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Abstract

Electrons in the energy range below 1keV are strongly scattering probes, providing
unique sensitivity to the atomic structure of surfaces and to nanoscale electric fields.
Combined with femtosecond temporal resolution, they are ideally suited to study the
structural dynamics of 2D crystalline materials, and to probe ultrafast currents and
electric fields in nanostructures. Their pronounced dispersion, however, so far prevented
their use as femtosecond probes in ultrafast pump-probe techniques.

In this thesis, a hybrid setup is developed for femtosecond point-projection microscopy
(fsPPM) and femtosecond low-energy electron diffraction (fsLEED), utilizing sharp
metal tips as pulsed low-energy electron source. The strong field enhancement and
nanometric size of nanotip photoemitters facilitates ultrashort propagation times and
thus minimization of dispersive pulse broadening, as well as unique spatio-temporal
control over the photoemission process.

In fsPPM, the point-like shape of nanotips is utilized for imaging in a lens-less pro-
jection geometry, supporting few micrometer propagation distances and delivery of
low-energy electron pulses of sub-100fs duration to the sample. As low-energy elec-
trons are easily deflected by electrostatic fields, fsPPM is sensitive to the potential
distribution at the surface of nanostructures, and allows for imaging their transient
changes after photoexcitation. In this thesis, ultrafast photocurrents in axially doped
semiconductor nanowires (NWs) are investigated by time-resolved imaging of the local
surface photovoltage. The results demonstrate the capability of fsPPM to probe ultra-
fast carrier dynamics in nanoscale systems on femtosecond time and nanometer length
scales.

For fsSLEED, a miniaturized electron gun is developed which is capable of focusing
sub-picosecond low-energy electron pulses to few micrometer spot sizes on the sample.
The capability of the setup to study ultrafast structural dynamics in 2D crystalline
materials is demonstrated by recording high quality diffraction patterns from free-
standing monolayer graphene in a transmission geometry.

The minimal tip-sample distance and thus the achievable spatio-temporal resolution
in fsPPM is limited by the diffraction-limited laser illumination of the tip apex for exci-
tation of the electron probe pulses. To overcome this limitation, a novel type of nanotip
femtosecond electron source has been realized, driven non-locally by nanofocused sur-
face plasmon polaritons (SPPs). It is shown that ultra-broadband SPPs of less than
10fs duration can be nanofocused into the tip apex with high efficiency, inducing the
nonlinear ultrafast emission of electrons. The application of such sources for fsPPM is
demonstrated by imaging the electric field distribution around a semiconductor NW at
a reduced tip-sample distance of 3 ym.






Kurzfassung

Elektronen im Energiebereich unterhalb von 1keV wechselwirken stark mit Materie und
dufleren Feldern, weshalb sie auflergewohnlich empfindlich auf die Struktur von Ober-
flichen sowie auf elektrische Felder im Nanometerbereich sind. In Kombination mit
einer Zeitauflosung im Femtosekundenbereich sind sie hervorragend zur Untersuchung
sowohl von ultraschnellen Gitterdynamiken in 2D-Kristallen als auch von ultraschnellen
Photostrémen in Nanostrukturen geeignet. Aufgrund ihrer Dispersionseigenschaften
im Vakuum war es bisher nicht moglich, solche Pulse fir zeitaufgeloste Messungen im
Femtosekundenbereich zu verwenden.

In dieser Arbeit wurde ein hybrider Aufbau zur Projektions - Elektronenmikroskopie
(fsPPM) sowie zur niederenergetischen Elektronenbeugung (fsLEED) mit femtosekun-
den Zeitauflésung entwickelt. Entscheidend fiir die hohe Zeitauflosung ist die Implemen-
tierung von metallischen Nanospitzen als gepulste Elektronenquelle. Diese ermoglichen
aufgrund ihrer Feldverstarkungseigenschaften und ihrer Kompaktheit sehr kurze Prop-
agationszeiten und somit eine starke Reduzierung der Elektronenpulsdauer, sowie eine
einzigartige Kontrolle {iber den Photoemissionsprozess.

Aufgrund ihrer punktférmigen Form sind Nanospitzen ideal als Elektronenquelle fiir
Schattenabbildungen ohne elektronenoptische Linsen geeignet. Durch die kurzen Pro-
pagationsdistanzen im Bereich weniger Mikrometer ist es moglich, die Dispersion von
niederenergetischen Elektronenpulsen auf weniger als 100 fs zu reduzieren. Da niederen-
ergetische Elektronen stark in elektrischen Feldern abgelenkt werden, kdnnen mittels
fsPPM lokale Felder und Strome an der Oberfliche von Nanostrukturen sowie deren
Dynamik mit hoher rdumlicher Auflésung gemessen werden. Dieses Konzept wird er-
folgreich demonstriert, indem anhand der lokalen Oberflichen-Photospannung entlang
eines dotierten Halbleiter-Nanodrahtes die ultraschnelle Dynamik des Photostroms im
Nanodraht rdumlich aufgelost gemessen wird.

Fiir die Realisierung von fsSLEED wurde eine sehr kompakte Elektronenkanone basie-
rend auf einer Nanospitze entwickelt, mittels derer niederenergetische Elektronenpulse
mit einer Dauer von einigen 100 fs auf die Probe fokussiert werden kénnen. Der Auf-
bau ist hervorragend zur Untersuchung von Strukturdynamik in kristallinen Monola-
gen geeignet, was anhand der qualitativ hochwertigen Beugungsbilder, welche von einer
Monolage freistehendem Graphen aufgenommen wurden, deutlich wird.

Die beugungslimitierte Beleuchtung des Spitzenapex limitiert den Spitzen-Proben Ab-
stand und somit die erreichbare zeitliche und rdumliche Auflésung des Projektions-
mikroskops. In dieser Arbeit wird gezeigt, dass diese Limitierung mittels einer neuar-
tigen Plasmonen-getriebenen Elektronenquelle umgangen werden kann. Hierzu wer-
den Oberflachenplasmonen mit einer Dauer von wenigen Femtosekunden in den Apex
nanofokussiert und zur Erzeugung ultrakurzer Elektronenpulse verwendet.
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1. Introduction

Low-dimensional systems such as 2D monolayer crystalline materials, 1D nanowires and
0D clusters down to single molecules are the key building blocks of future nanoscale
devices. The vast progress in nanotechnology in the past 20 years nowadays allows
for processing, synthesis and nanofabrication of nanodevices with control down to the
atomic level. By shrinking the size to the nanometer scale, the device dimensions be-
come comparable to the typical length scale of fundamental physical phenomena. If one
or more dimensions of a material approach the electron Fermi wavelength, for example,
electron motion will be confined in these directions, giving rise to drastic changes in the
electronic structure. In semiconductors, excitonic confinement occurs on length scales
of the exciton Bohr radius, which can amount a few up to 10’s of nanometers. As
a result the energy states shift and the band gap of the semiconductor becomes size-
dependent, which alters the optical properties of semiconductor nanostructures. At the
nanoscale, the physical properties of a material are size dependent and dominated by
quantum confinement effects.

As further the surface-to-volume ratio increases drastically with lower dimensions,
interface effects become increasingly significant, and the functionality of future nan-
odevices depends to a great extent, if not entirely, on the microscopic properties of
their respective interfaces. In a macroscopic material, the bulk electronic structure
determines most materials properties, with negligible influence of the surface. In nano-
materials, however, surface states can profoundly influence or completely dominate the
electronic structure, affecting for example the conductance of and charge transport
through nanowires.

Most elementary processes in solids occur on ultrafast timescales in the range of fem-
toseconds. Omne way of obtaining a detailed microscopic understanding is to study
matter out of equilibrium and to follow its relaxation pathway after a sudden perturba-
tion such as optical excitation. Photoexcitation of a sample creates a non-equilibrium
distribution of electrons, which on characteristic time scales exchange energy with dif-
ferent microscopic subsystems. In nanostructures, the dwell time of excited electrons is
comparable to the time scale of typical relaxation processes, and thus electron-lattice-
spin interactions will crucially determine the performance of future nanodevices. As
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all devices operate in states out of equilibrium, a comprehensive understanding of their
non-equilibrium properties is thus indispensable to tailor their functionality.

A range of ultrafast laser-based techniques is nowadays available for probing the evo-
lution of electronic, optical, structural and magnetic properties of solids, providing
invaluable information on the mutual coupling of electronic, nuclear and spin degrees
of freedom, as well as of transport properties. Despite femtosecond temporal resolu-
tion, the investigation of ultrafast processes in nanoscaled, low-dimensional systems
additionally requires high spatial resolution as well as high sensitivity sufficient for
investigating small sample volumes, that is, femtosecond probe pulses strongly inter-
acting with the sample. The spatial resolution of conventional optical techniques is
limited by the diffraction limit. This can be overcome employing optical near-field
probes [Bar09, Aes07, Kral6], which provide a spatial resolution in the 10nm range
with additional femtosecond temporal resolution, but rely on the near-field enhance-
ment at nanostructures. Electrons, instead, have a free-space wavelength in the (sub-)
Angstrom range depending on their energy, providing direct access to structural infor-
mation on the (sub-)nanometer scale.

Low-energy electrons with kinetic energies between 20 eV and several 100 eV have an
inelastic mean free path of less than 1nm and exhibit exceptionally large scattering
cross-sections. At the same time, their de Broglie wavelength is on the order of 1A,
which, in principle, allows for achieving atomic resolution both in imaging as well as
diffraction. Since decades, this makes them the most standard probes in surface science
to access the structure of surfaces in either reciprocal space using low-energy electron
diffraction (LEED), or in real space using low-energy electron microscopy (LEEM).
Many other surface analysis techniques also attain their surface sensitivity from the
short escape depth of low-energy electrons, such as photoelectron spectroscopy (PES),
Auger electron spectroscopy (AES) or photoemission electron microscopy (PEEM).
Due to their strong interaction, low-energy electrons are particularly well suited for the
investigation of nanomaterials via either imaging or diffraction approaches.

Generally, electron scattering describes the deflection of a propagating electron from
its original trajectory. Inside matter, electrons scatter either elastically or inelastically
via Coulomb forces. In vacuum, electrons are deflected by external electric or magnetic
fields described by the electromagnetic Lorentz force. Low-energy electrons thus do not
only strongly interact with matter, but due to their slow velocity are also efficiently
scattered by external fields. This is often problematic if high-resolution structural
information is desired. In turn, if these fields are the object of interest, the high sensi-
tivity of low-energy electrons allows for detection and imaging of weak nanoscale fields.
Compared to optical nanoimaging techniques, low-energy electrons do not rely on the
near-field enhancement of nanostructures, but allow for the direct probing of weak field
distributions in the near-surface region of nanostructures with high spatial resolution.



Combined with femtosecond temporal resolution, ultrafast changes in these fields can
be detected, providing insight into the spatio-temporal evolution of photoexcited charge
distributions in nanostructures.

Despite the unique sensitivity of low-energy electrons, time-resolved techniques em-
ploying ultrashort low-energy electron pulses as probes are still scarce. The main hurdle
of any femtosecond low-energy electron diffraction and imaging setup is the tremendous
difficulty to deliver a femtosecond sub-keV electron pulse to the sample. This is simply
because low-energy electron pulses are slow and exhibit pronounced dispersion during
propagation in vacuum. So far, this prevented their use as femtosecond probe pulses in
time-resolved experiments. Early attempts to implement time-resolved LEED did not
achieve a time resolution below nanoseconds [Bec84]. About 15 years ago, a picosecond
low-energy electron gun was developed [Kar(01], delivering electron pulses with several
10 picoseconds duration to the sample [Dol06, Cir09]. None of these approaches, how-
ever, resulted in a successful diffraction or imaging experiment with ultrafast temporal
resolution.

Recently, vast progress has been made in this direction by employing metal nan-
otips as laser-triggered photocathodes. The main advantage of nanotips compared to
flat photocathodes arises from the strong field enhancement at the tip apex, leading
to very localized, both electrostatic and optical, electric fields. Due to the confined
emission area, static field emission tips are commonly used as high brightness, highly
coherent electron sources in electron microscopy and interferometry. Ultrafast electron
emission from laser-triggered metal tips has been studied to a great extent in the last
10 years by several research groups [Hom06b, Hom06a, Rop07b, Bar07, Yan10a, Bor10,
Kriill, Her12, Par12]. The results impressively have shown that the photoemission
process can be uniquely controlled by variation of experimental parameters, allowing
for continuous tuning from linear photoemission to optically-induced tunneling, and
permitting control over the electron emission sites [Yan09] and momentum distribu-
tion [Borl0, Par12]. This spatio-temporal control of the emission process is promising
for tailoring the initial electron pulse properties of nanotip-based ultrafast electron
sources. In view of application as low-energy ultrafast electron source, nanotips are
particularly appealing as they intrinsically support low bias voltages and operation in
the single electron regime circumventing space charge broadening. Moreover, disper-
sive pulse broadening can be greatly reduced as electrons are quickly accelerated in
the localized inhomogeneous apex field and as the tip geometry allows for substantial
minimization of electron propagation distances [Paal2].

The implementation of nanotip photocathodes led to the very first ultrafast diffrac-
tion and imaging experiments employing sub-keV electron pulses [Gull4, Miill4], the
latter of which has been realized in this thesis. Specifically, this work describes the
development of a hybrid setup for femtosecond point-projection microscopy (fsPPM)
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and femtosecond low-energy electron diffraction (fsSLEED) in a transmission geometry.
Using a miniaturized nanotip electron gun, femtosecond low-energy electron pulses can
be delivered to the sample and used for both imaging and diffraction experiments. Em-
ploying fsPPM, it is shown for the first time that low-energy electron pulses allow for
time-resolved imaging of nanoscale electric fields with 10’s of nanometer spatial and
ultrafast femtosecond temporal resolution. The results demonstrate the great potential
provided by low-energy electrons to transiently map nanoscale fields on their natural
time and length scales. First diffraction experiments on single monolayer graphene
further reveal the capability of the setup to study ultrafast structural dynamics in 2D
crystalline materials with very high efficiency. In the last part, a novel type of fem-
tosecond electron point source is realized, driven non-locally by nanofocused surface
plasmon polaritons (SPPs). This source allows for further miniaturization of the elec-
tron gun, and might open the door to novel approaches such as femtosecond low-energy
in-line electron holography or femtosecond scanning tunneling microscopy.

The work presented here is a first step towards the realization of femtosecond time
resolution in imaging and diffraction approaches using low-energy electrons as probes.
I hope it stimulates further developments in the direction of time-resolved imaging and
diffraction techniques enhancing the field of ultrafast surface and materials science.



2. Background and outline

This chapter gives an introduction to the background and the key aspects which are
important in the context of this thesis. The first section provides a brief review of
the historical context of imaging and diffraction with low-energy electrons, as well as
on the application of metal nanotips for electron microscopy. In section 2.2, the basic
properties of low-energy electrons are summarized, and the particular challenges to
realize femtosecond time resolution are discussed. The chapter closes with an outline
and overview of the main projects of this thesis.

2.1. Context and historical background

Only three years after de Broglie postulated the wave nature of the electron in 1924
[DB24], it was the diffraction of low-energy electrons from a nickel surface which first
confirmed his hypothesis [Dav27]. A few years later, in 1933, the first images of surfaces
could be obtained by bombardment and reflection of 20€V electrons [Zwo33|, and by
photoelectric emission of low-energy electrons [Brii33]. These early experiments mark
the advent of low-energy electron diffraction (LEED) and microscopy (LEEM), but
both had to wait for advances in vacuum technology in the 1960’s to reach significant

impact.

