SEM is a type of electron microscope which is Detector X\’_s Signal
similar to a TEM but operated at lower energies (< 1keV to 60 keV) g[igtrons

and mainly detects the back scattered electrons and X-ray photons.
Therefore there are no post sample optics resulting in a much more Figure 2.2: The three types of electrons.
compact microscope. Most concepts can be applied to SEMs as well,
however the focus in this work is on TEMs and the pnCCD is only

applied in a TEM for the time being.
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2.1 Wavelengths of Electrons in TEM

In general, the smallest dimensions of a sample that can be resolved

are similar to the wavelength of the light being used (Abbe criterion®).

In 1924, Louis de Broglie postulated in his PhD thesis* that electrons

could also be described as waves with a corresponding wavelength A:

A , (2.1)
with p the momentum and / the Planck constant.3 For electrons, the
wavelength is in the range of picometers compared to nanometers for
optical light. Theoretically, microscopy using electrons should resolve
much smaller features than light microscopy, which Ernst Ruska and
Max Knoll proved to be correct already in 1933.4 The wave nature of
the electron was confirmed experimentally in diffraction experiments
by Davisson and Germer in 1927.5

In an electron microscope, electrons are accelerated through a
potential U resulting in a velocity v:

v = = — 2.2

me o (2:2)

with the elementary charge e and the electron’s rest mass mg. The
uncorrected electron wavelength becomes:

PR (23)

- 2mgell 3

Since the electrons in a TEM are accelerated to considerate fractions
of the speed of light ¢, relativistic corrections have to be applied.

h
A= 5 (2.4)
2mpell + (%)
v=rcy/1— (mocz>2 (2.5)
N el + WloC2 5
=~ (2.6)
1
Y= 17—[32 (2.7)

For an acceleration voltage of 300keV, the electron wavelength is
1.9 pm. That is two orders smaller than the wavelength in typical X-ray

diffraction experiments (e.g. A = 154 pm for CuKa with E = 8keV).

A comparison of the typical accelerating voltages that are used in
electron microscopy and the corresponding electron wavelengths are
compiled in table 2.1.

* Abbe, 1873.
? Broglie, 1924.

3 Interestingly, until 1931, Ruska and
Knoll did not know of this theory when
they built their first microscope (Ruska,
1986).

4 Ruska, 1934.

5 Davisson and Germer, 1927.
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Table 2.1: Overview of electron energies
that are used in electron microscopy and
their corresponding de Broglie wave-
lengths of the electrons. For comparison,

selected X-ray energies and wavelengths
are included.

Type Energy Wavelength A v/c
Non-Relativistic ~ Relativistic
keV pm pm
e 5 17.35 17.30 0.14
e~ 10 12.27 12.21 0.20
e~ 20 8.67 8.59 0.27
e~ 40 6.13 6.02 0.37
e~ 60 5.01 4.87 0.45
e~ 80 4.34 4.18 0.50
e 100 3.88 3.70 0.55
e~ 120 3.54 3.35 0.59
e 200 2.74 2.51 0.70
e~ 300 224 1.97 0.78
e 1000 1.23 0.87 0.94
Mn Kay 5.898 210.19 1.00
Cu Kaq 7y 8.047 154.06 1.00
Mo Kay v 17479 70.93 1.00
W Kap vy 59.318 20.90 1.00

2.2 The Transmission Electron Microscope Instrument

The transmission electron microscope consists of several main compo-

nents. Starting from the top, there is: The electron gun delivering the

electron beam, the pre-sample electron optics, the sample stage, the

post-sample electron optics and finally one or more electron detectors

(see figure 2.3).

Electron gun

Condensor lens system  ———

Objective condensor lens
Sample stage
Objective imaging lens

Diffraction lens
Intermediate lens

Projector lenses

Viewing screen

Camera

~

Figure 2.3: Schematic side view cut illus-
tration of a TEM and a front view image
of a TEM. Left image adapted from TU
Dresden, 2017.

The electron gun assembly generates the free electrons that are

then accelerated to an energy set by the accelerating potential.® The ¢ An overview on electron guns can be

condenser lens system consists of several magnetic lenses and apertures
that project the electron beam on the sample. The samples must be

found for example in Reimer and Kohl,
2008, p. 78.
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thin enough that electrons can pass through, typically in the range of
10nm to 200 nm. The sample is held with a sample stage. The sample
stage can fulfill more tasks than just holding the sample, for example
there are sample holders that tilt the sample in one or two axes, that
heat or cool the sample, that put the sample under mechanical stress
or that provide electric contacts. There are so called environmental
sample holders, that maintain various pressures and atmospheres
providing dedicated environmental conditions to the sample.

After the sample, the objective lens enlarges the electron beam
exiting the sample. The objective lens is the most important lens,
since it creates the first and largest magnification. Below the objective
lens, there is a system of a diffraction lens and an intermediate lens
that select whether an image or a diffraction pattern is imaged. The
projector lenses further magnify and project the image downstream
either on the viewing screen or onto electron detectors (see section
2.3 for details). The viewing screen is a phosphor screen that can be
tilted into the electron beam, providing a direct live image for the
operator through a radiation shielding glass window. A single or
even multiple cameras are situated below the viewing screen. For
recording of images, the viewing screen is tilted upwards and the
electron beam is projected on a camera.” Typically, the cameras can be
moved mechanically into and out of the optical axes.

There are two modes of operation in a TEM which differ in the
illumination on the sample and the recording of the signals. In the
mode called TEM imaging, the sample is illuminated with a parallel
beam homogeneously over a field of interest and one image (real
space image or diffraction pattern) is recorded (figure 2.4a). In the

a) TEM: b) STEM: ¢) Scanning coils
parallel illumination  convergent illumination

: : Lens : : ]
Scan coils

: : Lens : : e s SAMl €

Scan coils

: : Lens : :
Detector

other mode called scanning transmission electron microscopy (STEM),
the electron beam is focused on the sample, forming an electron probe
(figure 2.4b). The position of the electron probe is then scanned over
the sample and for each probe position a measurement is recorded
with the electron detectors. From the recorded data points and the
known position of the electron probe, an image of the sample is
reconstructed in a post-processing step. The electron beam is shifted
off and on the optical axis with pairs of scan coils that are situated

7 At first analog film and photographic
plates were used.

Figure 2.4: Operation modes of a TEM.
a) In TEM mode, the sample is illumi-
nated in parallel. b) In STEM mode,
the electron beam forms a convergent
probe on the sample. The probe posi-
tion is scanned over the sample during
measurements. ¢) Scan coils above and
below the sample can shift the electron
beam off and on the optical axis.
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above and below the sample (figure 2.4c).
Two principle types of images are produced in a TEM: A real
space image or a diffraction pattern. The type of image is selected

a) Diffraction pattern b) Imaging

XX sample
V.

Image plane
,‘ Intermediate
lens

Detector
plane <

by projecting either the back focal plane or the image plane of the
objective lens on the detector. For both types of images, an illustration
of the the ray paths of the electron is given in figure 2.5a and b. In
the imaging mode under homogeneous illumination (non-scanning),
the diffraction pattern consists of diffraction spots. In the scanning
mode, with a converging electron beam on the sample, the diffraction
spots widen to diffraction discs.89

Further details on the microscope components are given here, while
electron detectors are explained in the next section 2.3. Due to the
strong interaction of electrons with matter, the inner volume of the
microscope is in various levels of vacuum conditions, ranging from
ultra-high vacuum conditions (<10~ mbar) at the electron gun to
lower vacuum conditions at the sample stage or in the imaging cham-
ber (10~° mbar).

The electron lenses are magnetic lenses. The basic types of lenses
consist of wound coils of conductors inside a pole piece (see figure
2.6). When current flows through the conducting coils, a magnetic
field is generated that extends into the volume of the electron beam
through a gap in the pole piece. The electrons are deflected due
to the magnetic field. The magnetic field is weaker in the center of
the optical axes and stronger at the edge. The electron beam is thus

Figure 2.5: Ray path diagram in a TEM
after the sample. Either the back focal
plane (BFP) or the image plane is pro-
jected on the detector by changing the
magnetic field of the intermediate lens.
a) The diffraction pattern is imaged. All
rays leaving the sample under the same
angle (red or blue) intersect at the BFP
and at the detector plane as indicated
by the dots. b) A magnified image is
projected. All rays leaving the sample
from one point intersect again at the
image plane and at the detector plane.
Magnification and distances are not to
scale. The lens setup shown is simplified
compared to a real TEM. Image adapted
from Williams and Carter, 2009, p. 153

8 Williams and Carter, 2009, p. 337.

9 See the application section 9.5 for more
details.

Electron beam
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Figure 2.6: Schematic cut view of a basic
magnetic lens.
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deflected more strongly further away from the optical axes than at the
center. In this, a magnetic lens behaves similar to an optical convex
lens. By adjusting the current through the coils, the strength of the
lens can be changed.

As optical lenses, electron lenses show aberrations of the different
types: Chromatic and spherical aberrations, astigmatism and higher
order aberrations. Today’s best optical lenses are almost free of
aberrations through a high degree of corrections. On the contrary,
electron lenses have not reached the equivalent level of performance.
A big improvement in electron optics has been reached by introducing
complex corrector systems with multipole lens elements.™

2.3 Detectors for the Transmission Electron Microscope

One of the strengths of a TEM is that a multitude of signals are created
when the TEM electrons interact with a sample. The interaction
processes and the resulting signals are described in section 3.9, the
detectors that record the signals are described in this section. In
general, there are detectors for electrons and photons (mainly X-ray
photons).

In TEM imaging with a parallel illumination (non-scanning), an
imaging detector is used to record the real space image or the diffrac-
tion pattern. The direct transmitted beam beam can be used to form
an image, which is called bright field (BF) imaging. Alternatively, a
scattered (diffracted) beam can be used to form an image, which is
called dark field (DF) imaging.

In STEM, multiple detectors can be used simultaneously to record
several signals during the same measurement. Electrons that leave
the sample in forward direction can be scattered into various angles,
as shown in figure 2.7 (see also section 3.8). The scattering into

Electron beam
\ X-ray detector
Sample

High angle
annular dark field :
HAADF

BHAADF>50 mrad

VAN

BADF 10-50 mrad

u

Annular dark field

ADF
Ber<10 mrad
Bright field y -
BF H —
y 77 7 74
y / /7 /7 /7 J

different angles encodes information about the sample that can be
recorded with electron detectors that cover specific angles. Electrons
that are scattered into high angles (8 > 50 mrad) can be detected with
the high angle annular dark field (HAADF) detector, electrons that

© Haider et al., 1998; H. H. Rose, 2009.

Figure 2.7: The most used detectors in
STEM and electron scattering angles in
transmission direction. Typical collec-
tion angles B are given for the various
detectors. Angles are exaggerated in the
illustration.
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are scattered into low angles (8 ~ 10 mrad-50 mrad) can be detected
with the annular dark field (ADF) detector and the electrons that are
collected in a very low angle (8 < 10mrad) can be detected with a
bright field (BF) detector.

The ADF and HAADF detectors are ring shaped to let the central
beam pass (either the DF and the BF or just the BF). A typical ADF
detector consists of a scintillator that converts the incoming electrons
into optical photons. The photons are then guided onto a photo-
multiplier tube generating a current. The readout of the current is
digitized with an analog to digital converter (ADC).

The TEM electrons in the bright field (BF) are either detected with
a dedicated BF detector without spatial resolution or with a spatially
resolving detector. In the latter case, an image or a diffraction pattern
is recorded.

The ADF and BF detector can also be segmented (two examples are
given in figure 2.8). The segmentation provides spatial information
about the recorded signal. Such detectors are used for example in
differential phase contrast (DPC) imaging in which the movement of
a disc can be reconstructed with a 4 segmented ring detector. More
details are given in the application section 9.3.

The TEM electrons also induce emission of (characteristic) X-ray
photons from the sample. The X-ray photons are detected with
energy dispersive X-ray spectroscopy (EDX) detectors that are situated
closely above the sample to increase the collection angle. At first,
X-rays were detected with SiLi-detectors that need to be operated at
low temperatures with cooling provided by liquid nitrogen for good
energy resolutions.” Today, mostly silicon drift detectors (SDDs) are
used for the detection of X-Rays. SDDs can be operated at much
higher temperatures with cooling provided by only thermoelectric
coolers and still achieve good energy resolutions.> Advanced SDD
detector systems consist of multiple SDD cells to increase the active
area and the collection angle.

More measurement methods using various detectors are only
briefly mentioned here:

¢ Energy filters that allow imaging of electrons that lost a specific
amount of energy through the interaction with the sample (energy
filtered TEM (EFTEM))."3 Alternatively, a spectrum of the energy
of the transmitted electrons can be recorded (electron energy loss
spectroscopy (EELS)). There are energy filters that are below the
camera chamber (post-column)™ and there are energy filters that
are between the sample and the camera chamber (in-column).’>

¢ Electron detectors that image electron backscatter diffraction pat-
terns (EBSD). The detector is situated close to the sample and
detects electrons via a scintillator coupled to a spatially resolving
camera. This method is mostly used in SEMs.

® Detectors for optical photons, created through cathodolumines-
cence (see section 3.9.2).

N\ 4AA
\J W

Figure 2.8: Segmented ADF and BF de-
tector.

" FWHM=135¢eV @ 5.9 keV

?FWHM=129eV @ 5.9 keV

'3 See also section 3.9.4.

4 A. Gubbens et al., 2010.

5 Mukai et al., 2015.
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In SEMs, there are electron detectors situated above the sample
detecting backscattered electrons (BSE) and secondary electrons
(SE).

All detectors can be categorized into three groups, depending on

how many spatial elements are available for recording one measure-

ment:

One element detectors: Detectors that provide one signal per read-
out. No spatial information is recorded other than that the electron
(or photon) hit the detector. As examples, the ring shaped ADF and
HAADF detector shown in figure 2.7 provide one current value
per readout, even though the area over that the TEM electrons are
collected is two dimensional. An energy dispersive X-ray detector
with one cell records an energy spectrum (counts depending on X-
ray photon energy) over all incoming photons during one readout,
but without spatial information.

Multi-element detectors: Detectors with multiple segments provide
a certain degree of spatial information about the scattered electrons.
For example, there are ADF and BF detectors with 4-16 readout
areas that are spatially separated. X-ray detectors with multiple
cells usually only increase the collection efficiency and provide
only limited spatial information since the emission of characteristic
X-rays is isotropic in all directions.

Two dimensional resolving detectors: Detectors that provide one
image per readout containing the full information about the spatial
distribution of the scattered electrons. The pnCCD and other types
of CCDs and CMOS imagers are examples of this category.

Each of the detector group, detector type and specific model has

properties that make the detector more suited for a specific application.

The most important properties are:

Readout speed
Signal to noise ratio (SNR), influenced by:

- conversion efficiency (how large is the readout signal per incom-
ing TEM electron)

— Noise at all stages of the readout chain

Degree of spatial information about the distribution of scattered
electrons (one-element, multiple-element or imaging detector)

Spatial resolution in the case of an imaging detector

Detectors for TEMs and SEMs should also be radiation hard. The

properties of a detector should not change over a reasonable amount

of electrons that hit the detector. The radiation hardness is the reason
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why most detectors in TEM use a scintillator which is radiation hard
compared to standard diodes, CCDs or CMOS imagers.

The first spatially resolving image recording mediums in TEM were
analog film and imaging plates. Nowadays, mostly digital detectors
are used due to their ease of use, higher throughput, possibility for
automation and direct feedback to the user. The image quality is also
improved for most applications.

The first digital cameras used in TEM detected the TEM electrons
indirectly via a scintillator.’® These detectors were not radiation hard
and could not be directly exposed to the TEM electrons. The scin-
tillator converted the TEM electrons into optical light. The optical
photons are guided either with a lens system or with optical fibers
onto a detector. During each conversion process and at each physical
interface, there are photon losses and scattering of the photons. Both
result in a loss of signal and a loss of spatial resolution.

Using a radiation hard detector that can directly detect electrons
offers some advantages that are explained in the next section.

2.4 Direct Electron Detectors

With a direct detector, the TEM electrons impinge directly on the
detector generating signal electrons directly in the detector (see section
3.2). Thus, in principle, the advantage of direct detection is a greater
signal per TEM electron and better spatial resolution.'”

Apart from the pnCCD, investigations on direct imagers are done
by other research groups and companies. There are the generations
of the Falcon detectors (1-3) by FEI Company Inc. (now owned by
Thermo Fisher Scientific Inc.),18 the K2 detector by Gatan Inc.,"®
the MediPix detectors (1-3) developed by a collaboration hosted by
CERN,?° the DDD detector by Direct Electron LP?" and the EMPAD
detector.?* Properties of the detectors are compiled in table 2.2. These
direct detectors including the pnCCD have in common that they offer
low noise and a high signal per TEM electron.

®Spence and Zuo, 1988; O. Krivanek
and Mooney, 1993; Ruijter, 1995.

7 Faruqi and Henderson, 2007; McMul-
lan et al., 2009.

*# Kuijper et al., 2015.

9 Krieger et al., zo11.

20 Medipix Collaboration 2017; McMullan
et al., 2009; Krajnak et al., 2016.

2t Milazzo et al., 2011.

22 Tate et al., 2016.

Detector Pixel size Pixel count Frame rate Reference
pm pix fps
Falcon 3 14 4096 x 4096 40 Kuijper et al., 2015
DDD (DE-16) 6.5 4096 x 4096 60 DDD DE-16 Datasheet 2017
K2 (Summit) 5 3838 x 3710 400 McMullan et al., 2014
Medipix 3 55 256 x 256 500 Ballabriga et al., 2011; Krajnak et al., 2016
EMPAD 150 128 x 128 1100 Tate et al., 2016
pnCCD 48 264 x 264 1150 (See also table 4.1)

The first three detectors (Falcon, DDD and K2) offer a high pixel
count which translates into a large field of view on the sample. A
large field of view is beneficial for cryo-electron microscopy in which
a large number of biological structures like proteins are imaged.
An increasing number of proteins have been reconstructed in 3D

Table 2.2: Specifications of several direct
detectors.
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at high resolutions (2 A to 5 A) in the last couple of years thanks to
these detectors.?3 These three detectors also offer sub-pixel resolutions

(named counting mode and super-resolution mode by the companies).

Compared to these three detectors, the EMPAD and the Medipix
detector offer higher frame rates and are more suited for STEM
applications.

The pnCCD offers high readout frame rates which can be further
increased by binning and windowing methods (see table 4.1). In
combination with its radiation hardness and good signal per TEM
electron, the pnCCD is best suited for STEM applications. This
potential has been investigated during this thesis as is shown in the
application chapter .24

23 Kuijper et al., 2015; McMullan, Farugi,
and Henderson, 2016; Nogales, 2016.

24 See sections 9.3, 9.4, 9.5 and 9.6



3 Interaction of Electrons With Matter

WHEN AN ENERGETIC ELECTRON enters a material, the electron
scatters through elastic and inelastic interactions with the nucleus
and electrons of the material. In case of inelastic scattering, the
primary electron loses part of its energy at each scattering point. The
scattering track of the electron depends on the initial energy of the
primary electron® and the type of material it scatters in. In the next
sections, the characteristics of the scattering and their consequences
are described.

Throughout this text, silicon is used as the material since it is
the detector material of the pnCCD. Of course, the concepts and
formalisms are applicable to other materials as well.

First, the electron is treated as a particle. The particle view is used
to describe the interaction of electrons with the detector. These results
can already explain many characteristics of the recorded pnCCD
signals that are caused by incoming electrons.

Then, in section 3.9, the electron is treated with both particle
and wave characteristics to describe the interaction of electrons with
the sample in a TEM. Both characteristics help understanding the
different sources of signals originating from the sample and thus the
way information is obtained about the sample.

As will be shown in detail in chapter 4, the quantity that is mea-
sured in the pnCCD is the amount of charge that is collected in the
pixel structure, i.e. the signal electrons. The readout signal for the pix-
els of the pnCCD is proportional to this charge. The number of signal
electrons that are generated depends on the energy that is deposited
in the material. Therefore, the process of energy deposition in the
material and the underlying physical processes and the characteristics
and dependencies of the energy deposition of electrons in material is
explained in the next section.

3.1 Inelastic Scattering of Electrons

First, the electron is treated as a particle. The main scattering process
of electrons in matter for energies below 1 MeV is inelastic scattering
on atomic orbital electrons leading to ionization and excitation of
atoms. The fast incoming electron ejects a bound electron of the atom.
The energy of the ejected electron depends on the energy loss of
the primary electron AEpi, and the binding energy of the ejected

* See note 2 and figure 2 2 for description
of electron types.
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The magnitude of the scattering can be described by the energy loss
of the electron per unit path length dE/dx. This figure is also termed
stopping power S, which is a characteristic property of a material.

dE

s=-2 (3.2)

Since the stopping power S,,q due to radiation effects (Bremss-
trahlung) below 500 keV is two orders of magnitude smaller than the
stopping power due to collision effects (ionization S;,, and excitation
Sexc), only the collision effects are treated here.?

With each inelastic scattering process, the primary electron loses
part of its energy. This energy is used to knock out other electrons.
In most cases, the kinetic energy of the ejected electrons is small
compared to the primary electron. The ejected electrons can undergo
further scattering processes also losing part of their energy by ionizing
further atoms. Finally, the energy of the electrons is too low to ionize
further electrons. Additionally, the electron can excite vibrations
of the crystal lattice, generating phonons. The probability for an
electron-phonon interaction is greater than for ionization at energies
below 10eV.3 Excitation of the free electron gas inside the silicon is
also possible, resulting in the generation of plasmons.

In summary, the primary electron enters the material and scatters
in it continuously losing part of its energy. This energy is partially
transferred to the free electrons that scatter themselves in the material,
ionizing further atoms. This cascade will continue until the energies
of the electrons are below 10eV, when the electrons generate mainly
phonons. The last part of the process is called thermalization. In the
further text, the expression is used, that the energy that is lost by
the primary electron at each scattering point, is deposited at that
scattering point or in close proximity.

A simplified scattering track is shown in figure 3.2. A primary
electron enters a silicon bulk. After a distance s1, the primary electron

Figure 3.1: Total cross sections for
the scattering processes in silicon. Ex-
citation and ionization scattering are
summed into collisional effects. The in-
elastic scattering due to Bremsstrahlung
can be neglected for the energy range
of TEMs shown in this plot. Data from
the EEDL library, Perkins, Cullen, and
S. Seltzer, 1991.

>Srad = 1.374 x 1072 MeVem? /g com-
pared to Si;n = 1.64MeVcem?/g at
500 keV.

3 Lechner, 1998.
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scatters, changes its trajectory and loses part of its energy. In most
cases, the lost energy is deposited locally. After the distance s2, the
primary electron scatters again. This process continues until the
energy of the primary electron is too low to further ionize atoms

and the primary electron comes to rest. The generalized quantities

Incoming Electron
PoE(x,y,z)

Si Bulk

describing the scattering track are the point of entry (PoE), the lateral
range Ry, the range in depth R, the position of each interaction and
the amount of energy deposited at each scattering point (illustrated
by differently sized discs).

These quantities have a direct impact on the signal that is recorded
with silicon detectors including the pnCCD. The theoretical descrip-
tion follows in the next sections.

This is a simplified model. Actually, the primary electron loses
energy along the whole path, not just at specific points. The path can
be described to consist of segments in which no significant change in
the trajectory (and connected large energy loss) occurs. The energy
that is lost by the primary electron during each path segment is the
quantity dE/dx.

3.2 Electron-hole Pair Generation

Energy that is deposited in the silicon bulk is used to generate electron-
hole pairs. Throughout this thesis, these electrons are called signal
electrons. As will be explained in section 4.2 and 4.3, the number of
signal electrons determines the amplitude of the readout signal of the
pnCCD.

The mean energy w that is needed to create one electron-hole pair
in silicon is 3.66 eV at room temperature (20 °C).# The temperature
dependence is given by:>

w = w(293K) - (1+0.0001 - AT) (3.3)

For the typical operation temperature of the pnCCD of —20°C, w =
3.67eV. This energy is higher than the band gap energy of 1.12eV
for silicon because in the electron-hole pair generation process also
phonons and plasmons are created.

Figure 3.2: Schematic of a primary elec-
tron that enters a solid and randomly
scatters inside it. At each interaction
point, the primary electron loses part of
its energy that is deposited locally in the
solid, illustrated by the discs. See the
text for the explanation of the symbols.

4Scholze et al., 2000.

5 Fraser et al., 1994.
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The mean total number of generated electron-hole pairs per pri-
mary electron and thus mean total number of signal electrons Ngje is
directly related to the energy Ege, that is deposited by the primary

electron:
Edep Edep
Nsis = = = 367ev (G-4)
Edep < Etem (35)

The inequality in the last equation 3.5 arises since not all of the
energy Eiem Of the primary electron is always deposited in the silicon
bulk. The primary electron can also scatter out of the silicon bulk,
before depositing all of its energy in the detector. This is further
described in the section 6.2 in which the electron tracks are simulated
and in section 7.1 in which the experimental energy depositions are
discussed. Because of the direct proportionality between generated
signal electrons and deposited energy, the characteristic of energy
deposition is described in the next sections.

3.3 Energy Loss of Electrons in Matter

The energy loss of an electron per unit path length due to “colli-
sional” scattering depending on its energy Ey;, is approximated by
the formula developed by Bethe:®

dE et NapZ 1 Exin
e ~In(11 .
dx  4melmec? A P2 n( 66 I ) (36)

with B = v/c from equation 2.6. The constants are: e the elementary
charge, Np the Avogadro constant, €y the vacuum permitivity, me
the electron rest mass, c the speed of light. The material properties
are: p the density, Z the atomic number, A the atomic weight.” The
parameter I describes the mean excitation energy and can be found in
tabulated databases (for example from NIST®). For silicon, I = 174 V.

It is known, that this approximation fails at lower electron energies
below 1keV underestimating the true energy loss. The logarithm
becomes negative for an energy below Eyy, = [/1.166. There are a
few models that try to correct this discrepancy that use either fitted
parameters? or are of analytical form."® A semi-empirical model
developed by Joy'' adjusts the mean excitation energy so that it is
energy dependent:

I !

= @ (3-7)

The parameter k is element (or material) dependent, with k = 0.822
for electrons in silicon."* Substituting I in the Bethe equation 3.6 with
I’ from equation 3.7 results in:

_dj - €4NApZ
dx 4l Amec?p?

In (1.166E““1+k1) (3.8)

©Bethe, 1930; Bethe, 1932.

7 See appendix A.4 for the derivation of

the used units.

8 M. Berger et al., 2005.

9 Nguyen-Truong, 2013.
°Shinotsuka et al.,
Truong, 2015.

" Joy and Luo, 198g.

2 Ibid.

2012;

Nguyen-
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The energy loss for electrons in silicon is plotted in figure 3.3 for
the Bethe formula (k = 0), the modification by Joy (k = 0.822) and
experimental data.’> A good agreement is seen between the modified
model and the experimental data.
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The precise knowledge of the stopping power at low energies is
important, if the corresponding length dimensions (<100 nm) or the
precise energy of ejected electrons is of interest. This is the case
for back scattered electrons in TEM and SEM applications. For the
length scales of interest in the detector view, the model described by
equation 3.8 is sufficient. For the simulation of electron scattering
that is described in section 6.1, a model developed by Berger-Seltzer'+
including all effects is used.

It is important to note, that the energy loss described by the Bethe
formalism gives a mean energy loss. The scattering interaction is a
random process and thus the energy that is lost by primary electrons
in single interactions fluctuates. So the energy loss per unit path
length will also fluctuate for each primary electron.

The distribution of the energy loss of many electrons in a certain
thickness of an absorber is generally described with Landau distribu-
tions. Landau first developed the formalism,"> followed by further
studies.®

3.4 Path Length of Electron Tracks

In the continuous slowing down approximation (CSDA), it is assumed
that the primary electron loses its energy continuously along its scat-
tering path with exactly the mean value of the energy loss described
by equation 3.8. Then, the path length s of electrons can be calculated
by integrating the reciprocal of the energy loss with respect to the
electron’s energy:

Ekin dx
5(Exin) = /0 dE (3.9

dE
Exin dx
- S(Emin) + /E & dE (3-10)

min

3 Luo, Zhang, and Joy, 1991.

Figure 3.3: Energy loss per unit path
length dE/dx for electrons in silicon.
Crosses denote experimental data from
Luo, Zhang, and Joy, 1991

M. J. Berger and S. M. Seltzer, 1964.

*5 Landau, 1944.

16 Blunck and Leisegang, 1950; Vavilov,
1957; Bichsel, 1988.
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As a practical approximation, the lower integration limit E;, is set at
200 eV, so that for silicon s(Epin) < 2nm =~ 0 and the inaccuracies at
lower energies can be avoided.

The path length of electrons in silicon depending on their energy
is plotted in figure 3.5 and tabulated in 3.1.

Ewn  keV 10 20 40 60 80 120 200 300 400
s(Ewn) pm 15 5 16 33 53 105 239 446 679

Again, it must be noted that the path length for an individual
electron can differ from the mean path length given by equation 3.9
since the energy loss at each scattering fluctuates.

Additionally, the path length given by equation 3.9 describes the
total length along the track. The ranges in depth (R;) and the lateral
range (Ry,;) from the PoE are shorter, since the scattering track is not a
straight line, but a track in the bulk in three dimensions with random
trajectory changes at each scattering point (see figure 3.4).
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A few important conclusions can be drawn from the calculation of
path lengths. The path length of an electron increases with its energy
from a few micrometers at 20 keV to a few hundred of micrometers at
300 keV. Therefore, the combination of electron energy and pixel size
plays a crucial role in the signal generation of a spatially resolving
electron detector. In the case of the considered pnCCD with pixel
dimensions of 48 ym, the primary electron will cover distances of
less than one pixel or up to several pixels depending on the energy.
This corresponds to energy depositions and signal electron generation
distributions that are very localized in terms of pixel size for low
energies. For higher energies, the energy depositions are distributed
over distances of multiple pixels.

Another relevant conclusion can be drawn from the graphs of the
path length and the energy loss (figures 3.5 and 3.3). The primary

Table 3.1: Path length of electrons in
silicon for k = 0.822.

-192-144 -96 -48 0 48 96 144 192
Xin pm

Figure 3.4: Simulated electron tracks
with an energy of 300 keV.

Figure 3.5: Path length of electrons in
silicon for k = 0.822. For energies
of 60keV, 80keV, 120keV and 200 keV
marker lines have been added.
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electron loses most of its energy towards the end of its track. Approx-
imately 25 % of the initial energy is deposited in the last 10 % of the
path length. A 300keV electron looses 75keV at the last 48 pm of its
450 pm long path.

In figure 3.6, a part of an image recorded with the pnCCD is shown,
that displays a signal track caused by a TEM electron with an energy
of 300 keV which is presumably fairly parallel to the detector surface.
Without going into detail, a higher intensity is seen at one end of the
track, probably corresponding to the end the electron path with the
aforementioned high energy deposition at a localized area.

The knowledge about this characteristic energy loss and energy
deposition can be used to determine the PoE of the primary elec-
tron. Several electron track reconstruction models are investigated
in section 8.3. Since the scattering of individual primary electrons
are random events, simulations that simulate single electron tracks
in solids aid the understanding of the signal response of the pnCCD.
These simulations are described in chapter 6.

3.5 Atomic Relaxation

After the ionization of an atom, the atom is in an excited state. The
atom will relax into a lower energy state through a cascade of pro-
cesses. There are two processes possible, shown in figure 3.7: One
is the emission of a characteristic photon, the other the emission of
another electron, which is called Auger electron.

@ Electron (O Hole /W Photon
a) b)  Auger
Electron o ck
' Primary n % Primary
Contlnuu_m States  Electron Cormnuum States Y Electron

L3
L2

m.m

L1

K
/J Characteristic
Photon

One such process is the generation of characteristic X-rays'” with

element specific energies (see figure 3.7a). When an electron of a
shell is ejected, an electron of a higher shell fills the vacancy. In this
process, the excess energy is transferred to generate a photon with
an energy Ep, that is specific of the transition from the two involved
shells and their binding energies (Epind o, Ebind,1)-

Eph = Ebind,o — Ebind,1 (3.11)

min Intensity max

Figure 3.6: Example of a track of an
electron with an energy of 300 keV mea-
sured with the pnCCD.