Nowadays, LEED is the most standard tool to investigate the crystal structure of
surfaces in a back-reflection geometry [VH86]. An alternative is reflection high-energy
electron diffraction (RHEED) providing also a high degree of surface sensitivity due
to grazing incidence of the electron beam, but operation at normal incidence as in
LEED makes data interpretation much more straightforward. Within the last 20 years,
LEEM has developed to a versatile imaging tool in surface science [Baul4], mostly in
conjunction with photoelectron emission microscopy (PEEM). In LEEM, fast electrons
are decelerated to energies typically below 100eV towards the sample, from which
they are reflected and subsequently detected with an electron optical imaging system.
The spatial resolution of LEEM is on the order of 10 nanometers at electron energies
between 1 — 100eV. In PEEM, the image is instead formed by photoelectrons emitted
from different areas of a sample illuminated by UV light. Whereas image contrast in
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LEEM arises from interference of the back-reflected electrons, image contrast in PEEM
originates from local variations of the photoemission yield.

In the late 1930’s, two other electron microscopy approaches emerged: the develop-
ment of point-projection microscopy (PPM) and field emission microscopy (FEM), both
employing field emission (FE) tips as electron sources. In FEM, the source is also the
object, which is why near-atomic resolution images could be obtained as early as in
1937 by Erwin Miiller, who imaged the crystallographic structure of field emission tip
surfaces [Miil37]. FEM as such is not a low-energy electron microscope, but is closely
related to PPM as it virtually is part of it. The first PPM shadow images employing FE
electron sources were obtained in 1939 by Morton and Ramberg [Mor39], concurrently
with similar work performed by Boersch [Boe39], who recorded electron shadow images
at 30keV in a virtual point-projection geometry '. It was however not until the 1990’s
that PPM had attracted interest again, due to improved vibration insulation and tip
manipulation and preparation techniques [Sto89, Fin90, Mel91]. Since then, the main
motivation to pursue PPM arises from its potential for non-destructive, high-resolution
imaging of individual biomolecules [Ger10, Lonl5b, Lonl5a], although the question of
beam-induced sample damage is still controversially discussed [Bacll, V6199]. Few
other work has been published in the last 10 years, which concentrates on imaging
charge distributions [Lai99, Pri00, Geo01, Bey10] or magnetic fields [Deg04] with PPM
rather than real-space structure.

So far, none of the approaches which employ low-energy electron beams as probe
have been combined with femtosecond temporal resolution. One attempt to combine
LEED with ultrafast temporal resolution has been made around 2000 [Kar01], and
it could be shown that few picoseond sub-kV electron pulses could be delivered to
a sample [Dol06, Cir09]. However, no time-resolved diffraction experiment could be
performed, maybe due to the poor brightness of the electron gun. Regarding real-space
imaging, no attempts have been made, to the best knowledge of the author, so far
to add femtosecond time resolution to microscopy approaches employing low-energy
electrons as probes.

Within the last 10 to 15 years, high-energy ultrafast electron diffraction (UED) has
developed to a versatile tool to investigate the ultrafast dynamics of bulk crystal lattices
at electron energies of typically 70-100keV [Dwy06, Ern09, Mil10, Wall5b]. In addi-
tion to UED, there is tremendous ongoing effort to realize femtosecond imaging with
electrons in real-space, employing high-energy electron pulses in a laser-triggered ultra-
fast transmission electron microscope (UTEM) setup [Zew10, Feil5]. Both, UED and
UTEM, operate at high electron energies in the 100 keV range, and are thus mostly bulk

!One year later, Boersch confirmed once more the electron wave nature by recording Fresnel in-
terference fringes from electrons scattered at a straight edge [Boe40], which could slightly later be
interpreted in terms of Gabor’s idea of holography [Gab48].
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sensitive. The same is true for X-rays, which have small scattering efficiencies and much
larger penetration depth, and are usually much more damaging than electrons [Dwy06].

The most important aspect for the realization of a femtosecond electron microscope
or diffractometer is the choice of the photocathode and the electron gun design. In
UED, the standard approach is based on plane photocathodes [Wall5a, vO07]. Within
the last few years, nanotip photoemitters have attained an increasing interest for usage
as ultrafast photocathodes, triggered by the comprehensive investigation of ultrafast
electron emission from such structures in the last 10 years [Hom06b, Hom06a, Rop07b,
Bar07, Yanl0a, Krtil1l, Her12]. Nanotip photocathodes are currently employed for the
realization of UTEM [Feil5|, UED [Hof14]|, ultrafast LEED [Gull4] and fsPPM [Quil3,
Miill4, Bail6]. Due their field enhancement properties and their compact pointed
shape, they are ideally suited in particular as low-energy electron photocathode. The
properties of nanotip photoemitters will be discussed in more detail in chapter 4.

2.2. Basic aspects and challenges

Low-energy electrons are used since decades as the most surface-sensitive radiation to
probe matter. Despite their unique sensitivity, their slow speed however imposes serious
issues on the implementation of pump-probe approaches employing femtosecond low-
energy electrons as probes. This chapter gives an introduction on the basic properties
and challenges of low-energy electrons.

Properties of low-energy electrons

The great success of LEED in surface science is based on the two prerequisite properties
to study the structure of surfaces: a minimal penetration depth and a sufficiently small
wavelength. The de Broglie wavelength of non-relativistic electrons accelerated by a
potential U to an energy eU is given by

AdB = —, 2.1
B 2meelU (2.1)
where h is Planck’s constant and e and m. the electron charge and mass, respectively.
In the low-energy range between 20eV and 600eV, the electron wavelength is between
0.5A and 3 A, sufficiently small to resolve the atomic structure of most materials (the
C-C bond length, for example, is ~ 140 pm).

At the same time, the inelastic mean free path (IMFP) is below 1nm, as plotted in
Figure 2.1a), which shows the 'universal’ curve for the IMFP of electrons in matter
as a function of energy £ above the Fermi level [Sea79]. The IMFP is defined as the
length after which the beam intensity has decreased to 1/e of its maximum, assuming
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Figure 2.1.: Inelastic mean free path (IMFP) of electrons in the energy range below 1€V and
6keV (from [Sea79]). The solid line shows the 'universal’ curve of the energy dependence of the
IMFP. The top axis plots the corresponding non-relativistic electron wavelength. The dashed
lines mark the energy range employed here.

an exponential decay. In an inelastic scattering event, the electron looses energy to the
material, and the possible energy loss channels determine the penetration depth and
the surface sensitivity. What is however detected, for example in LEED and LEEM,
is the elastically scattered electrons, and it is the combined high elastic and inelastic
scattering efficiency of low-energy electrons which allows to probe surfaces in a back-
reflection geometry. Generally, the fact that electrons scatter strongly with matter
arises from their charged nature and their strong Coulomb interaction.

The universal curve shown in Figure 2.1a) can qualitatively be understood from the
different underlying interaction mechanisms. At very low energies in the few eV range,
the energy loss is mainly governed by interband electron-hole pair generation, and
energy transfer to phonons (meV-range) plays only a minor role?. Neglecting the ma-
terials band structure, the universal curve in this range follows a o< £~2 dependence,
given by the o< £ increasing number of available electron and hole states [Faul3]. In
reality, this is altered by the electronic structure of the crystal [Bauld]. As the en-
ergy approaches the characteristic plasmon energy of the material (5-25€eV for metals),
plasmon generation becomes the dominant energy loss channel. This the main reason
why the IMFP has its minimum in the energy range between 20-100eV. With further
increasing energy, the cross-section decreases due to the shorter interaction time, which
governs the dependence at the high energy side of the universal curve. As soon as the
energy exceeds the threshold of inner-shell ionization, energy can also be lost by exci-

2In fact, scattering with phonons is usually considered to be quasi-elastic.
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tation of localized bound electrons (the carbon K-shell ionization energy, for example,
is 284 eV). The cross-section for this is, however, small for the energy range used here.
Even higher energy processes such as knock-on damage are only important for energies
above several 10keV.

The setup developed here operates in the energy range between 20eV and 1keV.
In fsPPM, lower energies of at most 200-300eV are employed, providing increased
scattering efficiency to electric fields. The diffraction mode for fSLEED can be operated
at energies between 100-1000 eV. Higher energies yield shorter pulse durations, and the
transmission geometry allows operation also at several 100eV energies. Generally, the
choice of the electron energy will always be a trade off between time resolution and
pulse duration.

Key challenge: temporal pulse broadening

In a typical pump-probe experiment, the sample is excited by an ultrashort laser pulse,
and its non-equilibium state is probed subsequently by a second synchronized probe
pulse. The probe pulse can be for example another light pulse, an electron pulse, or
a X-ray pulse, and depending on the observation technique the dynamics of different
microscopic subsystems is addressed. The time resolution is always a convolution of
the pump and probe pulse duration and their temporal cross-section. Figure 2.2a) very
roughly sketches the idea of a pump-probe experiment employing electron probe pulses.

Unlike optical laser pulses, femtosecond electron pulses suffer from temporal broaden-
ing in vacuum during propagation. Without pulse compression, this prevents the use of
bandwidth-limited electron pulses at the sample. The main two mechanisms are space
charge broadening due to Coulomb repulsion [Siw02] and dispersive broadening due
to the initial energy distribution of the electrons [Paal2], as sketched in Figure 2.2b).
Both effects become especially severe at low energies due the slow speed of the electrons.
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Figure 2.2.: (a) Simplified optical pump-electron probe scheme. A photocathode is illuminated
by a laser pulse synchronized with the pump pulse, generating a synchronized electron probe
pulse. (b) Hlustration of space charge broadening (top) and dispersive broadening (bottom) as
the two main broadening mechanisms of ultrashort electron pulses.
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In high-energy ultrafast electron diffraction (UED), two concepts are usually followed
to realize femtosecond time resolution: minimization of the electron propagation time,
or applying temporal pulse compression schemes. Pulse compression of space charge
broadened pulses employs microwave RF-cavities and has been first demonstrated in
2007 [vOOQ7]. Very recently, temporal compression of dispersively broadened single high-
energy electron pulses has been demonstrated using THz fields [Keal6]. Minimization
of space charge broadening can be achieved by ultra-compact designs operating in
the 100 keV range [Wallba], or can be greatly suppressed by relativistic MeV electron
diffraction using RF-photocathodes [Weal5]. Dispersive broadening can be reduced by
matching the photon energy to the photocathode work function, requiring a tunable
laser source [Aid10, Wallba).

Both approaches, building a compact design or employing pulse compression schemes,
can in principle be applied to low-energy electrons. Temporal compression techniques
have not been demonstrated yet for sub-keV electrons, and require the development of
special microwave or THz compressors, whose field transients and strength are matched
to the electron velocity. Alternatively, as employed here, femtosecond time resolution
can be achieved by the combination of two approaches:

1. Elimination of space charge broadening by operation in the single electron limit
at high repetition rates.

2. Minimization of dispersive pulse broadening by considerable reduction of the
propagation time, and potentially by minimization of the initial electron energy
spread.

In this regard, nanotips are very appealing. First, the strong inhomogeneous electric
field at the apex® very quickly accelerates the electrons to their maximum speed, which
significantly reduces their flight time. Second, their compact geometry and nanoscale
size facilitates an ultra-compact design, especially at low energies, where small potential
differences are used.

Another effect which can decrease the temporal resolution arises from path length dif-
ferences between different trajectories within the electron beam. In case of a collimated
beam under normal incidence, no path length differences are present. This is nearly the
case in the diffraction mode used here. In case of a divergent beam, however, the path
length difference between the on- and off-axis electrons can become significant, and can
even exceed dispersive pulse broadening depending on the experimental configuration.
Whereas in diffraction the temporal resolution is a property integrated over spot size,
it is a local property in the case of fsPPM, as additional spatial resolution is provided.
Hence, for the local temporal resolution, path length difference are irrelevant.

3The maximum field strength can reach values of several GV/m at very low voltages. RF-
photoinjectors typically operate at 0.1 GV/m.
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The reason why, for now, the compact gun design is chosen over a compression scheme
is that it seems to be a simpler approach to start with. The results in this thesis show
that this allows to deliver single electron pulses with durations between 10’s to 100’s
of femtoseconds (dependent on the operation mode) to the sample in a transmission
geometry. Once the spatio-temporal properties of low-energy electron wave packets
emitted from a nanotip are better understood it will, however, be interesting to consider
additional pulse compression schemes.

Geometric image formation in point-projection microscopy

The basic concept of a point-projection microscope is simple: A sharp point-like electron
source is positioned closely in front of an object, and its shadow image is recorded at a
distant screen. This is schematically illustrated in Figure 2.3. Magnification is achieved
by the divergence of the electron beam and a large detector distance D compared to
the source-sample distance d < D. In case of a perfect point source, the magnification
is given by

M = R (2.2)
A nanoobject with dimension R}, is projected to a spot of size pgeom = M - Rop.
In this classical ray tracing picture, pgeom directly reveals the outline of the nanoob-
ject. Including the wave nature of electrons, interference effects have to be taken into
account, leading to Fresnel finges in the image [Boe40, Spe94]. The shadow image
then has to be interpreted as an in-line hologram instead of a purely geometric pro-
jection [Gab48]. In this operation mode, PPM is termed in-line low-energy electron
holography [Fin90, Eis08, Ame08, Lonl5a]. The experimental observation of Fresnel
fringes requires, despite a coherent electron source, sub-micrometer tip-sample distances
and very high mechanical stability.

PPM is a lens-less approach, and it is in principle free of aberrations. This is, however,
only true in case of a perfect point source. In reality, the source is spatially extended,
and mechanical vibrations and stray fields disturb the electron beam. The influence of
these effects can be described by an effective source size [Sch93, Spe94] located inside
the tip as described in chapter 4.2.3. As illustrated in Figure 2.3, two separated virtual
point emitters within the effective source lead to laterally shifted projections. Hence,
projected edges will be smeared out. Deviations from a perfect triangular divergent
beam can be imagined as aberrations of the 'nanotip lens’, considering the tip itself as an
electron optical element that magnifies a beam and induces beam divergence. Without
disturbances, the spatial resolution in fsPPM will ultimately be limited by the electron
wavelength and the numerical aperture of the imaging system [Ste09, Spe94, Lonl5a].

11
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Figure 2.3.: Geometric image formation in point-projection geometry. The spatial resolution
is determined by the effective source size introduced in chapter 4.2.3.

In this thesis, the instrument operates in the geometric projection mode, and its
resolution is limited by the restricted tip-sample distance and mechanical stability.
The discussion in chapter 6 will thus consider only classical electron trajectories and
interference effects are neglected.

Diffraction from 2D crystals

The diffraction of a monochromatic electron beam incident normal on a two-dimensional
lattice is described by Bragg’s law

nA\gs = asin(ay) (2.3)

where n is the diffraction order, a the lattice constant of the crystal, and aq4 the diffrac-
tion angle. If the beam is incident at an angle ¢, the diffraction angle at which the
diffracted beam is observed with respect to surface normal is determined by the condi-
tion

nAdp = a[sin(ag) — sin(¢)]. (2.4)

This equation holds for diffraction from a 2D-crystal in both transmission and reflection,
as can be seen from Figure 2.4a). Constructive interference demands that the path
length difference between two scattered rays, given by Az — Axi, as sketched in
Figure 2.4a), equals multiple integers n of the wavelength. This directly results in the
condition given by equation (2.4). The diffraction condition (2.4) can equivalently be

12
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Figure 2.4.: (a) Geometric illustration of the Bragg condition for diffraction from a one-
dimensional lattice in reflection and transmission geometry. (b) Ewald circle for a one-
dimensional lattice. Diffraction angles can be expected at the angles where the circle intersects
the reciprocal lattice rods, marking the diffraction orders with indices (hk).

expressed in terms of the unit vectors sy and s of the in- and out-going beams with
wave vectors kg and k, respectively. This is then called the Laue condition [Cla85]

a-As =nAgp (2.5)

with As = sg — s and the lattice vector a.

So far, the considerations are made in only one dimension. The structure of a two-
dimensional lattice in real space is described by the two lattice vectors a; and as [Cla85].
respectively. The reciprocal lattice vectors a] and aj are given by the condition a;-aj =
ag -aj = 1. The Laue condition then becomes

As = \gp(ha] + ka3), (2.6)

with integers h and k, which are used to index the diffraction spots, see Figure 2.4b).
The position of diffraction spots can be predicted from the Ewald sphere. This is a
geometrical construction drawn in reciprocal space as shown in Figure 2.4b) for a 1D-
lattice. The beam is incident under the angle ¢, which defines the direction of an arrow
of length 1/Agp which ends at a lattice point. The circle of radius 1/A\gp drawn around
that arrow intersects with vertical lines, whose spacing is given by the reciprocal lattice
distance 1/a. Elastically scattered beams with diffraction order n are then expected in
the direction defined by the angles a4 of arrows which end at the intersection points.

13
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Figure 2.5.: Illustration of the two operation modes for femtosecond point-projection mi-
croscopy (a) and time-resolved low-energy electron diffraction (b).

2.3. Thesis outline

This section provides an overview and outline of the projects addressed in this thesis.
Chapters 3 to 5 are concerned with the technical implementation, the numerical anal-
ysis and the experimental characterization of the nanotip electron gun. In chapter 6,
ultrafast photocurrents in heterogeneous semiconductor nanowires are investigated by
fsPPM. Last, chapter 7 experimentally demonstrates the implementation of an electron
point source driven by nanofocused surface plasmon polaritons.

Chapters 3-5: Development and characterization of a hybrid setup for
femtosecond low-energy electron microscopy and diffraction

Chapters 3 to 5 describe the development and characterization of the hybrid setup
implemented for ultrafast imaging and diffraction with low-energy electrons with kinetic
energies in the range between 20 — 1000eV. A laser-triggered metal nanotip provides
a compact point-like source of coherent femtosecond electron wave packets, optionally
collimated for fSLEED or spatially diverging for fsSPPM. The two operation modes are
illustrated in Figure 2.5. The tip is positioned in front of the sample without electron
optics in between. Ultrashort electron pulses are photoexcited from the biased tip
by illumination with tightly focused laser pulses, and subsequently accelerated to the
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grounded sample. Placing the tip inside a suppressor-type electrostatic lens allows for
delivering either divergent or collimated single electron wave packets to the sample.
Depending on the operation mode, the tip-sample distance varies between a few pym up
to several 100 pm.

In the point-projection geometry, the tip is placed a few micrometer in front of the
object. The very short propagation distances and the strongly inhomogeneous electric
field enable sub-100 fs time resolution in the imaging mode, and a spatial resolution of
a few 10 nanometers. As will be explained in chapter 6, the PPM image is primarily
a measure of the electrostatic potential at the sample surface, rather than a geometric
projection.

For diffraction, the electron pulses can be focused on a monolayer thin crystalline sam-
ple, and a diffraction pattern is recorded in transmission. In this operation mode, the
tip-sample distance is on the order of 100-200 pum, currently limited by the electrostatic
field of the electron lens. Nevertheless, pulse durations of a few 100 fs can be achieved
with spot sizes down to 1 um at the sample, offering sufficient temporal resolution to
study the structural dynamics of micrometer-sized domains of 2D crystalline materials
with high efficiency.

The technical details of the setup are described in Chapter 3, including in particular
the positioning system for tip and sample manipulation in vacuum, the design of the
vacuum chamber, and the optical laser setup.

Chapter 4 introduces metal nanotips as femtosecond low-energy electron sources.
First, general aspects of nanotip electron emitters are discussed, such as the emission
process, field enhancement, and coherence properties. In section 4.3, the performance
of the electron gun is analyzed based on numerical simulations. To provide a compre-
hensive understanding of the gun characteristics, this section discusses in detail the
electrostatic properties of the electron optical system, its focusing characteristics, as
well as the spatio-temporal evolution of ultrashort single electron wave packets within
the gun.

In chapter 5, the electron gun is characterized experimentally. This includes charac-
terization of its DC performance, focusing of photoexcited electron wave packets, as
well as temporal characterization of the photoemission process in the first three sec-
tions 5.1 to 5.3. In section 5.4, the temporal resolution of the setup is characterized
by cross correlation of the electron pulses with an ultrafast photoelectron cloud. The
results verify that femtosecond electrons pulses with 250 eV kinetic energy can be deliv-
ered to a 200 pm distant sample in both operation modes. The ability to directly image
the plasma cloud propagation within a 10 um pinhole further is a first indication of the
potential of fsSPPM for nanoscale ultrafast imaging. In the last section 5.5, the colli-
mated femtsecond electron beam is diffracted from monolayer graphene samples. The

15



CHAPTER 2. BACKGROUND AND OUTLINE

obtained diffraction patterns are of very high quality and demonstrate the capabilty of
the setup to study ultrafast structural dynamics in 2D crystalline materials.

Chapter 6: Femtosecond point-projection microscopy of ultrafast photocurrents in
semiconductor nanowires

Semiconductor nanowires (NWs) are one of the key components in nanoelectronic and
nanophotonic devices [Hay08], for example as nanowire field effect transistors [Xia06]
(FET), nanoscale biosensors [Cui01], ballistic electron conductors, or solar cells [Garl1].
Operation of many NW devices is based on controlling the local electric potential on
the nanoscale, e.g., applying the gate voltage in a FET device or detecting a change
in the NW surface potential after attachment of a molecule. Due to their nanoscale
size, the electric properties of NWs are strongly influenced by their surface condition,
and effects such as surface band bending or electron/hole trapping at the surface play
a crucial role [Mik13].

The most direct understanding of the local surface potential and charge transport
through NWs can be gained by mapping the respective spatio-temporal evolution in
real space and time. Femtosecond point-projection microscopy provides a powerful tool
to image the transient nanoscale field in the near-surface region of nanostructures, pro-
viding further insight into nanoscale carrier dynamics and ultrafast photocurrents inside
NWs. Electrons are easily deflected by local electric fields at the sample, which for the
NW geometry can considered in terms of the electrostatic biprism effect [M6156, M6157].
The PPM thus reveals the nanoscale field distribution, rather than the geometric out-
line of the NW. The realization of laser-triggered electron emission from nanotips has
naturally triggered an increasing interest in adding femtosecond time resolution to PPM
within the last three years [Quil3, Miill4, Bail6]. In fsPPM, the nanoobject is pho-
toexcited with an ultrashort laser pulse, and transient changes in the shadow image are
recorded with the pulsed electron beam in a pump-probe scheme.

The first time-resolved imaging experiments with fsPPM have been realized in this
thesis. Specifically, ultrafast transient photovoltages are measured locally along the
surface of heterostructured semiconductor NWs. These measurements not only reveal
insight into the local band bending at the NW surface, but also show that ultrafast
photocurrents in nanostructures can be detected and imaged with fSPPM. Specifically,
it is found that radial photocurrents screen the surface field within less 300 fs, and that
the observed carrier dynamics vary spatially along the NW and in particular between
different NW segments.

Section 6.1 gives an introduction to image formation in PPM in the presence of
electrostatic fields. Specifically, the lens effects of NWs are studied based on numer-
ical simulations, and static PPM images are analyzed experimentally. In section 6.2,
the properties of indium phosphide (InP) NWs;, in particular their band bending, are
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introduced, and the concept of doping profile imaging with PPM is discussed theo-
retically and experimentally. Last, section 6.3 shows time-resolved measurements of
photo-induced inhomogeneous changes in the lens effects of axially doped p-n-type InP
NWs, revealing the dynamics of radial photocurrents generated inside the NW bulk
and diffusing into the surface space charge region.

Chapter 7: Realization of a femtosecond low-energy electron point source driven
by nanofocused surface plasmons

The main limitation in fsSPPM for both spatial and temporal resolution arises from
the limited tip-sample distance, as imposed by the required spatial separation of the
electron excitation and the pump laser pulse, respectively. The thus minimal achievable
tip-sample distance is on the order of 10 — 20 pm. Ultimate spatio-temporal resolution
in fsPPM thus motivates the generation of ultrashort electron pulses from the tip apex
without direct far-field illumination.

Adiabatic nanofocusing of surface plasmon polaritons (SPPs) provides the spatial con-
finement of light far below the diffraction limit [Bab00, Sto04, Rop07a, Berll, Gral4],
enabling ultrafast nanoscale spectroscopy at optical frequencies. A particularly useful
implementation of this concept is based on conical gold tapers, where propagating SPPs
are launched by illumination of grating structures [Rae88| and subsequently get nanofo-
cused at the tip apex [Rop07a, NealO, Berll, Sch12]. Like a waveguide, the tip trans-
forms the excitation into a confined mode volume, where 10 nm spatial and 10fs tem-
poral confinement of the plasmonic near fields have been demonstrated [Ber11, Sch12].
The strong spatio-temporal confinement of the evanescent plasmon field allows for gen-
erating peak intensities sufficiently high to drive nonlinear processes such as second-
harmonic generation [Berll, Sch12, Shal3] or four-wave mixing [Kral6]. In particular,
it has been suggested [Ber12] and recently demonstrated [Vogl5, Sch15] that plasmonic
nanofocusing can drive nonlinear electron emission from the apex of a nanotip, build-
ing on the earlier demonstration of propagating SPP induced electron emission on flat
surfaces termed ’plasmoemission’ [Mey15].

In chapter 7, the nonlocal generation of ultrashort electron wave packets from the
apex of a gold nanotip by adiabatic nanofocusing of ultra-broadband SPPs with sub-
8 fs duration is demonstrated. First, the theory of SPP generation, propagation and
adiabatic nanofocusing is reviewed in section 7.1. In section 7.2, SPPs generation with
high efficiency by broadband grating coupling [Ber11] of 5 fs optical laser pulses of few
pJ energy is demonstrated. Nanofocused SPP-driven electron emission is verified using
the distinct collimation properties of the electron beam inside the electrostatic lens.
The temporal emission characteristics are analyzed in section 7.3, revealing SPP-driven
electron emission in the multiphoton regime within a time window of approximately
5fs. Last, in section 7.4 the application for fsSPPM is demonstrated by imaging the
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Figure 2.6.: Concept of nanofocused plasmon-induced electron emission from the apex of a
nanotip driven by few-femtosecond laser excitation. The image shows an illustration of SPP
nanofocusing triggering ultrafast electron emission which is superimposed to an SEM image of
a gold nanotip with a grating coupler located 20 um away from the apex.

nanoscale surface electric field of a single doped InP nanowire at a tip-sample distance
of 3 um, where electron pulse durations at the sample on the order of 10 fs are estimated
based on numerical simulations.

This project has been performed in collaboration with Markus Raschke and Vasily
Kravtsov from the University of Boulder, who provided the grating-structured gold tips.
As an improvement compared to similar results obtained only shortly beforehand by
two other groups [Vogl5h, Sch15], the results shown here allow for operation at shorter
pulse durations and with much higher efficiency at high repetition rates and optical
frequencies.
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3. Experimental setup

This chapter describes the technical details of the hybrid setup implemented for fem-
tosecond point-projection microscopy and femtosecond low-energy electron diffraction
in a transmission geometry. The realization of a highly compact ultrafast electron gun
with propagation distances down to few micrometers imposes considerable challenges
on the design of the setup. Specifically, the following criteria have to be met:

e Reproducible and precise alignment of two spatially separated, micrometer-sized,
broadband laser foci on the tip and the sample

¢ Reproducible positioning of the gun, including tip and lens, and the sample with
respect to each other and with respect to the laser foci, and with nanometer
precision and good longterm stability

e Ultrahigh vacuum compatibility
o Transfer of tip, lens and sample into UHV for convenient operation

e Possibility to measure the laser pulse duration and to image the laser spot sizes
at the tip and sample position

In the following sections, the ultrahigh vacuum system, the ultrafast electron gun
assembly as well as the optical setup are described. As precise alignment of the laser
foci on tip and sample is one of the most critical aspects, the system is designed such
that the tip and sample are moved within the accurately aligned and stabilized laser

foci, and not vice versa.

Specifically, sections 3.1 and sections 3.1 describe the design of the the positioning
system for tip and sample manipulation and the vacuum chamber, as well as the image
acquisition system. Section 3.2 describes the preparation and assembly of the nanotip
photocathode and the compact electron lens, as well as the gun and sample mounting
and transfer, respectively. Last, section 3.3 introduces the laser systems used in this
thesis and describes the optical setup.
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3.1. Ultrahigh vacuum system

The core part of the setup is a 10-axis positioning system designed to meet all conditions
listed above and is explained in section 3.1.1. The design of the vacuum chamber is
described in section 3.1.2. Last, section 3.1.3 describes the image acquisition system
including the complete electron optical system and the electron detector.

3.1.1. Tip and sample manipulation

Reproducible positioning of the electron gun and sample with nanometer precision and
good longterm stability is crucial in this setup. At the same time, implementation of a
transfer mechanism for both, samples and tips, requires movements over long distances
of several mm as well as resistance of the system against mechanical forces. For optimal
alignment of tip and sample with respect to each other and to the laser pulses, as many
movement axis as possible are further desired.

Figure 3.1a) shows a drawing of the 10-axis positioning system developed in collab-
oration with and build by SmarAct. It is based on slip-stick piezo motors, which allow
for long travel ranges (slip-stick mode) and nanometer precise movement (piezo scan-
ning mode) at the same time. Three linear motors and one rotation axis are available
for alignment of the electron gun in z-y-z direction and rotation around the z-axis.
Complete 6D-alignment of the sample is achieved by a hexapod-type positioning sys-
tem consisting of six individual linear motors moving a mounting plate. Three of the
motors are moving radially and three motors perform a linear tangential movement.
Via software their collective movement is controlled to reach the requested final po-
sition. The cartesian movement axis are thus not independent, and their individual
moving ranges depend on the respective position of the other axis.

To protect the motors against mechanical forces during transfer, both systems are
equipped with special fixing holes, which are moved inside their counterpart pins for
tip and sample exchange, respectively. The pins are marked in green Figure 3.1a).
In the measurement position, the tip points along the —z-direction and the electron
beam passes through a hole in the hexapod base plate. For sample transfer, the entire
tip mount is moved several (> 10) mm in z-direction and the hexapod mounting plate
is moved upwards inside its four fixing pins. Conversely, for tip (and lens) transfer,
the hexapod is moved in negative z-direction by 10 mm from the highest possible (the
transfer) position. The tip mount is rotated by 90° such that the tip points along the
y-direction, and is then moved in —z-direction inside the four fixing pins.