Figure 3.7: Schematics of possible
atomic relaxation processes when a pri-
mary electron ejects a bound electron
(in this example from the K shell) and
leaves a vacancy. a) The vacancy is filled
by an electron of a higher shell (in this
case from the L shell), emitting a photon
(shown here as a wave) with an energy
that is characteristic for the involved en-
ergy levels. b) A non-radiative process
could also occur, in which the vacancy
is filled by an electron from a higher
energy level. The excess energy is trans-
ferred to another electron that is ejected.

7 “It is customary not to refer to electron-
induced X-ray emission as fluorescence”,
Williams and Carter, 2009, p. 55
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Depending on the element and the involved atomic shell, the photon
energy is in the range of a few hundreds of eV up to to a few keV for
light elements and tens of keV for heavy elements (for a full table, see
for example'®).

A non-radiative process is also possible. The excess energy is
transferred to eject another electron of the same or higher shell (higher
energy level) (see figure 3.7b). The second ejected electron is called
Auger electron. The energy of the Auger electron depends on the
energy levels of the electron that fills the vacancy (Eping o, Ebind,1) and
the binding energy Ep;nq , of the shell from which the Auger electron
is ejected.

EAuger = Ebind,o - Ebind,1 - Ebind,z (3'12)

The energy of the ejected Auger electrons is in the range of a few eV
up to 3keV (for a full table, see for example).

Since the binding energies of the electrons of the various shells
are element specific, the energies of the emitted Auger electrons and
characteristic photons have energies that correspond to the element. If
the Auger electrons and photons are detected in an energy dispersive
detector, they can be used to identify the elements in the sample.
This is done for example in XRF measurements and explained in
section 3.9.

3.6  Statistical Variation in the Generation of Signal Electrons

For many TEM electrons with the same energy, the number of gener-
ated number of electron-hole pairs fluctuates. There is the possibility
that interactions of the TEM electron with the detector material gener-
ate phonons and plasmons, and not only electron-hole pairs. Thus
the effective energy that is used to generate signal electrons fluctuates.
This variation in the number of generated signal electrons is described
with the Fano factor F (after Ugo Fano®°):*"

o (Nsig)
F= <N7$E>; (3.13)
sig
E
OFano = \/ F - Zm (3-14)

with (Ngi,) the mean number of generated signal electrons and o?
the variance. At a temperature of —20°C, F = 0.115 for silicon.*?

The Fano factor influences the resolution of an energy measurement
of the primary electron that can be reached in theory.?3

3.7 Elastic Scattering

In elastic scattering, the sum kinetic energy and the sum momentum
of the interacting particles, the primary electron and nucleus, are con-
served while the trajectory of the electron changes. Elastic scattering
of the primary electron is mostly in the forward direction (see next

# A. C. Thompson, Kirz, and Attwood,
2009.

9 Ibid., p. 1-31.

**Fano, 1947.
>t Alig, Bloom, and Struck, 1980; Lech-
ner, 1998.

> Alig, Bloom, and Struck, 1980; Lech-
ner and Striider, 1995.

2 See also section 7.7
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section 3.8). In general the energy transfer from the kinetic energy
of the primary electron to the kinetic energy of the nucleus is very
low. Depending on the scattering angle and energy of the primary
electron, the transferred energy is below 1meV for § < 0.5° and an
electron energy of 100 keV in silicon.*4

3.8 Scattering Angles

Inelastic and elastic scattering occurs mostly in small angles in the
forward direction. The differential cross sections do/d() for scattering
into the angle 6 can be approximated by:*>

doe(0) 2,2-2/3 1 2
= 4 Z D ———— .
dO apy 1+ (9/90)2 (3 15)
doy (6) _ Adq2 7{1_ 1 1
dQ 4ma? [1+ (62 + 62)/62] 2 )\ (62 +62)2
(3.16)
A
0= ——— .
0= Yranz 17 (3.17)
1

With [ from section 3.3, B, v and A as defined in section 2.1 and ag
is the Bohr radius. The angle 6 is called the characteristic angle for
which equation 3.15 is 1/4 of the value for 6 = 0.

The dependency of the cross sections on the scattering angle is
plotted in figure 3.8 for various electron energies and silicon as the
material. Generally, inelastic scattering occurs much more into smaller

10° inelastic 300 keV
10* = E
N =
S 103 \inelastic 20 keV 3
‘E 10° -/elastic 300 keV
C Enssssss=====
© 10" L -\
B elastic 20 keV
T10% inelastic 120 keV
10 inelastic 80 keV:
3 inelastic 60 keV-
10 : :
-4 -3 . -2 -1
10 10 Oinrad 10 10

angles than elastic scattering. Also, scattering into small angles is
more probable for higher electron energies than for lower electron
energies. Nevertheless, there is a non-vanishing probability for large
angle scattering.

The dependence of path length and scattering angle on the energy
of the primary electron is the reason why higher energy electrons
penetrate much deeper into the detector than lower energy electrons.

4 Reimer and Kohl, 2008, p. 145.

25 Ibid., pp. 151, 162.

Figure 3.8: Differential cross sections for
elastic and inelastic scattering in silicon
for electrons with energies from 20 keV
to 300 keV depending on the scattering
angle 6. Calculated with equations 3.15
and 3.16.
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The high energy electrons scatter more forward in the beginning and
deeper into the solid.

3.9 Scattering of Electrons in the Sample

The various interactions of electrons with matter described in the
previous sections lead to a multitude of signal types that can be
used to study samples. The different interactions lead to different
signals. Depending on the sample and the sample’s properties, a
signal providing the information of interest should be chosen. In this
section, the signals due to inelastic scattering are described. In the
following section 3.10, signals due to elastic scattering are explained
within an electron-wave description. An overview of the achievable
spatial resolutions for the different signals is shown in table 3.2.

Detected Technique Resolution
type
nm nm
Electron microscopy (TEM, STEM) 0.1 0.05 (Barthel, Houben, and Tillmann, 2015)
Electron diffraction (SAED, CBED) 10 to 1000 0.20 (Muller et al., 2012a)
Electron
EELS <1
Auger electron spectroscopy (AES) ~2
Photon EDX 2 to 10*
Cathodoluminescence (CL) 2 to 200

*in practice, 200nm to 1000 nm is reached

. . . o . . L Table 3.2: Achievable spatial resolution
The (inelastic) signals originating in the sample can be divided for various TEM techniques. Values are

into forward and backward signals that emerge from the bottom side compiled from Egerton, 2011 (second
last column) and more recent publica-

tions (last column).

of the sample and the top side, respectively, with the top side of the
sample facing the electron beam. In figure 3.9, the various detectable
signals are shown. First, the backward directed signals are explained
and then the forward directed signals, including the ones that are
detected with the pnCCD.

3.9.1 Characteristic Photons

As explained in section 3.5, X-ray photons are created in the sample
that can leave the sample. The energy spectrum of the X-ray photons
contains a broad background due to Bremsstrahlung photons and
sharp peaks at specific energies. The energy of the photons that con-
tribute to the peaks is characteristic of the energy levels of the atom
from which the photon originates and can thus be used to identify
the elements in the sample. In general this method is commonly
referred to as X-ray microanalysis including energy dispersive X-ray
spectroscopy (EDX). Under homogenous illumination, the concentra-
tion of the identified elements can be determined quantitatively for
the illuminated area. In the scanning mode of the TEM (STEM) or



INTERACTION OF ELECTRONS WITH MATTER 41

Electron beam
Backward Secondary
signals electrons (SE) Backscatterd
Auger electrons (BSE)
electrons \\/
Top
Sample
Bottom
Forward
signals
Inelastic scattered
electrons

Elastic scattered

DireCt beam electrons

in a SEM, the electron beam is moved to different sample positions
and a X-ray spectrum is recorded for each sample position. A further
analysis of the spectroscopic data then reveals the position of identi-
fied elements and their concentration in the sample (see figure 3.10
for example images). The resolution for EDX in STEM is around 2 nm

to 10 nm.

3.9.2 Cathodoluminescence

Another method involving photons, although within a wavelength
range of visible to ultra-violet light, is the detection of photons gener-
ated through cathodoluminescence (CL) in materials with a band gap.
In this process, the TEM electron excites an atom, lifting an electron
from the valence band to the conduction band. Later, an electron
from the conduction band can recombine with the previously created
vacancy, creating a photon in the process (see figure 3.11).

The energy and the corresponding wavelength depend on the en-
ergy of the involved energy levels of the material at the probe position,
yielding a characteristic signal (typically ~ Eg). This technique is
employed in SEM microscopes with special CL detectors. In a TEM
with the restricted space around the pole piece, the emitted light must

Figure 3.9: Signals that can be detected
in a TEM/SEM microscope. The sam-
ple must be thin enough so that elec-
trons can pass through it to generate
forward signals. In standard SEMs, only
the backward signals are detected. The
Auger electrons, (characteristic) X-ray
photons and the CL light photons carry
element specific information and can be
used for spectroscopy. In forward direc-
tion, inelastic scattered electrons carry
element specific information. The elec-
tron signals in backward direction pro-
vide only surface information, while X-
rays can also escape from the sample
bulk.

Figure 3.10: Comparison of images cre-
ated from back scattered electrons and
detection of X-ray photons with a SEM
and a low magnification. The elemen-
tal maps of Zn, Al and O are created
with the X-ray spectrum. The electron
image shows better topological contrast
but without elemental information.

Conduction band

4

¥
Valence band

Figure 3.11: Schematic of cathodolumi-
nescence (CL). A vacant hole in the va-
lence band was created by a TEM elec-
tron. The hole is filled by an electron
from the conduction band. The energy
difference between the two energy levels
is given off as a photon with a character-
istic wavelength in the visible spectrum.
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be collected with special sample holders. These holders integrate
optical fibers or mirrors that transfer the photons to a light photon
detector out side the TEM.2°

3.9.3 Backward Scattered Electrons

There is an electron signal on the backward side. These electrons are
called either back scattered electrons (BSEs), secondary electrons (SEs)
or Auger electrons depending on their origin. By definition, secondary
electrons are electrons that originate from within the sample through
ionization processes and that have an energy below ~50eV. Since
the energy of the SEs is very low, these types of electrons escape the
sample only from a thin surface volume. The SE signal provides a
topological image of the surface. The SEs exhibit a continuous energy
spectrum and do not provide element specific information.

The back scattered electrons are TEM electrons that are elastically
back scattered at the surface. As such, the BSEs deliver surface infor-
mation. The energy of the BSE is equal to the TEM electron.?” The
back scatter coefficient 7, describing the probability of the occurrence
of back scattered electrons depends on the density of the material.
With special detector setups, the low energy SEs can be distinguished
from the higher energy BSEs.

Auger electrons have an energy that is characteristic of the element
and state of the atom it originates from (see section 3.5). The detected
Auger electrons will therefore contain elemental information about the
sample. In addition to dedicated AES instruments, Auger electrons
can also be detected in SEMs or TEMs. Since the energy of Auger
electrons is low (< 3keV), AES is also a surface technique.

3.9.4 Energy Loss Electrons

In forward direction, electrons can be detected that have lost some
of their energy through inelastic scattering in the sample. With
appropriate energy filters for electrons consisting of magnetic prisms,
the spectrum of the energy loss can be recorded (see figure 3.12).28
In this electron energy loss spectroscopy (EELS), a very high energy
resolution below 500meV can be reached.?® With such high energy
resolution, even different oxidation states can be differentiated in a
map with atomic resolution (see for example3°). Plasmon and phonon
losses and the losses due to so called edge absorption can be detected
with EELS. The probability for a specific energy loss sharply increases
when the energy loss corresponds to shell transition energies of a
material. Therefore, by comparing the recorded spectrum with known
absorption edges, the elements in a sample can be identified and even
their binding state. In general, the probability that a TEM electron
looses only a small amount of energy is greater than a high energy
loss. This can be seen in the decreasing amplitude of the energy
spectrum with increasing energy loss. Most TEM electrons pass the
sample without any inelastic scattering. Therefore, the zero loss peak
(ZLP) has the highest intensity. Energy loss due to the generation of

2 Petroff, Logan, and Savage, 1980; Ya-
mamoto, Spence, and Fathy, 1984.

*7 Remember the negligible energy trans-
fer <1meV for elastic scattering de-
scribed in section 3.7.

Sample
Electron beam

AE

Magnetic Detector |
prism

Figure 3.12: Schematic of electron en-
ergy loss spectroscopy (EELS) in STEM.
The electron beam after the sample is
dispersed in a magnetic prism. The elec-
trons hit the detector on a location de-
pending on the energy loss of the elec-
trons.

#H. Rose and Plies, 1974; Bihr et al.,
1991; O. L. Krivanek, A. J. Gubbens, and
Dellby, 1991.

29 Williams and Carter, 200g; Koch et al.,
2006, p. 684.

3°Tan et al., 2011.
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plasmons is the most probable process, with low energy losses in the
range of a few eV to a few hundred eV, the so called low energy loss
region.

In STEM mode, an energy spectrum is recorded per probe position
(see figure 3.13).

In TEM mode, an energy filtered image can be recorded that
contains only intensities due to electrons that have lost a certain
amount of energy. This technique is called EFTEM. If multiple images
are recorded with different energy losses, a three dimensional data
cube (x,y, AE) is recorded just like in STEM (see figure 3.14). This
type of data is comparable to the type obtained with the pnCCD
color X-ray camera3' in X-ray fluorescence analysis (XRF), although
of course at different spatial resolutions and measurement goals.
The energy resolution for the detection of X-rays is good enough to
differentiate characteristic photons and create elemental maps from
the data. The energy resolution of the pnCCD for the detection of
electrons is discussed in section 7.1.

3.9.5 Z Contrast

As shown in section 3.8, the cross sections for inelastic scattering are
Z dependent. In a simple view, the probability that an electron is
scattered in a high Z material is higher than in a low Z material. The
result is a decrease in intensity of the direct transmitted beam and
an increase in the intensity in the scattered directions (annular dark
field (ADF)). Additionally, the probability that electrons are scattered
into greater angles is increased for high Z material compared to low
Z material. In a STEM image of the direct transmitted beam, a lower
intensity is expected for sample volumes with a denser material than
for volumes with low density material. Conversely, in a STEM image
of the intensity of the scattered electrons (the dark field (DF) signal),
areas will show a high intensity for high density materials. Comple-
mentary STEM images of the scattered and unscattered electrons are
shown in figure 3.15. One of the methods which yield images with
highest spatial resolution is the use of the HAADF signal.

Atom column sites

max
Dark field (DF)

. max
Bright field (BF)

Figure 3.13: Schematic of EELS in STEM.
One energy loss spectrum is recorded at
each probe position (x,y).

31 Ordavo et al., 2011.

Figure 3.14: Schematic of energy filtered
TEM (EFTEM). One image is recorded
for each specific energy loss AE of the
TEM electron.

Figure 3.15: Example images of Z con-
trast in STEM recorded with the pnCCD
and a SrTiO3 sample. The scattering of
electrons into greater angles is stronger
near the sites of the atom columns. This
results in a decreased intensity in the BF
image at the atoms sites and an inverted
contrast in the DF image.
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This Z contrast is also called amplitude contrast. In a wave treat-
ment of the electron scattering, the contrast that arises due to different
Z results in the modulation of the amplitude of the electron wave.
For some specimen, this contrast is very low. Under such conditions,
the modulation of the phase of the electron wave by the specimen
can provide a better contrast. The treatment of the scattering in the
wave framework is described in the next section while applications
that show the wave character are shown in sections g.1.1 and 9.6.

3.10 Scattering of Electron Waves

Electrons exhibit wave properties. When two ore more electron waves
superpose, constructive and destructive interference can occur.3* In
TEM, the most prominent example of this effect is the generation of
diffraction patterns (DPs) after the interaction of the electron wave
with a sample.

A geometric representation of constructive interference of electron
waves that are scattered from crystal lattice planes is shown in figure
3.16. An incident plane wave is scattered on two lattice planes a

\ 4

Lattice planes Incoming wave

/s

As \0

Scattered wave

distance d apart. The scattered plane waves interfere constructively
into specific angles § = 6g that fulfill Braggs’ law:33

2As =n-A =2d-sinfp (3.19)

DPs are an important source of information about samples. For
example, the crystal structure of a sample can be determined from
analyzing the position and intensity of diffraction peaks. In figure
3.17, an example image of a DP of a barium-sulfite particle is shown
that was recorded with the pnCCD. Examples of experiments in which
DPs are recorded with the pnCCD are presented in section 9.5 and
9.6.

?See section 9.1 for an experiment
in which an interference pattern is
recorded with the pnCCD.

Figure 3.16: Constructive interference of
electron waves under Bragg conditions.

3 W. H. Bragg and W. L. Bragg, 1913.

Figure 3.17: Diffraction pattern recorded
with the pnCCD. The intensity is scaled
to show the weak diffraction peaks and
which widens the apparent direct beam
at the center.



4 The pnCCD

AN ovERVIEW ON THE PNCCD that is used in this thesis is described
in this chapter. There are several texts that describe the principle and
structure of the pnCCD in detail." In this chapter, the focus is on
the principles of the pnCCD that impact the signal read out under
electron illumination.

In the first section the basic principles of the pnCCD are explained.

Interaction of TEM electrons in the detector bulk lead to the generation
of electron hole pairs, which are separated. The signal electrons drift
to the more positive front side while spreading in the bulk which is
explained in the second section. In the third section, the readout process
is described. The number of TEM electrons that can be stored in a
single pixel is limited. This important parameter is explained in the
fourth section. This parameter can be influenced by adjusting certain
voltages of the pnCCD in four different operation modes that are
described in the fifth section. For experiments at TEMs, a camera was
built with the pnCCD. The camera system is described in the sixth
section.

4.1 The pnCCD Principle

The pnCCD works on the principle of sidewards depletion.? In figure
4.1a and b, a normal pn-junction and one with sidewards depletion
are compared. If a second pn-junction is created, on the backside side

a)

(g)
—

*Strider et al., =zo01; Lutz, 2007;
Schmidt, 2017.

2 Gatti and Rehak, 1984.

*Vhlas

N\ N
_____ e-Pofential /"
valley
Z

(up is the front side and down is the back side) like in figure 4.1¢, the
bulk material can be depleted from both sides. With an appropriately

Figure 4.1: Principle of sideward and
full depletion. a) A normal pn-junction
is compared to b) one with sideward
depletion. c) With a second pn-junction
at the backside the bulk is depleted from
both sides. d) With appropriate voltages,
the whole bulk of the pnCCD can be
depleted. Image from Lutz, 2007, p. 126
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high depletion voltage, the whole bulk material is depleted (figure
4.1d). However, the voltage to deplete the full bulk is four times
higher in the case of a) and b) compared to d). Since the whole silicon
bulk is depleted of mobile charge carriers, the detector is sensitive
to charge carrier generation in the whole bulk. Incoming photons or
TEM electrons generate electron hole pairs in the depleted bulk. Each
electron hole pair is separated due to the potential gradient with the
electrons drifting to the more positive front side and the holes drifting
to the more negative back side where the holes are collected via the
back contact (figure 4.2). The potential minimum for the electrons can

llncoming TEM electron

Potential
Back side . U
Energy deposition =
Generation of
electron-hole pairs
Hole drift
Depleted
Bulk
l Electron drift
Front side

be shifted towards the front side by applying a more negative bias
to the back side with respect to the front side. The signal electrons
are typically collected at the potential well near the front side (at
~ 10 um).3

4.2 Charge Spreading in the pnCCD

For each energy deposition at each ionization interaction point, the
generated signal electrons can be assumed to be confined in a small,
point like volume.# The signal electrons drift towards the front side
due to the potential gradient. While drifting, the signal electrons
spread laterally due to diffusion and electrostatic repulsion (see figure
4.3a). Eventually, the signal electrons reach their potential minimum
at the front side. The three-dimensional potential inside the bulk
and especially at the front side is of complex shape.> However, with
good approximation, the lateral distribution of the signal electrons
can be described with Gaussian distributions (see figure 4.3b)° at the
charge separation depth. The charge separation depth is where the
signal electrons are separated into the pixels” potential, depending on
the lateral position of the signal electrons. All signal electrons inside
a pixel potential well contribute to the readout signal of that pixel
(see figure 4.3¢). Following the path of each signal electron, a signal
electron can be collected in a pixel that is not beneath the origin of
that signal electron (for example the indexed dot A in figure 4.3).
Recalling the track length of electrons (see section 3.4) that is on
the order of a few micrometers at 20keV, the whole energy of the

Figure 4.2: Generation of electron-hole
pairs and charge separation. For sim-
plicity, only three interaction points are
shown.

3 Kimmel, zo0g.

4+ Kimmel et al., 2010.

5 For detailed analysis see Kimmel, 2009;
Schmidt, 2017

6 Kimmel et al., zo10.



back Position of energy

side ‘ deposition
‘ Niig%,y,2) ~ Egep(x,y,2)
1
1
: lDrift of signal electrons
1
1

Diffusion

<+—>

Charge separation depth

Distribution of
signal electrons at
charge separation depth

Integrated number of
signal electrons ~
Readout signal

in pixels

TEM electron is deposited in a length scale smaller than the pixel size
of 48 ym. Potentially, all signal electrons could be generated inside
the dimension of one pixel. But the spreading of the charge cloud
can lead to a distribution of the signal electrons over more than one
pixel. Summarizing this important result, the signal from each single
interaction point is spread out described with a Gaussian distribution
and integrated in potentially multiple pixels.

4.3 The Readout of the pnCCD

A schematic side view cut of the pnCCD is shown in figure 4.4. The
front side has structured contacts called registers (p " implants), which
allow a modulation of the potential inside the silicon bulk. Through
periodic changing of the registers’ voltages (¢1_¢), the stored signal
electrons can be transferred along one direction, the transfer direction
(perpendicular to the registers).
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Figure 4.3: Schematic of charge spread-
ing of signal electrons in the pnCCD.
a) Signal electrons are generated at the
points of energy deposition. The charge
cloud drifts towards the front side while
spreading laterally. b) The distributions
of the number of signal electrons at
the charge separation depth can be de-
scribed with overlapping Gaussian func-
tions. ¢) In the last step, the number
of signal signal electrons are integrated
over the pixel boundaries. The resulting
number causes a readout signal propor-
tional to the number of signal electrons
and hence the deposited energy. Signal
electrons generated over a pixel could
be collected in a neighboring pixel (see
Marker A).

Figure 4.4: Side view of the pnCCD.
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A first amplification stage for each column is integrated on the
pnCCD chip. The output of each column is wire bonded to the
input of a readout ASIC (application-specific integrated circuit) called
CAMEX (CMOS Amplifier and MultiplEXer).”

The contacts for the registers are split into into two groups (¢;_3
and ¢4_¢). This allows the voltages of one group to be changed
independently of the other group. As a result, the pnCCD is divided
into an area called the image area and the frame store area (see figure
1.5). The two areas are used to increase the readout rate. The standard

a) b)
CAMEX1 CAMEX 2

rame store area

264%132 pixel
Image area
264x264 pixel Transfer
direction

Frame store area
264x132 pixel

Carrier board

CAMEX4 CAMEX 3

readout sequence starts with a fast transfer of the signal charges from
the image area to the frame store area in approximately 35pus. The
signal charges are read out row by row, using the register voltages
04,05 and ¢ in approximately 8 us per row. In the meantime, the
register voltages of the image area (01,0, and 63) are not changed
and the signal charges of the next frame are already integrated in the
image area.

Additionally, the four CAMEXSs provide one amplification stage for
each column so that one row (one pixel of each column) is read out
simultaneously. This multi-parallel readout leads to high full frame
rates above 1000 fps (frames per second) which prove beneficial as
shown in the application chapter 9.

The frame rate can be increased with binning and windowing
methods. When binning is applied, the signal of two or more pixels is
summed and read out as one value. On-chip binning is performed by

shifting the signal electrons of multiple pixels on the readout anode.

Therefore on-chip binning is performed only in one direction, the
transfer direction. The illuminated area per readout pixel is effectively
rectangular.

In windowing mode, only part of the image area is readout by only
shifting rows of interest into the frame store area (see figure 4.6). In

principle, any area is possible, while typically the center area is used.

7 Herrmann et al., 2008.

Figure 4.5: a) Readout scheme of the
pnCCD. The pnCCD is divided into the
central image area and the frame store
areas. The image area is exposed to
TEM electrons. In the first readout step,
the integrated signal charges in the two
halves of the image area are quickly
shifted out into the frame store area. The
frame store area is then read out row by
row during which time, the next image
is integrated in the image area. b) Im-
age of the pnCCD mounted on a carrier
board.

Before transfer After transfer
Readout rows
Framestore Area
Image Area Image Area
Readout rows
Framestore Area
Readout rows

Figure 4.6: Principle of windowing.



Both methods increase the frame rate because the number of rows
that need to be read out is reduced. A combination of binning
and windowing is also possible. Table 4.1 provides an overview on
the number of readout pixels and the frame rates. With extreme
combinations of windowing and binning, a frame rate of 20000 fps
can be achieved, resulting in a final frame with 12 x 264 pixel.

Frame rate Binning Readoutlines  Effective
(windowing) image size

1150 1x 264 264 x 264
2000 2% 264 132 x 264
4000 4x 264 66 x 264
2000 1x 132 132 x 264
4000 2% 132 66 x 264
20000 2x 24 12 x 264

4.4 Charge Handling Capacity

The number of signal electrons that can be collected in the potential of
one pixel is called the charge handling capacity (CHC). This number
is denoted Ncpc. For experiments with the pnCCD in the TEM, it is
often important to know how many TEM electrons can be collected in
one single pixel. The electron rate can then be adjusted accordingly.
The number of TEM electrons Niem with an energy Eiem equivalent
to the CHC is:

3.67eV
Etem

Ntem(NCHC/ Etem) = NCHC (4-1)

[Neem] = Stem (4.2)

The CHC depends on the resistivity of the detector material, the
detector type and the parameter under which the detector is operated.
For the pnCCD used in this thesis, the CHC can be adjusted with
several operation modes which are explained in the following sections.

4.5 Operation Modes of the pnCCD

The CHC of the pnCCD can be adjusted by changing the operation
voltages. The back contact voltage Uy has the greatest influence
on the CHC (U, ranging from —120V to —480V). There are four
operation modes, each serving a specific purpose. These modes are
abbreviated HiRes (high resolution), HCHC (high CHC), AB (anti-
blooming) and XPlus (plus for a combination of the different modes).
Detailed studies regarding the CHC have been done by Schmidt, 2017.
The CHCs for the operation modes are compiled in table 4.2. The
operation modes are described in the next sections.
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Table 4.1: Overview of frame rates de-
pending on windowing and binning.
There is some overhead during the read-
out which is why the frame rate for full
frame readout scales higher than linear
with the number of rows.



50 DETECTION OF ELECTRONS WITH THE PNCCD

Operation Mode ~ Ncyc Nitem (Etem )
20keV  80keV 200keV  300keV
€sig Cem €em Cem €em
HiRes 60000 11.0 2.8 1.1 0.7
HCHC 300000 55.1 13.8 55 3.7
AB 160 000 29.4 7.3 2.9 2.0
XPlus 250000 45.9 11.5 4.6 3.1

4.5.1  High Resolution Mode - HiRes

The HiRes mode is used for single electron imaging. At low electron
rates, the TEM electrons hitting the detector are imaged spatially
and temporally separated. During the post-processing, the point of
entry (PoE) of the individual TEM electrons can be determined with
sub-pixel resolution.® The spatial resolution is improved beyond the
physical pixel size, hence the name of the mode. Usually in this mode,
the average number of TEM electrons per pixel per frame is < 1 so
that a value for Niem of less than one TEM electron per pixel per
frame is not a limitation.

The HiRes mode does not necessarily provide better noise perfor-
mance compared to the other modes. The main difference is the more
positive back voltage (Up. = —120V to —240V) leading to longer
drift times of the signal electrons and to a greater diffusion of the
charge cloud.9 The greater diffusion of the charge cloud results in
the signal electrons being collected in a greater number of pixels. The
signal spreading improves the determination of the correct PoE.™ In
the extreme case, there are no events with only one pixel affected.
The signal is always spread over multiple number of pixels. Then the
models described in section 8.3 can be used successfully to determine
the PoE with sub-pixel resolution.

4.5.2  High Charge Handling Capacity Mode - HCHC

The HCHC mode is used for measurements in which the dynamic
range of the measured intensity is the most important figure of merit.
The dynamic range is increased by increasing the upper limit of the
number of signal electrons that can be stored in one pixel, the CHC.
By lowering the back contact (—420V to —480V), the depth at which
the signal electrons are collected is moved closer to the front side,
effectively increasing the size of the potential well."*For the pnCCD
used in this thesis, the CHC can be increased to around 300 000 signal
electrons.

4.5.3 Anti Blooming Mode - AB

In measurements with very high electron rates, the deposited energy
equivalent in number of signal electrons can exceed the number that
can be stored in one pixel. In the HiRes and HCHC mode, any

Table 4.2: The number of TEM electrons
that can be stored in one pixel per read-
out assuming that all of the energy of
the TEM electrons is deposited in one
pixel. In the HiRes and HCHC mode,
a higher number leads to blooming. In
the AB mode and partially in the XPlus
mode any signal elctron above Ncyc is
drained off.

8See chapter 8

9 See section 4.2

0 See sections 7.3 and 8.3

" Schmidt, ..., Ryll, ..., etal., 2014.



surplus signal electrons will spill over to neighboring pixels (see
figure 4.7a). This effect is usually called blooming. As a consequence,
the spatial information in the image is reduced. The pnCCD can
be operated with a set of voltages that allow the surplus number
of signal electrons above the CHC to be drained away."*The signal
spilling is thus prevented (see figure 4.7b), hence the mode is named
anti-blomming (AB). In a basic explanation, the potential distribution

around the front side is shaped in such a way that there is a pathway
for signal electrons to reach the ohmic areas at the front side. The
CHC in the AB mode is lower than in the HCHC mode (see table
4.2). The signal electrons that are drained off, do not contribute to the
readout signal. Therefore, above the CHC, signal amplitude is lost.
The signal is linear up to the signal corresponding to the CHC.

4.5.4 Combination Mode - XPlus

In a hybrid mode called XPlus mode, properties of the AB and HCHC
mode are combined. Excess charge is removed to a certain limit, yet
the CHC is higher than in the pure AB mode."3 Depending on the
pnCCD voltages, a balance is set between the draining capabilities
and an increased CHC.

4.6 The pnCCD TEM Camera System

'4The camera system (Figure 4.8) consists of the camera head (includ-
ing the pnCCD), the electronic and cooling system and a computer
for system control and data recording. There are multiple options
for mounting the camera head to the electron microscope. Inside a
mechanical housing, the camera can be directly attached to a TEM
below the viewing chamber via an appropriate mechanical adapter.
Alternatively, it can be attached below an existing camera with the
advantage of two usable cameras. As a third option, the camera head
can be easily exchanged with an already installed camera.

The schematic cross section of the camera head is shown in Figure
4.8a. The main parts are the pnCCD that is mounted on a ceramic
board, the cooling mask, two thermoelectric coolers and a heat ex-
changer. The radiation entrance window side of the pnCCD faces
upwards and is exposed to the electron beam through a square hole
in the cooling mask. This mask also acts as an aperture, only expos-
ing the imaging area of the pnCCD and preventing electrons from
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> Schmidt, ..., Ryll, ..., et al., 2016.

Figure 4.7: Comparison of operation
modes. All images were recorded un-
der equal illumination conditions with
a homogeneous disc. a) Blooming is
visible in the HCHC mode with a de-
formed disc. b) In the AB mode, sur-
plus charge is drained off retaining the
disc shape of the illumination. c¢) In
the XPlus mode, some surplus charge
is drained off. The maximum signal is
different in each mode.