A close-up of the tip-sample geometry in the measurement position is shown in Figure
3.1b). The tip is illuminated from the side at 90° incident angle with respect to the tip
axis (red beam). The sample is illuminated from the top at 45° incident angle (purple
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Figure 3.1.: (a) Positioning system for tip and sample manipulation. The tip can be moved
in z-y-y direction and tilted around the x-axis by three linear and one rotation axis (purple
colored). Precise alignment of the sample in all three directions and along all three tilt angles
is realized using a hexapod-type positioning system (yellow colored). (b) Close-up of the tip
and sample geometry inside the UHV chamber. Electrons transmit through the sample and
are detected below the Hexapod base plate (after passing the first electrostatic lens (ESL1)
in the diffraction mode). The sample is pumped from the top at an angle of 45°. The tip is
illuminated from the side at an angle of 90° with respect to the z- and tip-axis, respectively.

beam). Independent voltages are applied to tip and lens via two metal clamps which are
contacted during transfer. The sample is grounded via the sample holder. The drawing
also shows the electrostatic lens ESL1, which can be positioned a few mm below the
sample in the diffraction mode for detection of the diffracted electrons in the LEED
experiments. The details of the detection geometry are explained in section 3.1.3.

3.1.2. Chamber design

An overview of the UHV system, consisting of a main measurement chamber and a
load lock, is shown in Figure 3.2. Figure 3.2a) shows technical drawings of the UHV
system from two side views. Figure 3.2b) further shows a schematic sketch of the
interior of the main chamber from the top view to illustrate the arrangement of the
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Figure 3.2.: (a) Technical drawing of the UHV setup from two side views. (b) Schematic
drawing of the top view of the setup in the z-y-plane. The tip and sample are centered in the
chamber and the electron beam is directed along the z-direction. The dotted circles marks the
outer edge and the inner hole of the positioning system base plate. The dashed circle marks
the outer edge of the MCP positioned below. From the two parabolic mirrors used for focusing
the pump and the probe excitation beam, only one can be seen in the drawing here since they
are mounted on top of each other (pump and probe in). The third mirror recollimates the
probe excitation beam (probe out) for easy alignment of the tip. (MCP: micro channel plate;
ESL: electrostatic lens; HV-FT: high voltage feedthrough; PZT-FT: piezo motor feedthrough;
V: valve)
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key components'. The entire system is mounted directly on the floating optical table
stabilized by pneumatic vibration damping.

Both, the pump and the probe excitation laser beam, enter the UHV chamber via
a broadband AR-coated laser transmission windows. The beams are focused by two
silver-coated 90° off-axis parabolic mirrors mounted on top of each other. The top
mirror focuses the pump beam on the sample under an angle of 45° with a 75 mm focal
length. The lower mirror focuses the probe excitation beam at the tip within the x-y-
plane with a focal length of 50mm. For precise alignment of the tip inside the probe
excitation focus, a third off-axis parabolic mirror is installed to recollimate the beam
and to monitor the tip position inside the focus. In addition, two CCD cameras with
telescope objectives are used to monitor the tip and sample positions and for alignment
of the tip inside the laser focus, respectively, via detection of the scattered laser light
outside UHV.

A transfer rod is installed for transfer of tips and samples between the load lock and
the main chamber, which are connected by a UHV gate valve. A storage magazine is
attached to the load lock providing three slots for tip or sample holders. Furthermore,
an additional slot for heating the tip (via resistive heating of the support wire) is
installed inside the load lock. For alignment of the laser beams, a miniature CMOS
board camera can be installed on and positioned with the transfer rod when the chamber
is vented. In this way, the laser foci can be imaged and aligned directly in the plane of
the tip and the sample.

Electrons are detected with a microchannel plate (MCP) detector as described in
more detail in the next section. Nine high voltage (HV) feedthroughs are available for
biasing of the electron detector, the tip-lens assembly as well as the two lenses installed
behind the sample (see next section). The ten motors of the positioning system are
each connected to a Lemo multipin feedthrough.

The main chamber is pumped by a turbomolecular pump (Pfeiffer HiPace700) whose
pre-vacuum is established by a pumping station (Pfeiffer HiCube Eco), which also serves
as backing pump for the smaller turbomolecular pump (Pfeiffer HiPace80) evacuating
the load lock. As the spatial resolution in the point-projection microscopy mode is
very sensitive to vibrations, the turbo pump has to be switched off during imaging
experiments. Therefor, a non-evaporable getter pump (SAES NEG-400) is installed in
front of the turbo pump in the main chamber, maintaining a pressure of approximately
1 - 10~ mbar over several hours. Pressures are measured with an ionization gauge
in the main chamber and a cold cathode gauge in the load lock, respectively. The
whole system was baked once after delivery and a pressure of 1-107'° mbar is routinely
achieved without further bake out.

!Note that the illustrated components are not all in the same z-y-plane.
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Figure 3.3.: (a) Sketch of the entire electron optical setup and image acquisition system (not
to scale). The divergent electron beam is shown in light blue, and the nearly collimated beam
in dark blue. The operation principle of the electrostatic lens of the gun (ESL) is explained in
detail in chapter 4. The two electrostatic lenses ESL1 and ESL2 installed behind the sample
are required for detection of the diffracted beam in LEED mode, and are switched off in PPM
mode for field-free drift of the electrons.

3.1.3. Electron optical system and image acquisition

Images are recorded by detecting the electron with an amplifying electron detector,
converting the electrons into light which is projected on a camera. Optionally, two
electrostatic lenses installed behind the sample are used in the diffraction mode. The
imaging and detection system is illustrated in Figure 3.3 a), schematically showing the
electron optical column, including tip and sample, and the subsequent optical detection
part. The electron detector, a 40 mm diameter MCP in Chevron configuration plus
phosphor screen, is positioned ~ 10 cm behind the sample below the hole in the hexapod
base plate (not shown here). A mirror behind the phosphor projects the image on a
scientific CMOS camera (ORCA flash, Hamamatsu Photonics) installed perpendicular
to the electron beam axis and at an angle of 75° to the incoming laser beam axis, see
Figure 3.2b).

In the imaging mode (PPM), the region between sample and MCP is field free and the
divergent electron beam is directly projected on the MCP. The magnification in PPM
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Figure 3.4.: (a) and (b) show the design of the electrostatic lenses ESL1 and ESL2, respectively.
(¢) Numerical calculation of the electric potential of the electron optical system behind the
sample in the LEED mode for Uggry = +1.8kV and Uggsres = +1.2kV, respectively. The
right panels show the numerically calculated deflection of diffracted electron beams at energies
Eyin = 1006V, Eyin = 300€V, Exi, = 500V and Ey;, = 700€V (set by the tip voltage above the
sample). The blue lines show the field-free trajectories leaving the sample at the first diffraction
angle from graphene. The color profile of the deflected trajectories qualitatively illustrates the
magnitude of the electron velocity. (Calculations performed in COMSOL Multiphysics)

is given by equation (2.2), and high magnification requires a large detector distance.
This, however, prohibits the direct detection of LEED diffraction spots, requiring a
large, ideally spherical, detector close to the sample. Therefor, two electrostatic lenses
ESL1 and ESL2 are installed behind the sample, such that the setup can be operated in
both imaging and diffraction mode without major modifications of the image acquisition
system.

In the LEED mode, the first electrostatic lens ESL1 needs to be positioned a few mm
behind the sample. The lens can be positioned with a 3D-manipulator mounted on the
top flange of the UHV chamber, see Figure 3.2a). The second lens ESL2 is permanently
installed in front of the MCP. The sample, the MCP front plate and the lens outer
shields are grounded, and a positive bias is applied to the inner electrodes of both lenses,
see Figures 3.4a) and 3.4b). An example of the resulting potential landscape between
sample and MCP? is plotted in the left panel in Figure 3.4c). The major deflection is
introduced by the first lens, inducing a net deflection of the incoming electron beam
towards the center axis at r = 0. The right panels in Figure 3.3 d) show the trajectories

2Calculated with COMSOL Multiphyics.
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of diffracted electrons (1st order) after transmission through a single layer graphene
(lattice constant: 2.46 A) for four different electron energies at constant potentials
of Ugs,1 = +1.8kV and Ugsre = +1.2kV, respectively. As reference, the field-free
trajectories of the first diffraction angle ay calculated according to equation (2.4) are
plotted in blue. ESL2 is used for fine adjustment of the beam position only, and is not
necessarily needed to project the beam on the detector. In the imaging mode, the lens
voltages are switched off to obtain a field-free drift region for the electrons behind the
sample.

The field of view in the imaging mode is determined by the angular aperture of the
setup, which is defined as

- Pdet —1 ( Pdet
—2tan~! [ 20t} & ot 1
@ = etan (2(d+D)> ol <2D>’ (3.1)

where pget is the diameter of the detector, D the distance between sample and detector

and d the tip-sample distance, respectively, as defined in Figure 3.3a). In our setup
D =~ 10mm and pget = 40 mm and we obtain an angular aperture of & = 23°. Assuming
a perfect point source located at a distance d above the sample, the field of view ps on
the sample at a given d is approximately given by

ps = 2d tan a. (3.2)

At a distance of d = 20 pm, a magnified spot of 8 um diameter can thus be observed on
the screen. In reality, the source is not a perfect point and the divergent beam is not of
perfect triangular shape. As described in chapter 4.2.3, the actual beam divergence and
source size can be described by an effective source located inside the tip. The distance
d thus is the distance of this effective source rather than that of the actual tip. As,
however, d < D the above considerations provide a good approximation.

3.2. Electron gun assembly

The realistic lifespan of the electron gun is limited by several factors such as vacuum
breakthrough between tip and lens or sample, accidental collisions of tip and sample,
and laser-induced damage or blunting of the tip, respectively. This specifically mo-
tivated the implementation of a transfer mechanism for the electron gun, imposing
particular demands on the electron gun design and mounting. In this chapter, the
preparation, assembly and mounting of the electron gun, including the nanotip and the
electrostatic suppressor-type lens, are discussed.
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3.2.1. Electrochemical etching of tungsten tips

Figure 3.5 a) schematically shows the setup for electrochemical etching of tungsten tips,
explained in more detail in [Plo12, Liin13a]. A polycrystalline tungsten wire is immersed
in potassium hydroxide (KOH) as electrolyte solution. A flat molybdenum ring centered
around the wire serves as counter electrode. If a voltage is applied between the wire
and the electrode, this causes electrochemical etching and thus tapering of the tungsten
wire, eventually leading to a drop-off of the lower part of the wire inside the solution.
The final tip radius, shape and surface roughness depend on several parameters such
as the molarity of the solution, the immersion depth, the applied voltage, the wire
diameter and the precision of the wire alignment. In particular, very sharp tips can
only be obtained if the voltage is switched off within a few ns after the wire drops off, to
prevent further etching and thus blunting of the apex. For a 125 ym tungsten wire and
a 1.5-molar KOH solution, good etching results are usually found at 9V DC applied
voltage and 2mm immersion depth at an etching duration of 7-9 minutes. Figures
3.5b) and c) show SEM images of two tungsten tips at different magnifications. With
this setup, tip radii of 20-50 nm are typically achieved.

voltage
control

a)

counter
electrode KOH

Figure 3.5.: (a) Setup for electrochemical etching of tungsten tips in potassium hydroxide
(KOH) solution. SEM images of tungsten tip at magnifications of 450 and 100000 are shown
in (b) and (c), respectively.

3.2.2. Fabrication of the electrostatic suppressor lens

As motivated in chapter 2, achieving femtosecond time resolution with low-energy elec-
tron pulses requires significant reduction of the electron propagation times, that is,
distances in the micrometer range. The shortest propagation distances are achieved
if no optics are placed between the cathode and the sample. This is intrinsically the
case for the lens-less PPM geometry. For diffraction, a highly compact gun design is
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developed, employing only a single suppressor-type electrostatic lens behind the tip
and using the sample directly as extractor-type anode.

Two lens geometries are used in the course of this thesis, both of which are illustrated
in Figure 3.6. The less compact but in practice more reliable version of the lens is based
on a miniaturized ceramic tube. Figure 3.6 a) shows a sketch and a SEM image of such
a tip-lens assembly. The lens dimensions and the single fabrication steps are shown in
Figure 3.6 b). First, the exterior surface of the tube is coated by a ~ 50 nm thin metal
film by metal vapor deposition. Due to its excellent adhesion properties, chromium is
chosen as lens material. Next, the tube is pulled over a 125 um thin tungsten wire,
from which the tip is etched as described in the previous section. After etching, the
lens is aligned under an optical microscope such that the tip is centered and protrudes
the tube by roughly 150 um. The lens is then fixed with a non-conducting vacuum-
compatible glue (Torr Seal®). For electrical contact, a thin copper wire is glued to the
lens using conductive silver.

An alternative ultra-compact electron lens is directly coated on the tip shaft as de-
scribed in the master thesis of Sebastian Liineburg and as shown in Figure 3.6 c). The
fabrication steps are explained in detail in [Liinl3a] and are briefly summarized in
Figure 3.6d). A thin insulating Kapton layer is deposited on the shaft of an etched
tungsten tip after protection of the apex by a droplet of Apiezon® wax. After removal
of the wax, a second larger wax droplet is applied to protect the apex and the edge
of the insulating layer. Next, gold is deposited onto the Kapton film by metal vapor
deposition with chromium as intermediate adhesion layer, and the wax droplet is again
removed in the last step. Figure 3.6 ¢) shows an SEM image of such a microlens coated
onto a tungsten tip after a vacuum breakthrough between apex and lens had blunted

the tip.

The advantage of the ceramic tube-lens shown in Figure 3.6a) are the easy and fast
fabrication, the high durability and better resistance against vacuum breakthrough,
the undisturbed quality of the tip, the possibility for tip heating as well as its flexible
implementation for various tip materials. The main drawback is the limited compact-
ness due to technical limitations in decreasing the tube wall thickness. This limits the
tip-sample distance in the focusing condition to d &~ 100 — 150 um, as the required lens
voltage strongly increases with decreasing d as explained in chapter 4.3.2. Further re-
duction of the lens dimensions, e.g. by using different materials or by micro-machining
and tapering the lens, might be possible.

The clear advantage of the microlens is its very small dimension with an outer lens
diameter of less than 10 um and a distance to the apex of ~ 20 um. This supports
very short tip-sample distances without laser beam clipping. A major disadvantage of
the microlens is its complex and time-consuming fabrication with a low success rate
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Figure 3.6.: Preparation procedure for two types of suppressor-type electrostatic lenses used
for the electron gun. (a) Sketch (top) and SEM image (bottom) of an electron gun based on a
compact metal-coated ceramic tube. (b) Fabrication steps of the tube-type electron gun. (c)
Sketch (top) and SEM image (bottom) of an electron gun based on an ultra-compact microlens
coated directly on the tip shaft. The dashed line in the SEM image marks the edge of the gold
film. (d) Fabrication steps of the microlens.

(<10%). Moreover, the wax application might blunt the tips slightly and the procedure
cannot easily be adapted to other tip materials.

It is proven experimentally that both lens designs are capable of collimating ultrashort
electron pulses photoexcited from the tip apex, and both type of lenses are used for the
data shown in chapter 5. Although the simulations shown in chapter 4.3 are performed
for the tube-type lens, they are qualitatively also valid for the microlens design, and
quantitative results can easily be obtained by adjusting the simulation geometry. In
the case of the plasmonic gold tips used in chapter 7, only the tube-type lens can be
used due to the presence of the grating and as the microlens preparation cannot be

applied to gold tips.
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Figure 3.7.: (a) Exploded drawing of the holder for the electron gun. (b) Drawing of the
sample holder.