3 Jbid.

" This section is taken from Ryll et al.,
2016
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a) |e' b)

T
pnCCD

cooling mask

thermoelectric coolers

heat exchanger

impinging on other parts of the detector.

The pnCCD is held at a stable operation temperature of —20°C
with the thermoelectric coolers (TEC), reducing the dark current. The
TECs are directly coupled to the cooling mask. The heat produced
by the TECs is dissipated through a water heat exchanger, running at
a moderate water temperature of 10 °C, which is connectable to the
TEM cooling system.

The electronic system consists of compact power supply units, a
data acquisition system, a peltier controller, an uninterruptible power
supply and a computer for controlling the camera system. The data
are recorded and analyzed on a second computer. The data acquisition
system is composed of two converter (ADC) boards, digitizing the
analog signals with a resolution of 14 bit resulting in a range of 0 adu
to 16 384 adu (arbitrary digital units). The digital data stream of up to
976 Mbit/s is sent to a PC for viewing and storage of the data. Four
hardware input and output trigger signals can be used to synchronize
the image acquisition with the microscope.

The software running the camera has two tasks. One task is to
control and configure all aspects of the camera. It sets the appropriate
voltages via the programmable power supplies, synchronizes the
ADCs and the pnCCD electronics, monitors and records the signals
from the pnCCD. The second part analyzes the data and provides live

image viewing with online image corrections and processing applied.

Bright field and dark field STEM images are computed and shown in
real time.

Figure 4.8: Cross section and image of
the pnCCD camera system for TEM ap-
plications.



5 Data Analysis Methods

THE PROCESS FROM RAW DATA of the pnCCD’s data acquisition
system to creating final images involves several steps. First, the raw
data is corrected for an inhomogeneous detector response in each
pixel (section 5.2). There are two modes to create final images, the
intensity imaging mode (IIM) and the event imaging mode (EIM).
In the IIM, the images and the intensity values in the pixel as a
whole provide the data for further analysis (section 5.3). In the EIM,
individual TEM electrons are imaged and information about each
TEM electron is extracted from the images (section 5.4). The TEM
electrons’ positions can be determined with sub-pixel resolution to
form images with an enhanced spatial resolution compared to the
IIM. Furthermore, only the information that is gained using the EIM
enables the understanding of the signal response of the pnCCD under
electron illumination.

The pnCCD usually records not only a single frame but a large
number of frames during one measurement (for example, a typical
number of recorded frames is ~66 000"). The resulting data is a stack
of frames S(i, x,y), in which x and y are the coordinates in the frame
and 7 is the frame number.

The steps in analyzing the pnCCD data and forming images in the
two modes are explained in the following sections. The treatment
of the data to finally obtain the physically relevant information, for
example intensity images and energy spectra, is shown.

5.1 Units of Energy in the Data Analysis

Three different units are used to describe energy in this thesis: electron
volts (eV), number of signal electrons (e g) and arbitrary digital
units (adu). Their use and relation are summarized below. A TEM
electron that is incident on the detector has an energy that is expressed
in eV. The energy it deposits in the detector is also expressed in eV.
The deposited energy is converted into electron-hole pairs of which
the electrons are collected in the pixels (the signal electrons). Hence,
a number of signal electrons Ng;g is equivalent to a certain amount
of energy (see equation 3.4). Nyg determines the analog read out
signal which is amplified by a gain factor G and converted into adu
by the ADC. Thus, the digital readout in adu is proportional to the
the number of signal electrons and also the deposited energy.

* This number originates from a typi-
cal STEM measurement with 256 x256
probe positions, see section 9.3.
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As adu are the native unit output of the ADC of the camera system,
adu are used for most of the analysis and graphs. Adu can be
converted in eV or € g USINg a gain dependent calibration. For some
comparisons energy is expressed in fractions of the energy of the
TEM electron (E/ Etemn).

5.2 Raw Data Analysis

All data recorded during this thesis was streamed from the ADCs
directly to a data acquisition PC and recorded on hard disk drives
(hdd) in a raw file format called *.frms6. A single readout of all pixels
is called a frame. Due to the split-frame readout?, the geometry of a
raw data frame is rectangular (see figure 5.1).3 A schematic overview
of the processing steps is given in figure 5.5. After recording of the
raw data (a), these steps include: b) Offset correction, c) Common
mode correction, d) Gain correction and e) further data analysis.

In the first step (figure 5.5b), an offset correction is applied to the
raw frames (Sraw) removing any constant offset of the ADC signal.
So called dark frames (S4ari) Were recorded at the start of each mea-
surement without any illumination (figure 5.1). These frames were
used to calculate the offset map (Sogsset) for each measurement by av-
eraging the signal for each pixel over a number of frames (typically
200 to 500 frames). The offset map is subtracted from all raw frames,
resulting in offset corrected frames (Soc) (figure 5.2):

Soffset(x/ y) = S_dark(ir X, y) (5.1)
1& .
= — ) Sdark(i, %, ) (5-2)
i
SOC(i/ X, }/) = Sraw(i/ xry) - Soffset(x/ }/) (5:3)

A noise map (Snoise) is calculated from the offset corrected dark
frames by taking the standard deviation for each pixel (figure 5.3):

Snoise(X,Y) = USoc(x,y) (5-4)
Snoise — S_noise(xz y) (5-5)

The mean of all pixel values of the noise map gives the characteristic
noise level snise for each particular combination of amplification,
readout configuration (binning, windowing, readout timing), and
temperature of the detector.

The next (optional) correction step is the so called common mode
correction (figure 5.5¢). Common mode (CM) describes fluctuations
in the supply voltages that cause an offset in the signal height of
successive rows (the horizontal modulation in figure 5.2). These fluc-
tuations affect all pixels of one row in the same manner. The CM
offset of each line can be corrected with various methods (figure 5.4).
All methods consider only pixels that do not contain any signal from
the TEM electrons but only noise. For reach row and CAMEX output,

2 See section 4.3

3 See also figure 5.6.

\- ijl

Figure 5.1: Example of a raw dark frame.

Figure 5.2: Example of an offset cor-
rected dark frame.

Figure 5.3: Example of a noise map.

Figure 5.4: Example of a CM corrected
dark frame.
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Optional Corrections

d)

Image Creation and Data Analysis

e)
v v
(Roherwapmals ) (mestyimagng o, BeneimasngMoce |

Figure 5.5: Data analysis steps for
pnCCD frame data. The gain and CM
corrections are optional. See text for de-
tailed explanation.
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the average of the considered pixels is calculated and then subtracted
from the whole row of the CAMEX output.

If there are many pixels in a row with signal from TEM electrons, an
area of the frame can be used that is masked against any illumination.
In the case of the TEM camera, there is the titanium cooling mask that
masks several columns at each side (6 on the left and 4 on the right).
However, using only a few channels is not as effective in reducing the
CM as using the whole row.

Nevertheless, there is always the possibility that primary electrons
scatter into the masked columns. In this case, the CM correction
for this row yields false results. TEM electrons with higher energies
(E > 200keV) have a higher probability of scattering into the masked
channels.

To improve the CM correction for these cases, a threshold can be
used so that pixel with signals above the threshold are ignored and
not used for the CM correction calculation. This might still result in
an inaccurate CM correction since only (too) few pixels are left for
the calculation.

The decision to apply CM correction has to be made depending
on the experimental conditions and the further analysis requirements.
In general, the difference between the CM corrected and non-CM
corrected images are negligible. Most pixels of images recorded in the
IIM contain actual signal and a CM correction is not applied. The CM
correction is mostly applied when imaging single electrons in the EIM.

In a next optional step, the variation of the channels” amplification in
the CAMEX can be corrected. The main contribution to the variation
is due to small physical variance in the four CAMEXs. A further vari-
ation that repeats all 11 to 12 columns originates from the physical
layout of the amplification stages in the CAMEX chip. The varia-
tions can be corrected with a gain map (G(x,y)) that is multiplied to
each frame of the experimental data (Sexp) resulting in gain corrected
frames (Sgc):

Sge(i,%,y) = G(x,y) © Sexp (i, X, ) (5.6)

The gain map can be calculated with the help of a gain reference
measurement with homogenous illumination using the same timing
and readout mode as used in the actual experimental.

Under homogenous illumination, it can be assumed that the signal
is the same in every pixel. The mean value of the signal in the
reference measurement S,.¢(i,x,y) divided by the assumed mean
signal 5 results in the gain map G(x,y):

n

= 1 .
Sref(x/y) = n Zsref(ll x/y) (5.7)

1

1 1 Mol Mrow
Z Z Sref(xry) (58)
Neol Nrow ¥ v

G(x,y) = Sret(x,y) /5 (5.9)

S =



Alternatively, the expected signal s can be chosen such that the mean
of G(x,y) is one.

A second method compares the measured deposited energy of
single TEM electrons with each other. The energy of the TEM electrons

is fixed during one measurement. If an energy spectrum is created,

there will be a peak in the energy spectrum that can be used as a
reference point for a gain correction. If the readout is divided into
quadrants or octants (two halfs per CMX), the energy spectrum of an
uncorrected measurement shows the peaks at different positions. The
gain map per quadrant (or octant) can then be calculated so that all
the peaks in the energy spectrum coincide.

The raw data stream is saved in a geometrical format that resembles
the physical layout of the four readout CAMEXs. For further analysis
of the images, either in the event imaging mode or in the intensity
imaging mode, the frames are recomposed to match the actual image
area of the pnCCD (figure 5.6). The number of rows is 75w and the
number of columns is 7.,. Note that the readout area is not always the
full image area of the pnCCD. 5> Therefore, images can have different
sizes, depending on the number of rows that are read out. In the case
of binning, the pixels are effectively rectangular.

.x: x132..x.133 x264..x.$65 x396..x‘397 x528 .
Q1 _T Q2 _T Q3 _T Q4 _T
180°

[ (1 n

x:1 x132 x:133  x:264

y:1 y:1 y:1
ol al
Q4 Q3

x:1 x:132  x:133 x:264
y264 y:264 y:264 y:264
[ | | |

5.3 Intensity Imaging Mode

In the intensity imaging mode (IIM), the final images are either the
single corrected frames or the final images are formed by integrating
multiple frames. The intensity in the images is the total intensity in
the recorded frames, caused by the incoming TEM electrons. This
mode is used when there are multiple TEM electrons per pixel on
average. Usually, this mode is used for measurements in which a high
number of TEM electrons per pixel is desirable. The IIM is used for
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4See section 5.4.

5 See section 4.3 on readout.

Figure 5.6: Orientation of the four quad-
rants of the image area before and af-
ter recomposing. Each quadrant corre-
sponds to one readout CAMEX. Two
corner pixels are highlighted for each
quadrant.
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electron tomography and 4D-STEM imaging described in section 9.2
and 9.3.

A technique to enhance the image quality that can be applied
to the stack of intensity images is post-acquisition drift correction.®
During a measurement, the sample might drift. With a fast acquisition
of multiple frames, the difference in the sample’s position can be
corrected.

5.4 Event Imaging Mode

The event imaging mode (EIM) can be used when the electron rate
is low enough that individual TEM electrons can be distinguished
from each other (for example, like shown in figure 5.7). The goal is to
extract information about each individual primary electron providing
the data for further analysis. Energy spectra can be created for the
recorded TEM electrons. Also, the spatial resolution can be increased
when imaging single TEM electrons.

Separate events

Threshold
After Threshold

Before Threshold

The procedure for the single electron analysis (SEA) consists of
several steps. For each frame:

¢ (lassify pixels containing only intensity from noise and pixels
containing intensity due to a primary electron (see figure 5.7b)

¢ Assign pixels that are connected to one event
e Extract properties for each event (see figure 5.8):

— Number of pixels with signal: 7«
- Signal in each pixel: S(i)
- Sum of signal (the energy of the event): E = ZE{ S(i)

— Pixel pattern

Position (bounding box in units of pixel): (xp, yp, w, h)

Position of weighted centroid (Center of Gravity (CoG)): (x,y)

Frame number (for identification to certain frame)

e Add events to a list of events (the event list)

®Liet al., 2013.

Figure 5.7: The first step in the single
electron analysis (SEA). a) A crop of
an image recorded with a low electron
rate illumination showing clearly sep-
arated intensity distributions of TEM
single electrons. b) After applying a
threshold, separate events can be distin-
guished. All pixels that are connected
belong to one event such as the two
events marked with a red line. Char-
acteristic information for each event can
then be determined, like the sum inten-
sity, number of contributing pixels and
the position.

Bounding Box

Figure 5.8: Example of an event and
its properties. The signal in the pixel
above threshold, the bounding box and
the CoG are indicated. For this event:
npix =4, E = 8883 adu.



The result of a SEA is an event list with K entries. This list contains
all the events identified during the analysis. Each event in the list
contains associated information mentioned above.

Since each event has an associated energy, an energy spectrum of
all events in the event list can be calculated. An example is shown in
figure 5.9. The details of energy spectra are explained in chapter 7.

To create an image I(m, n), the number of TEM electrons is counted
that have a position in each of the pixels (m,n):

I(m,n) = iireet (x(z)l—m) - rect <y(z)1—n) -M(E;)  (5.10)

with x(7) and y(i) being the x- and y-coordinate of event i. The
rectangular function (rect) (see figure 5.10) is defined here as:

0 for |(t—to)/w| > 3,
1 for |[(t—to)/w| < 1,
1 for (tp—t)/w=1%

(5.11)

t—1t
rect( 0):
w

so that an event that has a position on the border of two pixels is
counted in the left or upper pixel. In equation 5.10 w is set to 1 to
count over the area of one pixel.”

The function M(E;) counts the number of TEM electrons that
contribute to event i depending on the energy of the event:®

1 for EBI,m'm <E< EFI,max/

2 for EF1,max = EBz,min <EK EFz,max/

M(E) = (5.12)

n for EFn—l,max = EBn,min <E< EFn,maX

The energy limits Ep, min and Ep,max are taken from the energy
spectrum.9The resulting image’s unit is in number of TEM electrons
per pixel.

A basic method to determine the position of an event is to take the
weighted centroid over the intensity in the pixels of that event (see
figure 5.11). Due to the method of calculation, this position is not
necessarily in the center of a pixel.

The size of the pixels in the image wy;x does not have to equal the
physical pixel size Wphysical- The physical pixel size is defined by the
detector geometry. By choosing a smaller pixel size for the image than
the physical pixel size (Wpix < Wphysical), the number of pixels in the
image can be greater than the number of physical pixels. Equation
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Counts

Energy

Figure 5.9: Example of an energy spec-
trum recorded under electron illumina-
tion.

w
—
1 —

1
1
1
! N

0 ! 7
tow/2 ty  tytw/2 t
Figure 5.10: The rectangular (rect) func-
tion.

7 Only square pixels are considered here,
but the concept can be generalized to
rectangular pixels.

8 B stands for backscattered electron, F
for a TEM electron depositing its full
energy. For the detailed explanation see
section 7.1.

9 See figure 7.4 for a detailed example.

0.00 0.13 0.08 0.05

0.40 EbEs@EPXYA 0.00

0.03 Eg:EE 3.76 -0.08

0.13 024 0.19 -0.05

Figure 5.11: Center of gravity (CoG) for
a single event (E = 80keV). The values
denote the signal in the pixels in units
of keV. The CoG can be used as the
point of entry (PoE) with a sub-pixel
resolution (the white pixel).
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5.10 is adjusted to:

I(m,n) = iflrect (X(i) 15 Soff —m) - rect (y(i) 157 Soff n) - M(E;)

1 1
(5.13)
Wphysical
phy:
g — _ physical 1
o (5.14)
s S
Soff = [EJ = max{a €Z|a< E} (5.15)

Such an image has a sub-pixel resolution with a sub-pixel factor given
by s in equation 5.14. The notation of equation 5.13 for I(m, n) with
the offset s.¢ of equation 5.15 is chosen to avoid fractional pixels
when sub-pixel images are created.

As an example, the physical pixel size of the pnCCD used in this
thesis has a pixel size of 48 pm. An image without sub-pixel resolution
(Wpix = Wphysical, S = 1) and full frame readout has 264 x 264 pixels.
If sub-pixel resolution is applied, e.g. s = 5, the pixels in the image
have a size of wpix = 9.6 and there are 1320x 1320 pixels in the image.
Further numbers for sub-pixel resolutions are compiled in table 5.1.

s Wpix m m-n
pm pix
1 48.0 264 69 696
2 24.0 528 278784
3 16.0 792 627264
5 9.6 1320 1742400
9 53 2376 5645376

10 48 2640 6969600

A distribution of the number of pixels of each event can be calcu-
lated:

K
A(n) =) 6 (n—npix(i)) (5.16)
i=1
Ppix(1) = AI(:) (5.17)
1 fork=0,
o(k) = .18
®) 0 fork#0 G18)

with npix (i) being the number of pixels of event i.

This information about the events in total and for each event in-
dividually are used to calculate further properties of the pnCCD
for the detection of electrons. One main property is the conversion
factor Ciem that converts the measured intensity in the pixels into
the number of TEM electrons that hit the detector. This property is
investigated in section 7.5. The PoE of each TEM electron can also be
determined with a higher spatial precision than the physical pixel size.
Several models to determine the PoE are investigated in section 8.3.

Table 5.1: Size of image pixels wp;y de-
pending on sub-pixel resolution s and
number of pixels 7 - n in an image. An
uneven sub-pixel factor is desirable, so
that a PoE coordinate at the center of a
physical pixel remains at the same posi-
tion and is not shifted by half the length
size of a sub-pixel.



The list of events can be filtered to create a subset of the event list.
All events in the subset exhibit specific properties. For example, in
section 7.3, in which the number of pixels per event is investigated,
separate subsets of events are analyzed in which the TEM electrons
deposited a certain amount of energy. By looking at only a part of
the energy spectrum and only a part of a compound process, the
individual processes can be understood more easily. In this case a
deeper understanding is gained on how the number of pixels in an
event relates to the scattering of TEM electrons in the pnCCD.

The SEA and these filtering methods are applied in the following
chapters in which single electrons are simulated (chapter 6), in which
the results of single electron detection are explained (chapter 7) and
in which the models are explained to increase the spatial resolution
(chapter 8).
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6 Simulation of Signal Generation by Electrons

THE RANDOM NATURE OF THE SCATTERING of a TEM electron inside
a detector prevents predicting its precise tracking. Electron tracks
cannot be measured in the pnCCD, only the accumulated signal in
the pixels. A solution to this problem is the simulation of individual
electron tracks. The generated data can be used to understand the
signals and images produced by single electrons.

Using simulations, properties were identified that influence the
signals, mainly the operation voltages of the pnCCD and the TEM
settings (electron energy, electron rate). Further, simulations help to
determine the limit of spatial resolution in conjunction with a given
detector geometry and TEM electron energy.

Visualization of electron tracks additionally provides an intuitive
way to understand the signals that are recorded with a pnCCD under
electron illumination. These images are included to help explain the
recorded signals.

Simulations were done using the Geants toolkit." All steps involved
in the simulation are explained in section 6.1. Examples of electron
tracks and basic results are presented in section 6.2. In section 6.3,
the detection efficiency of the pnCCD is calculated. For many appli-
cations, the maximum number of detectable TEM electrons per pixel
determines the quality of recorded data. The number of TEM elec-
trons hitting the detector are statistically distributed in time, which is
investigated in section 6.4.

6.1 Simulation Process

The scattering of electrons in matter is a random process. The scat-
tering mechanisms, the interaction cross sections, and energy deposi-
tions can be described by probability distributions which allow the
calculation of individual electron tracks with Monte-Carlo methods.

For this thesis, the Geant4 toolkit* was used to simulate the inter-
action of electrons with matter. The toolkit MEGALIib3 with its tool
Cosima provides a streamlined approach, in which the simulation
can be configured via simple text parameter files. The simulation
description is then translated and the calculations are carried out
trough Geantg. The simulation process is shown in figure 6.1.

The Geant4 simulation in combination with Cosima results in files
containing positions of energy deposits (x,y,z, E) in the detector for

* Geantyq 2016.

2 Agostinelli et al., 2003; Allison et al.,
2006; Geant4 2016.

3 Zoglauer, Andritschke, and Schopper,
2006.
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Geant4 / Cosima

Input
. ) «— "
® Simulation of electron tracks parameters
-> energy deposits (x,y,z,E)
.sim file
Conversion
e Conversion into electron-hole pairs (signal electrons) Input
Nsig(%.y,2) ~ Egep(X,¥,2) " parameters

o Drift (z) and diffusion (x,y) of signal electrons

® Signal collection in pixel at charge collection depth z.
Spix(xly) ~ Nsig(xlylzc)

frmsé6 file

each simulated primary electron. A separate conversion module#
converts this data into standard pnCCD files. The energy depositions
are converted into a number of electron-hole pairs sampled using the
Fano statistics (see section 3.6).

The signal electrons created for each energy deposition are treated
as point like charge clouds. In the detector, these signal electrons drift
to the front side.> During this drift time, the charge cloud will widen
due to diffusion. This process is included in the conversion module.

For the simulation of low electron energies down to around 250 eV,
the Livermore model was used, which is a low energy extension of
the standard models included in Geants4. The Livermore model is
integrated well into the Cosima framework.

Geant4 uses a so called condensed algorithm for the simulation of
multiple scattering. Not each discrete interaction is calculated, but
the net sums along a path segment, as shown in figure 6.2. This
reduces the calculation effort and the simulations can be run in a
practical timeframe. The accuracy of the simulation depends on the

a) All discrete b) Condensed algorithm

Incoming electron Incoming electron

Si Bulk Si Bulk

Figure 6.1: Overview of the simulation
process. Electron tracks are simulated
with the Geant4 and Cosima toolkit. The
energy deposits (x,1,z, E) of the sim-
ulated primary electrons are stored in
a .sim file. In a further step, the en-
ergy deposits are converted into stan-
dard pnCCD data files (.frms6). The con-
version process considers the Fano statis-
tic when sampling the number of gener-
ated signal electrons, drift in z-direction
of the signal electrons to the front side
until the charge collection depth, diffu-
sion of the signal electrons in x and y-
direction and finally binning into pixel
dimensions.

+ Weidenspointer, n.d., private commu-
nication.

5See figure 4.3

Figure 6.2: Principle of the condensed
algorithm in Geant4. The real interac-
tion path of the primary electron in (a)
is translated to path segments s; in (b)
to reduce calculation time. The net sum
energy deposition along the path seg-
ment is placed in the middle of the path
segment. The net trajectory change is
calculated at the end of each path seg-
ment. The choice of the segment path
length is critical for the simulation accu-
racy and should be chosen to be smaller
than dimensions of interest, i.e. the pixel
size.
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segment lengths and should be chosen to be smaller than the length
dimensions of interest, in this case < 48 pm, smaller than the pixel
size. The simulations were set to a default range cut of 0.005 pm. For
a detailed description of range cuts see the Geant4 Physics Manual.®

The principle geometry that is used for the simulation is shown
in figure 6.3. The simulated electrons are incident from the top
under normal incidence. The base is a bulk of silicon that is 450 pm
thick which is the sensitive region in which the energy deposits are
recorded. On top of the silicon is an entrance window (EW) consisting
of layers of silicon-dioxide (SiO;) and silicon-nitrate (SizNy4). This type
of EW is called optical EW (OEW), because optical light can reach
the sensitive region. Another type has an additional light blocking
and X-ray transparent layer of aluminum (see figure 6.3) and is called
X-ray EW (XEW).7”The pnCCD that was used for the experiments
during this thesis has an OEW.

Incoming Electrons

Al'150 nm
(optional) F1 B1

Backscattered electron

Entrance [ Si3N4 40 nm

window [ gi5> 30 nm
(EW) i

Sensitive
volume
(Si bulk)

The two most relevant possibilities of energy deposition in the
silicon bulk are shown in figure 6.3. The most probable one (F1) is
that the primary electron deposits its whole energy in the sensitive
volume (Egep = Etem). The other possibility is that the primary

electron scatters in such a way that it leaves the sensitive volume (B1).

In this case, the deposited energy Egp in the detector is less than the
energy of the primary electron (Egp < Etem), which is seen in the
energy spectrum (see later section 7.1).

6.2 Simulation of Electron Tracks Results

Single TEM electrons create a signal distribution that is unique to
each TEM electron. Examples of multiple tracks for energies from
20keV to 300 keV are shown in figure 6.4 (x-z-plane) and in figure 6.5
(x-y-plane).

Several qualitative observations can be made from the simulated
tracks:

e As predicted by the Bethe-Bloch equation®, the higher the energy
of the TEM electron the longer is the average track. The primary
electrons for 20keV and 60keV (figure 6.4a and b and 6.4a and b)

6 Geantyq: Physics Reference Manual 2016,
p- 116.

7For 150 nm aluminium, the transmit-
tance for X-rays with an energy of
6keV is 99.5%, while for optical light
(>310nm or <3.5eV) itis <2 x 1078 %.

Figure 6.3: Schematic setup for Geant4
simulations. The two general cases how
energy is deposited in the pnCCD. The
incoming electron F1 deposits its whole
energy in the detector. The incoming
electron B1 deposits only part of its en-
ergy in the detector before it scatters
back out of the sensitive volume. This
type of electron is called a backscattered
electron. Lengths are not to scale. Note
the different unit prefixes.

8 See equation 3.6
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Figure 6.4: 20 Tracks of simulated TEM
electrons. A projection in the x-z plane
(sideview) is shown with a 1:1 aspect
ratio. The grid for the x-coordinate is
chosen to represent the pixel size of the
used pnCCD. The TEM electrons enter
at the top center at (o, 450). The vari-
ety of the random tracks is emphasized
with two tracks in e) with track A being
almost lateral and track B going almost
straight in z-direction. There are also
primary electrons that scatter out of the
detector, for example in f) track C.
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Figure 6.5: 100 tracks of simulated TEM
electrons in the x-y plane (top view).
The TEM electrons enter at the center
at (0, 0). The grid is chosen to represent
the pixel size of the used pnCCD.
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cover lateral distances (in the x-y-plane) of less than a pixel size
of 48um. The higher energy electrons cover lateral distances of
multiple pixels.

e However, even the 300 keV TEM electrons do not reach the front
side of the pnCCD. Thus the structured front side will not be
damaged by the TEM electrons leading to a high radiation damage
tolerance of the pnCCD.

¢ Individual primary electrons can scatter very differently from each
other. In figure 6.4e), two tracks are marked of which one (A)
is almost lateral and the other (B) goes almost straight in the z-
direction. Both tracks will lead to different recorded signals in the
pixels even though the energy of the TEM electron is the same.

¢ There are primary electrons that scatter back out of the detector (for
example the marked track C in figure 6.4f). The signals generated
by such primary electrons lead to a lower deposited energy.

The relative energy deposition distribution (pp) of many TEM
electrons that enter the detector at the same position is shown in
figure 6.6 in a projection in x-direction.

_dE(x) 1
pD(X) B dx . Etotal

Eugal = [ E(x)dx (6.2)

(6.1)

A similar observation to the previous figures can be made. The
energy depositions for the lower TEM electron energies are more
concentrated around the position where the TEM electrons enter the
detector (x = Oum). For the higher energies, the depositions are
spread out further. In this case, the distribution for many electrons is
shown, which is similar to measurements in which not single electrons
are imaged but many (using the IIM, see section 5.3).

5.0

4.5

4.0

35

3.0

2.5

2.0

Relative energy deposition in arbitrary units

-100 80 -60 -20 -40 0 20 40 60 80 100

Figure 6.6: Relative distribution of de-
posited energy in x-direction for many
TEM electrons. All TEM electrons en-
tered the detector at the same position
(x = Opm). The distributions are the
same in y-direction.
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The energy deposition distribution is convolved with a Gaussian
function fg to approximate the charge spreading of the signal elec-
trons in the detector bulk:9

2
pp * fc = pp(x) * exp (—2(;2( ) (6.3)

cloud

The widths of the Gaussian given by 0¢ouq is in the range of 5 um to
20 um.™ In figure 6.7 the cumulative distribution function (cdf) of the
convolved function is plotted for oyoug = 10 pm.

cdf() = [ po(t) falb)dt (6.4

1.0
09 [

08 [

cdf

05 =

04 =
120 keV

03 |n 200 keV
300 keV

0.2 80 keV

60 keV

0.1 20 keV

-200 -150 -100 -50 0 50 100 150 200
Xinum

For two cdf values of 0.05 and 0.20, the position in x direction is
compiled in table 6.1. Again, it can be seen that the energy of the
TEM electrons has a great influence on the distribution of the energy
deposition. For example, on average, for 300 keV 40 % of the energy

Position in x-direction in pm
EnergyinkeV 20 60 80 120 200 300

cdf(x) =0.05 16.7 22,6 302 522 1124 206.8
cdf(x) = 0.20 85 114 146 238 501 915

depositions are further than 91.5 pm away from the point of entry of
the TEM electrons (since the cdf is symmetric around x = Oum). In
contrast, for 80 keV 40 % of the energy depositions are further away
than 14.6 pm (see marked spots A and B in figure 6.7). From this,
it can be deduced that the achievable spatial resolution is better for
low energies than for high energies. The spatial resolution is further
investigated in chapter 8.

Throughout this thesis, the dependency between the energy of the
TEM electron and the spatial distribution of energy deposits plays an
important role.

9 See section 4.2

1 Kimmel et al., 2o10.

Figure 6.7: Cumulative distribution of
energy depositions after convolution
with a Gaussian function. The width
of the Gaussian is 0o,y = 10 pm. The
spots A and B are referenced in the text.
They mark the cdf value at 20 % and
80 % for 300 keV (A) and 80keV (B). For
example, at 300keV, cdf(—91.5pm) =
0.20, which means that 20 % of the col-
lected signal electrons are further away
than —91.5um to the left of the entry
point at x = 0 and another 20 % to the
right, since the distribution is symmetric
around x = 0.

Table 6.1: Positions in x-direction at
which cdf values of 0.05 and 0.20 are
reached.
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6.3 Simulation of the Detection Efficiency

The detection efficiency (DE) is defined as the ratio of the number
of detected electrons Nge; to the number of incoming TEM electrons
Nin:

_ Ndet

DE
N;

(6.5)

The DE can be divided into two parts: A part related to effects of
the EW (DEgw) and a part related to effects in the bulk (DE, k). The
EW of the pnCCD is nonsensitive, most of the energy that is deposited
in the EW does not contribute to the readout signal. Additionally, a
small fraction of primary electrons will scatter in the EW and scatter
back out again without reaching the sensitive bulk. The probability of
such an occurrence depends heavily on the thickness of the EW and
the energy of the primary electron. Each of these primary electrons
is not detected and not counted, thus decreasing the DE. The part of
the DE that describes the effect of the EW is termed DEgyw.

The second part of the DE describes all effects in the sensitive bulk,
the signal electron generation, the amplification and readout, and
finally post-processing of the data. These effects are included in a
threshold parameter Et. For this analysis, a primary electron event is
counted if any of its pixels” signal is above the threshold. If the signals
of all pixels of the event are below the threshold, it is not counted.
The threshold is therefore a kind of noise equivalent. Equation 6.5
can be written as:

N, sens N, det
DE = . 6.6
N; i N, sens ( )
= DEgw - DEpuix (6.7)

The number of electrons that reach the sensitive bulk is denoted Ngens.
The number Nge; corresponds to the number of detected electrons in
the single electron analysis (SEA) after all processing steps, especially
after applying the threshold. The N4o; depends on the threshold
energy Et and the energy of the TEM electron Een.

Simulations provide a good basis for the calculation of DE, since
the exact number of incoming electrons is known and the parameters
that affect Ng.; are well controlled. The DE was calculated depending
on the event threshold. For a given event threshold, all electron events
were counted that have at least one pixel above the threshold.

The resulting dependency of the DE}, ;. on the energy threshold is
shown in Figure 6.8. As expected, the DE decreases with an increasing
threshold for all electron energies.