3.2.3. Gun and sample mounting

The tip-lens assembly and the sample have to be mounted in UHV such that laser
access to tip and sample at pm distances is ensured. In addition, electrical contacts
have to be implemented which are compatible with the gun and sample transfer. The
geometry of the gun and sample holder in the final measurement configuration is shown
in Figure 3.1.

Both, the gun and the sample, are mounted on special transfer plates which can
be grabbed by a transfer tool®>. As shown in Figure 3.7a), one side of the tungsten
support wire, which supports the tip, is clamped between two metal plates providing
the electrical contact of the tip. The other side of the support wire is also clamped
between two metal plates, but with the lower plate being insulated by a thin layer of
Kapton® foil. This plate provides the electrical contact to the lens using a thin copper
wire which is glued to the lens and the plate (not shown here). Electrical insulation to
the grounded 1 mm thick transfer plate is ensured by an extra sheet of AlsOgs, and by
using Vespel® screws to fix the whole assembly to the ground plate, respectively.

As illustrated in Figure 3.7a), samples are prepared on standard 3mm TEM grids,
which are glued above a 2.8 mm hole in an aluminum bar using conductive silver. The
bar is mounted on the transfer base plate and the whole sample holder is grounded. The
top surface of the aluminum bar is cut at an angle of 8 with respect to the base plate
to prevent clipping of the probe excitation laser beam at short tip-sample distances.

3The base plate design is adopted from Omicron transfer plates.
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3.3. Optical setup

The femtosecond low-energy electron gun needs be operated in the single electron limit
to avoid space charge broadening. Hence, high repetition rate laser systems are required
to provide sufficient current for a time-resolved experiment at reasonably short inte-
gration times. Furthermore, driving nonlinear electron emission from sharp nanotips
requires only little pulse energy due to the high field enhancement at the apex (see
chapter 4.2.1), which in combination with very short laser pulses provides sufficiently
high peak intensities. On the other hand, time-resolved experiments in a repetitive
scheme require that the photoexcited sample relaxes until the next pump pulse arrives.
This, in turn, limits the highest possible repetition rate depending on the investigated
sample.

3.3.1. Femtosecond laser system

In this thesis, three different laser systems are utilized. The main laser used to set up
the experiment is an octave-spanning 80 MHz Ti:Sapphire oscillator delivering ultra-
broadband few-cycle laser pulses. In addition, two alternative laser systems, a 1 MHz
cavity-dumped Ti:Sapphire oscillator and a regenerative amplifier operating at 250 kHz,
from two neighboring setups were used for the time-resolved experiments.

The 80 MHz oscillator was recently upgraded to an OPCPA (optical parametric
chirped pulse amplification) system?, delivering ~ 7fs pulses of uJ energy at variable
repetition rates of 200 kHz, 500 kHz, 1 MHz and 2 MHz, respectively. As discussed in
chapter 5 and in the outlook, these are most convenient parameters for the operation
of the low-energy electron microscope in terms of electron current, sample relaxation
and heating of the nanotip.

Few-cycle Ti:Sapphire oscillator

The main laser system of the setup is a mode-locked Ti:Sapphire oscillator (Venteon
Pulse One) operating at 80 MHz repetition rate and delivering 5fs pulses at 800 nm
center wavelength and 180 mW output power. Its broadband spectrum is shown in
Figure 3.8a). The pulse duration is retrieved from interferometric autocorrelation
(IAC) measurements of second harmonic generation (SHG) inside a BBO crystal, see
Figure 3.8 b) [Die85]. It is not possible to directly extract the electric field from the IAC
trace due to the lack of spectral phase information. With additional knowledge of the
fundamental spectrum, however, the electric field can be reconstructed by retrieval of
the spectral phase using iterative fitting algorithms [Hon07]. Employing the Venteon

“Venteon OPCPA’
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Figure 3.8.: Spectrum (a) and SHG interferometric autocorrelation (b) of the few-cycle
Ti:Sapphire oscillator from Venteon. A pulse duration between 5 fs and 6 fs is usually obtained
using the vIAC software from Venteon for pulse reconstruction.

vIAC-software package for pulse reconstruction, a fitted pulse duration of typically
5-6 fs is obtained.

The laser is equipped with an internal f-2f-interferometer for stabilization of the
carrier-envelope phase (CEP). This work aims to operate in the perturbative elec-
tron emission regime, where the CEP is not of importance for the underlying emission
process (see chapter 4.1.2). In principle, however, this system allows one to enter the
regime of strong field physics, where the CEP of the driving laser pulse modifies the
current [Kriill, Her12, Parl2]. As in this regime the strong near field at the tip apex
modifies the electron trajectories [Bor10, Par12], this might be of interest for sub-cycle
generation of electron pulses at reduced beam divergence. The analysis and quantifica-
tion of the CEP-stability of the 80 MHz oscillator was part of this thesis and is shown
in appendix A.

Lower repetition rate laser systems

Two additional laser systems are used in the course of this thesis dependent on the
repetition rate and pulse energy needed in the particular experiment. The first one
is a cavity-dumped Ti:Sapphire oscillator (Coherent Mantis) delivering 14 fs pulses at
tunable repetition rate up to 3 MHz with a maximum pulse energy of 45 nJ. Its spectrum
is plotted in Figure 3.9a). Figure 3.9b) shows an interferometric autocorrelation of
second harmonic generation in a BBO crystal, measured at the tip position inside the
UHV chamber (see below). Fitting the IAC trace yields a pulse duration of ~ 14fs
at optimal dispersion compensation. The time-resolved point-projection microscopy
experiments shown in chapter 6 are measured with this laser system.
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Figure 3.9.: a) Spectrum of the cavity-dumped Ti:Sapphire laser measured in our setup. b)
Second order interferometric autocorrelation of the corresponding laser pulses measured with a
BBO inside our UHV chamber.

The second system is a regenerative Ti:Sapphire amplifier (Coherent RegA) operated
for this work at repetition rates of 200kHz and 250 kHz, respectively. The laser sys-
tem delivers 50fs pulses at a few pJ pulse energy. This amplified system was used
for the electron pulse-photoelectron plasma cross correlation measurements shown in
chapter 5.4, where high pulse energy is required to excite enough photoelectrons to
interact with the electron beam. More details on this laser system can be found e.g. in
reference [Wegl4].

3.3.2. Laser beam path

The optical setup is schematically shown in Fig. 3.10a). The positive dispersion ex-
perienced by broadband laser pulses during propagation through glass and air is com-
pensated for by several reflections on broadband dispersion compensating mirror pairs.
The divergence and diameter of the laser beam can be controlled with a reflective
telescope. After two beam stabilization mirrors, the beam is split into two arms, one
for generation of photoelectrons from the tip as probe and the second one for optical
pumping of the sample. The arrival time between the two pulses is varied by an optical
delay stage integrated in the pump arm, which scans the delay between the optical
pump and the electron probe pulse.

As explained in the previous sections, both laser beams are focused with parabolic
mirrors on the tip and the sample, see Figures 3.1 and 3.2. Whereas the focus on the tip
for excitation of the electron pulses is fixed once aligned, a 1:1 transmission telescope is
used to adjust the position of the pump focus in front of the tip to match the desired tip-
sample distance. Figure 3.10b) shows an image of the two focuses separated by 33 pm.
From gaussian fits to the spot profiles, as plotted in Figure 3.10c), focal spot sizes
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Figure 3.10.: (a) Optical setup and laser beam path. WP: wedge pair, DCMs: dispersion
compensating mirrors, SM: spherical mirror, BSM: beam stabilization mirror, PE: periscope,
MI: Michelson interferometer, BS: beam splitter (20/80), FBS: femtosecond beam splitter (bal-
anced GDD), ND: neutral density filter, T: telescope, PD: photodiode. (b) Focuses of the pump
and probe excitation laser beams measured inside UHV (scale bar: 10 um). (c) Respective laser
spot profiles and gaussian fits giving 6 um and 8 um spot sizes (1/e?). (d) SHG interferometric
autocorrelation measured at the final tip position inside UHV.

of 6 um and 8 ym are obtained for the probe excitation and pump focus, respectively.
As precise alignment of the laser focuses is crucial at tip-sample distances down to
10 — 15 um, a beam stabilization unit is used to ensures reproducible alignment of the
laser focuses with sub-pm accuracy. For this purpose, the reflection from a wedge in the
probe arm is used as input for the beam stabilization detection unit. The corresponding
motorized mirrors allow for compensation of slow drifts of the laser beam path.

An additional parabolic mirror is used to recollimate the probe excitation beam for
imaging of the tip during alignment inside the focus. Further, it can be used to record
the second harmonic light generated from a BBO crystal which can be inserted at the
tip position for laser pulse characterization. For interferometric autocorrelation mea-
surements inside the UHV chamber, the laser beam can be send through a dispersion-
compensated Michelson interferometer (MI) installed between the beam stabilization
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mirrors. Figure 3.10d) shows an IAC trace of SHG inside a BBO crystal after laser
pulse propagation through ~8m of air and more than 20 mm glass. Pulse durations
of typically 5.5fs to 6fs are routinely obtained, determined from a generic fit of the
TAC trace. These are only slightly longer than what is measured directly at the laser
output.

The dispersion between the pump and probe arm can be matched by an additional
wedge pair inserted in the probe arm. The polarization of the pump pulse can be
rotated continuously with a zero-order achromatic waveplate. The overall polarization
can be rotated by 90° using a periscope pair which is inserted in an extra beam path.
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4. Ultrafast low-energy electron gun
using pointed photocathodes

This chapter discusses important aspects specific to laser-triggered nanotip electron
sources. Compared to flat photocathodes, the pointed geometry of nanotip photoemit-
ters drastically alters the properties and operation conditions of an ultrafast electron
gun. The strong field enhancement at the tip apex gives rise to a broad range of possible
photoexcitation mechanism which can occur even at low laser pulse energies. More-
over, the highly inhomogeneous electric field profoundly influences the propagation of
photoexcited electrons and thus critically affects the time resolution and the spatial
and temporal coherence of the gun.

First, section 4.1 provides an overview on the theory of static and laser-triggered
electron emission from free-electron metals. In section 4.2, the basic properties of
nanotip photoemitters, such as field enhancement and coherence, are discussed. Last,
the performance of the suppressor-type electron gun introduced in chapter 2 is analyzed
explicitly in section 4.3 based on numerical simulations. Specifically, its electrostatic
properties are calculated and the spatio-temporal evolution of ultrashort single electron
wave packets during propagation from tip to sample is analyzed. The simulations reveal
that the electron gun is capable of delivering femtosecond single electron pulses to the
sample in the imaging as well as in the diffraction mode.

Parts of section 4.3.3 have been published in [Miill4].

4.1. Principles of electron emission from metals

The general starting point to describe electron emission from metals is the free-electron
model of Sommerfeld, considering the conduction band electrons as free particles inside
a rectangular potential well. The probability that an electron occupies a certain energy
level £ is given by the Fermi-Dirac distribution

1

f(g’ T) - 14 exp [(5 - EF)/kBT]

(4.1)
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with absolute temperature 7', Fermi energy £ and the Boltzmann constant kg. A
one-dimensional problem is usually considered, and the potential barrier at the surface
of the metal box only acts on the normal component &, of the electron momentum and
associated 'normal’ energy £ = A%k, /2m.’.

The emission mechanism differs strongly with the shape of the potential barrier and
the electron distribution inside the metal. In the presence of large external fields
with strength comparable to that of intra-atomic fields, the potential barrier will be
significantly distorted and quantum mechanical tunneling occurs. On the other hand,
high energy states above the work function can be occupied at high temperatures or
by the absorption of photons, permitting direct emission of electrons above the barrier
top.

For a potential barrier in the z-direction with the metal surface located at z = 0, the
potential energy of an electron in the presence of an external field F is given by

2

e
E
Uz) = — ezt 167epz

Er+@ for z<0 (4.2b)

for z>0 (4.2a)

where ® is the material work function, ¢y the vacuum permittivity and e the elec-
tron charge. The second term in (4.2a) describes the potential due to the image
force [Mod84].

4.1.1. Thermionic and field electron emission

In static electron emission, the emitted current density depends on the metal work func-
tion, the temperature and the applied electric field. This section provides an overview
over the three main mechanisms of thermionic, Schottky and cold field electron emis-
sion, respectively.

Thermionic emission

Thermionic emission is the emission of electrons above the potential barrier at high
temperatures 7' 2 1000 K. The current density is described by the Richardson-Dushman
equation [Mod84]

d
Jin(T) = )\RART2 eXp <_M> ) (4.3)

!This is justified as long as applied fields can be considered to be uniform along the surface, and
the thickness of the potential barrier being much smaller than the radius of the cathode. In some cases
as for example the calculation of angular distributions a three-dimensional treatment will be required.
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Figure 4.1.: Types of static electron emission. (a) Thermionic emission occurs at high tem-
peratures, at which the tail of the Fermi-Dirac distribution populates high energy states above
the work function ® (dashed area on log-scale). (b) In Schottky emission, thermionic emission
is increased by an intermediate DC field strength reducing the vacuum barrier. If tunneling
through the barrier top occurs, this regime is often termed extended Schottky emission. (c)
Field emission at high fields (>1V/nm) via tunneling of electrons directly from the Fermi level.

where Ap = 47rml<:QBe/ h3 is a universal constant and \p is a correction term which
depends on the emitting surface. For a given material, the current density is determined
by the thermal electron distribution inside the metal, and only electrons in the high-
energy tail of the probability distribution with £ > & are emitted. This situation is
illustrated in Figure 4.1a).

Schottky emission

The increase in thermionic current in the presence of a static electric field is called
Schottky emission. The surface potential barrier is then given by (4.2a) with £ = Fqc.
The Schottky effect describes the lowering of the image potential barrier maximum by

€3Edc
A&, = \[ > 4.4
& 4meq (44)

reducing the work function to ®.g = ¢ — AE;. Including the Schottky term in the
Richardson-Dushman equation (4.3) gives the increased Schottky current density, which
applies for intermediate field strength at which tunneling can be neglected. For higher
field strength, the width of the potential barrier decreases appreciably at its maximum,
and electrons can tunnel through the barrier top. This regime is often termed extended
Schottky emission.

Figure 4.1Db) illustrates Schottky emission for a field strength of Fg. = 0.5V/nm
including extended Schottky emission. In electron microscopes, LaB6 thermionic cath-
odes are common Schottky emitters, whereas virtual point source cathodes consisting
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of zirkonium coated tungsten tips (ZrO/W) typically operate in the extended Schottky
regime [Orl08].