The entrance window has the greatest influence on the DE, es-
pecially for lower electron energies below 80keV. According to the
Bethe-Bloch equation (see equation 3.6), if the EW is thinner, less
energy is deposited in the EW (shorter path integral). This effect is
stronger for lower electron energies, since the energy loss per distance
is greater (see section 3.1).
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The DE for specific thresholds that are typically used in the SEA
are compiled in Table 6.2 (for more thresholds, see appendix table
A.7). Even for a threshold of 0.5keV the DE is above 99.95 % at an

electron energy of 80 keV.

000 1500

Threshold E1 in eV

2000

2500 3000

Energy 1 — DEgw DE(Et = 0.5keV)

X EW O EW XEW OEW

keV % % % %
20 0.803 0.151 98.84 99.58
60 0.048 0.005 99.92 99.97
80 0.031 0.003 99.95 99.98
120 - - - 99.99
200 - 0.0003 - 100.00
300 - - - 100.00

Figure 6.8: The bulk detection effi-
ciency DEpx depending on the detec-
tion threshold Et for various TEM elec-
tron energies. The inset shows the low
energy threshold region.

Table 6.2: The detection efficiency (DE)
of the detector for both types of entrance
windows (EW) (X-ray and optical) for a
detection threshold of 0.5keV and the
detection inefficiency (1 — DEgw) of the
EW depending on the energy of the pri-
mary electron.
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6.3.1 Dependency of the Detection Efficiency on the Number of
Discrete Events

The number of incoming primary electrons has a great influence on
the confidence intervals (or percentile distribution). Suppose only ten
electrons impinge on the detector. There is a chance that one of them
does not enter the sensitive bulk, since DEgyw < DE < 1 (at least for
E < 120keV). In this case, the DE drops to 90 %.

This fact must always be considered: The DE and the conversion
factor are calculated for a great number of electron events. The values
for small numbers of electron events can differ significantly.

For each energy threshold, DE,, x was calculated (see table 6.2).
With these probabilities p(Et) = DE(Et), probabilities B(k, 1, p) can
be calculated to detect k primary electrons for n incoming electrons.
This corresponds to a binomial distribution with # incoming electrons,
k detected electrons and the probability p(Etem, ET) to detect a TEM
electron:

B ) = ()1 p) 69

P(Etemr ET) = DEbulk(Etemr ET) (6-9)

n n!
(k) ~ K(n—k)! (6.10)

From Equation 6.8 the probability can be calculated to detect a
certain ratio of the incoming electrons for several cases:

¢ all incoming electrons are detected:
B(k=mn,n,p)

* one incoming electron is not detected:
B(k=n—1,n,p)

* two incoming electrons are not detected:
B(k=n—-2,n,p)

* generalized, i incoming electrons are not detected:

B(k=n—i,n,p)

In figure 6.9, the probabilities for 80 keV and the optical EW are
shown calculated with a simulation and with equation 6.8.

The practical side of this problem is the inverse problem: If k
electrons are detected, what is the probability that there were n = k
incoming electrons, n = k 4- 1 incoming electrons and so on (in general
n = k + i incoming electrons). This problem can be described with
the negative binomial distribution:

NB(, ) = ()t ) (6.11)

For two energies (80 keV and 200 keV), the probabilities calculated
with the negative binomial distribution are compiled in table 6.3.
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1.0 Figure 6.9: Probability distributions of
DE,yx for 80keV and the optical EW.
09 The area curves are calculated from sim-
08 ulations for 1000 groups of 1000 events
' for the five cases that all incoming elec-
07 trons are detected (Nmissing = 0) and
that Nmissing = 1,2,3,4 incoming elec-
2 06 Nmissing= 0 trons are not detected. The line plots
% are the probabilities calculated from the
g 05 binomial distribution (Equation 6.8).
& 0.4 Nmissing= 1
0.3 I :‘;
0.2 Nmissing =2 V =
o1
00
0 50 100 150 200 250 300 350 400 450 500
Threshold Ey in e g
_ _ _ Table 6.3: Probabilities calculated from
k n=k n=k+1 n=k+2 negative binomial distribution to detect
e % %, %, all incoming electrons (i = 0) and not
tem detect one (i = 1) or two (i = 2) incom-
E = 80keV 10 99.9311 0.0689  <0.0001 ing electrons for 80 keV and 200 keV and
DEp i = 99.9931% 100  99.3127 0.6849  0.0024 the optical EW.
Etr =100 es_ig 1000 93.3356 6.4370 0.2222
10000 50.1733 34.6027  11.9333
E =200keV 10 99.9810 0.0190  <0.0001
DEpk = 99.9981 % 100 99.8105 0.1894 0.0002
Etr =100 es_ig 1000 98.1207 1.8615 0.0177
10000 82.7196 15.6929 1.4887
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6.4 Statistical Considerations on the Number of Detectable
Electrons

For applications using the IIM, the quality of the information about
a sample depends mainly on the number of detected TEM electrons
which are distributed statistically in time. Poisson statistics can be
used to describe the number of TEM electrons hitting the detector
and to estimate the optimal average rate of incoming electrons. For
simplicity, the scattering of the primary electron is not considered in
this section. Instead it is assumed that all signal electrons generated
by a TEM electron are collected in one pixel.

The maximum number of TEM electrons that can be detected in
one pixel is given by the CHC."" However, the actual average rate
in an experiment should be set to a lower limit, as explained in the
following.

The probability P(r, k) that k TEM electrons are hitting a unit area
(a pixel) depending on the average TEM electron rate r is given by:

7k

P(r,k) = ¢

- (6.12)
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Several aspects can be observed from the probability distributions

shown in figure 6.10. The most probable event is always P(r, k = r).

The summed probabilities of all the events Ps(r,k < r) and Ps(r,k > r)
are greater than P(r,k = r). Three major cases and their respective
probabilities can be distinguished:

1. P(r,k=r),
exactly k = r electrons hit the unit area at an electron rate r
(the diagonal line in figure 6.10)

2. Ps(r/k < 1’) = Yk<r P(T,k),
a number of electrons k hit the unit area that is smaller than the

' See equation 4.2

Figure 6.10: Poisson distribution proba-
bilities that k primary electrons hit a unit
area depending on the rate r of primary
electrons per unit area.
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electron rate r
(each P(r)k) below the diagonal in figure 6.10)

3. Ps(r,k > 1) =Yy, P(r,k),
a number of electrons k hit the unit area that is greater than the
electron rate r
(each P(r)k) above the diagonal in figure 6.10)

Examplary values for electron rates that correspond to the CHC and
k(Ncrc, Etem) of a pixel are compiled in table 6.4.

Electron rate r  P(r,k=7r) Ps(r,k <r) Ps(r,k>7r)

€rem /area % % %
3 224 42.3 35.3

5 17.6 45.0 38.4

7 149 44.1 40.1

12 11.4 46.2 42.4
18 9.4 46.7 43.8

The relationship between the three cases for k = 18 is shown in
figure 6.11. In addition the SNR for a single pixel is plotted as a
quality measure:

SNRpix(n) = - = V/n (6.13)

The case #3 that there are more than k electrons hitting a pixel is
almost as probable as the case #2 that there are fewer electrons than k.
The probability for case #3 (Ps(r,k > r)) decreases stronger than the
SNR with decreasing r around r = k.

1.0

09 #3 Py(rk>18)

#2 P(rk<18)

08 =

w
SNR

#1 P(,k=18)

| | -
0 5 10 15 20 25 30
Electron rate r

A guideline for the optimum electron rate can be derived from the
Poisson statistics. The mean number of electrons hitting a pixel should
be as high as possible and as close as possible to the limit set by the
CHC (kchc). At the same time, the possibility of overflowing pixels
should be as low as possible, since this can deteriorate image quality.
A possible criterion is that the number of pixels with more than kcpyc
electrons should be below a certain percentage, e.g. 10 %. Figure 6.12

Table 6.4: Probabilities for the three
cases of P(r,k = r), Ps(r,k < r) and
Ps(r, k> r).

Figure 6.11: Probability distributions for
the three cases of P(r,k = r), Ps(r,k <r)
and Ps(r,k > r) and the SNR(r). As an
example, for an electron rate of r = 18,
Ps(r,k < r) and Ps(r,k > r) are al-
most equal. At a lower electron rate
of r =15, the probability for overflow
is much lower with Ps(r,k > r) =~ 0.2.
The SNR only decreases slightly from
SNR(18) = 4.2 to SNR(15) = 3.9.
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shows the relationship between kcpc and the electron rate g that
should be set for different criteria. The values are compiled in table
6.5 for several kcpc corresponding to several energies. Additionally
the relative differences are given:

kcHe — Tset
Ay = —=—2%2 .
k1’ kC (6 14)
SNR(kCHC) - SNR(Fset)
A = .
SNR SNR(kcpc) (6:15)
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o

Target electron rate r

| | |
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Number of detectable TEM electrons kcyc

For an experiment with an electron energy of 80 keV operated in the
HCHC mode with a CHC of 400,000 signal electrons, corresponding
to kcge = 18 TEM electrons, and a limit that no more than 10 % of the
pixels are hit by more than 18 TEM electrons, the electron rate should
be adjusted to be r = 13.67 TEM electrons per pixel per readout.

Figure 6.12: The target electron rate rget
depending on kcyyc for two limit criteria.
The limit is that no more than 5% and
10% of the pixels should be hit with
more than kcpyce TEM electrons.

Type CHC Energy CHC limit  Target SNR  SNR
Ncre Etem kcnc Tset Ay VkcHe  V/Tset  Dsnr
% %

x10° €ig /pix keV €rem/PIX €/ Pix

C16 48 pm 0.4 3 1.7 42 1.7 1.3 23.8
C16 48 pm 0.4 300 5 3.2 37 2.2 1.8 20.6
C16 48 pm 0.4 200 7 4.7 34 2.6 2.2 18.5
C16 48 pm 0.4 120 12 8.6 28 3.5 29 15.2
C16 48 um 0.4 80 18 13.7 24 4.2 3.7 12.9
C16 75pum 1.8 80 82 71 13 9.1 8.4 7.0
C14 75 um 2.8 80 128 114 11 11.3 10.7 5.6
Depfet 90 um 5.0 80 228 209 8 15.1 14.5 4.3
Depfet 90 um 10.0 80 456 429 6 214 20.7 3.0

Three principle conclusions can be drawn from these calculations.
First, to achieve the best performance in terms of single pixel SNR,
the energy of the primary electrons should be as low as possible. The
lower the electron energy, the more primary electrons can be collected
in one pixel increasing the SNR.

Table 6.5: Target electron rates for a limit
criterion that no more than 10 % of pix-
els are hit by more than kcpc electrons.
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Second, overflowing pixels are prevented by setting the electron
rate just below the limit set by the CHC. Consequently, the nominal
maximum number of primary electrons detected in one pixel is not
achieved on average.

Third, increasing the CHC has great potential in increasing single
pixel SNR. Table 6.5 includes values for other types of pnCCDs with a
larger pixel size of 75 um and different readout anode (C16 75 pm and
C14 75pum). Included is also a new type of detector called DEPFET
that is currently being developed.’* The DEPFET exhibits a CHC in
the range of 5 to 10 x 10° e, depending on the pixel design. The
single pixel SNR of these types of detectors is potentially greatly
increased compared to the C16 48 pm type pnCCD.

In a real experiment, the situation is more complex since the pri-
mary electrons are not confined to a single pixel volume but scatter
in the detector volume over the range of several pixels. Additionally,
the intensity distribution and thus the electron rate is not distributed
homogeneously.

The consequences of overflow effects are difficult to assess or
predict. The applications presented in chapter 9 do not determine
the information of interest directly from the individual pixel intensity
values. Rather, the images are further processed and analyzed in
highly non-linear ways. The maximum number of overflowing pixels
that can be tolerated without degrading the information content of
the images must be determined for each specific application or even
sample. The electron rates calculated in this section with the help
of Poisson statistics provide a reference point from which to further
tune the illumination if necessary.

2 Lutz et al., 2008.
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7 Signal Response to Electron Illumination

THE SIGNALS THAT ARE READ OUT with the pnCCD under electron
illumination are explained and characterized in this chapter. The
resulting energy spectrum of the detection of single TEM electrons
provides a wealth of information that is used to investigate the sig-
nals (see figure 7.1 for images of single electrons at energies between
20keV to 300 keV). The characteristic features of the energy spectrum

are described in detail including contributions from events originating
from a single TEM electron and from multiple TEM electrons with
overlapping tracks (sections 7.1 and 7.2). The probabilities for over-
lapping primary electron tracks are determined from simulations and
experiments. The dependencies of these probabilities on the energy
of the TEM electrons, the electron rate and the detector parameters
are presented. The number of pixels per event are linked to these
probabilities (section 7.3). The energy spectrum provides the data for

f) 300 keV

Figure 7.1: Crop of single frames
recorded with the pnCCD showing sin-
gle electrons. The contrast in each image
is adjusted individually for visibility but
the pixel sizes are equal.
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the determination of two factors: The calibration factor (section 7.4),
which converts the readout signal in units of adu into units of energy
(eV), and the conversion factor (section 7.5), which converts the read-
out signal in units of adu into an average number of TEM electrons.
Additionally, the signal efficiency per TEM electron is calculated and
expressed as the detective quantum efficiency (DQE) (section 7.6). The
energy resolution is also discussed in this chapter (section 7.7). Data
from both experiments and simulations are combined throughout the
following sections.

7.1 Energy Spectrum of the pnCCD under Electron Illumina-
tion

The energy spectra of detected single electrons were determined with
the single electron analysis (SEA) as described in section 5.4 from
similar images as shown in figure 7.1.

A typical example of an experimental energy spectrum of TEM
electrons (E = 200keV) is shown in figure 7.2. For the following
graphs, the unit that is used for energy is adu.” Several characteristic
features can be seen in the energy spectrum:
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¢ F1: The peak with the highest number of counts originates from
events in which a single TEM electron deposits its whole energy
in the detector. For low electron rates, this is the most probable
event. The mean signal Ep; corresponds to the energy of the TEM
electron:

EFl = Etem

e F2-F4: The peaks F2, F3 and Fj4 originate from pile-up events
in which multiple (two, three and four) TEM electrons deposit
their whole energy in the detector and in which their tracks in

* See section 5.1.

Figure 7.2: A typical experimental en-
ergy spectrum of electrons with an
energy of 200keV recorded with the
pnCCD. Note the semi logarithmic scale.
The peak F1 originates from events in
which a single TEM electron deposits
its whole energy in the detector. The
peaks F2-F4 originate from events in
which multiple TEM electrons deposit
their whole energy in the detector and
in which their tracks in the bulk over-
lap. The broad distributions B1-B4 to
lower energies before the peaks F1-F4
originate from events in which the TEM
electron(s) do not deposit their whole
energy in the detector, but scatter out of
the sensitive volume.
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the silicon bulk overlap.? The pixels that show signal due to the
TEM electrons, are not separated from each other, so that the SEA
detects this as one event (see figure 7.3). The mean sum signal Ep,
equals the mean signal of a single TEM electron times the number
of TEM electrons n that contribute to this event:

Epp = n-Ep

e Bi1: The broad distribution with a lower energy Eg, than the peak
F1 originates from events in which a single TEM electron scatters
out of the sensitive volume. Only part of its energy is deposited in
the detector:

Ep; < Eps

® B2-B4: These broad distributions originate mostly3 from events in
which one ore more TEM electrons deposit their whole energy in
the detector and one TEM electron deposits only part of its energy.
The sum signal Ep,, is:
Epy = (n—1)Ep, + Ep; <n-Ep;

The following nomenclature is used here: If an event is identified
to originate from a single primary electron, the type of event is called
a single or S1. If an event is identified to originate from two (double),
three (triple) or more primary electrons, the shorthand notation Sn is
used, where the n stands for the number of primary electrons. With
this nomenclature, the counts N for each type are denoted:

Ns,,(E) = Npy(E) + N, (E) (7.1)

and the total energy spectrum is given by:
N(E) =} _ Nsu(E) (7.2)
n

The energy spectrum can also be expressed as a probability distri-
bution p by dividing by the total number of events:
N(E)

p(E) = ZT(E) (7:3)

In figure 7.4, the previously shown energy spectrum is overlaid
with the function M(E) (see equation 5.12) that counts the number
of TEM electrons contributing to an event. The energy limits for this
function can be determined from such an energy spectrum.

There is a small chance, that an Sn type event actually originates
from a number of TEM electrons that is greater than n. As an example,
two TEM electrons with overlapping tracks could deposit an energy
that is lower than the full energy of a single TEM electron:

0 < Epiq + Epip < Ep (7-4)

These cases are further explained in section 7.2 about pile-up events.

The general shape of the energy spectra for each energy of the
TEM electrons is the same. The energy spectrum is characterized in
detail in the next sections, while the ratios of the probabilities of the
different types of events is investigated in section 7.2.

TO ELECTRON ILLUMINATION 81

*See also section 7.2 about pile-up prob-
abilities.

Figure 7.3: Two simulated electron
tracks (E = 300 keV) that result in signal
distributions with connected pixels. In
the SEA, this distribution is detected as

one F2 event.
3 See section 7.2.1 and table 7.2 for more

details.
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7.1.1  Full Energy Deposition

In figure 7.5 the energy spectrum is shown of a simulation (E =
80keV) in which the TEM electrons deposited their whole energy in
the detector (type F1 event) before conversion of the data into pnCCD
format files. To be precise, these are events in which the TEM electrons
did not escape the detector after entering.# The TEM electrons do
deposit a small amount of energy in the entrance window (EW) (the
red distribution in figure 7.5). As a TEM electron scatters through

’|06 T
F1 type
105 N EW !
Landau
104 -
S 103 ]
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O
102 Energy deposited Energy deposited E
in entrance in sensitive bulk
101 window ]
0 0.5 1.0 1.5 2.0

Energy Egp in x10%adu

the EW, it will loose part of its energy. The EW can be considered as
thin (4 < 250nm). As described in section 7.5, the total energy loss of
electrons in thin absorbers can be described with Landau distributions

of type:>
NL(E) = A%/O e~ tnt=btgin(7rt)dt (7.5)

The parameters A and b are functions of the energy of the TEM
electron, the deposited energy, the absorber’s thickness and material

Figure 7.4: Evaluation of the multiplicity
function M(E) of equation 5.12. The
limits for the function are determined
from the energy spectrum as indicated
by the vertical red lines.

4 Remember figure 6.3.

Figure 7.5: Energy spectrum of simu-
lated electrons with an energy of 80 keV
and a gain of 1adu/ €gig- Only events
are shown in which the electron deposits
all of its energy in the detector including
the EW. The sum of the energy that is
deposited in the non-sensitive EW (red
distribution) and the energy that is de-
posited in the sensitive bulk (yellow dis-
tribution) equals the energy of the TEM
electron. The inset shows that the en-
ergy distribution follows a Landau dis-
tribution.

5Landau, 1944.
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properties.® As can be seen in the inset of figure 7.5, a fitted Landau
distribution matches the simulated distribution well.

The two distributions of the energy that is deposited in the EW
and in the sensitive silicon bulk are opposite. The sum of two entries
in the two distributions of a single simulated F1 event equals the
energy of the TEM electron. The energy difference that is missing
in the deposited energy compared to the TEM electron’s energy is
deposited in the EW:

Etem — EEW = EFl (7-6)

In this text, the TEM electrons of F1 events are said to have their
full energy deposited in the detector, even though a small fraction is
deposited in the non-sensitive EW.

For the simulation and the energy distribution of the deposited
energy of F1 events, a Landau distribution is assumed that is mirrored
with respect to the energy of the TEM electron:

NF1(E) = N(Etem - EEW) (7.7)

After conversion of the energy deposit data into pnCCD format files
(including the Fano statistics explained in section 3.6 and collection of
the signal electrons in the pixels) the energy peak is widened. In figure
7.6, the energy spectrum of the events after the SEA is compared to
the energy spectrum of the energy depositions in the sensitive silicon
bulk. The F1 peak of the events after the SEA is broader than the peak
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of the Landau distribution of the pure simulation data. This is the
result of the variance in the energy that is required in the involved
processes generating one electron-hole pair as described in section 3.2
(Fano statistics). Basically, the Landau distribution is convolved with
a Gaussian function. The width of the Gaussian function og is also
energy dependent.

Ne: (E) = NL(E) * Ng(E, 0G) (7.8)

¢ See appendix A.6 for more details.

Figure 7.6: Energy spectrum of simu-
lated electrons with an energy of 80 keV
and a gain of 1adu/ Cgig- Only events
are shown in which the electron de-
posits all of its energy in the detector
including the EW. The yellow, sharp dis-
tribution represents the energy deposi-
tion only. The blue, broadened peak
is the energy distribution of the events
after the conversion into pnCCD files
and the SEA. The yellow curve is con-
volved with a Gaussian function due to
the Fano statistics. The events due to
Bremsstahlung are explained in the text
(see section 7.1.4).



84 DETECTION OF ELECTRONS WITH THE PNCCD

7.1.2  Backscattered Electrons

In figure 7.7, the energy spectrum is shown of events of simulated
electrons (E = 80keV) that scatter back out of the detector without
depositing their whole energy in the sensitive bulk (type B1 events).
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105 I B1 type 3

0 0.5 1.0 1.5 2.0
Energy Ep in x10*adu

The shape of the spectrum can be explained with figure 7.8 in
which three simulated tracks of backscattered electrons are compared,
one with a low, a medium and a high amount of deposited energy
relative to the TEM electron energy. The amount of energy Ep that is

lincoming electron
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deposited by the primary electron before it scatters out of the sensitive
bulk depends on the path length of its track. A longer track results
in a greater amount of deposited energy, and is more probable when
the primary electron scatters deeper into the detector.

In figure 7.9, many tracks are shown divided into three categories
based on the deposited energy, with Ep < 60keV (green), 100 keV <
Ep < 120keV (red) and Ep > 180keV (blue). Again it can be seen
that in general the probability for a higher energy deposition is higher,
when the primary electrons scatter deeper.

Looking at the energy spectrum, starting from zero to increasing
energies (energy of zero up to around 6000 adu), the probability that
the primary electron scatters out of the sensitive bulk increases (see
marker A in figure 7.10).

Figure 7.7: Energy spectrum of simu-
lated electrons with an energy of 80 keV
and a gain of 1adu/e;g. Events of
backscattered electrons are shown in
which the electron does not deposit all
of its energy in the detector (B1 type).
For comparison, the F1 events are in-
cluded.

Figure 7.8: Tracks of three simulated
electrons that are backscattered (E =
200keV). The electrons deposit an in-
creasing amount of energy Ep in the
sensitive volume of the detector with in-
creasing path length. The path length is
correlated to the minimum depth zp;p.
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The probability, that the primary electron deviates from its original
trajectory increases as it scatters deeper into the bulk. The probability
for forward scattering is higher (see section 3.8). Therefore, the
probability that the primary electron will scatter out of the sensitive
bulk shortly after entering the sensitive bulk is low. This probability
increases as the primary electron scatters more deeply into the bulk,
which is seen as an increase in counts in the energy spectrum.

The probability then decreases with increasing energy (see marker
B in figure 7.10). This is due to the fact, that the probability that the
primary electron scatters out of the sensitive bulk decreases with the
increasing depth that the electron reaches. The further the primary
electrons scatters away from the EW, the lower its chance to escape
the sensitive bulk through the EW.
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350 1 I I
0 50 100 150 200
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These trends in the probabilities are summarized in figure 7.11.
The probability that the primary electron escapes depends on the
minimum depth zyi, and the deposited energy Ep. A summation
of the probabilities in z-direction produces the shape of the energy
spectrum for the back-scattered electrons:

pei(E) = / p(z, Ep)dz (7-9)

Figure 7.9: Dependency of the reached
depth z and traveled distance on the
deposited energy. Three categories of
backscattered tracks are shown depend-
ing on the deposited energy.

108 F1 type
10 BT type

0 0.5 1.0 15 2.0

Energy Ep in x10% adu
Figure 7.10: Details of the energy spec-
trum for backscattered TEM electrons.
See text for marker A and B.

Figure 7.11: Relation between the prob-
ability that a primary electron (E =
200 keV) scatters back out of the detector
depending on the deposited energy Ep
to the minimal depth zp, that the the
primary electron reaches. Shown are iso-
lines of the probability. The further the
primary electron scatters into the bulk,
the more energy is deposited in the bulk.
Summation of the probabilities in the z-
direction leads to the spectrum of the
backscattered electrons.
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These principles and thus the shape of the energy spectrum of
the back-scattered primary electrons apply for all energies. This can
also be seen in figure 7.12, in which the energy spectra for multiple
electron energies are compared.

Counts

Ti photon peak

10 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
Energy E in fraction of energy of TEM electron

7.1.3  The Backscattering Coefficient

The backscattering coefficient 7 is given by the ratio of number of
TEM electrons that deposit only part of their energy in the detector to
the number of incoming electrons.

Np1

—_ — .10
1 N1 + Net (7.10)

The calculation of the backscattering coefficient from experimental
pnCCD data is sensitive to the energy limit Egp, that differentiates
an event of a backscattered TEM electron (B1) from an event with
full energy deposition (F1). Additionally, the lower limit for the
B1 events also influences the calculated backscattering factor. For a
precise determination, these limits have to be chosen carefully. The
backscattering coefficient depending on the energy limit is given in
figure 7.13 for various energies of the TEM electron and one set of
limits of Eg; min = 0.03 and Ep; max = 1.05. Depending on the choices
of the energy limits, the monotonic decrease in the backscattering
factor with increasing energy can be interrupted (e.g. for 200 keV and
300keV). Nevertheless, the calculated values are in the order of the
literature values” (see table 7.1), especially considering that the values
in the literature are measured by detecting the backscattered electrons
outside of the scattering material.

Figure 7.12: Energy spectra of one mea-
surement series with the same settings
from 20 keV to 300keV. The counts for
all spectra are normalized to one from
0.1 to 1.0 TEM electrons. All measure-
ments were recorded with slightly differ-
ent electron rates. The marked features
(Ti photon peak, Si escape peak) are ex-
plained in section 7.1.4. See appendix
A 10 for measurement details using the
processing identifiers (PIDs): PID3o00_-
001, PID20o_oo2, PID120_oo01, PID8o_-
ooz, PID60_oo03, PID4o_oo1, PIDz2o_ooz.

7Ito, Andreo, and Tabata, 1992; Reimer,
1998.
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Energy limit Egg, in fraction of energy of TEM electron

E  7ep "o processing identifier (PID)
keV % %
20 171 16.7 PID20_oo3
40 16.2 157 PIDgo_oo1
60 15.6 152 PID60_003
80 155 14.8 PID8o_oo2
120 151 14.2 PID120_oo1
200 149 134 PID20oo_o002
300 15.1 12.7 PID300_oo1

7.1.4 Photon Events

The primary electron can generate photons while scattering in the
silicon bulk as described in chapter 3.

The energy of photons that are created in silicon through atomic
relaxation (see section 3.5) is below 1.9keV. Photons with such
low energies are absorbed in close proximity to the primary elec-
tron.8 If the scattering of the TEM electrons occurs mostly near the
front side, the characteristic X-ray photon of the silicon K transition
(Esika = 1.73keV) can also escape the detector. The energy of the
photon is then missing and a shifted energy peak is visible in the
energy spectrum.

Esi = Ep; — Esix (7.11)

This is the case for 20 keV TEM electrons, as can be seen in the energy
spectrum shown in figure 7.14. For higher energies (E > 60keV), the
silicon escape peak is not separable from the F1 peak.

Photons generated through the Bremsstrahlung effect can have such a
high energy that the probability is high enough that the photon is not
absorbed in the silicon bulk in close proximity to the primary electron,
but in some distance away. The events in figure 7.6, with an energy
Ep below 2 x 10* adu, are events in which the primary electrons loose
part of their energy through the creation of a photon with considerate
energy through the Bremsstrahlung effect. For these events shown

Figure 7.13: Backscattering coefficient 7
depending on choice of limit Epp, that
differentiates between B1 and F1 type of
events. The lower limit for B1 events is
Egymin = 0.03 and the maximum limit
for F1 events is Ep; max = 1.05 in fraction
of the energy of the TEM electron. See
table 7.1 for PIDs.

Table 7.1: The backscattering coeffi-
cient 7 determined for the pnCCD
for Egp; = 0.82. The literature values
o Were calculated with the empirical
formula taken from Ito, Andreo, and
Tabata, 1992.

8 The mass attenuation coefficient for sil-
icon and a photon energy of 1.84keV
is 3192 cm® /g, resulting in 99.999 % ab-
sorption in a distance of 15 pm.
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in the spectrum, the created photon is not absorbed in the silicon in
close proximity to the primary electron (see figure 7.15). The photon
is absorbed in some distance and the pixels with signal due to the
photon are not connected to the pixels with signal due to the primary
electron. During the SEA, these two signal distributions are detected
as two separate events (two B1 events). The sum of the energy of
these two events equals the energy of the TEM electron.

Etem = Eprim + Ephoton (7.12)

This can also be seen in figure 7.6 in the two separate clusters of
counts around E ~ 0.4 x 10*adu and E ~ 1.8 x 10*adu with Ep; ~
2.2 x 10* adu. Events are also possible in which multiple photons are
created and detected in separate events.

The probability for such photon events is low due to the low total
cross section for Bremsstrahlung interaction at energies investigated
here (see section 3.1 and figure 3.1). For a simulation with E = 80 keV
without noise, 854256 S1 events were generated and in only 0.0588 %
of these events, one or more photons were created and detected as
separate events.

Another X-ray peak can be seen at very low energies in the experi-
mental energy spectra of TEM electrons with energies in the range of
80keV to 300keV (see figure 7.12 and for a detailed view at 120 keV
in figure 7.16). The X-ray photons are generated by stray electrons
that hit the material near the pnCCD. Directly near the entrance win-
dow is the cooling mask made up of titanium. The energy of the
events contributing to this peak is approximately 4.5 keV which is the
titanium K, transition (Ex, = 4.5keV).

7.2 Pile-Up Events

When two TEM electrons enter the pnCCD in close proximity, they
can scatter in such a way that the pixels with signal are connected or
that the signal in pixels originates from both primary electrons (as
illustrated in figure 7.17). In such a case, the electron tracks cannot be

Figure 7.14: Silicon escape peak
in a 20keV measurement. The
position of the Fi1 peak 1is at
Ep, = 5690adu and the silicon escape
peak at Eg; = (20keV — 1.73keV) -
(5690adu/20keV) = 5195adu. Mea-
surement: PID20_ooz

Bremsstrahlung

Photon

*

Figure 7.15: One simulated electron
event (E = 80keV) in which a
Bremsstrahlung photon is created. The
photon is absorbed in the silicon bulk
several pixel lengths away from the elec-
tron. The resulting signal distribution
is recognized during the SEA as two B1
events.

Counts

1 1 1 1 1 1 1 1 1
122436486.07.28496
Energy in keV

Figure 7.16: Titanium photon peak.
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separated and the primary electrons cannot be identified individually.
The measured energy Epy for such a pile-up event is the sum of
both electrons” deposited energy. Generalized for k multiple primary
electrons:

k
Epu = Y Ep(i) (7.13)
i=1

The energy spectrum for events originating from more than one
TEM electron is explained based on the energy spectrum of the type
S1 events. In the next section, a model of the energy spectrum for pile-
up events is developed on the basis of simulation data. In the second
section, experimental data is used for the verification of the model
of pile-up energy spectra. In the third section, the influence of the
electron rate and the energy of the TEM electrons on the probabilities
of the occurrence for pile-up events is investigated.

7.2.1  Energy Spectrum of Pile-Up Events

The probability distributions psy,(Etem, E)° for pile-up events are a
(n — 1)-multiple convolution of the distribution of the single TEM
electron event:

Psz = Ps1 * Ps: (7.14)
Psn = Ps1 * Psn—1 (7.15)

The distributions for the first four event types are shown in figure 7.18
in which the data for pg; is calculated with a simulation (E = 80keV).
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The different event types Sn do not occur with the same probability.
The chance that the tracks of for instance four TEM electrons overlap
is lower than the chance that the tracks of three TEM electrons overlap
at low electron rates at which individual primary electrons can be dis-
tinguished.’®The distributions are weighted with the probability ws,

PoE 1

PoE 2

X

Figure 7.17: Two primary electrons cre-
ate a signal which overlaps resulting in
a pile up-event.

9 For readability, the explicit dependence
on Eier, is dropped in further uses of p,

Figure 7.18: Energy spectrum for events
of type S1 to S4. The probabilities for
the events consisting of n multiple TEM
electrons are calculated by a (n — 1)-
multiple convolution with pg,. Simu-
lation, E = 80keV, no noise.

* At higher electron rates, the SEA can-
not be applied and hence there is no
conventional energy spectrum of single
TEM electrons.
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that such an event occurs which depends on the electron rate r and
the energy of the TEM electrons Eiem:

Ds,, (Etem/ r, E) = Psn (Etem/ E) - Wsy (Etem/ 7’) (7'16)

The weighted distributions for an electron rate of r = 0.004 97 e, / (pix fr)

and an energy of 80 keV are shown in figure 7.19.
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The weighting factor depends on the energy of the TEM electron
and the electron rate r. With a low electron rate, the chance is low
that two or more electron tracks overlap. If the electron rate is held
constant, a higher energy of the TEM electron results in a longer track
length and thus a higher chance for multiple tracks to overlap. These
dependencies are further investigated in section 7.2.3.

The full energy spectrum Dy, is given by the sum of the proba-
bilities over all event types.

Dtotal (E’temr r, E) = Z DSn (Etem/ r, E) (717)
n

There is an non vanishing probability that an event resulting from
multiple TEM electrons is not registered correctly with respect to the
number of contributing TEM electrons. For example, two incoming
primary electrons with overlapping tracks scatter out of the detector
and deposit a sum energy that is lower than the energy of one TEM
electron that deposits its whole energy:

Ep = Epy1 + Epip < Epy (7.18)

However, the overall contribution of such events to the sum energy
spectrum is negligible. In figure 7.20, the cumulative probabilities
(cdf(pn)) of the first four events are shown.

cdf(f(x),x;) = Y f(x) (7.19)

X=Xq

Figure 7.19: Weighted probabilities for
the first four event types. The electron
rate is 0.004 97 e, / (pix fr). Simulation,
E = 80keV, no noise.



SIGNAL RESPONSE TO ELECTRON ILLUMINATION O1

As can be seen by the indicated values, the cumulative probability
for the case of counting two B1 type of events as one S1 is below
4%. After weighting with the probability that two tracks overlap
at an electron rate of 0.004 97 e,/ (pix fr), the summed probability
is below 0.3 %. The summed probabilities for the other event types
before and after weighting are compiled in table 7.2 for an energy of
80keV.
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n E cdf (psu, E)  wsp(r1) cdf(r1)  wsy(r2) cdf ()
adu % Y% % Y% Y%

2 22005 3.84 7.39 0.283 18.63 0.715
3 22005 0.41 0.73 0.003 6.08 0.025
3 44005 10.22 0.73 0.075 6.08 0.622
4 44005 1.50 0.08 0.001 2.13 0.032
4 66 005 18.02 0.08 0.014 2.13 0.384
5 66 005 3.44 0.01 0.000 0.83 0.029
6 66 005 0.42 <0.01  <0.001 0.32 0.001
5 88005 26.49 0.01 0.003 0.83 0.026
6 88005 6.26 <0.01 <0.001 0.32 0.020
electron rate e, / (pix fr): r1 = 0.00497 r, = 0.01987

For a confirmation of this model, the weighting factors are de-
termined with the SEA from a simulation with an electron rate of
r = 0.00497 e, / (pix fr). The probabilities for the single events (ps;),
the energy spectrum, are determined from a simulation with an elec-
tron rate of one TEM electron per frame, thus excluding any pile-up.
The energy spectrum is then calculated via the steps described above,
by convoluting the probabilities of the single event multiple times and
weighting the results depending on the occurrences of multiple events.

Figure 7.20: Cumulative non-weighted
probabilities for the first six event types
51-56. The indicated energies E1-E6
show the cdf value up to which the
events are correlated with an incorrect
number of TEM electrons. For exam-
ple, for the S3 type of event (three TEM
electrons), 10 % of the events have a de-
posited energy below the energy of the
F2 type of event with two TEM elec-
trons depositing their full energy. The
cdf for each type must be weighted ac-
cording to the electron rate to obtain
the spectrum that is measured. Simula-
tion: E = 80keV, no noise and a gain of

1 adu/e;g.

Table 7.2: Cumulative probabilities with-
out and with weighting for two elec-
tron rates extracted from simulated data
of figure 7.20. The highlighted values
correspond to the ones indicated in fig-
ure 7.20. For both electron rates, the
weighted, summed probability that n
multiple TEM electrons deposit less en-
ergy than Eg,_ is below 0.1 %.
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The calculated energy spectrum reproduces the energy spectrum of
the other simulation with the higher electron rate as shown in figure
7.21. Thus the model is shown to be valid. In the next section, the
model is also applied to experimental data.

1071 I I I I I
—— 1 = legen/fr Convolution+Weighting
L —— 1 =200 etep/fr (0.00497 e/ (pixsfr) )
102
103

Probability 1/10 adu

Convolution

4 5
Energy E in x10% adu
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7.2.2  Experimental Energy Spectrum of Pile-Up Events

In this section, experimental data from two measurements at two
different electron rates are used to demonstrate the validity of the
signal response model. The energy of the TEM electrons is 80keV.
Pile-up events with up to ten TEM electrons can be seen in the
energy spectrum of the measurement with the higher electron rate
(see figure 7.22).

Compared to the simulation data without noise effects, a further
analysis step is necessary. As will be shown in the following, the
energy spectrum must be shifted by a small offset determined from
the experimental data.

After the SEA, the first step is to determine the positions of the
Fn type events. That is important, because these are the event types
in which the TEM electrons deposit their full energy which can be
used as a reference'’. To each Fn peak, a single Gaussian function
was fitted of type:

fc(E,n) = Apy - exp <—(EF”_E)2>

202 (7.20)
Each Fn peak in the energy spectrum is described by the fitting
parameters: Apg, is the amplitude, Ef,, is the position (the energy) and
Ofy is the width.

In figure 7.23, the positions of the peaks are plotted as a function of
the number of TEM electrons that contribute to an event. As expected,

Figure 7.21: Comparison of convolution
model with simulation of higher elec-
tron rate. The model is determined from
a simulation with an electron rate of one
TEM electron per frame. The weighting
factors are determined from the simu-
lation with the higher electron rate in
which pile up occurs.
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Figure 7.22: Energy spectrum of single
TEM electrons at a high electron rate
showing pile-up.

" See also the next section 7.4.
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there is a linear dependency, shown by the good agreement of the
linear function that is fitted to the data points:

Epy =n-E1 + Eoff (7-21)

The fitting parameter E.¢ can be interpreted as an offset of the
energy spectrum. The negative value means that the measured spec-
trum is shifted to lower energies. This offset originates from the fact
that during the SEA, a threshold is applied to discriminate between
noise and signal in the pixels. If there are signal electrons in the pixels
that cause a readout signal below the threshold, such signal electrons
do not contribute to the overall signal of the event. This lost part of
the signal is part of the offset of the energy spectrum.

The peak positions in the energy spectra of both measurements
were analyzed and then shifted with the method described above.
From the measurement with the low electron rate, the part of the
energy spectrum was used that contributes to the S1 type of events,
providing the single TEM electron probability distribution ps;. This
spectrum was then convoluted with itself g times, resulting in the
distributions psp-psio. From the measurement with the high electron
rate, the weighting factors ws,, for each event type Sn were determined.
These weighting factors were then multiplied to each ps, according
to equation 7.16. Finally, the sum over all probability distributions
results in the total energy spectrum. Both energy spectra, the one
calculated from the measurement with the low electron rate and the
one measured with the high electron rate are compared in figure 7.24.
Again, both energy spectra match well confirming the model.

There are small deviations, especially at slightly higher energies
after each of the Fn peaks. The deviations can probably be attributed
to the fact that the energy spectrum used for the convolution is not
from a measurement without pile-up events. Another factor might
be different noise contributions in both measurements. The principle
behind the generation of energy spectra with pile-up, however, is
shown to be valid with a very good agreement between the model
and the experimental data.

Figure 7.23: Fit of peak positions. Mea-
surement: PID8o_oo3
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7.2.3  Pile-Up Probability Dependencies

In this section, the probabilities for the occurrence of the different
event types are investigated. The pile-up rates depend on several
parameters of the microscope and the detector: The electron rate 7,
the TEM electron energy Eiem, the readout frame rate f;o, the readout
noise 1y,, the back contact voltage of the pnCCD Uy, and the pixel
size wpix. The one parameter that is usually adjustable is the electron
rate, since for a given experiment, the energy of the TEM electron is
fixed. Several simulations were run in which these parameters were
varied.

Considering the characteristics of electron scattering, the depen-
dency on the relative probability ps; for the S1 event is found to
be:

Readout rate: fro /= ps1 (7.22)
Electron rate: r = ps N\ (7.23)
Energy: Etem /= psi (7-24)
Back contact voltage: U, /= ps; (7.25)
Readout noise: fyo /= psi (7.26)
Pixel size: Wpix /= psy ¢« with r=const (7.27)
Pixel size: Wpix /= ps: /* with 7 wpi = const
(7.28)

An increase in the readout frame rate f, effectively reduces the
electron rate r, so the dependency on the readout frame rate is not
explained separately but included implicitly in the electron rate. The
second and third dependencies (7.23, 7.24) on electron rate and TEM
electron energy are shown in figure 7.25. For a given energy Etem,
the probability pg; decreases with increasing electron rate r, owing
to the fact that the probability for overlapping tracks increases and
events Sn with n > 1 become increasingly probable. The probability
for doubles pg, increases with increasing electron rate » up to around
ps. = 0.2 and then decreases again. The decrease is due to the fact
that there are so many TEM electrons per frame with overlapping

Figure 7.24: Comparison of convolu-
tion model with experimental data of
low and high electron rate. Measure-
ments: PID8o_ooz (low electron rate)
and PID8o_oo3 (high electron rate)
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tracks that the overall probability for singles, doubles and so on
shifts to events with multiple TEM electrons in excess of five TEM
electrons. This can be seen in the decrease of the summed probability
Psi-5 = Psi + Psa + Ps3 + Psy + pss for the first five Sn events.

Looking at the energy of the TEM electron, ps; decreases with
increasing energy for a given electron rate. A higher energy leads to
a longer electron track which results in a higher probability that the
tracks overlap (see also section 7.3). For example, at an electron rate of
r = 0.02ep,,/ (pixfr), for Etem = 300keV the probability for an event
originating from a single TEM electron is below 50 %. At the same
electron rate but at an energy of Eiem = 80keV, the probability is
around 70 %. For a visual impression, a single frame for each energy
is shown in figure 7.26.

The consequence is that for measurements in which single electrons
should be imaged, the electron rate must be much lower for electrons
with a higher energy than for TEM electrons with a lower energy. For
the comparison between 300 keV and 20 keV, to reach about the same
occurrence of S1 events, the electron rate for 300 keV must be four
times lower than the electron rate for 20 keV. To reach the same signal
in the image with regard to the number of TEM electrons, a four
times longer exposure is needed. This drawback can be compensated
by increasing the readout rate, if possible.

The dependency on the back contact voltage and the readout noise
are shown in figure 7.27. Both parameters influence the number of
pixels with signal that belong to an event. If the back contact voltage
is lowered, the drift time of the signal electrons from the point of their
generation until they are collected in the pixel wells increases (see
section 4.2). The longer drift time leads to a larger lateral diffusion
of the signal electrons and thus leads to a greater number of pixels
that belong to an event (see also section 7.3). Since there are more
pixels with signal, the probability increases that these pixels connect

Figure 7.25: Dependency of pile-up
probability on TEM electron rate for var-
ious energies. For each energy the prob-
abilities are shown for the single event
S1, the double event S2 and the sum of
the events with one to five TEM elec-
trons (S1-5) (dashed lines). The simula-
tion was calculated with a pixel size of
48 um, Up. = —240V and no noise.

300 keV | 300kev’

—r=0.005 e/pix =1 = 0.020 e/pix

80 keV 180keV .

]

Figure 7.26: Comparison of single
frames at two electron rates.
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or overlap with pixels from other events. Thus, the probability for S1
events decreases with a more positive back contact.

The readout noise has a similar effect on the number of pixels of an
event. During the SEA, pixels with a signal below a certain threshold
are considered to be pixels with only noise. This threshold is usually
set to a multiple of the noise floor. Therefore, if the readout noise
increases, more pixels are considered to just contain noise and are not
associated to the pixels of an event, even though such pixels might
contain signal from signal electrons. Thus the number of pixels of an
event decreases with increasing noise.

The dependency of noise on the number of pixels of an event is
also seen in the distributions of the number of pixels. For several
noise values, the distributions of simulated data for Eiern = 80 keV
are shown in figure 7.28. In the extreme case of no noise, the average

061 ne=0 €sig
— & Tipix = 5.92
0.61 _nro =2 Esig
h Mpix = 467
061 No=5 €sig
E‘ ﬁpix =4.26
E 061 _"ro =10 €sig
[ Tipix = 3.94
* 06fF
g N, =20 €5ig
fipix = 3.61
061 Ny, =50 €sig
- | T
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Number of pixel ng;,

value is 7, = 5.9pix. With increasing noise, the average value
fipix = 3.9 pix.

decreases. At a typical value of n,, = 10 Cgig/

When varying the pixel size, there are two cases to distinguish.

The electron rate is kept constant (equation 7.27) or the illuminated
area Ajy is kept constant (equation 7.28). The illuminated area can be
calculated with the pixel size wpix and the number of pixel ny piy in

Figure 7.27: Probability for ps, depend-
ing on readout noise 7, and back con-
tact voltage U, at an electron rate of
r = 0.00248 ey, / (pix fr). Simulation at
80keV.

Figure 7.28: Distribution of number
of pixels in the S1 event depending
on noise. Simulation with 80keV,
Up. = =240V and a noise threshold
multiplier of ¢ = 6. The average value
fipix decreases with increasing noise due
to the increasing threshold that is on
average 0 - Mro.
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the illuminated area:

Ajnn = Apix * i1l pix (7-29)
Apix = Wiy (7-30)

The electron rate is usually given in units of e, / (pix fr). Thus, if the
number of TEM electrons per frame is kept fixed and the illuminated
area is kept fixed, increasing the pixel size actually increases the
electron rate because there are fewer pixels 7 pix in the illuminated
area. The dependency on pixel size is shown in figure 7.29 for two
TEM electron energies of 80 keV and 300 keV. At a constant number

0.71 80 keV 48 pm

0.6
300 keV 75 pum

Probability

0.5

| 300 keV 48 um
04 80 keV 75 um

0.3

0 500 1000 1500 2000 2500 3000
TEM electron rate in e, /A

of electrons per illuminated area, the larger pixel size leads to a higher
probability for pixels with signal to connect. Thus the probability for
the S1 event decreases with increasing pixel size.

7.3 Probability Distributions on Number of Pixels per Event

Recalling the images of the single electrons at the beginning of this
chapter (figure 7.1), it can be seen that the number of pixels in an event
depends on the energy of the TEM electron. As the energy increases,
the average track length increases and the signal is spread over more
pixels. In figure 7.30 the distributions for the number of pixel per
event for energies from 20keV to 300 keV are shown for one series
of measurements. The distributions for the S1 type (a single TEM
electron) are shown as well as the contribution of the F1 type event (a
single TEM electron that deposits its whole energy). At 20keV, most
events have signal in two to four pixels. As the energy increases, the
maximum of the distribution shifts to more pixels (around 11 pixel
at 300 keV) and the width of the distribution increases. The biggest
contribution always comes from the F1 type events, since the F1 type
events make up around 85 % of the S1 events (see section 7.1.2). The
difference between the S1 and F1 distribution at the lower number
of pixels is made up by the B1 events. The B1 events scatter in the
detector over a shorter distance and hence spread their signal over
fewer pixels than the primary electrons of the F1 events.

Figure 7.29: Dependency of pile-up on
pixel size calculated from a simulation.
The probability for the S1 event is shown.
The illuminated area Aj; was kept
constant () pix (48 pm) = 40260 pix,
1 pix (75 pm) = 16490 pix). A noise of
10adu was used, Up. = —240V.
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The average number of pixel i, in an event is calculated for each

event type by:

Tpix = prix(i) i

(7.31)

The results are summarized in table 7.3 including the electron rate

for each measurement. The distribution for all events S depends also

Energy Tpix r PID
S1 F1 Sn
keV pix  pix  pix  egm/(pixfr)
20 2.9 3.0 2.9 0.00100 PID20_oo1
40 3.5 3.7 3.6 0.00204 PID4o0_oo1
60 3.9 41 4.0 0.00131 PID60_oo03
80 4.5 4.8 4.6 0.00117 PID8o_oo1
120 5.6 59 5.8 0.00132 PID120_o01
200 74 7.7 7.5 0.00116 PID200_oo01
300 104 11.0 108 0.00092  PID300_001

on the pile-up probability. An increasing probability that the signal

distributions of multiple TEM electrons overlap results in an increase
of the probability for a larger average number of pixels per event.
For the data series in figure 7.30, the back contact voltage Uy has

been kept fixed at —420V. The back contact voltage influences the

Figure 7.30: Number of pixel per event
distributions. The average number of
pixels per S1 event 7i,;, decreases with
decreasing energy of the TEM electron.
The black line shows the contribution
of the F1 type event. All measurements
were recorded with the same back con-
tact voltage Uy, = 420V.

Table 7.3: The average number of pixels
in an event for various electron energies.
In each analysis, the limits for for the
event types are 0.05, 0.9 and 1.05 in frac-
tion of the TEM electrons’ energy.
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signal spread and hence the number of pixels per event as explained
in section 7.2.3. The number of pixel distributions for two voltages
(—240V and —420V) are compared in figure 7.31 and in table 7.4
for a TEM electron energy of 60 keV. The average number of pixels

HiRes Uy, =-240V HCHC Uy =-420V
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per S1 event decreases from 4.3 pixel at Up. = —240V to 3.9 pixel at
Uy = —420V. The difference in the average number of pixel might

Op-mode Uy, Tlpix Noise PID
St F1  Bi Bilimit

v pix pix pix pix e

sig
HiRes —240 43 45 33 3.0 1499  PID60o_oo1
HCHC —420 39 41 29 2.6 15.68  PID60_003

not look significant. But an important difference can be seen in the
distributions of the B1 event and especially the lower energy half of
the B1 event (B1 limit: Events of backscattering TEM electrons that
deposit an energy in the range of 0.05 to 0.50 of the energy of the
TEM electron). At Up. = —420V (figure 7.31d) the probability for
two pixels is the highest one. At Up. = —240V (figure 7.31c) the
probabilities for two, three and four pixels is approximately the same
for the B1 limit events. The number of pixels per event is important
for the calculation of the PoE of individual TEM electrons. If there
are only two pixels in one event, one coordinate direction is only one
pixel wide (see figure 7.32).

The maximum spatial precision in that direction is then limited to
an area where the TEM electron might have entered and oppositely,
where it could not have entered. This area depends mainly on the
energy of the TEM electron and the back contact voltage. For X-ray

Figure 7.31: Comparison of distributions
of the number of pixel per event for the
HiRes and HCHC mode (E = 60keV).
In ¢) and d) the contributions from the
B1 events are shown as well as the lower
energy part of B1 (B1 limit; The limit
in fraction of the energy of one TEM
electron is 0.05 to 0.50).

Table 7.4: Comparison on the average
number of pixels in an event between
the HiRes and HCHC operation mode
(E = 60keV). In each analysis, the lim-
its for for the event types are 0.05, 0.9
and 1.05 in fraction of the TEM electrons’
energy.

Sub-pixel

I resolution
X
CoG

+—>
No sub-pixel resolution

Figure 7.32: An event with two pixels
has a sub-pixel resolution in only one
direction.
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photons, this case has been investigated in detail.’> For practical
purposes, in this work, the PoE is put at the center. As will be
shown in the next chapter 8, the number of pixels per event should
be maximized for a good sub-pixel spatial resolution. This is why the
back contact voltage is set to —240V in the HiRes operation mode
(see section 4.5.1).

7.4 The Calibration Factor

The digital readout signal can be calibrated with the energy spectra
and the known energy of the TEM electrons. The calibration factor
Cev converts the intensity values in units of adu into energy units eV.
The calibration factor is calculated by fitting a Gaussian function to
each peak of the events with full energy depositions (Fn), as described
in section 7.2.2. The position of the peaks in terms of energy is fitted
with a linear function. For convenience, both functions are repeated
here:

(7.32)

fo(E,n) = Ap, - exp <_(EF”_E)2>

2
205,
Epn = n- Eq + Eof (7.33)

The fit parameter E; represents the signal in adu that is readout

for a deposited energy equal to the energy of one TEM electron. The
calibration of the intensity in units of eV is then given by:

Eq

Cov = (7-34)
tem
adu

[Cev] = ma (7-35)

7.5 The Conversion Factor

It is of interest to know the number of TEM electrons that contribute
to the intensity that is measured in single or multiple frames that
were recorded with a high electron rate. For such images, a SEA is
not possible and the TEM electrons cannot be counted individually.
The number of detected TEM electrons is given by the conversion
factor Ciem that converts the intensity in an image into a number of
TEM electrons. A simple division of the sum intensity by the energy
E;1 underestimates the number of TEM electrons, since there is also a
considerate number of back scattered electrons that only deposit part
of their energy. The correct value is provided by the average response
to a single TEM electron that is calculated by the expectation value of
the probability distribution for the S1 event:

Ctem =< Ps1 > (7'36)
EFl,max

= ) p(E)-E (7.37)
EB1,min
1

P(E) = = N(E) (7:38)

L N(E)

2Thle et al., 2017.
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Alternatively, the average over all Sn type of events can be used:

1
Ctem = ZP(E) -E- m (7-39)

The conversion factor Ciem is the average signal in units of adu
that is generated by one TEM electron.
adu
[Ctem] — (7'40)

Ctem

7.6 The Detective Quantum Efficiency

A figure of merit characterizing the transfer of an input signal to an
output signal of a detector is the detective quantum efficiency (DQE).
The DQE describes how much a noisy input signal has deteriorated
at the output of a detector. It is given by the square of the ratio of the
signal to noise ratio (SNR) of the output (SNRyyt) to the SNR of the
input (SNRy,):"3

— SNRgut

DQE =
Q SNRZ,

(7-41)

A perfect detector would have a DQE of 1, thus not impairing the
input signal. For the pnCCD, the main effect to the DQE is the
variance in the deposited energy for each TEM electron caused by the
possibility of back-scattered electrons.

The input signal can be assumed to be Poisson distributed. In this
case the DQE can be calculated from the energy spectra:™'>

(LE-p(E)? < psi >?
Q Y E2. p(E) ZE;’K E2 . p(E) (7.42)

The DQE was determined from various experimental measurements
at energies from 20 keV to 300 keV. The values are compiled in table
7.5. For all energies the DQE is above 0.93. Thus the input SNR is

Energy DQE PID
keV

20 0.93 PID20_oo1

60 0.93 PID60_oo1

80 0.94 PID8o_oo1
120 0.94 PID120_oo1
200 0.94 PID200_oo1
300 0.94 PID300_o001

transferred well without significant deterioration to the output of the
detector.

As a remark, the DQE values presented here apply to images
recorded in the intensity imaging mode in which a distinction between
single TEM electrons is not possible. If the electron rate is low enough,

3 Reimer and Kohl, 2008, p. 132.

4 McMullan et al., 2009.
5 See appendix A.z for the derivation.

Table 7.5: The DQE for various electron
energies.
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however, the SEA will detect each single TEM electron that deposits
enough energy above a certain threshold removing the variability in
the signal response caused by back-scattered electrons. In that case
the DQE is limited by the readout noise with values > 0.99. This case
is investigated in section 6.3 with the help of simulations.

The DQE calculated in this section refers to the spatial frequency
independent DQE(0). In future work, the DQE calculation can be
extended to include the dependence on the size of the features imaged,
called DQE (w).16:17

7.7 Energy Resolution of the pnCCD under Electron Illumi-
nation

With the SEA, an energy spectrum is created of the energy that is
deposited by the TEM electrons in the detector. Due to the possibility
of backscattering electrons, not only a peak at the energy of the TEM
electron is recorded but also a broad continuous distribution with
lower energies, though at a lower probability. However, a meaningful
energy resolution can be derived for the F1 peak by calculating its
full width at half maximum (FWHM).

The width of the F1 peak depends mainly on the energy of the
TEM electrons and on the correction of the raw frames data. A good
correction of gain and common mode (see section 5.2) result in better
energy resolutions.

FWHMs of the F1 type event are compiled in table 7.6 for various
TEM electron energies and measurements. For comparison, the width
OFano due to pure Fano statistics'® as a lower limit is also included:

1::‘NI_H\/[Fano = 2.35- W * OFano (7'43)

=235-v/0.115 - w - Etem (7.44)

with w = 3.67¢eV

Energy FWHM 23507, FWHM/E PID

keV eV eV Yo
20 538 216 2.7 PID20_o03
40 874 305 2.2 PID40_oo1
60 975 374 1.6 PID60_o05
80 1819 432 2.3 PID80_o02
120 2281 529 1.9 PID120_oo1
200 2657 683 1.3 PID200_o002
300 4278 836 1.4 PID300_o002

The widths of the F1 peak increases with increasing energy of
the TEM electron as expected from equation 7.44. The experimen-
tally measured widths are higher than the ones due to pure Fano
statistics. A larger FWHM than theoretically possible is caused by
the scattering of the primary electrons including the backscattered

1 McMullan et al., 2009.

7 See section 8.1 for more on spatial fre-
quencies.

8 See section 3.6

Table 7.6: Energy resolution given by the
FWHM of the F1 energy peak. For com-
parison, the FWHM due to pure Fano
statistics calculated with equation 7.44
is given.
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ones, the contributions of the readout noise sources and the non
perfect corrections. Nevertheless, the achievable energy resolution
provides enough precision to determine the characteristic response of
the pnCCD for TEM electrons as shown in this chapter. Even more
important, as opposed to detectors that only count TEM electrons, the
pnCCD provides spatial data with a sufficient energy resolution that
is essential to reconstruct the point of entry of single TEM electrons
(see next chapter 8).

For spectroscopy on the TEM electrons that leave the sample, the
energy differences that are of interest in EM and that must be detected
are in the range of a few eV to a few keV. Even a perfect detector
cannot achieve this energy resolution by directly measuring the energy
as shown by the Fano statistics. For these kinds of measurements,
energy dispersive methods must be applied (see section 3.9.4).

For future experiments that require the precise determination of the
energy of the TEM electrons, the calculation method and experimental
verification of the gain map should be a topic to look into for further
improvements.

7.8  Summary on the Signal Response

The signal response of the pnCCD to electron illumination has been
explained in this chapter. It was shown that the energy spectrum
is comprised of a part that originates from TEM electrons that de-
posit their whole energy in the detector and of a part that originates
from TEM electrons that deposit only a portion of their energy. The
whole spectrum can be described with a model, in which the proba-
bility distribution for single TEM electrons is convoluted with itself
multiple times and the different events with multiple TEM electrons
are weighted according to the probability of their occurrence. The
weighting factors mainly depend on the energy of the TEM electrons,
the electron rate, the pixel size and the back contact voltage. The
measurement of the energy spectrum for only single events with a
very low electron rate thus provides all the data necessary to describe
signal responses at different electron rates.

The calibration factor and the conversion factor can be calculated
with the energy spectra data. The calibration factor relates the digital
readout units adu to energy units of eV, thus calibrating the energy
spectra. The conversion factor provides the average response in units
of adu to a single TEM electron, providing a measure to determine
the number of TEM electrons in intensity images.
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8 Spatial Resolution in Single Electron Imaging

EACH ELECTRON THAT ENTERS THE PNCCD scatters in the sensitive
volume. The resulting signal distribution over several pixels can be
used to determine the point of entry (PoE) of single electrons with a
higher precision than given by the physical pixel size.

Four models for the calculation of the PoE are investigated in this
chapter. The applicability of each model depends on the energy of
the TEM electrons. The first one is applicable to all energies ( Center
of Gravity (CoG) model, section 8.3.1). The second and third model
(Gauss and Eta model, section 8.3.2 and 8.3.3) are applicable for lower
energies, especially for E < 80keV. These two models assume a
Gaussian like distribution of signal electrons in the pixels which is
often not the case for long electron tracks of energies above 120 keV.
Complementary, the fourth model (long track furthest pixel away
(LTFPA) model, section 8.3.4) improves the PoE determination for
higher energies, especially 300 keV. With the Gauss and Eta model,
sub-pixel spatial resolutions can be achieved. For the moment, with
the LTFPA model, no sub-pixel resolution is achieved, however, the
image contrast is increased. To determine the PoE for the higher
electron energies better than the physical pixel size a more detailed
analysis is required.

The chapter starts with a description on how the spatial resolution
is measured in experiments and how it is expressed with the modula-
tion transfer function (MTF) (section 8.1). As a reference, the MTF is
calculated for intensity images without sub-pixel resolution created
in the IIM (section 8.2). Further descriptive measures for the PoE
models are introduced (section 8.3) before each model is explained
and applied to experimental data. Finally, the results of the models
and their applicability are discussed (section §.4).

8.1 Quantification of Spatial Resolution

The spatial resolution of a pnCCD under electron illumination is
quantified with the MTF, which describes how much contrast from
an object is transferred by an imaging system to a final image. Each
imaging system introduces a decrease in contrast, which depends on
the projecting optics and the detector characteristics. Additionally, the
transferred contrast depends on the object’s structures sizes. Usually
less contrast is transferred with decreasing structure size. Therefore,
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the MTF is given in dependence of spatial frequencies w." The unit
for spatial frequency is given in fraction of the Nyquist frequency
(1Ny = 1/(2pix)).

Other widely used measures for spatial resolution are the point
spread function (PSF), the line spread function (LSF) and the the edge
spread function (ESF). Assuming a Gaussian function for the PSF, all
four functions can be expressed as:3

PSFG(r) = n%zexp(—rz/ﬂ) (8.1)
LSFG(x) = %exp(—xz/)\z) (8.2)
ESFq (x) = %erfc(—x/)\) 83)
MTFg(w) = exp(—*A*w?/4) (8.4)
= F (LSFg(x)) (8.5)

The PSF is rotational symmetric with 1> = x? 4+ y? and the length
parameter A given by PSFg(r = A) = 1/ePSFg(0). Visually speaking,
the parameter A defines how sharp or pointlike the PSF appears.
The MTF is the Fourier transform of the LSF. The LSF is the exten-
sion of the PSF in one direction. The ESF is an extension of the LSF in
orthogonal direction. The relationships between the PSF, LSF and ESF
are shown visually in figure 8.1. The MTF is chosen for the quantifica-

PSF LSF ESF

n

tion of spatial resolution because imaging a sharp edge representing
the ESF is experimentally viable. On the other hand, generating a
stable spot illumination smaller than a pixel with such a low electron
rate that single electrons are imaged has shown experimentally very
difficult.

For the experimental data of this thesis, a region in the image is
chosen that is blocked from electron illumination by the cooling mask
(see figure 8.2). The edge is slightly slanted with respect to the pixel
geometry resulting in a sampling of the edge at all positions inside a
pixel dimension. The ESF is fitted to the edge.# The fitting parameter
Agi determines the MTFE. A larger A translates to a less sharp edge
and poorer spatial resolution. All data is in reference to the physical
pixel size, so that different sub-pixel resolutions s can be compared.

_ Mt
S

A (8.6)

* See appendix A.1 for further graphical
explanations of the MTF.

2 Shannon, 1949.

3 McMullan et al., 2009.

Figure 8.1: Relationship between the
PSF, LSF and ESF. The overlaid curves
are the intensity profile in left-right di-
rection. The LSF is the derivative of
the ESE. The LSF is an extension of the
PSF in one direction. The parameter A
in equations 8.1 to 8.4 determines the
sharpness of the ESF and the width of
the PSE.