Cold field emission

In cold field emission (CFE), electrons near the Fermi level can tunnel into vacuum in
the presence of high electrostatic fields [Fow28, Gom61]. Fowler and Nordheim where
the first who derived an approximate expression for the tunneling current from a free-
electron metal at zero temperature. They assumed a triangular potential barrier using
only the first term on the right hand side of equation (4.2a) [Fow28]. Later on, Murphy
and Good derived a more general form of the Fowler-Nordheim (FN) equation taking
into account the image potential and the temperature dependence of the free-electron
distribution inside the metal [Mur56]. The result is the modified Fowler-Nordheim
equation

A Ej

JFN(EdCaT) = m .

i)

P3/2
((T) - exp <—Bi9(yo) ) (4.5)

where t(y) = 9(y) — 2y/3(d¥/dy) and ¥(y) is the Nordheim function?, and yg = AE,/P
is the Nordheim parameter [Mur56, Mod84]. The term ((T") describes the temperature
dependence. Most field emission experiments use low temperatures and high fields such
that t(yp) ~ 1 and ((T) ~ 1. Inserting numbers for the physical constants, the FN
equation becomes

E2 @3/2
Jrn(Ege) = 1.54 - 10*6% exp <—6.83 - 9(yo) = | (4.6)
dc

with Eg. in units of V/nm and ® in eV. This is the mostly employed equation to
describe CFE from metals, as graphically illustrated in Figure 4.1¢). Modern high
resolution electron microscopes use tungsten tips as CFE guns, as they provide the
highest brightness and best spatial and energy resolution. CFE sources are commonly
analyzed by plotting In(J/E%.) against 1/Eq4. in a Fowler-Nordheim plot. The resulting
straight line has a slope proportional to 2/3 /Eqc, which allows for measuring the work
function or applied field, respectively.

CFE assumes that tunneling occurs only in close proximity of the Fermi level. This

is justified for sufficiently low temperatures and high fields. Electron emission at inter-

mediate temperatures and field strengths is often termed thermal-field emission?.

2Tabulated values for ¥(yo) can be found in Reference [Mod84] on page 12.
3Sometimes, however, the notation ’thermal-field emission’ also refers to the temperature depen-
dence in equation (4.5)
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4.1.2. Photoemission from metal surfaces

An electron can be liberated from a metal into vacuum by interaction with photons.
The linear photoelectric effect describes the emission of an electron upon absorption of
a single photon of high enough energy hw > ® exceeding the materials work function.
In this case, the emitted current density is directly proportional to the incident light
intensity, J o< I.

At photon energies smaller than the work function, an electron can be photo-ejected
through nonlinear photoemission. Depending on the wavelength and intensity of the
incident light, the emission process can be of fundamentally different nature. It is
typically distinguished between the perturbative weak-field emission regime, in which
the light field is weak compared to the intra-atomic fields (which are on the order of
1-10 V/nm), and the strong-field regime, where the interaction of the light field with an
electron becomes comparable to the bonding forces [Fer09, Yalll]. The various regimes
of nonlinear photoemission are now briefly discussed.

Tunnel-assisted photoemission

Tunnel-assisted photoemission (TPE)* describes the tunneling of electrons photoex-
cited to energies below the work function [Lee73, Hom06b, Rop07b, Yanll]. This
process is graphically illustrated in Figure 4.2a). TPE dominates electron emission in
the presence of comparably large DC fields and weak light fields. It can be accom-
panied by CFE if the static fields are large enough [Rop07b, Bar07]. Theoretically, it
can be treated as FN-tunneling from the laser-excited electron distribution inside the
metal [Lee73, Yanll] by substituting ® — ®eg — nfiw in equation (4.6), with n being
the number of absorbed photons per electron and ®.g the effective work function.

Since the current originates from tunneling of laser-excited electrons, the temporal
emission profile might be influenced by the relaxation dynamics of the photoexcited
electron distribution. In TPE, tunneling occurs from high lying energy states which
have short lifetimes on the order of a few femtoseconds [Pet97]. For laser pulses longer
than this electron relaxation time, emission can be considered prompt and its temporal
profile will follow the laser pulse envelope in the case of one-photon absorption. For
higher orders, the temporal profile will be /(n)-times shorter as discussed in the context
of multiphoton photoemission, see below.

Laser-induced thermally enhanced field emission

The photoexcited electrons inside the metal relax via interaction with phonons, and
laser illumination of a nanotip thermally heats the tip. In contrast to TPE, laser-
induced thermally enhanced field emission is caused by tunneling of the equilibrated

4often also termed photo-assisted field emission or photofield emission
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Figure 4.2.: Types of nonlinear photoemission. (a) Tunnel-assisted photoemission describes
the tunneling of electrons through the potential barrier top upon absorption of one (1PPE) ore
more photons (nPPE). (b) Multiphoton photoemission is the direct emission of electrons above
the barrier top by absorption of two ore more photons with nfiw > ®eg. (c) In optical field
emsision, strong optical fields with strength > 1 V/nm deform the potential barrier and permit
tunneling of electrons from the Fermi level within less than one optical cycle.

hot electron distribution inside the metal, i.e., at energies closer to the Fermi level.
The emission time in this case can be much longer and is governed by the time scale
on which the electrons transfer energy to the lattice, which depends on the electron-
phonon coupling, and the heat transport out of the apex volume. This effect has been
observed for hafnium carbide tips [Keal2] which exhibit low thermal conductivity. For
metal tips, DC field strength far away from cold field emission and moderate laser
powers as applied here, this effect should be negligible.

Multiphoton photoemission

Multiphoton photoemission (MPPE) describes the direct emission of electrons excited
above the potential barrier by absorption of two or more photons. It can be described
theoretically by generalizing the Fowler-DuBridge theory of one-photon photoemission
near the work function [DuB33] to multiphoton photoemission [Bec77]. Following this
perturbative approach, the total current induced by MPPE is written as the sum of
individual multiphoton contributions of integer order n,

J=>Jn (4.7)
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where each partial current J, is proportional to the n-th power of the average light
intensity I,

Jp o< I (4.8)

In this regime, the temporal emission profile will be \/n—times shorter than the intensity
envelope of the laser pulse. The process of multiphoton photoemission is illustrated
in Figure 4.2b). The energy spectrum in MPPE will be a convolution of the laser
bandwidth, the electron distribution inside the metal [Yanll] and the effective work
function.

With increasing laser intensity, there is an increased probability of absorbing more
photons than are required to overcome the barrier. This process is known as above
threshold photoemission (ATP) [Ban05, Sch10] and is indicated by the light dashed
arrows in Figure 4.2b). The probability of absorbing n photons decreases rapidly with
increasing n. At very high peak intensities, however, field effects become important,
and effects such as channel closing due to AC stark shifts can suppress lower emission
orders [Ebe91].

In the case of ultra-broadband laser pulses and broad electron energy distributions,
the emission process might be a mixture of different multiphoton processes. In this
case it is convenient to describe the total current by an effective nonlinearity n*,

Joc I, (4.9)

While this does not allow for an unambiguous evaluation of the contributing orders, it
provides an easy measure of the effective nonlinearity of the emission process and its
dependence on various experimental conditions.

Optical field emission

At very high laser field strength on the order of a few V /nm, the potential barrier is peri-
odically deformed directly by the light field, permitting sub-cycle tunneling of electrons
directly from the Fermi level. This process is termed optical field emission (OFE) and
the corresponding current density can be described by replacing Eq. in equation (4.6)
with the instantaneous field strength Ej(t) of the optical laser field [Yalll].

It is common to distinguish this strong field regime from the perturbative weak-field
regime by the Keldysh parameter [Kel65]

®

- |2 4.10
Vi 20, (4.10)
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where U, is the ponderomotive potential

€2E12

C Amew?

Up

(4.11)

of the driving laser field with frequency w and field amplitude Fj. If the quiver energy,
given by Up, of the electron is much smaller than its binding energy , that is, if y > 1,
the light field can be treated as a perturbation. The tunneling regime is entered if
U, is comparable to or exceeds the electron’s binding energy marked by the condition
v < 1. Although the original theory of Keldysh was developed for photoionization
from atoms in strong fields [Kel65], it is commonly used to classify the different regimes
of photoemission from metals [Bun65].

As the laser field strength required for OFE usually exceeds the damage thresh-
old of the material, OFE from solids can so far only be observed in the enhanced
field of metallic nanostructures using few-cycle laser pulses [Kriill, Her12, Parl2].
In OFE, the interaction of the emitted electrons with the intense field localized at
the metal surface has to be considered, affecting the energy and momentum distribu-
tions of the photoelectrons. In particular, a narrowing of the momentum distribution
can be observed [Parl2, Borl0], and very broad energy distributions with energies
> 100eV can be achieved dependent on the intensity, phase and wavelength of the
driving field [Her12].

4.2. Nanotip electron emitters

Metal nanotips find many applications in a variety of high resolution microscopy ap-
proaches, for example as local probes in scanning tunneling and scanning near-field
techniques or as high-brightness electron guns in electron microscopes. All those tech-
niques take advantage of the field localization at the apex, facilitating strong spatial
confinement and large enhancement of static as well as optical fields. The strong field
localization around metal nanotips, in combination with nonlinear laser-triggered elec-
tron emission, particularly motivates their application as nanoscale sources of ultrashort
electron pulses with unique spatio-temporal control.

4.2.1. Field enhancement

This section briefly discusses the field enhancement properties of nanotips. Although
both effects are of the same nature, it will be distinguished between the static lightning
rod effect and optical field enhancement, which can be considered as a dynamic lightning
rod effect, possibly enhanced by plasmonic resonances.
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Geometric field enhancement

If a metal conductor with a highly curved surface is placed inside an electric field or
biased with respect to its surrounding, the accumulation of charges in the pointed region
will cause confinement of electric field lines around that point. This phenomenon is
known as ‘lightning-rod’ effect. The field enhancement factor 3 describes the increase
of the microscopic surface electric field E,, around a geometric singularity,

=2 (4.12)

compared to the electric field strength FEjy in the absence of the nanostructure. For a
nanotip biased at a voltage U, the maximum field strength can be approximated by
U
Etip - E, (413)
where the factor x describes the reduction of the field compared to a perfect sphere
with radius R. Although Ey;, varies over the tip surface, x ~ 5 is often used as an
approximation for typical field emission tips [Gom61] .

Figure 4.3a) shows the potential and electric field around a tip with radius R =
25nm biased at Uy, = —100V, placed at a distance d = 100 um above a plane anode
(simulated with COMSOL Multiphysics). The field amplitude decreases exponentially
with distance from the apex and drops to 10 % within approximately 80 nanometers, see
figure 4.3b). Electrons emitted in this inhomogeneous field gain most of their kinetic
energy within a few 10 nm. This decreases their propagation time to the anode (sample),
which is advantageous as dispersive pulse broadening is reduced. At constant tip bias,
the maximum electric field strength increases rapidly with decreasing d as plotted in
figure 4.3 ¢).

Optical field enhancement

In close analogy to the electrostatic lightning rod effect, metal nanostructures can
also enhance electromagnetic fields, given that their size is much smaller than the
wavelengths. The oscillating field of an electromagnetic wave causes an oscillation of
the free electrons in the metal inducing periodic charge accumulation at the metal
surface. The induced surface charge density will be locally increased in regions of high
curvature, resulting in enhanced near-fields. In addition, resonant excitation of surface
plasmons, i.e., coherent oscillations of free electrons at the metal surface, can lead to
significant increase of optical near-fields. Surface plasmons are discussed in more detail
in chapter 7 in the context of plasmon-driven electron point sources.

Generally, the field enhancement depends on the tip geometry, its orientation with
respect to the laser polarization and incident angle, and the dielectric properties of
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Figure 4.3.: (a) Electrostatic potential (left) and normalized electric field (right) of a nanotip
biased at Uyp = —100V placed above a grounded plane anode. (b) Electric field distribution
E, at r = 0 in close proximity of the apex for different tip-anode distances d between 1 um and
2mm, respectively. (¢) Maximum field strength Fy,.x (left y-axis) versus tip-sample distance
d on a double-logarithmic scale. For comparsion, the enhancement Bpiat. compared to the
homogeneous electric field inside a plate capacitor at the same voltage difference is also plotted
(right y-axis).

the material [Beh08, Nov12]. For tungsten, no surface plasmons exist in the VIS-NIR
spectral range, and field enhancement is governed only by the lightning rod effect. In
contrast, metal nanostructures with a large negative real part of the dielectric func-
tion support localized surface plasmons with resonance frequencies in the visible spec-
trum. For the semi-infinite geometry of a nanotip, broad resonances are expected, and
it is not clear how much surface plasmons contribute to the field enhancement. In
the literature, field enhancement factors between 2.5 and 12 are found for tungsten
tips [Beh08, Yanl0a, Thol3, Thol5] and values between 3 and up to 50 can be found
for gold tips [Rop07b, Beh08, Thol5, Rot06]. These values vary strongly with tip radius
and opening angle and with wavelength.

In any case, the polarization of the light field is crucial for the field distribution at the
tip apex, as surface charge oscillations are induced along the direction of the electric
field vector. For s-polarization aligned perpendicular to the tip axis, surface charge
densities of opposite sign are generated at the shaft. However, no surface charges can
be generated at the center of the apex. For p-polarization oriented parallel to the tip
axis, the highest surface charge density is generated in the confined apex region, leading
to large field enhancement.
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4.2.2. Electron emission sites

The probability for electron emission is usually not constant, but spatially varies over
the tip surface, which is crucial for the performance of a nanotip electron gun. It
determines the spatial beam profile and affects the spatial coherence.

In CFE, the emission pattern is determined by the local field enhancement and work
function across the tip surface, which modifies the local current density. Work function
variations can be caused by different crystallographic planes, and by adsorption of
atoms or molecules. Geometric irregularities in the form of nano-protrusions will cause
additional hot spots of high field strength, leading to increased emission. In view of
application as electron source, ideally all current is emitted from a confined area at the
very end of the apex. Specially designed single-atom tips can be produced confining
field emission to a single atom [Fin06, Kuo04].

In the case of photoemission, the electron spot profile depends on the photoemission
mechanism. In TPE, the local current density will predominantly be determined by the
DC field distribution and the local work function within the laser focus. Hence, similar
emission patterns compared to CFE are expected [Yan10a]. In nonlinear photoemission,
the emission probability will be increased in regions of high optical field strength, with
the localization increasing with higher nonlinearity. In the case of MPPE, the local
work function also influences the local current density.

For application as laser-triggered electron gun, electron emission from the tip shaft
can become important and needs to be considered. Although for nonlinear emission
mechanisms the emission probability is higher at the apex due to the larger optical
field strength, the considerably larger surface area of the shaft might lead to significant
undesired background current. This plays only a minor role in the point-projection
geometry, as electrons from the shaft are not accelerated within the field of view of
the detector. In the diffraction mode, however, electrons from the shaft can be focsued
on the detector. Electron emission from the shaft, and in particular its identification,
will be discussed in section 4.3 based on numerical simulations, and will be analyzed
experimentally in chapters 5.2 and 7.2.2.

4.2.3. Coherence and effective source size

Spatial coherence

Spatial coherence describes the uniformity of a wave’s phase front in space. The max-
imum distance between two points in a transverse plane at which the wave oscillates
with a fixed phase relation defines the transverse coherence length & .
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Figure 4.4.: (a) Illustration of the effective size rog of a virtual source located at a distance d
from the sample plane within the nanotip. The virtual source subtends an angle o, with the
sample plane defining the coherence length. (b) Comparison to Young’s double slit experiment
with an extended source consisting of incoherently emitting points P, each generating a sinu-
soidal interference pattern at the screen. The visibilty of their incoherent sum determines the
coherence length and the source size |Py — Pq].