Figure 8.2: The sharp edges used in the
determination of the MTFE.

+The detailed MTF calculation proce-
dure is given in appendix A.1.
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Measuring the spatial resolution for single TEM electrons is more
complex as two cases have to be discriminated: 1) For events originat-
ing from a single TEM electron (S1) or 2) for events originating from
single and multiple TEM electrons (S1,52,...). The PoE of S1 events can
be determined with a higher precision. The PoE for Sn with n > 1
is the average of two or more TEM electrons. Ideally to measure the
spatial resolution of the S1 events, the electron rate would be so low
that the chance of events originating from multiple TEM electrons is
negligible. However, in real applications, the electron rate is usually
higher, so that there are always events originating from multiple TEM
electrons. As a compromise, in this thesis, the MTF is calculated from
all events and the electron rate is stated (see the data reference in
appendix A.10).

Using only the S1 events from data with Sn events does not provide
the same data as images with very low electron rate with only S1
events. The reason is that the average electron rate at the edge is
lower and therefore the probability for S1 events is higher at the edge,
which might influence the calculation of the MTE. As a consequence,
all event types are used to create the image from which the MTF is
determined.

8.2 Spatial Resolution in Intensity Imaging Mode

As a reference, the MTF is determined from intensity images without
using further processing. In figure 8.3 a detail of the intensity images
is shown for each energy. In figure 8.4 a comparison of the MTF at

a) 20 keV b) 60 keV ) 80 keV
) 120 keV e) 200 keV f) 300 keV

various TEM electron energies is shown (for the fitting parameter
Agir see table 8.1). The contrast of the edge increases with decreasing
energy of the TEM electrons. This is a direct consequence of the

Figure 8.3: Detail of intensity images at
energies from 20keV to 300keV. With
increasing energy of the TEM electrons
the edge appears increasingly diffuse.
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shorter track length of the lower energy electrons. At high TEM
electron energies, the primary electrons scatter in the detector volume
covered by the cooling mask. Hence, the edge appears blurry by a
few pixels. The range of the scattering is a few pixels, which results
in a diffuse edge. This effect is visually seen in figure 8.3d-f). The

1.0
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0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

MTF

300 keV 200 keV 120 keV

0 L L 1 1 L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Spatial frequency w in fraction of physical Nyquist frequency

MTF shows a corresponding sharp drop, especially at 300 keV and
200 keV.

Visually, there is not much difference in the images in figure 8.3
for 20keV, 60 keV and 80 keV. However, the MTF does show a greater
contrast.

8.3 Point of Entry Models

Apart of the MTE, another key figure for the performance of each
model is the distribution of the decimal part of x and y coordinates of
PoEs over the dimensions of the physical pixel. Under homogenous
illumination, each pixel area should be hit with an equal probability.
Theses probabilities are expressed as the probability density function
(pdf) and the cumulative distribution function (cdf):

b
pdf(x) = P(a < X <b) = /a fx(x)dx (8.7)
cdf(c) = P(—o0 < X < ¢) _ L fx(x)dr  (88)

a=x—dx,b=x+dx
x € [0,1]

The pdf describes the probability that the position of an event is in an
interval [a, b]. The cdf describes the integrated probabilities up to a
limit c.

In figure 8.5, the ideal pdf and the cdf are shown under homoge-
neous illumination. Each pixel area is hit with the same probability.
After the SEA, the distributions of the calculated PoEs should be
equal to the ideal ones. However, the measured (experimental) data
deviates from the ideal curve in a systematic way for the models for
each of the PoE models. Note that the models introduced in this

Figure 8.4: Comparison of the MTF at
various energies in intensity imaging
mode.
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chapter apply only to S1 events improving only the spatial resolution
of the S1 events. Since S1 events are the most probable ones (> 80 %),
the influence of S1 events is dominant to the overall spatial resolution
in images using all events.

8.3.1  Center of Gravity Method

The standard method to determine the PoE coordinate Rcog (¥, y) of
an event is to calculate the weighted centroid of the pixels of the event
that contain signal. This method is called Center of Gravity (CoG)
method.

1 n
xzfzsk'xk (8.9)
k=1
n
T=) S (8.10)
k=1

with Sy the signal in pixel k, x; the x-coordinate of the pixel k (likewise
for the y-coordinate) and T is the total signal of the event.

The calculated distribution of the position of the CoG inside a pixel
is not homogeneous under homogeneous illumination (see figure 8.6).

1 20 .
=S
. 0.9 Central pixel at _g
T 08 5%5 sub-pixel spacing =
S o
207 2
5 S
s 0.6 s
g =
s 0.5 10 &
g 2
504
g 03 cdf pdf 4
£ =
0.2 i
S :
0.1 <)
SRS a
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Position in fraction of pixel
Pixel Pixel Pixel
border center border

A straightforward calculation yields a systematic error that needs

Figure 8.5: Ideal cdf and pdf of PoE po-
sitions under homogenous illumination.
The convention is chosen such that the
center of a pixel is at x = 0.5 and the
borders are at x = 0 and x = 1.

Figure 8.6: Distribution of the posi-
tion of the CoG over the pixel geom-
etry calculated according to equations
8.7 and 8.9 from simulated electrons
(E = 20keV) without any noise. Both
x and y directions show the same dis-
tribution. The cdf exhibits a S-shape,
corresponding to the peak in the pdf at
x = 0.5. The dotted lines show the ideal
cdf and pdf under homogenous illumi-
nation where each position has the same
probability to be hit.
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to be corrected.As an example under optimal conditions without
noise, figure 8.6 shows the cdf and pdf for simulated data at 20 keV.
With the CoG method, the calculated PoEs are shifted towards the
centers of the physical pixels compared to the actual PoE. The same
characteristic is seen in experimental data, for example at 20 keV and
60keV (see figure 8.7).

' . 20 keV cdf x 0.5
0.9 g;e(rswtralbpl)fel Tt .
08 sub-pixel spacing 04
0.7
0.6 03 5
— ©
T 05 £
57% in S
04 central pixel 02 o
0.3
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60 keV pdf x
0.1 20 keV pdf x
0 { | 0
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An image created with a 5x 5 sub-pixel resolution for 20 keV and
60keV is shown in figure 8.8. The effect of the systematic deviation
is apparent in the regular pattern of pixels with high counts. Most
events are counted at the (sub-) pixels that are at the centers of the
physical pixels (corresponding to the indicated region in figure 8.7).

The CoG method is a first approximation to the actual PoE of the
incoming TEM electron. The point of entry models of the next two
sections try to correct the effect of uneven distributions.

_Ce'ntér Qf H
_physi_cal pixel,

‘Center of
‘physical pixel

8.3.2  Gauss Correction Method

The Gaussian correction model assumes a Gaussian shaped charge
cloud at the collection depth of the detector volume. The Gaussian
distribution is integrated over the pixel borders, discretizing a con-
tinuous function. The center of the distribution and the center of
gravity of the discrete signal are not at the same position. However,

Figure 8.7: Distributions (cdf and pdf) of
the position of the CoG over the pixel ge-
ometry for experimental data for 20 keV/
and 60keV. Only S1 events are used.
The x-coordinate is shown. The distri-
butions for the y-coordinate is almost
identical. The central pixel for a 5x5
sub-pixel spacing is indicated. 36 % of
all S1 events are counted in the central
pixel for 60keV. For 20keV, 57 % are
counted in the central pixel. See figure
8.8 for the resulting images. Measure-
ments: PID2o_oo02 and PID60_oo1

Figure 8.8: Detail of images with
5x5 sub-pixel resolution and the CoG
method at 20keV and 60keV. The sub-
pixels at the center of the physical pixels
appear with increased intensity due to
the systematic errors of the PoE calcu-
lation. Same measurements as in fig-
ure 8.7.
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the difference between both positions is systematic. The position of
the center of the Gaussian distribution Rg,,ss can thus be determined
from the calculated CoG position Rceg.

a) Signal electron distribution

S3=0.5(erf(ay)-erf(as))
Gaussian f(x)

0.5 + 0.5(erf(x))

] ] J
az ay ds,

RGauss

D =Rgauss~ Reo

|
|
|
1
I
|
b) Signal in pixels |
|
|
|
1

S S2 1 Reog S3 S4
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As shown in figure 8.9, a continuous Gaussian distribution f(x) of
signal electrons is assumed over a discrete region representing pixels.
The function f(x) is integrated over each pixel yielding the signal S(i)
in pixel i. The integral of a Gaussian distribution with mean u and
width ¢ is described with the error function erf(x):

()

flx) = e (8.11)
S = ;’“ F(x)dx (8.12)
erf(a;) = /O e (") ax (8.13)
Si= 5 (1 +erf(a) — 5 (1 ter(a)  ©19)
= 2 (erf(ai 1) —erf(a) (8.15)

In this context, the mean p represents the position of the incoming
TEM electron, so that Rgauss = M-

The CoG is calculated from the signal collected in the pixels with
equation 8.9. The difference Dy to the center of the Gaussian dis-
tribution is calculated which is then used to produce the corrected
coordinates Rg-gxp-

(8.16)
(8.17)

Dg (x,0) = RGauss (1, ) — RcoG-sim (¥)

RG—Exp - RCoG—Exp +D g

The difference is calculated for each position of the Gaussian distri-
bution inside the pixel geometry and for several values of the charge
cloud size expressed by the parameter ogjo,q. A correction look-up
table can thus be calculated. The CoG position for both x and y

Figure 8.9: A Gaussian distribution that
is integrated over pixel boundaries a;.
The position of the center of the Gaus-
sian distribution Rg,yss differs from the
position of the CoG Rcog calculated
over the integrated signal in the pixel
boundaries. The position of the CoG is
always shifted towards the center of the
pixel compared to the actual center of
the Gaussian distribution.
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directions are independent and can be calculated separately, even
with different values for 0¢jouq-
Correction functions for various o¢jo,q4 are shown in figure 8.10.5
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The sensitivity of the correction to the CoG is very high around
the center position (x = 0.5) for values of ogjouqg < 10pm. A small
variation in the position of the CoG results in a large variation in the
applied correction shift. Therefore, factors that influence the CoG,
especially noise, become more significant (also choice of threshold
Osea for the SEA, operation mode of the pnCCD).

A reasonable Gaussian correction requires signal in at least two
or three pixels in each direction per event. Therefore the size of the
charge cloud is tuned using the back contact voltage to achieve a
better resolution. A lower back contact voltage results in longer drift
times of the charge cloud moving from the back to the front side. Ac-
cordingly, the charge cloud has more time to spread due to diffusion
and repulsion over a greater area.® A low back contact voltage is used
in the HiRes operation mode of the pnCCD (see section 4.5.1).

To achieve the best possible correction of the PoE, the choice of
the 0gouq and hence the correction function is crucial. The value for
Ocloud €an be determined from 1) dedicated experiments,” 2) model
calculations® or 3) with a fit to the distribution of the CoG positions
calculated from the experimental data.

The determination of the charge cloud size with a dedicated exper-
iment is in itself a complex experiment and might give varying results
for different pnCCDs (varying wafer processing, spread of processing
parameters) and under different operation conditions (timings, volt-
ages, electron mobility depending on operation temperature). Model
calculations of the pnCCD (including simulations) might not include
all effects that affect the charge cloud size.

In the third method, the experimental data itself determines the
suitable value of o(oyq. The experimental cdf of the positions of
the CoG is fitted with the cdf of a pure Gaussian signal distribu-
tion. Here, the maximum correction shift (Dmax) and the position

5 For the code, see appendix A 8.

Figure 8.10: Correction shift Dg for an
assumed Gaussian distribution and a
pixel size of 48 pm. The correction de-
pends on the width o¢j,,q of the charge
cloud. The PoE is always shifted away
from the pixel center towards the pixel
border. The correction is very sensitive
around the center of the pixel as seen by
the high gradient at x = 0.5, especially
at small values of 0gouq < 0.21pix =
10 pm. For ogoug = 0.21pix, the posi-
tion Rpax and value of the maximum
correction shift Doy are indicated.

¢ See section 7.3

7 Kimmel et al., 2010.

8Thle et al., 2017.
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D(Rmax) = Dmax are determined for 0.1 pix < 0oug < 0.5 pix from a
model calculation. The experimental and the theoretical values (either
Dmax or Rmax) are compared and the value of oo,q is chosen that
has the lowest difference.

Figure 8.11 shows the cdf and pdf before and after Gauss correc-
tion. The pdf after Gauss correction is almost flat like the ideal pdf
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implying a good correction. There is a small difference of the cdf to
the ideal cdf indicating that the distribution is not pure Gaussian.

The cdf distribution of the CoG positions that is calculated directly
from the experimental data can also be used for the correction of the
PoE, which is explained in the next section 8.3.3.

8.3.3 Eta Correction Method

All effects leading to a deviation from a pure Gaussian distribution
can be accounted for in a correction function that is derived from
the measured data itself (either experimental or simulated data). The
difference of the actual cdf to the ideal cdf provides the correction
function called 7(x):9

n(x) = cdf(x) — x (8.18)
Xeta (i) = Xcog (i) + 17(Xcog (7)) (8.19)

The cdf is calculated from all S1 events. The Xcog(i) and Yeog ()
coordinate of each event i calculated with the CoG method is corrected
with the 7 function (figure 8.12). Visually speaking, the PoEs are
shifted away from the center of the pixel towards the border of the
pixel reversing the effect of the pure CoG method.

Figure 8.13 shows the cdf and the pdf after the Eta correction in
comparison to the CoG method (E = 60keV). The pdf of the Eta
corrected data is homogeneous indicating a good correction. The
discontinuity at x = 0.5 is due to the events with only one or two
pixel (one pixel in one direction). The improvement in the MTF is
discussed in section 8.4.

Figure 8.11: Comparison of cdf and pdf
before (CoG) and after Gauss correction
(E = 60keV). Here, 0gouq = 0.237 pix.
(HiRes mode, measurement: PIDé6o_-
001).

9 The correction function is named # in
reference to a publication in which this
idea was used for the correction of PoEs
of photons detected with a silicon strip
detector. Belau et al., 1983
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Figure 8.12: a) Cdf and b) Eta correction
function (E = 60keV). The Eta func-
tion is the difference of the actual cdf to
the ideal cdf. As an example, the Eta
function is calculated for one position
at x = 0.4 as indicated with the black
dots. The PoE determined with the CoG
is shifted away from the center of the
pixel towards the border (green arrows).

Figure 8.13: Comparison of cdf and pdf
before (CoG) and after Eta correction
(E =60keV). (HiRes mode, measure-
ment: PID60_oo1).
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8.3.4 Long Track Furthest Pixel Away Method

For TEM electrons with energies of 200 keV and 300 keV a method can
be applied that uses the long track nature of the scattered primary
electron. The fact that more energy is deposited at the end of the track
leads to higher signal at the end of the track. Therefore, it is more
probable that the PoE of the electron is located at the opposite end of
the track (see figure 8.14). For TEM electron energies above 200 keV
scattered primary electrons produce long tracks at which they deposit
a large part of their energy at the end of the track.

Therefore, the LTFPA model assumes that the PoE lies in the pixel
in largest distance to the pixel with the highest intensity. For each
event, the algorithm finds the pixel with the highest signal and sets
the pixel that is furthest away from this pixel as the PoE. Only the

S1 events are corrected that have at least six pixels in one dimension.

Events with less pixels do not show a strong directional track and are
not corrected.

a) CoG c) Difference

Figure 8.15 shows a comparison of images created with the CoG
method and the LTFPA method using S1 events. The contrast of the
edge is higher in the LTFPA model corrected image as compared to the
CoG model corrected image. In addition, the difference map clearly
shows fewer events in the masked area of the LTFPA image compared
to the CoG image. Correspondingly, for 300keV the MTF fitting
parameter decreases from Ag = 2.778 (CoG method) to Agy = 1.732
(LTFPA method). For 200keV at which the tracks are shorter and
less directional in comparison, the fitting parameter decreases from
Agir = 1.563 (CoG method) to Ay = 1.387 (LTFPA method).

8.4 Discussion of Models

The MTF functions for all measured energies are shown in figure

8.16 determined in the IIM and EIM at various sub-pixel resolutions.

The determined fitting parameter and MTF values for TEM electron
energies from 20 keV to 300 keV are compiled in table 8.1. The spatial
resolution increases with decreasing energy of the TEM electrons.

Concerning the Gauss and Eta model, the corrections depend mainly
on three parameters: 1) The back contact voltage Uy, that mainly
determines the signal cloud size 0joyq. 2) The combination of the

Pixel furthest away

. * Pixel with

highest signal

Figure 8.14: Example of a long electron
track (E = 300keV). The PoE is prob-
ably not near the pixel with the high-
est signal, but closer to the pixel that is
furthest away from the pixel with the
highest signal.

Figure 8.15: Comparison of images cre-
ated with the CoG model and the LTFPA
model (300keV). For these images, only
the corrected S1 events are used. ¢) The
difference between both images (LTFPA-
CoG) shows that fewer events are posi-
tioned in the masked area (the red edge).
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Figure 8.16: Comparison of the MTF for
all energies. Four MTF functions over-
lap (60keV 1x and 40 keV int, 20 keV 5x
and 40keV 5x).
Ener Ap/s PID Table 8.1: MTF values determined from
gy fit intensity images (int) and images cre-
int CoG Eta Fta ated with the CoG model and the Eta
model. The CoG and Eta mode provide
keV - s=1 s=3 §=5 the same result at no sub-pixel resolu-
tion (s = 1). Results of the Gauss model
20 0.532 0.493 0.217 0.185 PID20_o04 are not shown since the Eta model re-
40 0.567 0.511 0.234 0.185 PID40_002 sults in better images (see text and fig-
60 0630 0566 0336 0308 PID60_oo1 ure 8.18). For energies of 200keV and
300keV, the Eta correction was not ap-
80 0.661 0.605 0.408 0.391  PID8o_oog plied since the signal distribution of
120 0.922 0.834 0.688 0.680 PID120_oo1 their tracks is not similar to a Gaussian
200 1.703 1563 ~ ~ PID200_002 distribution. All values are derived from

experimental data.

300 2.896 2.778 - - PID300_o002
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noise level and the threshold o, that is used in the SEA. 3) The energy
of the primary electron. In combination, these three parameters
determine the pdf and cdf distributions of the positions of the CoG in
the pixel. A better reconstruction of the PoE is achieved, if the gradient
of the cdf around the center of the pixel (x ~ 0.5) is minimized. This
means that these two correction methods do not depend strongly on
slight variations in the initial position calculated with the CoG.

Following the cdf from the border to the center of the pixel, the
distance between the point at which the cdf does not increase to
the pixel’s center should be minimized (see figure 8.17). Practically,
this means that there are fewer events that have only one pixel with
signal or that have only one pixel spread in one direction. This can be
achieved by tuning the above mentioned three parameters. Generally,
the pnCCD should be operated in the HiRes mode if images are
created from single electrons.

0.6 _
E =60 keV HiRes

05 oA

0.4 Eta HiRes+HCHC

cdf

03 HiRes CoG

0.2

0.1 HCHC CoG

0 0.1 0.2 0.3 0.4 0.5 0.6
Position in fraction of pixel

In figure 8.18, 5x 5 sub-pixel images calculated with the CoG, Gaus-
sian and Eta method for 60keV are compared. All images show a

a) CoG 5x5 b) Gauss 5x5 ) Eta 5x5

sharp edge. The image created with only the CoG method shows the
systematic errors explained before (see section 8.3.1). The image cre-
ated with the Gauss model shows slightly inhomogeneous intensity
with partially highlighted columns. The Eta model provides better
results compared to the Gauss model (see figure 8.19) which relies on
the assumption of a pure Gaussian distribution of signal electrons.

Figure 8.17: Comparison of cdfs be-
tween HiRes and HCHC mode (E =
60keV). The gradient of the CoG cdf
near the pixel center (y = 0.5) is greater
in the HCHC mode than in the HiRes
mode. After the Eta correction, the po-
sition from which the cdf does not in-
crease (indicated by the two arrows) to
the pixel center is further away in the
HCHC mode than in the HiRes mode,
which can lead to a less than optimal
correction (see also figure 8.21). Experi-
mental data.

Figure 8.18: Comparison of 5x5 sub-
pixel images (E = 60 keV).



118 DETECTION OF ELECTRONS WITH THE PNCCD

0.6 0.2
0.5 Eta cdf x
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0.4
5 03 018
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CoG cdf x Cepe e
0.2
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0.1} 7~ ————
Gauss pdf
. / uss pdf x | o
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Pixel border Pixel center

An increase in sub-pixel resolution results in a decrease in the number
of TEM electrons Nj,, per sub-pixel in the image. The total number of
TEM electrons Niem that hit a physical pixel is divided by the number
of sub-pixel per physical pixel:

o Ntem
52

Nim (8.20)
with the sub-pixel factor s (see equation 5.14). For example, assuming
that Niem = 100 TEM electrons hit a physical pixel, the average
number of TEM electrons that are counted in a sub-pixel with a 5x5
sub-pixel resolution is Nj,, = 4. To compensate and to reach the same
statistics, a 25 times longer measurement would be needed. Therefore
there is tradeoff between sub-pixel resolution and the number of
counts in a sub-pixel. In figure 8 .20, a series of images with increasing
sub-pixel resolution are shown along with the MTF fitting parameter
in table 8.2. The contrast in the MTF does not increase significantly

a) Eta 1x1 _1500 b) Eta 3x3

dEta7x7 NG e Etaoxo [IIINTGo f)Eta 11x11 RN 60

Figure 8.19: Comparison of CoG, Gauss
and Eta methods. Both the Gauss and
Eta method show an improvement com-
pared to the CoG method. The Gauss
cdf shows a slight deviation from the
ideal cdf, along with a non-flat pdf. The
Eta method provides the best correction.

Figure 8.20: Comparison of images with
increasing sub-pixel resolution (E =
60 keV). With increasing sub-pixel factor,
the average number of TEM electrons
Nim per image pixel decreases (see also
table 8.2).
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beyond a 5x 5 sub-pixel resolution. However, the average number of
TEM electrons in a sub-pixel decreases significantly proportionally
with s? along with a relative increase in the variance o2 . These
findings are compiled in table 8.2.

s A/s MTF Nim Om  Nim/0im
05Ny 1.0Ny €tom €tem
1 0.567 0.820 0.453 13115 46.3 28.3
3 0.336 0.933 0.756  145.7 15.2 9.6
5 0.308 0.943 0.791 52.5 9.0 5.8
7 0.301 0.946 0.800 26.8 6.4 4.2
9 0.297 0.947 0.804 16.2 49 3.3
11 0.296 0.947 0.806 10.8 4.0 2.7

There is potential for very high spatial resolution at low TEM electron
energies, especially at 20 keV. The TEM electrons do not scatter over
a long distance and their energy deposition is localized to a few mi-
crometers. The initial charge cloud is similar to the one generated by
X-ray photons. For X-rays, it has been shown that a spatial resolution
down to a few micrometers can be achieved.™®

Due to limited operation time at a TEM capable of energies down
to 20keV, only measurements in the HCHC mode (Up. = —420V)
were recorded at 20keV and 40 keV during this thesis. The high back
contact voltage leads to a small spread of the signal electrons (see
section 77.3). In the case of TEM electrons with an energy of 20 keV,
there are many events that only have one or two pixels. The effect of
the high back contact voltage can be countered to some degree with a
lower threshold used in the SEA. With a lower threshold, more pixels
are assumed to have real signal and the chance for events with more
than two pixels increases (see figure 7.28). In figure 8.21 the cdf and
pdf distributions are shown of the positions after the Eta correction
calculated with a threshold of oy,esn = 3. Several observations can be
made:

1.0 0.1
0.9
0.8
Sub-pixel spacing: 21x21 — cdf x
0.7f — cdfy
0.6} — pdf x
“ — pdfy “
T 05F 3
0.4} Many events in
o3k central sub-pixel
0.2 _— 0.02
No events in
0.1 this sub-pixel (pdf y)
0 L L L L L L L

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Pixel border Pixel center Pixel border

Table 8.2: MTF values and statistics on
number of TEM electrons depending on
sub-pixel resolution. E = 60keV, mea-
surement: PID6o_oo1

*Thle et al., zo17.

Figure 8.21: Distribution of positions in
HCHC mode at 20 keV. For a 21 x 21 sub-
pixel spacing, the central 5 pixels are in-
dicated. There are no events positioned
in the row before and after the central
pixels, corresponding to pdf(y) values
of zero. See also figure 8.22. PID20o_oo4
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* The positions in x and y direction are distributed homogeneously
from 0.0 to 0.4 and from 0.6 to 1.0.

e This shows, that the Eta correction works well in these intervals.
e There is a difference in the distribution for the x and y direction.

* There are more events with only one pixel in y direction (rows),
about 20 %, seen in the cdf values from 0.4 to 0.6.

* As a consequence, there is an inhomogeneous distribution of counts
in sub-pixel images. For example, at a 21 x21 sub-pixel resolution,
the central pixel in y direction has 20 % of the events. The neigh-
boring pixels have no counts leading to empty rows in the image
(see figure 8.22).

The main reason for the disparity between the distributions in x and
y direction is presumably the asymmetric potential of the pixel well
inside the detector.™*

However, the homogeneous distribution outside the few central
pixels indicates a good correction and a good spatial resolution. In
figure 8.23 images with high sub-pixel resolutions up to 25x25 are
shown. At high sub-pixel resolutions, the artifact of one bright row

a)CoG 1x1 [0 b) Eta 3x3

B0 o) Eta 5x5
S S

d) Eta 11x11 (JIIINZ0 o) Eta 2121 RIS ) Eta 25x25 Y 5

between two or more empty rows can be seen. Nevertheless, disre-
garding this artifact, the imaged edge appears to stay sharp. The
conclusions of section 7.3 provide strong evidence that with an appro-
priate back contact voltage the artifact will be removed. A true high
spatial sub-pixel resolution can be achieved for 20keV in the range
of a few micrometers. Due to the artifact, for 20 keV the MTF could
only be reasonably determined up to a 5x5 sub-pixel resolution (see
table 8.1).

L} ]
central row

PARTIWS

empty rows
e = n

Figure 8.22: Detail of 21x21 sub-pixel
image. The average number of counts in
the central pixel is approximately three
times higher than in the other pixels ex-
cluding the ones in the empty row.

" Schmidt, zo17.

Figure 8.23: Comparison of sub-pixel
images at 20 keV. With increasing sub-
pixel resolution rows can be seen that
are brighter than the average. This ar-
tifact was caused by the back contact
voltage that was not set optimally, being
too high. See also figure 8.21. Disregard-
ing the bright row, the edge remains
sharp even at sub-pixel resolution be-
yond 11x11. PID20_004
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As a remark, the particular TEM that was used to record the low

energy electrons was not optimized for such low energies (< 80 keV).

As a result, the illumination was not homogenous but showed a
low variation across the image (see figure 8.24). The effect on the
calculated MTF is probably marginal, however, the calculated MTF
should be confirmed under homogenous illumination, if possible.
For 40keV, the primary electrons scatter far enough that the high

back contact voltage does not have such an adverse effect as for 20 keV.
In combination with a low threshold used in the SEA (0yresh = 3),

the bright rows can be avoided. An improvement in spatial resolution
is seen up to around s = 9 (see table 8.3). The improvement in the

s 1 3 5 7 9 11
Age/s 0512 0234 0.185 0.172 0.166 0.163

MTF fitting parameter can also be seen in the images (see figure 8.25).

The rounded corner is sharp and not blurry even at 11x 11 sub-pixel
resolution and fine details of a rough edge become apparent. As
mentioned before in this section, the number of counts is greatly
reduced at high sub-pixel resolutions, which reduces the contrast.

a) CoG 1x1 [5G b) Eta 55 Bz o) e 11x11 R

d) Cog 1x1 _ 370 e) Eta5><5 _ 32 f) Eta11><11

There is potential for further models to be investigated, especially
for high energy electrons. Spatial resolution could be improved for

example by using the shape of the track, weighting the far away pixels,
clustering the tracks depending on their properties (number of pixel,

bounding box dimensions, ratio of bounding box dimensions, signal

distribution) and correcting each class of track with a specific model.

Machine learning methods could be used to effectively automate the
task of finding the most precise PoE of the TEM electron.

Figure 8.24: Uneven illumination for
measurements recorded at 20 keV.

Table 8.3: MTF fitting parameter for
40keV for increasing sub-pixel resolu-
tions after Eta correction. Measurement:
PID4o_ooz

Figure 8.25: Details of images for E =
40keV. Much smaller details are re-
solved with 5x5 sub-pixel resolution
compared to no sub-pixel resolution. Vi-
sually, the improvement beyond 5x5
sub-pixel resolution is minor. Measure-
ment: PID4o_oo2






9 Application of the pnCCD in Transmission

Electron Microscopy

THE PNCCD HAS BEEN USED AS A SPATIALLY RESOLVING IMAGER
in several applications and experiments of which five are presented
in this chapter. The first experiment is the demonstration of the
wave-particle duality of electrons (section 9.1). Similar to Young’s
double slit experiment the wave nature of the electron was shown by
recording an interference pattern. At the same time, individual single
electrons could be seen, due to the capability of the pnCCD to record
single TEM electrons. With sub-pixel resolution, the contrast in the
interference pattern could be increased.

In the second application, the pnCCD was used to record the three
dimensional structure of a nanotube (section 9.2). The sample was
imaged from many angles and in post-processing the structure was
reconstructed with the tomography method. Tomography relies on
many images that need to be recorded and typical measurement times
are longer than 10 min. With the pnCCD, the measurement took only
a few seconds.

The third, fourth and fifth application are measurements done in
the scanning mode of the TEM. These measurements can be grouped
into a method called 4D-STEM because a four dimensional data
set is recorded (section 9.3). During the measurement, for each
probe position of the electron beam (two dimensions), one image is
recorded (two dimensions). Conventional STEM detectors only record
one measurement from a single spatial element or a few elements.*
Since many probe positions are required, a fast imager is needed for
4D-STEM, like the pnCCD.

In the third experiment, magnetic domains of a sample are imaged
(section 9.4). Due to the magnetic field in the sample, the electron
beam is deflected. The deflection is recorded in two dimensions
with the pnCCD and the magnetic field can be reconstructed. This
measurement demonstrates nicely the 4D-STEM method.

In the fourth application, the lattice strain of two samples is deter-
mined. With the pnCCD, measurement times could be reduced by a
factor of 200 compared to previously used detectors.

In the fifth application, the pnCCD is used in ptychography with
electrons. Ptychography is a method to retrieve the phase of the
electron wave that was modified by the sample. It is shown that

* Remember the groups of detectors de-
pending on number of detection ele-
ments in section 2.3.
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samples that are otherwise difficult to image can now be characterized
with Ptychography and the pnCCD.

9.1  Demonstration of the Wave-Particle Duality of Electrons

The wave-particle duality of electrons was demonstrated with the
pnCCD in a quasi double-slit experiment.> During the measurement,
due to a low electron rate, individual electrons could be seen in the
images, showing the particle character of the electron. The integration
of many frames resulted in an image in which an interference pattern
was visible, showing the wave character of the electron.

The setup of the experiment included an electron biprism3 which
was put into the trajectory of the TEM electrons. An electron biprism
consists of a thin wire between two parallel plates. The wire has a
diameter of several hundred nanometer and is made of gold coated
glass. The wire is at a positive potential that is externally adjustable
in the range of 0V to +-200 V. The plates are at ground potential. Due
to the electrostatic field around the wire, the TEM electrons will be
deflected.

Light source Electron source
S1 S S2 N S S2

Incoming wave

Optical biprism
Electron biprism \F
Thin wire
Parallel plates
at ground potential |

L
Two waves virtually originating
from sources S1 and S2

Area of interference

I InterferenFe pattern
W recorded with detector

Qi1

The functional principle of the electron biprism is comparable
to the optical biprism (see figure 9.1). In a setup with an optical
biprism, an incoming light wave is refracted such that, that after the
biprism, there are two waves that are inclined so that they seem to
originate from two virtual sources (S1 and S2). These virtual sources
are comparable to the two slits of a double slit interference experiment.
In the area where the two waves overlap, they will interfere. The
detection of the intensity distribution in the overlapping area shows
the typical interference pattern. The principle is the same for electron
waves. In this case, the electrons are detected with the pnCCD.