Sharp nanotip electron emitters are point-like sources of electron waves. The coher-
ence width of the emitted electron wave can be described in terms of an effective source
size reg by [Sch93, Ame08]

£ = Adn - d, (4.14)
Teff

where A\gp is the de Broglie wavelength of the electron and d is the distance between
the effective source and the evaluation plane, see Figure 4.4. The effective source size
of a pointed tip can be considered as the size of a virtual emitter located inside the tip,
which is an incoherent series of single point emitters. Conceptually, it is obtained by
asymptotically tracing back the far-field electron trajectories and finding the smallest
cross-sectional area. In the ultimate limit of a single atom emitter, the effective source
size will be limited by the electron wavelength as imposed by the uncertainty principle.
The concept of effective source size to quantify lateral coherence is also commonly
used in conventional electron microscopy, where reg usually refers to the size of the
(incoherently illuminated) condenser aperture [V6199, Spel3].

In point-projection imaging, the effective source size can be used as an estimate of
instrumental spatial resolution. This is very descriptive as any disturbing effect such
as mechanical vibrations can be imagined as a transverse displacement of the virtual
point emitters. Experimentally, if high spatial resolution is achieved, the coherence
width and thus reg can be determined from the visibility of fresnel fringes obtained
from diffraction at a straight edge [Cho04, Cha09, Ehb15]. As the relative coherence of
a beam, i.e., the ratio of the coherence width and the beam diameter, is an invariant in
any electron optical system, the coherence width at the sample can also be calculated
in case the PPM magnification is known.
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The coherence width in equation (4.14) can also be understood from Young’s double
slit experiment with an extended source, illustrated in Figure 4.4b). Any point P at the
source generates a sinusoidal Young’s fringe pattern, and the total interference pattern
is the incoherent sum of all the individual ones. The fringe pattern generated by the
off-axis point Ps, subtending an angle o, at the pinhole plane, is thereby displaced by

A ad

. 2T

Az = (4.15)
compared to the one from the on-axis point P; due to the phase shift A¢ originating
from different path lengths. If the phase shift approaches =, i.e., if

A
200 = —, 4.16
e 2a ( )
the visibility of the fringes becomes zero, which is used as criterion to define the coher-
ently illuminated length at the pinhole plane. The coherence width thus becomes

A A-d

Ty N N &

(4.17)
This equation is equivalent to relation (4.14) considering that 2|Py — Py is the size of
the extended source.

In diffraction experiments, the waves diffracted of many neighboring scattering centers
have to sum up coherently. This requires a large transverse coherence and thus a small
effective source size. Assuming unlimited instrumental resolution, the angular spread
of a diffracted beam only depends on the number of contributing, periodically ordered
scatterers. That is, the diffracted spot size should be zero in the extreme of an infinite
number of scatterers. A limited spot size and lateral coherence length of the electron
beam, however, limits the number of scatterers. In this regard, the transverse coherence
length is experimentally often defined as the ratio between the width pq;¢ of a diffraction
spot and its radial position 7’ on the detector,

&L= apd.ﬁ, (4.18)

where a is the lattice constant of the investigated sample.

Temporal coherence

Temporal coherence describes the longitudinal coherence length of a wave in the direc-
tion of propagation and is related to the degree of monochromaticity of the wave. It is
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directly connected to the energy spread A€ in relation to the absolute energy & of the
wave [Ame08|

& = )\%. (4.19)
For a comparably broadband low-energy electron beam at &y, = 100 eV with an energy
spread of A&y, = 1€V, the temporal coherence length amounts more than 6 nm. In
transmission low-energy electron diffraction, samples consists of at most two or three
atomic layers. In this case, the temporal coherence is of only minor importance. For
coherent imaging of large molecules by electron holography, however, a larger longitudi-
nal coherence length exceeding the molecules dimensions will be required. This is easily
achieved with cold field emission tips (A&, = 0.3€eV), but needs careful adjustment
of the spectral beam properties in the case of laser-triggered nanotips.

4.3. Numerical analysis of the electron gun

Electron wave packets emitted from a point-like nanotip are intrinsically divergent
due to the curved surface of the tip apex. Hence, nanotips are ideal sources for lens-
less point-projection microscopy and holography. Diffraction or diffractive imaging,
however, requires a collimated beam and lenses need to be implemented for focusing.

This section discusses the electron optical system of the low-energy electron gun based
on numerical simulations. First, the lens geometry and it’s electrostatic properties are
discussed in section 4.3.1. In section 4.3.2, the focusing characteristics of the elec-
tron lens are then analyzed. Last, the spatio-temporal properties of the electron wave
packets during propagation and at the sample are analyzed in section 4.3.3. For the
discussion on image formation and magnification in PPM, the reader if referred to
chapter 6.

4.3.1. Electrostatic lens geometry

The electron optical system is similar to that of a Schottky field emission gun in conven-
tional high-resolution electron microscopes using virtual point source cathodes [Orl08].
The tip penetrates an aperture in a cylindrical suppressor cap, which is negatively bi-
ased with respect to the tip. This suppressor cap corresponds to the electrostatic lens
used here. To accelerate the electrons from the tip, an extractor electrode is installed
in front which is positively biased with respect to Uy,. Here, the grounded sample
directly acts as extractor anode.

The electrostatic properties of the system are calculated in Comsol Multiphysics using
a finite element method (FEM) with an adaptive triangular mesh. Radial symmetry

50



4.3. NUMERICAL ANALYSIS OF THE ELECTRON GUN

VAV

150 pm

VAN

avivLy,
XK

AVAVAVAVAV

K]
<l
>
3
S
g
5
<]

X

A

AYAVAVAY,
T AYATAYAYAVAVAY

N

:
K
<

N
VA

=
%
X
%

K7

avavyy
%

\VAVAVAVAVAVAVS

AVAVAVAN

%

D

[@ R ravavavavavavavavavas

Figure 4.5.: (a) Geometry of the electron optical system used for the simulations. The apex
is located at r = z = 0, and the distances dr, between apex and lens and d between apex
and sample are free parameters, respectively. The tip is biased at Ukip, the lens outer surface
is at Uy, and the sample is modeled by a plane grounded anode. The right panel shows an
exemplary finite elemente mesh as generated in Comsol. (b) The tip apex is modeled by a half
sphere with radius R, terminating in a shaft with opening angle fB:;,. Again, the right panel
shows the triangular mesh refined at the apex, and the left panel shows the electric field E, at
low lens voltage

of the system allows for reducing the calculations to cylindrical coordinates (r, z), with
the tip centered at the symmetry axis at » = 0. The electrostatic potential in free space
is calculated from the Laplace equation V2U(r,z) = 0 and the electric field is obtained
from the gradient E=-VU.

The simulation geometry shown in Figure 4.5 is chosen according to the typical di-
mensions of tip and lens (see chapter 3.2). For the results shown here, the tip is modeled
by a 150 um diameter wire connected to a tip shaft of 200 ym length, terminating in an
apex of radius R = 25nm. The shaft is chosen to approximately reproduce the shape
obtained from electrochemical etching of tungsten tips. The radial dimensions of the
lens are taken from the metal-coated ceramic tube shown in Figure 3.6, and its outer
surface is biased at Up,. The distance d,, between the apex and the front edge of the
lens is set to d,;, = 150 um. The red lines in Figure 4.5 mark the surfaces to which an
electric potential is applied. The right panels show examples of the irregular FEM mesh,
respectively. The left panel in 4.5b) shows the electric field E, for Uy, = U, = —200V
and d = 250 pym, with a maximum field strength of E, = 1.4GV/m.

Electrostatic landscape between lens and anode

The voltage applied to the lens modifies the electric potential in the region between
lens and sample. In Figure 4.6a), potential field lines are plotted for different values
of Uy, at Uyp = —200V. At low lens voltage (U, = —200V, panel 1), the equipotential
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Figure 4.6.: (a) Electrostatic potential around a tip biased at Uy;, = —200V dependent on Uy,.
Equipotential lines are plotted in steps of 5 V. The black lines mark the threshold equipotential
U = Usip. (b) Corresponding normalized electric field distributions along the tip surface,
starting at the apex (r = z = 0) over an arc length of s = 100 um. The field reversal point sg

shift towards the apex with increasing |Uy|. (c) Position of so versus Uy, close to the apex (left)
and at the shaft (right).

lines are very similar to that of an isolated tip and strongly accumulate around the
tip apex, leading to large field enhancement. Negatively increasing lens voltages cause
downward bending and flattening of the equipotential lines, as plotted in panels two to
five in Figure 4.6 a) for lens voltages from U, = —300V to U, = —450V, respectively.

With increasing |Uy,|, a characteristic position sy at the tip surface emerges at which
the normalized electric field is zero, Ey(sg) = 0, and the field reverses sign. At positions
z < z(sp), the electric field points towards the tip surface, i.e. accelerates electrons
away from the tip, whereas for z > z(sg) electrons are decelerated. The characteristic
equipotential line Uy, = Uyip, marked in black in Figure 4.6 a), separates the regions of
higher and lower potential with respect to Uy;p.
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The position sq shifts towards the apex with increasing |Ur|, as can be seen from
Figure 4.6 b) where E,, is plotted against the arc length s along the tip surface, starting
at the apex at s = 0. In addition to the shift of sp, the 'dip’ of Ey(s) close to s
becomes much narrower, i.e., E, changes much faster within a short distance s. This
affects the spatial profile of photoemitted electrons depending on their emission site.
The position of sy as a function of the lens voltage is plotted in Figure 4.6 c). After it
reaches the end of the apex at r = 0, the field has reversed sign across the whole the
tip surface.

Electrostatic landscape close to the apex

The electrostatic potential in close proximity of the apex is plotted Figure 4.7 a), where
contour lines in steps of 5mV are plotted for a narrow range of Uy, close to field reversal
at the apex. Figures 4.7b) and 4.7 ¢) show the corresponding normalized electric field
FE, and the z-component E,. The second column at Uy, = —454.45V shows the situation
just before the field reversal point sy reaches the very end of the apex. In this case, the
potential below the apex becomes plate-capacitor-like and almost flat. In this regime,
the electric field is positive only at a small surface area at the very end of the apex.
Beyond |Uy,| > 454.45V, a saddle point emerges below the apex as plotted in panels
three and four, which will act like a funnel to electrons emitted from the apex.

The critical lens voltage Up, cross at which the field at » = 0 reverses sign depends
on the tip potential and the geometric dimensions. Figure 4.8a) shows a colormap
plot of the electric field E.(0,0) plotted against Uy, and Up,, respectively. It scales
linear with both voltages (see top and right panel). The black dashed line marks the
field reversal at £, = 0 and separates the regions of acceleration and deceleration of
electrons emitted from the apex at r = 0, respectively.

The electron lens design allows for tuning of the electron energy by adjusting the
tip voltage. In order to maintain the same electric field strength (and thus current
and focusing condition), U, needs to be adjusted accordingly. That is, the potential
difference AU = Uy, — Uy, at which this condition is met increases with higher electron
energy. In the experiment, this puts an upper limit on the available energy range due
to vacuum breakdown between tip and lens®.

Similarly, smaller tip-sample distances d require increased lens voltages to maintain
a constant field strength, compare Figure 4.3. This limits the the shortest tip-sample
distance achievable in the diffraction mode. In Figure 4.8b), UL cross is plotted as
function of d. In order to approach the sample by less than 100 um, very large voltages
|UL| up to several kilo-volts are required to suppress the DC field, and as will be shown
in the next section to focus the electron beam. Decreasing the distance d,;, between
, as can be seen from Figure 4.8 b)

the lens and the tip would lead to a reduced ‘UL,CNSS

530 far, electrons with energies of 8006V have been successfully focused at d = 150 um
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Figure 4.7.: Electrostatic landscape in close proximity of the apex biased at Uy, = —200V
at four lens voltages close to field reversal. (a) Electric potential just before (Uy, = —454V)
and around field reversal (Uy, = —454.4V). At more negative voltages, a saddle point emerges
below the apex at r = 0. Equipotential lines are plotted in steps of 5mV. Panels (b) and (c)
show the corresponding distributions of the normalized electric field F,, its z-component F, at
the apex, respectively. (The minimum and maximum values of the respective linear color scales
are noted left from each image).

for d,;, = 100 um and d,;, = 50 pm, respectively. In this regard, the microlens design
introduced in chapter 3.2 is advantageous. A more detailed analysis of the influence of
the lens dimensions can be found in the master thesis of Sebastian Liineburg [Liin13b].

4.3.2. Focusing characteristics

The focusing characteristics of the lens are analyzed by calculating single electron
trajectories between tip and sample, respectively. Details on the numerical simulations
are explained in Appendix B. In brief, electrons are emitted from the tip surface with
initial velocity vg = /2&;/m. and initial energy &;, and at selected emission sites
(r,z). For simplicity, electron emission normal to the surface is assumed unless noted
differently. In general, and specifically in the calculation of electron spot sizes and
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Figure 4.8.: (a) Linear scaling of E, at the apex (r = z = 0) with Uy, and Uy, (d = 250 pm).
The dashed black line marks the sign reversal of F.(0,0). Its position and the slopes of
E.(ULjtip) depend on the dimensions and geometry of the electron gun assembly. (b) De-
pendence of Up, cross at which E,(0,0) reverses sign on the tip-sample distance d plotted for
Uiip = —200V and three tip-lens distances d,i,.

pulse durations (see next section), the momentum distribution of electrons at a specific
emission site has to be accounted for as well.

Focusing of electrons emitted from the apex

Figures 4.9a) to 4.9d) show trajectories of electrons emitted from the apex at four
different lens voltages, calculated for three initial energies & = 0.1eV, & = 0.2¢eV and
& = 0.3eV at Uyp = =200V and d = 250 um, respectively. Trajectories are plotted
at the full travel distance to the sample (left panel), as well as in close proximity
of the apex (right panels). At low lens voltage Uy, = —300V shown in 4.9a), the
potential distribution is similar to that of an isolated tip. In this regime, electrons
are accelerated quickly away from the apex within the first few nanometres due to
the strong, inhomogeneous DC field. In case of emission normal to the tip surface,
the trajectories only weakly depend on their initial energy. This is different if the
momentum distribution of the electrons is included, but is not shown here for simplicity.

With increasing |Uy,|, the trajectories are deflected towards the center axis r = 0 as
shown in Figures 4.9b) to 4.9d). The angle of deflection depends on &, i.e., chromatic
aberrations start to be significant. At a certain lens voltage, a beam cross-over is
observed.This over-focusing is induced by the saddle point of the potential arising
below the tip after sign reversal of F,(0,0). In the experiment, this over-focusing can
hardly be resolved as electron emission will be suppressed before a significant negative
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Figure 4.9.: Trajectories of single electrons emitted from the apex normal to the surface,
plotted with increasing lens voltage (a-d) and for three initial energies & = 0.1eV, & = 0.2eV
and & = 0.3¢eV (see legend), respectively, revealing the chromatic aberrations of the electron
lens. Trajectories are plotted between tip and sample (left panels), and in close proximity of
the apex (right panels), and in steps of Af; = 2° (Uyp = —200V, d = 250 ym, R = 25nm,
02 = 0). Note the different scaling of the axes. The additionally plotted equipotential lines are

plotted in steps of 2V (a), 20mV (b) and 2.5mV (c-d), respectively (right panels), and of 10V
(left panels).
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radial amplitude is acquired. In conclusion, the achievable spot size at a given angular
spread and lens voltage will be limited by chromatic aberrations dependent on AE;.

Suppression of the photocurrent

Due to suppression and sign reversal of the electric field, the photo-induced current
is suppressed at a certain lens voltage. In this case, the potential barrier seen by an
electron escaping the tip becomes too large, and electrons are deflected back into the
tip. The critical lens voltage at which an electron will be suppressed depends on &; as
well as on its emission site and angle.