Note, that in the actual TEM setup, there are several electron lenses

*Ryll et al., 2015.

3 Mollenstedt and Diiker, 1956.

Figure 9.1: Principle of an optical and
electron biprism.
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that project and magnify the interference pattern on to the detector

with a magnification on the order of 100000 to 750 000. Otherwise

the fringe spacing which can be below 1nm could not be resolved.
The recorded intensity I(«a) varies periodically depending on the

angle a:
I(a) = Iy- sinc>y - cos®é (9.1)
diffraction interference
k
”y:b~EZ'sinoc (9.2)
ky .
(Szd-?-sma (9.3)
27
k=— .
1 (9-4)
w=AZ 9:5)

With b the slit width, d the distance between the slits, « the angle,
z the distance from the slit plane to the detection plane and w the
fringe spacing (see figure 9.2).

Since the slit width is small compared to the distance between the
slits (d/b > 10°) the diffraction term has a negligible effect on the
intensity of the maxima in the observed area (see Appendix A.3 for
more details).

In figure 9.3, a sequence of images is shown in which an increasing
number of frames are integrated (E = 60keV). In the first images,
single electrons can be seen, which seem to be randomly distributed
over the area. At around 100 integrated frames, a striped pattern
starts to emerge, the interference pattern. Increasing the number of
integrated frames shows the interference pattern with an increased
contrast. The orientation of the fringes is optically parallel to the wire
of the biprism.

o
S

NN NN
w

Figure 9.2: Geometry of the double slit
and the used figures.
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Figure 9.3: Montage of intensity images
(E = 60keV) with increasing number of
frames that are integrated to create the
image, from left to right, top to bottom:
1, 2, 4, 10, 20, 40, 100, 200, 700, 2200,
12200 and 62200.
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9.1.1 Single Electron Imaging in Holography

The contrast in the interference pattern can be quantified with the
interferometric visibility. In this section, it is shown that the inter-
ferometric visibility can be increased by using sub-pixel resolution.
The models developed in section 8.3 have been applied in holography
measurements. The electron rate was reduced so that single electrons
could be distinguished in the single frames and the SEA could be
applied. Two measurements are presented here, one with an electron
energy of 60 keV and one with 300 keV.
The interferometric visibility is defined as:

y = Imax = Imin _ A g ) (9.6)
Imax + Imin d
with the maximum intensity Imax and minimum intensity i, (see
also figure 9.4).

Figure 9.5 shows a comparison of an interference pattern without
sub-pixel resolution created by integrating many frames (an intensity
image) and an interference pattern with 5x5 sub-pixel resolution at

= 60kev. For the calculation of the visibility, the intensity was

'-a) No subpixel b) 5x5 sub-pixel [ 3

fi

averaged in the direction of the fringes (as indicated by the arrow in

figure 9.5). The averages are shown in figure 9.6. The interferometric
visibility was calculated from the average for both images. The
interferometric visibility increased from Vi, = 0.49 for the intensity
image to V5.5 = 0.58 for the sub-pixel resolution image.
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Figure 9.4: Interferometric visibility.

Figure 9.5: Comparison of images with
and without sub-pixel in a holography
experiment (E = 60keV). a) No sub-
pixel are used. b) The image is formed
with 5x 5 sub-pixels and the Eta-method,
showing the finer resolved interference
fringes. The arrow indicates the direc-
tion in which the intensity of the fringes
is averaged.

Figure 9.6: Averaged intensity of inter-
ference fringes. The solid area is with-
out sub-pixel resolution, the line steps is
with 5x 5 sub-pixel resolution. For this
comparison, the maximum of the inten-
sity was normalized to the maximum
count of the sub-pixel image.
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9.2 Electron Tomography with the pnCCD

Electron tomography (ET) is an essential method in electron mi-
croscopy to study the three-dimensional structure of samples. For
example, biological samples like cells and proteins can be better un-
derstood in their function if the structure is resolved in 3D at the
nanometer scale.4

In ET, the problem of acquiring a three dimensional image with a
two dimensional detector is solved by illuminating the sample from
many angles. The sample is tilted and for each tilt angle in a series, a
two dimensional projection is recorded (see figure 9.7). The rotation
can be around one or two tilt axes. Afterward, in post-processing, the
images of the projections are used to reconstruct the 3D structure of
the sample, called the tomogram (see figure 9.8).

Tilt angle increment AB

Electron beam o o
Tilting illumination angle

3D sample

Axis of rotation

2D projected
images

The tilt range and the number of projections influence the quality
of the reconstructed image:> 1) The tilt range should be as large as
possible. Ideally, the sample would be tilted the full £90° range,
but there are practical limits since the sample appears thicker the
more it is tilted and because of mechanical restrictions inside the
TEM. In practice, tilt ranges around £70° are possible. The missing
angle range is called missing wedge and the missing information can
cause artifacts in the reconstructed tomogram. 2) The number of
projections should be as high as possible, equivalent to small tilt angle
increments. For samples that are sensitive to beam damage (biological
ones, soft matter polymers), the electron dose for each projection must
be minimized. This results in noisy images or in a small number of
projections equivalent to large tilt angle increments.

Measurement times for full tilt series can be 20 minutes or even
hours when recorded with cameras that are readout around the 20 fps
frame rate.® The microscope and the sample must be stable during
the whole time, otherwise the sample drifts or the imaging conditions
change and the reconstructed structure will lose resolution. With high
frame rates, more data can be collected in a shorter time. Shorter
measurement times, in turn, relax the stability requirements on the
microscope.

4 Baumeister, 2002; Midgley et al., 2007.

Figure 9.7: Principle of tomography. For
each illumination angle, a two dimen-
sional projection is recorded. In the
actual TEM, the sample is tilted rather
than changing the angle of the incident
beam.

5 Crowther, DeRosier, and Klug, 1970;
Midgley et al., 2007.

20
1 20

Figure 9.8: Principle of back projection
in tomography. In this simple example,
the two, two dimensional images pro-
vide unambiguous information to recon-
struct the three dimensional sample.

® Migunov et al., 2015, supplement.
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The pnCCD has potential as a detector for ET because of the high
readout rates and the high sensitivity. With a frame rate of 1150 fps, a
whole tilt series can be recorded in a few seconds.

To test this, the pnCCD was installed on an FEI Titan 60-300 TEM.
The TEM energy was set to 60 keV. The pnCDD was operated in the
HCHC mode and read out at 1150 fps. There was no synchronization
between the camera and the TEM. The sample holder was set to start
tilting continuously and the readout was started shortly before. The
goniometer of the microscope was tilted from —70° to 4+70°. The
sample was a lanthanide-based nanotube” placed on a lacey carbon
support.

Single frames of a tomographic tilt series are shown in figure 9.9
for various tilt angles. The shown rotational symmetric nanotube
features a irregular three dimensional structure at one end to better
provide an impression of the rotation. Due to the rotation of the
sample holder and non-perfect eucentric focus of the sample position,
the field of view on the sample moved. This was a limitation of the
available sample holder.

Nanotube

Grid ~e——p

Single frames of the measurement that was used to reconstruct the
nanotube are shown in figure 9.10. At the end of the tilt range, the
nanotube moved outside the field of view. In the end, there were
3500 frames that were used for the reconstruction, equivalent to a tilt
range of —70° to +30°. The number of frames that were used for
the reconstruction correspond to a measurement time of 3.0s. The
resulting tilt increment is 0.029° per projection, which is more than
an order of magnitude smaller compared to tilt increments of 1° to 2°
used in conventional ET.

The nanotube could be reconstructed® from this data set. Several
views of the nanotube under three different angles are shown in figure
9.11, as well as one cut view through the nanotube. The morphology
of a nanotube is clearly seen.

The total dose integrated over all images is lower by an order of
magnitude compared to conventional tilt series."Radiation sensitive

7 Panchakarla et al., 2014; Migunov et al.,
2015.

Figure 9.9: Single frames of a tomog-
raphy tilt series. The sample is a
lanthanide-based nanotube supported
on a grid. The field of view changes be-
cause of the non-perfect eucentric focus.

8 For the reconstruction process see Mig-
unov, ..., Ryll, ..., etal, zo15.

9 Migunov, ..., Ryll, ..., et al, zo15.
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Nanotube

Figure 9.10: Single frames of a to-
mography tilt series. The sample is a
lanthanide-based nanotube supported
on a grid.

a) b) Figure g.11: Various views on the recon-
structed nanotube (orange) on a support
grid (blue). A cut through the nanotube
is shown in d). Images from Migunov,
..., Ryll, ..., etal, 2015

Q
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samples can therefore be imaged with a high number of projections
without damaging the sample.

The reconstruction algorithm took in the order of 20s on a current
desktop computer. The image acquisition took about the same time.
Overall, including some overhead, with the pnCCD it is technically
feasible to record and reconstruct a three dimensional sample in under
40s. A workflow in which the three dimensional structure of a sample
is accessible in a few minutes instead of half an hour or more changes
the way samples can be investigated tremendously. Additionally, the
throughput of samples is greatly increased.
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9.3 4D-STEM Imaging

4D-STEM imaging describes an imaging technique in the scanning
mode of the microscope. As is normal in STEM mode, the electron
beam is focused on the sample down to a small spot size in the order
of 0.5 A. The electron beam is then scanned over the sample over an
area of interest.’® Typical numbers of probe positions range between
256256 or 2048 X 2048 probe positions. For each probe position 7, a
two dimensional image is recorded (see figure 9.13a). The intensity
distribution that is imaged on the detector originates from various
signals of the transmitted electron beam depending on the settings
of the microscope. These signals include the bright field disc (figure
9.12a), diffraction patterns (figure 9.12b) or a single selected diffraction
peak (or disc).

Since a two dimensional image is recorded for a two dimensional
scanning raster, in total a 4D data set is recorded. Specific information
can be extracted from each 2D image of each probe position that
correlate to the properties of the sample at the probe position.

An example application is the imaging of magnetic domains in a
sample. In a simple interpretation, the magnetic field of the sample
deflects the electron beam as it passes the thin sample (see figure
9.13b and c). As part of the transmitted electron beam, the imaged
BF disc moves accordingly. The position of the disc in the detector
image at each STEM probe position is convertible into the strength
and direction of the magnetic field in the sample.

Focused
Electron Beam

Magnetic B
Sample

M

<!

2D Detector

o AT

Scan Position 1 Scan Position 2 Scan Position 3

The major requirement for a detector to be suited for 4D-STEM is
a fast readout. In table 9.1, various STEM image sizes and readout
rates are compiled to demonstrate that the detector readout rate has
a great impact on the measurement time.

For a STEM image of 256 x256 probe positions, a total number of
65536 2D images need to be recorded. The pnCCD can record this
number of probe positions in less than 70's in full frame mode with
264 %264 pixels in the detector images and a dwell time of 1ms.

4D-STEM applications are not feasible with slow readouts as keep-
ing a sample stable for over an hour is impossible if high spatial

* Most microscopes do a continuous
scan, some move and wait.

b) Diffraction Pattern

Figure 9.12: Examples of recorded sig-
nals in 4D-STEM.

Figure 9.13: Principle of 4D-STEM imag-
ing with a magnetic sample. The elec-
tron beam is focused to a spot on
the sample and scanned over the sam-
ple. For each probe position § a two-
dimensional image is recorded. The
transmitted electron beam is deflected
depending on the sample’s magnetic
field at the probe position. The shift 7
of the imaged disc is proportional to the
Lorentz force F and hence the magnetic
field B.
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Readout time Frame rate Number of probe positions

265 x 265 512 x 512 1024 x 1024

ms fps
500 2 9.8h 36.4h 145.6h
200 5 39h 14.6h 58.3h
50 20 1.0h 3.6h 14.6h
20 50 0.4h 1.5h 5.8h
5 200 5.9 min 21.8 min 87.4 min
1 1000 70s 262s 17.5min
0.5 2000 35s 131s 8.7 min
0.25 4000 18s 66s 4.4 min

resolution is required.

By recording the full two dimensional intensity distribution, signals
of standard and non-standard STEM detectors can be synthesized in
post-acquisition. For a given detector geometry, the intensity is inte-
grated over user defined areas. Examples of such synthetic detector
areas resembling existing devices are shown in figure 9.14. In addi-
tion to these, any arbitrary area can be defined. Thus, a comparison
between signals is possible, signals depending on scattering angles
can be analyzed''and selected areas in diffraction patterns can be
chosen for image formation'.

- Ah 2\ A\ 2\
TATAOR®,

In the following sections, three applications in 4D-STEM are shown

Integration
Area

Detector Area

that benefit particularly from the pnCCD’s high frame rates. The
applications include imaging of magnetic domains, measurement of
lattice strain in semiconductors and ptychography of carbon nan-
otubes. The first application demonstrates the principle of 4D-STEM
nicely. The intensity distribution that is recorded is basically a disc
that moves depending on the probe position. This movement is the
source of information about the sample and needs to be determined.
In the second application, a moving disc is recorded that exhibits
strongly varying intensity distributions. Theses distributions are not
the source for the information of interest, but must be considered in
the data analysis determining the movement of the disc. This is an
example where it is mandatory to record the intensity distribution
with a two dimensional imager. In the third application, the intensity
distributions inside the disc are the source of information about the
sample. This also necessitates a fast two dimensional imager.

Table 9.1: Overview of measurement
times depending on number of probe
positions for various frame rates.

“Jones, ..., Ryll, ..., etal., 2015.

> Kotula, ..., Ryll, ..., et al., 2016.

Figure 9.14: Patterns of synthetic detec-
tors in 4D-STEM that are formed by in-
tegrating the intensity in the shown area.
a) BF signal. b) 4 and c) 8 segmented
BF signal for DPC analysis. d) ADF sig-
nal. e) and f) Segmented ADF signal.
In principle, any synthetic detector can
be created in post acquisition from the
pnCCD data.
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9.4 Imaging Magnetic Domains

The magnetic field vectors of magnetic domains in a nickel sample
were imaged with a JEOL JEM-2800 microscope and the pnCCD at an
electron energy of 100 keV."3

The TEM was operated with a switched off objective lens so that
no external magnetic field was present at the sample position. The
varying magnetic field in the sample causes a deflection R(x,y) of
the electron beam corresponding to the strength and direction of the
magnetic field B(x,y) at each sample position (x, y).

R(x,y) < B(x,y) (9.7)

The BF disc at the detector plane of each STEM probe position moves
in a correlative, two-dimensional way (see figure 9.13c). For two
probe positions, the recorded images are shown in figure 9.16. The
intensity distribution inside the disc is homogenous. The pnCCD was
operated in the XPlus mode. Therefore, the TEM could be configured
to deliver a high intensity in the BF disc with homogenous intensity
distribution. The goal was to create a clear image of the BF disc
that is well separated from the noise. A good separation makes the
algorithm for finding the correct disc position easier and less error
prone.

The pnCCD was operated in a windowing mode (264 x 132 pixels)
at a readout rate of 2000 fps. A STEM image with 256256 probe
positions and a dwell time of 0.5ms was acquired in 37s.

In principle the deflection Reample (%, ) of the disc gives the mag-
netic field. The descanning’ of the electron beam below the sample
contributed partially to the movement of the BF disc. To account
for this additional shift, a scan was recorded with the electron probe
positioned in vacuum so that only the descanning caused a shift
R(%, ¥)vacuum in the position of the imaged BF disc. For both scans,
the positions of the BF disc in each image were determined by cal-
culating the center of gravity of the intensity distribution above an
intensity threshold. The disc positions of the vacuum scan were then
subtracted from the positions of the sample scan.

In figure 9.17, a subset of the calculated positions for the x- and
y-coordinates for both the scan in the sample and in vacuum are
shown. The positions in the vacuum show a repetitive pattern caused
by the descanning of the electron beam. Figure 9.17c shows the disc
position after correction.

An additional constant offset in the position of the electron beam
between the scan with and without the specimen was present. To

B Ryll et al., 2016.

Figure 9.15: Image of the magnetic sam-
ple. The white area is a crack in the
sample effectively being a vacuum re-
gion.

Figure 9.16: Example images of the BF
disc in STEM at two different probe po-
sitions. The corresponding circle of the
position of the disc in a) is overlayed in
b) for comparison.

4 See figure 2.4
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Position of BF disc in pixel versus probe position

x-direction y-direction
a) sample R, ¢,

80 T T 170
75
165
70
65 L " 160
b) vacuum Ry 5
68 one scan line (256 probe positions) 160
66 155
64 L ’ " 150
<) Rx,sam'Rx,vac
10 T T T 15
Py Py ‘--'l_-_'l l Ao
SL\ % 10
0 " " " L 5
d) Rx,sam_Rx,vac'Rx,ref
5 '\ T T T 5
vacuum
0 w W e ffh. it 0
-5 . . -5 . "

frame # (probe position) frame # (probe position)

17
AB

account for this constant offset, one reference position Rieference i
vacuum was chosen (at a crack in the sample). The magnetic vector
field was then calculated by subtracting the disc positions of each
probe position from this reference position (see figure 9.17d):

R(x, y) =R(x, y)sample —R(x, y)VaCuum — Ryeference (9-8)

In figure 9.18, the image acquired in standard Lorentz TEM mode
with a conventional camera is compared to the image acquired with
the pnCCD. The same features in the sample are visible. But in
addition to the information where the magnetic domains and their
boundaries are located, the direction of the magnetic field can be
determined from the pnCCD images, which is shown in figure 9.18b
and c. The magnetic field strength is determined in units of deflection
of the BF disc in pixels. The absolute magnitude of the field vector
can be determined from a reference measurement with a sample of
known magnetic field strength.

Based on the same principle of a deflected electron beam, measure-
ments of electric fields have been done.">

Figure 9.17: Positions of the BF disc de-
pending on the probe positions in x and
y direction. All units in pixels. In a)
the electron beam is scanned over the
sample, while in b) the electron beam
is positioned and scanned in vacuum to
determine the shift of the BF disc due to
the scanning coils seen in the sawtooth
pattern. c) Subtracting the contribution
of b) from a) results in c), which still
has a constant offset, that is removed
in d). The features A and B are indi-
cated again in figure 9.18b. The peri-
odic peaks marked ‘vacuum’ originate
from the edges of the crack in the sam-
ple. Measurements: PID1oo_ocor and
PID1oo_oo2

“Ritz, ..., Ryll, ..., etal, 2016.
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Figure 9.18: a) Standard Lorentz TEM
mode image visualizing magnetic do-
main boundaries inside a magnetic sam-
ple. The white diagonal part is caused
by a crack in the sample, effectively be-
ing a vacuum region. b) The same sam-
ple area imaged with the pnCCD using
the 4D-STEM imaging method visualiz-
ing a proportional amplitude and direc-
tion of the magnetic field inside the sam-
ple. The magnetic field vector is calcu-
lated for each STEM probe position and
color encoded as shown in the inset. The
color hue represents the angle (red 0°,
yellow 90°, green 180°, blue 270°) and
the color saturation represents the am-
plitude of the vector (the saturation in-

——N\ St e

l‘l“ P e/ creases with increasing amplitude). The

marker position A and B correspond the
the ones in figure g.17. ¢) Enlarged view
of the marked region in b) with the mag-
netic field vectors as overlay revealing a
greater detail of information compared
to the standard Lorentz TEM imaging
mode.
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9.5 Lattice-Strain Measurement

The lattice strain of semiconductor materials strongly influences the
electron mobility. As described in the introduction, smaller semicon-
ductor devices and more efficient LEDs can be manufactured with
materials that have a high electron mobility.*®

One possibility to tailor strain and hence electron mobility is to
use compound semiconductors for example SiGe or InGaAs layers.'”
The strain that is induced due to lattice mismatches of the different
crystal structures must be characterized in order to understand the
performance of the final devices and further improve them. A di-
rect method to measure the lattice strain in EM is the technique of
convergent beam electron diffraction (CBED).™®

CBED is a STEM technique in which a convergent electron beam is
focused at the sample (see figure 9.19). A small interaction volume
per probe position is achieved with a small beam spot diameter of
a few nanometers down to 0.5nm. A two dimensional diffraction
pattern is recorded for each probe position. Since the probe is a
convergent beam, the diffraction peaks appear as discs.'® While the

a) crystal b) compressed
sample convergent crystal sample
cone of
illumination
lattice v lattice v
spacing d, spacing d,
direct beam diffracted
0, beam di>d, 6,
6,<6.
& diffraction 12 &
. r<ry
+—— disc —
n r

probe is scanned over the sample, the electron probe is at positions
with varying local strain. The varying strain results in a varying
condition for Bragg’s law, resulting in a shift of the diffracted discs
(see figure 9.19b). The shift of positions of the discs is the actual
information that needs to be extracted from the recorded images. The
lattice constant and hence strain is then given directly by Bragg’s

law:2°

A = 24y (F) - sin by (7) (9-9)
For a given lattice plane denoted by the Miller indices (hkl), the lattice
constant dy and the scattering Bragg angle 65, are functions of
the probe position p. Scattering into small angles of g < 1° can be
assumed with typical values of the wavelength A < 10 pm and lattice
constants of d < 1nm. Then 6p is approximated by the distance 7
between the direct beam and the diffracted beam.

2sinfg ~20g =0 =~ 7 (9.10)

*The same applies to the mobility of
holes.

7Sun, S. E. Thompson, and Nishida,
2007.

8 Miiller et al., 2012a.

9 Williams and Carter, 2009, p. 337.

Figure 9.19: Principle of CBED and lat-
tice strain measurement in 4D-STEM.
a) A convergent electron beam leads to
diffraction discs instead of peaks. The
angle or distance between the direct
beam and a diffracted beam depends
on the spacing between the diffract-
ing lattice planes in the sample. b) A
changed lattice constant due to compres-
sive strain results in a greater angle 6,
that satisfies Bragg’s law. The pictured
angles and distances are exaggerated.

*W. H. Bragg and W. L. Bragg, 1913.
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In practice, not the whole DP must be recorded but it is sufficient to
image a single diffraction disc. The strain can be calculated in terms
of relative movements of the position of the imaged disc at a strained
location compared to an unstrained location.*

Similar to the previous application of magnetic domain imaging,
the positions of the diffraction discs contain the information about
the sample. The difference is that the disc exhibits a strong inhomo-
geneous intensity distribution. Additionally, the intensity changes
strongly in distribution and quantity as the electron beam is scanned
over the sample as shown in figure 9.20 for three probe positions.

a) single frame

b) single frame

¢) single frame

d) 4 frames e) 4 frames f) 4 frames

Dynamic scattering of electrons inside the sample leads to the inho-
mogeneous and varying intensity distribution.** It could be argued,
that in the previous case of the magnetic field imaging, the informa-
tion could be retrieved with a segmented detector (non pixelated,
4-8 detector cells)*3, due to the homogenous intensity inside the BF
disc. With intensity distributions shown in figure 9.20, a segmented
ring detector would deliver a signal that might be interpreted falsely.
Therefore, for CBED, a detector that provides intensity information in
a two dimensional image is mandatory.

Algorithms have been developed that successfully determine the
positions of the disc, even from images with low intensity and inho-
mogeneous intensity distributions such as the one in figure 9.20c.?4

For this experiment, the camera was installed on an FEI Titan
80/300 microscope. The electron energy was set to 300keV. Two
types of experiments have been performed: 1) a linear scan over a
well characterized sample and 2) a two dimensional scan.

In the first experiment, a heterogeneous semiconductor sample
was investigated, consisting of alternating layers under compressive
and tensile strain buffered in unstrained layers of GaAs with element
compositions as shown in figure 9.21.

This sample had been investigated before in a proof of concept
measurement with a scintillator based camera that was read out with
a frame rate of 2 fps. That previous measurement serves as a reference

* Miiller, ..., Ryll, ..., et al.,, 2012b.

Figure 9.20: Example images of a diffrac-
tion disc at three probe positions. The
intensity distribution inside the disc is
inhomogeneous due to dynamic scatter-
ing of the TEM electrons in the sample.
The total intensity and its distribution
varies at different probe positions a), b)
and c). The recorded intensity is very
low for ¢) and the sum of four frames
delivers a better signal in f). The posi-
tions of the disc change depending on
the local strain in the sample. The TEM
electrons outside the disc are caused by
inelastic scattering.

> Williams and Carter, 2009, p. 339.

* See section 2.3

2 Miiller et al., 2012a.

InGaNAs
GaAs

GaNAs

GaAs
InGaAs
GaAs

GaNAs

GaAs

Figure 9.21: STEM-HAADF image of the
investigated heterogeneous semiconduc-
tor sample.
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to the measurements done with the pnCCD. The pnCCD was operated
in the HiRes mode?®5 and read out with 1000 fps. The probe position
dwell time was set to 200 ms. The temporal oversampling allowed an
integration of many frames and a comparison of the results depending
on the (virtual) dwell time. In hindsight, this also allows a comparison
of the HiRes and HCHC mode and what kind of improvement the
higher CHC delivers for this kind of experiment.2®

a) slow CCD 500 ms ¢) pnCCD 1 ms

-0.02 InGiNAs GaNAs InGaAs
0.041 b) PNCCD 200 ms ' "] 0.04f & PnCCD 200 ms
0.02f 1 0.02
0 0
-0.02k 1-0.02 ]
0 100 200 300 0 100 200 300

Distance in nm Distance in nm

A comparison of lattice strain profiles determined in the reference
measurement and from data recorded with the pnCCD is shown in
figure 9.22. The relative strain € compared to an unstrained region
is given (GaAs region on the very right in figure 9.22a). In all mea-
surements the same compressive and tensile features can be seen. For
the measurement of the 004 disc with the pnCCD, the strain profile
was calculated from single frames per probe position equal to a dwell
time of 1ms (figure 9.22c) and by integrating 200 frames equal to a
virtual dwell time of 200 ms (figure 9.22b).

The precision in the determination of strain was calculated by
taking the standard deviation of values from an unstrained region in
GaAs (on the right end in the strain profiles). The precision depends
on the dwell time and which diffraction disc is used (see figure table
9.2). The precision for the reference measurement and the pnCCD

Slow camera pnCCD
Diffraction disc 004 004 004 008
Dwell time in ms 500 200 1 200
Precision x10~* 7.3 70 13.0 4.0

measurement using 200 frames is comparable. However, the dwell
time for the pnCCD measurement is 2.5x shorter. If single frames are
used (dwell time of 1ms), the precision is reduced by a factor of two,
but the measurement time is also reduced by a factor of 200 (500 x
compared to the reference measurement). The precision is still high
enough for most applications.?” The precision measured with the 008
disc at a virtual dwell time of 200 ms is higher than for the 004 disc.
The 008 diffraction disc is more sensitive to strain (a change of the
lattice constant d) due to the larger scattering angle 6. The intensity
in the disc is usually also lower. Since the pnCCD yields a large signal

* At the time of the experiment, the
HCHC mode was not yet available.

26 Schmidt, 2017.

Figure 9.22: Strain profile of the strained
semiconductor sample. a) The back-
ground image shows a DF image of the
sample. The strain profile was acquired
with a previously used camera. b)-d)
Strain profiles acquired with the pnCCD
that reproduce the reference measure-
ment of a). The effective dwell time
are given at the top. b) and c) The
004 disc was recorded. d) The 008 disc
was recorded. Adapted from Miiller, ...,
Ryll, ..., et al., zo12b; Miiller, ..., Ryll,
..., etal, 2014

Table 9.2: Comparison of precision in
lattice strain measurements. Data from
Miiller, ..., Ryll, ..., et al.,, 2014.

Miiller, ..., Ryll, ..., et al, 2o12b.



140 DETECTION OF ELECTRONS WITH THE PNCCD

for each TEM electron, the reduction in intensity is not a drawback.

In the second experiment, a MOSFET sample was investigated.
Strain was induced due to the inclusion of Ge,Si;x/Si. The probe
position was moved in a two dimensional area. A similar, reference
measurement had been done before with a scintillator based camera.
Due to the low readout rate, the strain map of the reference measure-
ment was recorded at a coarse spatial sampling with 45x60 probe
positions in approximately 10 min (=~ 5fps), though at a large field
of view. The strain map recorded with the pnCCD was recorded
with 256X 256 probe positions and an oversampling of four frames per
probe position (dwell time of 4 ms) resulting in an acquisition time of
4.3 min.

Scan pixel y

Scan pixel y

50 100 150 200 50 100 150 200 250

Scan pixel x Scan pixel x

In figure 9.23, the two dimensional strain maps of both measure-
ments are shown. The reference measurement shows the strain below
the gate region in a wide field of view. The measurement with the
pnCCD shows the strain in a smaller region than in the other field
of view. The strain acquired with the pnCCD map is much finer
sampled and yet recorded in less time. Due to the fine sampling, a
stacking fault can be seen as indicated in figure 9.23d.

Both measurements of lattice strain show that the pnCCD is an
improvement in terms of readout speed over the slower detectors that
had been used in previous measurements. The improvement means
that a measurement of 256x256 probe positions can be recorded
in less than 70s. Compared to the previously used camera, this is
a factor of 200 increase. The pnCCD is fast enough to enable the
measurement of lattice strain in semiconductors in practicable time
frames and at high spatial sampling.

Figure 9.23: Lattice strain maps of a
MOSFET sample with induced strain
due to the use of GeySi;.x/Si. The rela-
tive strain € compared to an unstrained
region is shown in x and y direction.
Strain maps in a) and b) are acquired
with a low readout rate camera, with a
coarse sampling and 45X 60 probe posi-
tions. Strain maps c) and d) are acquired
with the pnCCD with a finer sampling
and 256 X256 probe positions. The inset
in a) shows a DF image of the sample
and the scanned areas (the red rectangle
for a) and b), the yellow square for c)
and d)). Images taken from Miiller, ...,
Ryll, ..., etal, z014.
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9.6  Ptychography with the pnCCD

Ptychography is a method to retrieve the phase of the electron wave
exiting the sample. When the electron wave passes through the
sample, the phase of the electron wave is modified by the atomic
potentials inside the sample. Thus the phase reveals information
about the imaged structure.

The possibility to retrieve the phase is especially important for
samples that mainly affect the phase of the electron wave but not the
amplitude. An amplitude change can be interpreted as scattering
which gives rise to Z-contrast. Light elements generate little or no
Z-contrast. However, biological samples, for example, consist mostly
of carbon, oxygen or nitrogen.

A direct measurement of the electron wave’s amplitude and phase
is not possible but only of its intensity (I = [¥|*). Therefore the
phase must be retrieved from intensity images. In TEM imaging,
holographic methods use interference to encode the phase in recorded
intensity. Another method is the acquisition of a through focal series,
in which the focus of the electron beam is varied in depth in the
sample.?® Ptychography is a 4D-STEM method to retrieve the phase
of the exit wave function. The electron beam conditions are chosen
such that parts of the direct beam and diffracted beams overlap (see
figure 9.24a). The electron waves of the different beams interfere
in the overlapping regions. The phase information is encoded in
these areas where the direct and diffracted beam interfere. During
the measurement, the convergent electron beam is scanned over the
sample. For each probe position Ry, the diffraction pattern is recorded
in a two dimensional image K; (see figure 9.24b), resulting in a
four dimensional data set (two dimensions in the sample and two
dimensions in the recorded image).

a) b)

Convergent
electron beam

Sample Sample plane
: Ro(xp,yp)
Diffracted Diffracted Detector plane
B e e " -
eam -Q Beam eam +Q
Overlap Region Kx(xt,yf)

Ptychography with regard to EM has been described by Roden-
burg et al. in 1992.?9 Experimental measurements proved that the
ptychographic method works.3° However, only small images with
32x32probe positions could be recorded due to a low frame rate
and significant drift of the sample. In a more recent experiment,

# An overview is given for example in
Yang, ..., Ryll, ..., etal., 2016

Figure 9.24: Beam configuration for 4D-
STEM ptychography. a) Due to the con-
vergent electron beam, the diffraction
spots widen to diffraction discs, which
are imaged. Depending on the TEM set-
tings, diffracted beams can overlap with
the direct beam resulting in interference.
b) The electron beam is scanned over the
sample at positions Rp. The diffraction
pattern is recorded at the detector plane
with intensity values at the pixel coordi-
nates Ky. In practice only an area a little
bit larger than the BF disc is imaged.

*9 Rodenburg and Bates, 1992.

3 Rodenburg, McCallum, and Nellist,
1993.
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64 x64 probe positions were recorded in approximately three min-
utes.3’ The missing component for a feasible experimental realization
had been a fast spatially resolving detector. The pnCCD fulfills the
requirements of a detector suited for ptychography3>.

The principal steps involved in ptychography imaging are shown in
figure 9.25. First a 4D data set of the the sample is recorded (denoted
IM(Kf, Rp) ). A two dimensional Fourier transform with respect to
probe position Ry, results in a 4D data set G(K¢, Qp) with complex
entries. From this complex data set, the amplitude and phase can be
reconstructed to create a phase image of the sample.

a) b) o) d)

Sample Record images Reconstruction Phase Image

4D data set Algorithm
[M(K5R,)[? G(K;Q,)=FFTg(|M(K;R,)|?)
Complex 2D
\
Q) Ky
(ADF-Image) Q Ky
Amplitude Phase
Q, Q,
Qs i,
Example of Example of G(Kf,Qp)

|M(Kf,Rp)|2 forone forone Q, coordinate
R, coordinate

Following the notation in33, the diffraction pattern can be described
as:

M(K/,Ry) = / P(R - R,)$(R) exp(2inK; - R)AR  (9.11)

with the probe function P(R — Rp) and the specimen transmission
function ¢ (R). Note that K¢ = (Ky,K) and R, = (Ry, Ry) are two
dimensional vectors at the detector plane (Ky) and the sample plane
(Rp). M is not recorded directly, but the intensity |M . A Fourier
Transform of [M(Ky, R;)[* with respect to the probe positions R,
gives:

G(Kf, Qp) = TR, (’M(Kf, Rv)r) (9.12)

= A(Kp)A™(Ky + Qp) @k, ¥(Kp)¥"(Kf — Qp) (9:13)

The convolution ®x, is carried out with respect to K. The first and
second term depend on the probe forming aperture function A(Ky)
and the Fourier transform of the specimen transmission function
Y (Ky).

From equation 9.13, the phase can be calculated. For the kind
of data recorded with the pnCCD, two methods have been used
successfully as a reconstruction method:34The single-side band (SSB)

3 Pennycook et al., 2015.

?Yang, ..., Ryll, ..., et al, 2z015b; Yang,
..., Ryll, ..., etal, 2016.

Figure 9.25: Principal steps of ptychog-
raphy in 4D-STEM. a) An ADF image
of the investigated nanotube containing
fullerenes. b) For each probe position
p, the BF disc of the diffraction pattern
is recorded in a two dimensional image.
For one probe position, an example im-
age is shown. c¢) The amplitude and
phase is reconstructed from the whole
4D data set. For each frequency com-
ponent Qyp, a two dimensional complex
image is obtained, from which the phase
and amplitude is determined. The am-
plitude and phase for one Q; is shown.
d) A phase image of the sample is ob-
tained via an inverse Fourier transform.
Images in a) and d) adapted from Yang
et al., 2016.

¥ Yang, ..., Ryll, ..., etal., zo16.

#*Yang, ..., Ryll, ..., et al., 2016; Yang,
..., Ryll, ..., etal, 2017
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method35 and the Wigner distribution deconvolution (WDD) method.3°

Experiments with several samples have been conducted to investi-
gate the suitability of the pnCCD in ptychography methods. For these
experiments, the pnCCD camera was installed at a JEOL ARM200-
CF microscope operated at 80keV and 200keV. The HCHC mode
was used with various readout modes. The full frame readout with
1150 fps and binning up to 4x with 4000 fps was used. With the 4x
binning mode, a whole 4D data set consisting of 256 x 265 probe posi-
tions could be recorded in ~16s. As explained in section 9.3, a short
measurement time is important, reducing effects of instability in the
microscope and increasing the imaged field of view. The ADF signal
was recorded with a DF detector simultaneously with the pnCCD
images. Complementary information is obtained in this way, with
contrast due to strong scattering (Z-dependent, heavy elements) and
contrast due to weak sample interaction (the phase contrast, light
elements). Exemplary single frames in a ptychography measurement
are shown in figure 9.26. In each of these two images, approximately
11600 TEM electrons impinged on the detector in the BF disc area,
which averages to about 0.44 TEM electrons per pixel.

ADF B
detector

In a first experiment3”7, GaN was imaged along the [2110] orienta-
tion. For the following images, the number of probe positions was
256 x 256, the pnCCD was read out at 4000 fps in a 4x binning mode.
In addition to the ADF image, a synthetic ABF image3® was formed by
integrating the intensity in a ring with a collection angle of 7.2 mrad
to 14.4 mrad.

In figure 9.2y, the ADF image, a synthetic ABF image and the
amplitude and phase image obtained through the ptychography re-
construction are shown. The GaN sample is clearly reproduced in
all images. The higher intensity peaks in the ADF image match the
inverted contrast in the ABF, amplitude and phase image. The TEM
electrons are mostly scattered from the heavier Ga atom columns
which leads to a higher signal in the ADF image and an inverted
signal in the ABF image. This corresponds to absorption in the ampli-
tude and phase image. The advantage of ptychography compared to
standard DF imaging, however, is seen in the phase image. The phase
image of GaN reveals the position of the lighter N columns which are
not visible in the ADF or ABF image. As a primary result, the method
of the ptychography in conjunction with the pnCCD works, including
the retrieval of the phase shift induced by a weakly scattering sample.

In a further experiment39, a complex sample was investigated

3 Pennycook et al., 2015.
3 Rodenburg and Bates, 1992.

Figure 9.26: Exemplary single frames in
a ptychography measurement. a) and
b) Single frames showing the inhomoge-
neous intensity distribution inside the
BF disc. ¢) 100 frames are integrated
to better show the position of the BF
disc. The lower half shows the logarithm
of the intensity, showing more clearly
that the ADF detector blocks part of the
beam.

¥ Yang, ..., Ryll, ..., etal., 2015a.

3 See figure 9.14d for the geometry.

¥Yang, ..., Ryll, ..., etal., 2016.
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c) Amplitude

that was mentioned in the introduction as a drug delivery system.
The sample consists of a carbon nanotube (CNT) to which a Cg
carbon fullerene is attached with a functionalized tether (see figure
9.28a).4° In principle, the active medicine should be contained in the

a) -b) BF-STEM

Functionalized tether

Fullerene plug

Carbon nanotube —¥!
- encapsulated
transport device

CNT. Inside the body of the patient, the tether should dock only to
an intended recipient (cell, protein or other structure) upon which
the tether pulls the fullerene plug and the drug is released. The
synthesis of such a sample is a complex procedure, therefore the
characterization of such a system is of great importance to ensure a
successful synthesis.

The characterization is difficult because the sample consists mostly
of weakly scattering elements (i.e. carbon). Additionally there are
some heavy iodine atoms acting as markers. With conventional

Figure 9.27: Comparison of images of a
GaN sample recorded with a ADF de-
tector and the pnCCD. a) The ADF sig-
nal was recorded simultaneously and
clearly shows the Ga columns. b) A syn-
thetic ABF image shows similar inverted
contrast to the ADF image. ¢) The am-
plitude image and d) the phase image of
the ptychographic reconstruction. In the
phase image, the columns of the lighter
N can be seen, which is not the case for
the ADF image a). Images adapted from
Yang, ..., Ryll, ..., et al,, 2015a.

4 For a detailed description of the sam-
ple, see supplementary information in
Yang, ..., Ryll, ..., et al., 2016

Figure 9.28: a) Intended design of a func-
tionalized carbon nanotube proposed
for drug delivery. b-e) Comparison of
images created from synthesized detec-
tors shown as insets. For such a sample,
there is almost no contrast in the BF sig-
nal b). Images taken from Yang, ..., Ryll,
..., etal., 2016.
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imaging methods, only images with no contrast or little contrast can
be recorded. As an example, in figure 9.28b)-e) images are shown that
are created from detectors that are synthesized from pnCCD data.
With conventional BF- and ABF-STEM imaging only a slight shadow
of the CNT is seen. With DPC imaging the outlines of the CNT can
be seen but it is not clear what is inside of the CNT. However the
phase of the passing electron wave is modified which should provide
contrast in ptychographic imaging.

{7

F -
-~

Figure 9.29: ADF and phase contrast im-
age of carbon nanotube system. Images
adapted from Yang, ..., Ryll, ..., etal,,

,.
.
. 2016.

lodine Atoms), /V g

radians 0.03

Figure 9.29 shows the ADF image and the reconstructed phase
image of such a CNT system. The ADF image clearly shows the
iodine atoms, due to strong scattering. Only a shadow of the CNT
is seen in the ADF image. In the phase image, the double walled
CNT is clearly seen. In addition fullerenes can be identified (white
circles in figure 9.29c) that have entered the CNT which was not
intended. By comparing both images, the iodine atoms can be located
outside the fullerenes. Such an image provides scientists researching
CNT systems with valuable feedback, in this case that the intended
synthesis did not fully work out. Such characterization helps to better
synthesize such CNT systems, different fabrication schemes can be
tested and their rate of successful fabrication can be determined.
This shows that ptychography with the pnCCD is a valuable tool for
material characterization.

The inherent aberrations of the electron lenses which are included
in the aperture function A(Ky) of equation 9.13 can be determined in
post-processing with the WDD method.#* The phase change caused “Yang, ..., Ryll, ..., etal., 2016.
by the sample and the phase change introduced by the aberrations
of the lenses can be deconvolved and images with increased contrast
can thus be created. A further opportunity lies in optical sectioning.
With the phase data, the focus of the electron beam can be shifted in
z direction, giving rise to contrast of features in different depths in
the sample.4* 4 Ibid.

9.7 Summary of Applications

In this chapter, it is shown that the pnCCD can be used in electron
microscopy applications successfully. The key features of the pnCCD,
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its fast readout and high sensitivity, improve existing methods. In
electron tomography, it was shown that a whole tilt series can be
recorded in a few seconds. This opens up high speed, high throughput
tomography. With three further experiments, it was shown that
the pnCCD is a fast, spatially resolving detector that renders 4D-
STEM methods feasible. In a first experiment, the magnetic field of
magnetic domains in a sample was determined. Second, the lattice
strain in semiconductor samples was determined with the pnCCD.
Compared to previous proof of principle measurements with slow
readout cameras, the pnCCD speeds up the acquisition by a factor of
200. In the third experiment it was shown that the pnCCD unlocks
the potential of the emerging field of ptychography. The phase of
the electron wave was determined from samples that are otherwise
difficult to characterize.



10 Conclusions

THE PRESENT WORK EXPLAINS the signal response of the pnCCD
under electron illumination. The detailed analysis of readout data
provides an unprecedented understanding on the interdependence of
the pnCCD’s parameters, the energy of the impinging electrons and
the recorded signals. Furthermore, the conducted experiments prove
that the pnCCD is a step forward for electron imaging applications in
transmission electron microscopy.

A camera with the pnCCD was developed that was mounted at
TEMSs at numerous research institutes. With the recorded data, the
response of the pnCCD to electron illumination was determined.
Single electrons were imaged and an analysis on single electrons
yielded energy spectra. Based on the data of the energy spectra, the
signal response could be explained. A TEM electron entering the
pnCCD scatters inside the sensitive bulk, generating signal electrons
along its track. Most TEM electrons deposit their whole energy in the
pnCCD which can be identified as a peak in the energy spectrum. A
fraction of the TEM electrons do not deposit their whole energy in the
detector, but scatter outside the pnCCD, creating a broad distribution
in the energy spectrum. Both parts of the energy spectrum could
be explained based on the theory of scattering of electrons, also
supported with additional simulations. With the established model,
the correct number of TEM electrons can be determined in intensity
images with backscattered electrons correctly taken into account. The
energy of the TEM electrons is the main parameter influencing the
signals recorded with the pnCCD including the spatial resolution.

The spatial resolution of the pnCCD under electron illumination
was determined for electron energies of 20keV to 300 keV. Several
models were developed to improve the spatial resolution when imag-
ing single TEM electrons. For low energy electrons between 20 keV
and 80keV the point of entry of the TEM electrons could be deter-
mined with a sub-pixel resolution. For 40 keV, images with an 11x11
sub-pixel resolution, corresponding to 2904 x 2904 pixels, show fine
details smaller than the physical pixel size. For higher energies of
200 keV and 300 keV, a model based on the directional scattering track
of the electrons increases the spatial resolution and the contrast.

With several TEM applications, it was shown that the pnCCD is
an excellent imager for electrons. The high readout rates proved
particularly beneficial. For electron tomography, the pnCCD opens
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the door to fast and high throughput 3D imaging of samples at the
nanometer scale. The data for a three-dimensional reconstruction of a
nanotube could be recorded in under 3.5s.

For applications in the scanning mode of the TEM, it was shown
that the pnCCD is a capable spatially resolving detector. The pnCCD
enables the determination of lattice strain in semiconductor samples
on the nanometer scale with short measurement times. A speed-
up by a factor of 200 to 500 is achieved with the pnCCD compared
to previous measurements with slow cameras. With further STEM
experiments it was shown that the pnCCD enables ptychography
with electrons. The ptychographic method allowed the retrieval of
the phase information of the electron wave after passing a complex
nanotube system consisting of weakly scattering elements. The data
recorded with the pnCCD provided conclusions about the sample
that were not accessible before. Previously, applications that required
spatial information at each scanning point were hindered by slow
cameras. Now, with the pnCCD, fast and efficient imaging is enabled
for STEM applications.

10.1 Future Devices

The models and methods developed in this thesis and the acquired
understanding provide input for the development of future electron
imaging devices. One important parameter worth improving is the
charge handling capacity (CHC). The investigated pnCCD is limited
at 200 keV to about 5.5 TEM electrons per pixel. If this value can be
increased, the signal in images is increased. One possibility is to use
larger pixels with an increased CHC. For example, the type of pnCCD
with 75 um pixel size has a CHC of about 1.8 x 10° Cig (equivalent to
33 TEM electrons at 200 keV).?

A different type of detector currently being developed based on the
depleted p-channel field-effect transistor (DEPFET) shows promising
capabilities.? The DEPFET exhibits a CHC of up to 5 x 10° €4y In
addition, readout rates of up to 4.5 x 10° fps are possible in a burst
operation mode. Considering electronic constraints and data stream
rates, in a continuous operation mode the readout rate is in the
order of 10° fps. As is shown in this thesis, a further improvement in
readout rates by a factor of 100 enables new methods in TEM.

The DEPFET, but also other types of future detectors, will be
characterized and optimized with the developed methods of this work.
The scattering of electrons in the detector and the resulting signals in
the pixels depend on the specific detector geometry, technology and
operation parameters and their relationships can be explained based
on physical principles as shown in the previous chapters. For these
reasons, this dissertation will provide a comprehensive foundation
for the development of next generation electron imagers.

' Schmidt, 2017.

2 Kemmer and Lutz, 1987; Porro et al.,
2012.









A Appendix

A.1 Modulation Transfer Function

The modulation transfer function (MTF) describes how much contrast
of the object function is transferred by the imaging process depending
on the spatial frequency. This is shown visually in figure A.1.

Object function | ‘ | l

Transfer

Image function ‘ ‘ ‘ ‘

Spatial frequency in 1/pix

N

=
N

Contrast
o
W

Intensity

The procedure to determine the MTF consists of the following

steps:

acquire image with a slanted edge, Aeqge
define region in image that contains the edge
for each row in the ROI of the image, find the edge

fit ESF for each line, use center position b as edge position
f(x) =axerf((b—x)/c)+d
fit line through edge positions, f(x) = m * x + const

create oversampled ESE,

shift each line, so that edge position is at the same coordinate for
each line

Figure A.1: Visual concept of the MTE.
An object containing components with
increasing spatial frequencies is imaged.
The imaging process can be described
as a convolution of the object function
with a Gaussian PSF. The resulting im-
age shows decreased contrast with in-
creasing spatial frequencies.
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e fit ESF to oversampled edge

¢ use analytic relationship between ESF and MTF, fit parameter ¢

a) image of edge (cropped)  b) intensity profile for 6 rows

| edge midpoint

:

fit for each row

l/ d) intensity for each row,

shifted by midpoint of edge

¢) edge midpoints
and fit

According to:*

PSFg(r) = ﬁexp(—#/ﬂ) (A.1)
LSFG(x) = %exp(—xz/)\z) (A.2)
ESFq (x) = %erfc(—x/)\) (A3)
MTFG(w) = exp(—m?A2w?/4) (A.g)

The LSF is basically the PSF extended in one dimension (or a cut
through its middle). The Fourier transform of the LSF is the MTE.
The LSF can be obtained by differentiating the ESF (very noisy) or by
fitting the analytic expression A.3 and using the fitting parameter A.

The ESF that is shifted by b (edge position at b) is:

ESF(x) = %erfc (— (x ; b)) (A.5)
LSF(x) = %ESF(x) (A6)

MTF(w) = F(LSE(x)) (A7)

Figure A.2: Procedure for the calculation
of the MTE. a) An image region is cho-
sen with homogeneous illumination on
the bright side and in which the slanted
edge covers all pixel positions. b) For
each row, an ESF is fitted to the data
and the edge midpoint is determined
(parameter b in equation A 5). For clar-
ity, only six rows are shown here. c)
A linear function is fitted through the
edge positions for each row. From this
fit, the (sub-pixel) shift of each row is
determined so that the edge position is
at the same position for each row. d)
The over sampled ESF is fitted resulting
in the parameter A.

*McMullan et al., 2009.



A.2 Detective Quantum Efficiency

The detective quantum efficiency DQE,? with the average gain g, gain
variance ¢ and Poisson distributed input signal S:

8
2
DQE = SNROz“t (A.8)
SNRZ,
S _u p
SNR=— =& = A.
N o y/var (A9)
Sout = §Sin (A.10)
Nout = & Nijy +035in (A1)
N2 = Si (A.12)
s,
SNRout = i—n (A.13)
g_zNin + (Té%Sin
5 (%’Sin);
3> NZ 405 Sin
DQE = % (A.14)
N
85
_ZSin+ 2Sin
= 82T S'ag (A.15)
m
52
g
=_° (A.16)
g+ 0}
§=) Ep(E) (A.17)
og =Y E*(E) - & (A.18)
2
DQE = m (A.19)

Y E?p(E)
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2McMullan et al., 2007; McMullan et al.,
2009; Zweig, 1965.
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A.3  Intensity Distribution of Interference Pattern

The intensity distribution of the interference pattern caused by an
electron biprism depends on several parameters. The biprism voltage
Upp determines the distance of the virtual slits (also the angle « in
Figure REF). The magnification M effectively determines the distance
z from the slit plane to the detector.

I(a) = Iy- sinc®>y - cos®é (A.20)
diffraction interference

v= %Z b -sina (A.21)

6= %Z -d-sina (A.22)

k= 2771 (A.23)

w = Ag (A.24)

With b the slit width (electron beam spot size determined by conver-
gence angle and aperture size), d the distance between the slits, « the
angle, z the distance from the slit plane to the detection plane and w
the fringe spacing.
In Figure A.3 the dependency is shown of the ratio of the slit
distance to the slit width (d/b) on the resulting intensity distribution.
pouttesi s 20dRfENSity distribution

of intereference pattern
depending on ratio of slit distance to slit width (d/b) (Lambda = 5e-12m)
T T T T T

d/b = 10000

i
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‘ d/b = 1000

o
08 NI

e
=)

Intensity [a.u.]

o
>

0.2

angle [rad] x107

A ratio d/b of greater than 10000 can be assumed with typical
dimensions of d = 10mm and b ~ 100nm. For a given wavelength
of A = 5pm and the requirement, that the intensity in the maxima
does not drop below 99.9 % of the maximum intensity Imax (due to
diffraction), and a ratio of d/b = 10000, more than 340 maxima
fulfill this condition. For this reason, the intensity in the maxima
does not decrease for the recorded fringes shown in this thesis. This
is in contrast to the typical, students table-top two-slit interference
experiments with lasers, where the influence of diffraction is easily
seen (typical dimensions: d = 5mm, b = 25um, d/b = 200).

Figure A.3: Intensity distribution of the
interference pattern and its dependency
on the ratio of slit distance d to slit width
b. The blue enveloping curves are given
by the diffraction term of Equation A.21.
For a given wavelength and angle (or
number of maxima), the influence of the
diffraction on the intensity maxima de-
creases with increasing ratio d/b.
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A.4 Calculation of Stopping Power

Care must be taken in using the right units when calculating the
stopping power according to equation 3.6 and 3.8. In order to mitigate
this potential problem when trying to reproduce values, the derivation
of the units is given here:

dE e*NppZ Eyin + kI
_Oe o CTAPS g, (1166Kin TED A.
dx  4melAmec?p? n( I ) (A9
dE 4.1/mol - 3.1
R i (4.:26)
dx F*/m*-g/mol - kg -m*/s
3 ) 2 2
—e- (1602 x107C) ~1031~103k%.<v m) S
kg m C kg -m
(A.27)
3 2
- (1.602 x 10—19) 100 Y .y.c. S S (A.28)
m kg -m
3
- (1.602 x 10*19) 100 &Y (A.29)
m
3 eV
_ ~19)° €V
- (1.602 % 10 ) i (A.30)
with (A.31)
kg - m? C
V—TSB, C—A'S, F—v (A32)
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A.5  Stopping Power and Electron Path Length

Collected values of the stopping power of electrons in Si calculated
with the Bethe formula 3.8. The path length is calculated from Equa-
tion 3.9 with a lower integration energy of Enij, = 150€V.

Energy dE/dx Path Length insilcon. The pats length 1 ntegtored
k=0 k=0.822 k=0.822 from Emin = 150€V.

keV eV/pm  eV/pm pm
1 17432 18 647 0.03
2 11917 12232 0.10
3 9210 9352 0.20
4 7591 7671 0.32
5 6503 6555 0.46
6 5716 5753 0.62
7 5119 5145 0.80
8 4647 4668 1.01
9 4265 4282 1.23
10 3949 3962 1.48
20 2366 2369 4.87
40 1426 1427 16.20
60 1075 1075 32.58
80 889 889 53.18
100 773 773 77.41
120 694 694 104.80
140 636 636 134.95
160 593 593 167.56
180 559 559 202.34
200 531 531 239.07
250 482 482 338.13
300 450 450 445.65
350 427 427 559.79
400 411 411 679.19
450 399 399 802.81

500 389 389 929.86




A.6 The Landau Distribution Function

The energy loss distribution fi, of electrons passing a thin absorber as
derived by Lev D. Landau is given by:34

(M)

>

fulx,8) = T (A.33)
O(A) = %/Ooo e tHnt=Agin (7rt)dt (A.34)
Alx,A) = A §<A> —B* —In(k) —1+Cg (A.35)
&(x) = 0.1535jﬁzzp X (A.36)

_ &)
k=g (A37)
B=~ (A.38)

A: energy loss, (A): mean energy loss, x: thickness of absorber, Emax:

maximum transferable energy in one collision, Z: atomic number, A
atomic weight, p: density of absorber, Cg: Euler constant (0.5772)

APPENDIX 157

3 Landau, 1944; Meroli, Passeri, and Ser-
voli, 2011.

+Here, the original nomenclature is
used. Note that in equations A.33-A.35
the A(x, A) is not the the wavelength.
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A.7 Detection Efficiency Data

Extended version of Table 6.2, listing the DE values for primary
electron energies ranging from 20keV to 300keV calculated from
simulations using Equation 6.7.

Threshold Detection Efficiency
20keV 60 keV 80 keV 120keV 300 keV
XEW OEW XEW OEW XEW OEW OEW OEW
eV Y% Y% Y% Y% % % Y% %

50 99.19 9985 9995 99.99 9997 100.00  100.00  100.00
100 99.18 99.84 9995 9999 9997 100.00 100.00  100.00
200 99.12 9980 9995 9999 9997 100.00 100.00  100.00
300 99.03 9974 9994 9999 9996  99.99  100.00  100.00
400 9894 99.66 9993 9998 9996 9999  100.00  100.00
500 98.84 9958 9992 99.97 9995  99.98 99.99  100.00
600 98.73 9949 9991 9995 9995  99.97 99.99  100.00
700 98.62 9939 99.89 9994 9994  99.97 99.99  100.00
800 9851 9929 99.88 9993 9993 = 99.96 99.99 99.99
900 98.38 99.19 99.86 9991 9992  99.95 99.98 99.99

1000 98.26 99.08 99.84 99.89 9991 99.94 99.98 99.99
1100 98.13 9897 99.83 99.88 9990  99.93 99.97 99.99
1200 97.99 9886 99.81 99.86 99.89  99.91 99.97 99.99
1300 9785 9875 9979 99.84 99.88  99.90 99.96 99.99
1400 9771 98.62 99.77 99.82 99.86  99.89 99.96 99.99
1500 9757 9850 99.75 99.80 99.85  99.88 99.95 99.99
1600 9742 9836 99.73 99.78 99.84  99.87 99.94 99.99
1700 9727 9823 9971 99.76  99.83  99.85 99.94 99.99
1800 9711 98.09 99.69 99.74 99.81 99.84 99.93 99.99
1900 9695 9795 99.67 99.72 99.80  99.83 99.92 99.99
2000 96.78 9780 99.65 99.70 99.78  99.81 99.92 99.99

Table A.2: DE for various primary elec-
tron energies depending on the detec-
tion threshold.
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A.8 Gauss Correction Code

For convenience, the MATLAB code that calculates the data for the
Gauss correction that is described in section 8.3.2 is shown here. This
code is a condensed version, optimized for page space.

%% MATLAB code to calculate the data for the Gauss correction
dSigma = 0.1;

VPix = -3:1:3;

vPixBorder = -3.5:1:3.5;

nPix = numel(vPixBorder)-1;

vMu

-0.5:0.0001:0.5; % also used for pixel geometry

nMu numel (vMu) ;

aPixSignal = zeros(nMu,3);
aPixSignal(:,1) = vMu;

for iMu=1:nMu
bl = (vPixBorder-vMu(iMu) ) / (sqrt(2)=*dSigma);
vimpl = erf(bl);
vTmp2 = 0.5%diff(vTmpl);

dCog = sum(vPix.*xvTmp2) /1; % should be normed -> /1
aPixSignal(:,2) = dCog;
end

%% Transpose
% from Cog(Mu) to Mu(Cog)
aPixSignal(:,3) = interpl( aPixSignal(:,2), vMu, vMu, ’linear’);

%% Calc correction data
aPixSignal(:,3) = aPixSignal(:,3)-vMu’;

159
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A.9  Gauss Correction Comparison

In order to provide an impression on the relative widths of the charge
clouds 0¢ouq in comparison with the pixels, different Gaussian distri-
butions corresponding to different oyo,q are shown in figure A.4. For
each 0yug, the curve is shown with the maximum difference between
the center of the distribution and the resulting calculated CoG. It can
be seen that the position of the maximum difference shifts towards
x = 0.25pix. If the Gaussian distribution is sampled with approxi-
mately three pixels in one direction, almost no difference between the
center position of the distribution and the calculated CoG exists.

Ocloud = 0.1 pix

sigma mu CoG  diff
0.1 0.3336 0.0481 0.2855
0.2 0.2648 0.1197 0.1451
0.3 0.2508 0.1969 0.0539
0.4 0.2500 0.2365 0.0135
0.5 0.2500 0.2477 0.0023
0.6 0.2501 0.2498 0.0003

intensity in a.u.

Ocloud = 0.6 pix

-2 -1 0 1 2
pixel

Figure A.4: Comparison of Gaussian dis-
tributions. The center y of the distribu-
tion is chosen, so that the difference to
the calculated CoG is largest, to show
where the greatest correction would be
applied. All distributions are normal-
ized to unity.



A.10 Data Reference

The experimental data that is presented in this thesis was processed
with the parameters given in table A.3. In the text, the processed
data is referenced as given by the processing identifier (PID) in the
first column. The same original data referenced by the measurement
identifier (MID) can be processed with different parameters, which
results in multiple PIDs for a single MID. For the description of the
processing and the parameters, see the data analysis chapter 5.
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PID MID Energy 0sa Noise rate
keV adu  x10 e, /pix

PID20_oo3  C16_15_24 140212_39 20 6 6.3 0.84
PID20_oo02 C16_15_24_140212_40 20 6 99 1.01
PID20_o004 C16_15_24_140212_40 20 3 9.9 1.01
PIDgo_oo1  C16_15_24_140212_34 40 6 6.3 2.05
PIDgo_oo2  C16_15_24_140212_34 40 3 6.3 2.05
PID60_oo1  C16_15_24_140415_098 60 6 8.0 13.09
PID60_oo3  C16_15_24_140212_30 60 6 4.3 1.33
PID60_oos5  C16_15_24_140415_100 60 6 8.0 6.81
PID80_oo1 C16_15_24_140212_27 80 6 4.3 247
PID80_o02 C16_15_24_140212_26 80 6 4.3 1.18
PID8o0_o03 C16_15_24_140212_29 80 6 4.3 18.48
PID80_oo4  C16_15_24_150523_050 80 6 4.3 8.73
PID100_oo1 C16_15_24_140313_20 100 - - -

PID100_oo2 C16_15_24_140313_22 100 - - -

PID120_oo1 C16_15_24_140212_23 120 6 4.3 1.32
PID200_oo1 C16_15_24_140212_19 200 6 4.1 2.77
PID200_oo2 C16_15_24_140212_18 200 6 4.1 1.16
PID300_oo1 C16_15_24_140212_14 300 6 3.5 2.44
PID300_oo2 C16_15_24_140212_13 300 6 3.5 0.92

All listed measurements were analyzed with the SEA and the given
threshold osea (except PID100_oo1 and PID100_oo2, which were only
used in the IIM). A linewise correction of common mode was applied.
A gainmap was applied, with one gain value per octant of the image
area. The parameters that were used to record the experimental data

are listed in table A.4.

Table A.3: Reference of the PIDs of ex-
perimental data and their SEA process-
ing parameters.



162 DETECTION OF ELECTRONS WITH THE PNCCD

MID Energy Mode Upc V. CDS G Fjin Fwin  Niows
keV \%
C16_15_24_140212_39 20 HCHC —420 32 1 16 1 1 132
C16_15_24_140212_40 20 HCHC —420 32 2 32 1 1 132
C16_15_24_140212_34 40 HCHC —420 32 1 16 1 1 132
C16_15_24_140415_098 60 HiRes —240 16 2 16 1 1 132
C16_15_24_140415_100 60 HiRes —240 16 2 16 1 1 132
C16_15_24_140212_30 60 HCHC —420 16 1 8§ 1 1 132
C16_15_24 140212_26 80 HCHC —420 16 1 8§ 1 1 132
C16_15_24_140212_27 80 HCHC —420 16 1 8§ 1 1 132
C16_15_24_140212_29 80 HCHC —420 16 1 8§ 1 1 132
C16_15_24_150523_050 80 HCHC —440 8 1 4 1 1 132
C16_15_24_140313_20 100 XPlus  —480 2 1 1 1 2 66
C16_15_24_140313_22 100 XPlus  —480 1 1 1 2 66
C16_15_24_140212_23 120 HCHC —420 16 1 8 1 1 132
C16_15_24_140212_18 200 HCHC —420 8 1 4 1 1 132
C16_15_24_140212_19 200 HCHC —420 8 1 4 1 1 132
C16_15_24 140212_13 300 HCHC —420 4 1 2 1 1 132
C16_15_24 140212_14 300 HCHC —420 4 1 2 1 1 132

Table A.4: Reference of the MIDs of ex-
perimental data and their parameters.
G=V-CDS/2
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