In Figure 4.10, the (normalized) number of electrons arriving at the sample is plot-
ted as function of |Uy| for three different gaussian energy distributions with width og¢
centered at & = 0.1eV. Whereas a sharp drop of the current is observed for a narrow
energy distribution with o¢ = 0.1V, the cutoff broadens with increasing energy width.
The slope of this cutoff further depends on the initial divergence of the electron beam,
which here was set to o, = 10°.

E. apex (MV/m)
136 52 -59 -17 -309

1@ &"0@0@8' """"""""""" b
¢
) ¢
. field reversal o
£ (apex) ~ B o
5] ¢
£ 05F ° 90
F o
[)
3* o g,=01eV o o OOQ
0 0,=05eV 00
¢ o,=1eV o oo
0 E_ . . .Uuumunng-
450 454 458
(ULl (V)

Figure 4.10.: Suppression of the laser-triggered current with negatively increasing lens voltage,
calculated for three different energy spreads og (see legend). Simulation parameters: Uyp =
—200V, d = 250 um, & = 0.1eV, gy, = 10°.

Focusing of electrons emitted from the shaft

High spatial coherence requires a small effective emission area, and it is clear that
parasitic emission from the tip shaft will diminish the coherence of the beam. The
electron lens allows also for focusing of electrons emitted from the shaft, and their
focusing characteristics are briefly discussed here.
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Figure 4.11.: Trajectories of electrons emitted from the tip shaft at positions zghap = 5 pm and
Zshaft = 10 um, plotted for three initial energies &; (see legend) and with increasing lens voltage
(a-d). Trajectories are plotted between tip and sample (left panels), and in close proximity of
the tip shaft (right panels) with emission normal to the tip surface (Uy;p, = —200V, d = 250 ym).

Note the different scaling of the axes. The additionally plotted equipotential lines are plotted
in steps of 5V (left) and 10V (right), respectively.
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Figure 4.11 shows electron trajectories originating from emission sites located at
Zehatt = D pum and Zgag = 10 um at the tip shaft®, respectively, and with increasing
lens voltage |Uy,|. At each emission site, three trajectories are plotted for initial en-
ergies & = 0.2eV, & = 0.5eV and & = 1€V, respectively. At small |Up| = —300V,
far away from sign reversal of the electric field, the electrons are quickly accelerated
radially away from the shaft and arrive at very large distances r at the sample, with no
significant dependence on &;. With increasing |Uy|, they are deflected towards the tip
axis and become focused. As in the case of emission from the apex, this is accompa-
nied by increasing chromatic aberrations as can be seen from Figures 4.11b) to 4.11d).
With increasing |Uy|, the electrons become successively suppressed at a characteristic
lens voltage, which depends on the emission site zghast and on the initial energy &;.
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Figure 4.12.: (a) Mean radial distance |r,,| of simulated spot profiles for apex emission (red
circles) and three positions along the shaft (squares) analyzed in the anode plane. (b) Linear
dependence of the focusing voltage ’UL7fOC‘ relative to that at the apex on the z-coordinate of
the emission site. Open squares mark defocused electrons. (c) Superimposed simulated spot
profiles of electrons originating from the apex (red) and from zghas, = 10 pm at the shaft (blue).
(Uip = =500V, d = 775 mum, Byp = 10°, & = 0.1€V, og¢ = 0.5€V, assuming normal electron
emission).

The differences of the focusing characteristics between apex and shaft electrons are
analyzed in more detail in Figure 4.12. The calculations shown here are performed in
3D to illustrate the expected emission profile from shaft electrons. Emission sites are
modeled by 2D gaussian distributions of the emission probability at the tip surface,

SFor the simulations shown here, the tip shaft has an opening angle of B, = 5°. The quantitative
focusing characteristics of shaft electrons will critically depend in the shaft opening anlge.
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with standard deviations of o, = 0, = 10nm at the apex and o, = 600nm and
0, = 10nm at the shaft positions, respectively (assuming laser beam propagation along
the y-direction) 7. In Figure 4.12a), the mean radial distance (rqe;) of the calculated
electron position in the anode plane (d = 775 um) is plotted against Uy, for three
positions zghast and for the apex.

For shaft electrons (squares), a minimum of (rge) is observed at the characteris-
tic focusing voltage UL,foc‘- This marks the beam crossover, whose position depends
linearly on the z-coordinate of the emission site as plotted in Figure 4.12b). In Fig-
ure 4.12¢), the superimposed calculated spot profiles of apex (red) and shaft electrons
(blue, zghagt = 10 pm) in the anode plane are plotted for further illustration. The dis-
tinct asymmetric arc-shaped emission feature arises from electron emission from the
shaft, whereas the radially symmetric emission spot originates from the apex.

4.3.3. Spatio-temporal evolution of ultrashort electron wave packets

This section discusses the spatio-temporal evolution of ultrashort single electron pulses
during propagation from tip to sample. First, the point-projection geometry using a
single tip without lens is analyzed. Secondly, the influence of the lens on the spatio-
temporal profile of the electron pulses is discussed.

Single electron wave packet evolution in the point-projection geometry

The imaging mode employs the intrinsically divergent electron beam. This geometry is
studied in detail in reference [Paal2]. In Figure 4.13 a), the evolution of a single electron
wave packet is visualized by plotting spatial probability distributions S(r, z,t) of the
electron being at position (r, z) at time ¢ in time steps of At = 800fs (starting 400 fs
after prompt emission). The tip is biased at Uip, = —60V and located at r = 2 = 0
above the grounded anode (sample) at a distance of d = 20 um. The wave packet
is plotted for two initial energy width og = 0.5eV and og = 5eV, respectively. The
second value is chosen large for better visualization of the wave packet dispersion.

The radial extent of the electron beam at the sample is predominantly determined
by the initial angular distribution of 6; (see Appendix B). The longitudinal spread of
the wave packet is, however, strongly affected by the initial energy spread og due to
vacuum dispersion. In addition, the curved wave front of the electron wave packet leads
to path length differences between on-and off-axis electrons, causing further temporal
broadening due to differences in the respective arrival times.

The dependence of the pulse duration, defined as the standard deviation o, of the
arrival time distribution at the sample, on o¢ and oy; is plotted in Figure 4.13b). For

"For the data shown here, the tip has an half opening angle of B, = 10° and is biased at Uyp =
—500V.
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Figure 4.13.: (a) Single electron wave packet evolution from tip to sample (d = 20 mum)
visualized by plotting the probability S(r, z,t) in steps of At = 800 {s starting from ¢ = 400 fs,
plotted for two initial energy spreads og = 0.5eV (left) and og = 5eV (right), respectively
(Uip = =60V, & = 0.1€V, 0g, = 09, = 09, = 10°). (b) Contour plot of the standard deviation
o, of the arrival time distribution plotted versus the initial energy spread o¢ and angular spread
0g1. The upper and right panels show line scans at marked selected values (Ui, = —50V,
& = 0.5¢V). (c) Dependence of o, and the radial beam size o, on the tip-sample distance
d, assuming prompt electron emission. The tip voltage (open squares) is scaled to maintain a
constant electric field E, = 1 GV/m (right y-axis) (&9 = 0.1eV, gy, = 10°, g9, = 09, = 30°).
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small beam divergences, the pulse duration is dominated by dispersion as can be seen
from the vertical contour lines and the red dashed line cut at op; = 2°. In contrast,
for very large beam divergences, the pulse duration becomes almost independent of o¢,
but is dominated by the different arrival times due to the curved wave front (solid blue
line cut at og; = 18°).

Assuming a beam divergence given by the field of view of our detector (~ 12° half
opening angle) and an initial energy distribution of several 100 meV, both dispersion
and path length effects are affecting the pulse duration. The values shown in 4.13b) are,
however, integrated over the whole spot size. Considering additional spatial resolution
as obtained in fsPPM, the local pulse duration at a given position in the image will
be shorter, and will approach the dispersion limited value. Accordingly, considering
pump-probe overlap in fsPPM, the curved wave front causes a position dependent shift
of temporal overlap between the pump pulse and the local electron wave packet in the
fsPPM image®.

Last, the dependence of the pulse duration o, and the radial spot size o, on the
tip-sample distance is plotted in Figure 4.13c). Here, the tip voltage is scaled with d
(left y-axis) in order to maintain a constant DC field of E, = 1GV/m at the apex.
Both o, and o, decrease with shorter distances, since the wave packet simply has less
time to spread in time and space. Whereas at d > 100 um the wave packet temporally
spreads to 100’s of femtoseconds, a time resolution of less than 100 fs can be achieved at
typical distances of 10 — 20 um used in conventional fsSPPM. Conventional here means
the standard approach of direct illumination of the tip apex to induce photoemission.
As has been demonstrated in [Miil16] and will be shown in chapter 7, shorter distances
and thus pulse durations can be achieved using a novel type of electron point source
driven non-locally by surface plasmon polaritons.

Single electron wave packet evolution in the diffraction geometry

The electron lens does not only allow for focusing of the electron beam, but also affects
the temporal profile of ultrashort electron wave packets. Figures 4.14a) and 4.14b)
show normalized probability distributions S(r, z,t) of the electrons with increasing|Ury|
(left to right) and for two energy spreads og¢ = 0.1eV and og = 0.5€V, respectively.
Snapshots in time are plotted in steps of At = 2ps within the first 20 ym below the
apex.

The plots reveal the reduced acceleration due to suppression of DC field strength
with increasing |Ur|, apparent in the shorter distance a wave packet has traveled after

8In principle, this needs to be convoluted with the wave front of the pump pulse arriving at the
sample at an angle of 45°. For comparison: pumping a sample area of 10 um at an angle of 45° leads
to ~ 25fs offset of time-zero over the pumped area due to the pump angle, slightly smaller than the
time delay between the on- and off-axis electrons at og = 0.
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Figure 4.14.: Single electron wave packet evolution during propagation in the lensing region
between tip and sample plotted in steps of 2 ps and for two initial energy spreads of g = 0.1eV
(a) and g = 0.5eV (b), respectively. With negatively increasing lens voltage (left to right),
the transverse spread of the wave packet is reduced, i.e. it becomes focused, while the temporal
(longitudinal) spread in propagation direction increases. The white dotted lines mark the
angular spread og; = 10°. Simulation parameters: Uip = —200V, d = 250 um, & = 0.1€V,
T0y_5 = 10°.

a given time ¢t. The time the wave packet needs to travel to z = 20 ym increases from
t ~8psat U, = —400V to t ~ 15ps at Uy, = —450V, which is close to field reversal
at the apex. Focusing of the wave packet is apparent in the reduction of the transverse
spread of S(r,z,t) at a given distance z. This is accompanied by a temporal spread
in the direction of propagation. Roughly speaking, the lens transforms the originally
radially extended but longitudinally flat wave packet into a temporally elongated but
radially confined one.

The dependence of the spot size and pulse duration on Uy, is plotted in detail in
Figure 4.15 for d = 250 pm and Uy, = —200V for three initial energy spreads. The
spot size decreases continuously with increasing |Uy,| and becomes rapidly focused close
to field reversal at the apex (gray bar). This is accompanied by a sharp increase of o,
as shown in 4.15b). Before this sharp rise, the pulse duration decreases first slightly in
the case of small energy spreads due to flattening of the electron wave front. At larger
|U1| beyond sign reversal of the DC field, the pulse duration decreases again. This is
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Figure 4.15.: Radial spot size o, (a), pulse duration o, (b) and final energy spread ogs (c) at
the sample located at d = 250 pm plotted as function of Uy, for three initial energy spreads og
(see legend) and for Uy, = —200V. Close to the best focusing around the field reversal point
(gray line), o, increases rapidly and electrons becomes successively suppressed, leading to a
narrowing of the final energy distribution. As shown by the scaled curves (x0.25) in (b), this
leads to a decrease in the pulse duration due to reduced dispersion.

caused by the energy-dependent suppression of electrons and thus a narrowing of o¢ as
plotted in Figure 4.15¢). Thus, the lens can be used as an energy filter which allows
only the highest energy electrons to be transmitted to the sample, although at the cost
of reduced current.

Due to the momentum spread at a single emission site (here, o = 635 = 10° as
explained in the appendix B), the spot size strongly depends on o¢. The dashed lines
in Figures 4.15a) and 4.15b) show the same simulations assuming normal electron
emission (3 = 03 = 0). In this case, smaller spot sizes and shorter pulse durations are
obtained with a much weaker dependence of o, on the energy spread. Consequently,
the achievable spatio-temporal confinement will depend on the momentum distribution
of the photoemitted electrons.
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Figure 4.16.: (a) Electron pulse duration 7. obtained from the FWHM of the arrival time
distribution for distances d between 20 um and 500 ym and electron energies (tip voltages) from
100eV to 600eV. A sub-linear dependence 7 o d9 with g = 0.83 is observed (g = 1 for the
dashed line). (b) Dependence of the electron spot size panode at the anode on d, where panode
is defined as the FWHM of the distribution of radial arrival positions at the sample (anode).
Simulation parameters: og = 0.25eV, & = 0.5eV, 091 = 042 = 043 = 10°, E, ~ 710" V/m.

Last, the dependence of the pulse duration and spot size on the tip-sample distance
is plotted in Figure 4.16, where here now the FWHM is plotted instead of . At each
tip voltage, the lens voltage is adjusted to have an electric field of E, ~ 7-107 V/m at
the apex. The pulse duration decreases sub-linearly with shorter propagation length
as Tg o< d9 with ¢ = 0.83, see Figure 4.16a), which is explained by the distance-
dependent reduced inhomogeneity of the acceleration field at the apex. Whereas at
large electron energies > 200 eV, electron pulses of sub-ps duration can be achieved at
moderate distances of several 100 micrometers, tip-sample distances of less than 100 pm
are required at energies below 200eV. Transmission LEED, however, allows for higher
energies to be used compared to standard back-reflection LEED, although at the cost
of reduced scattering efficiency. The dependence of the FWHM spot size reggnm on d is
plotted in Figure 4.16 a), revealing a linear decrease of 7gynm down to a few micrometres
for distances below 100 pm.

4.3.4. Summary and conclusion

In conclusion, a concept for an ultrafast low-energy single electron gun based on a metal
nanotip has been introduced and analyzed. Employing a compact suppressor-type lens
only, no lenses need to be installed between tip and sample, facilitating ultrashort
propagation distances down to the micrometer range. The main disadvantages of the
design is the reduced inhomogeneous field and thus less quick acceleration. The sig-
nificant reduction of the tip-sample distance, however, compensates for the reduced
inhomogeneity and dispersive broadening of the pulses can be drastically reduced.

65



CHAPTER 4. ULTRAFAST LOW-ENERGY ELECTRON GUN USING
POINTED PHOTOCATHODES

The numerical simulations reveal that sub-100fs pulses are possible at 10-20 um dis-
tances in the imaging mode. For diffraction, single electron wave packets can be focused
down to a few micrometer at a sample located ~ 100 — 200 pm away from the tip, and
pulse duration of few 100 femtoseconds are possible depending on the electron energy.
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5. Experimental characterization of the
nanotip electron gun

The performance of the femtosecond low-energy electron gun is characterized in the
following chapter. After a brief discussion of the DC emission characteristics, the
spatial and temporal properties of the laser-triggered electron gun are analyzed in
sections 5.2 and 5.3, respectively. Specifically, it is shown that laser-triggered electrons
can be focused to a micrometer sized spot at the sample, and that ultrashort electron
emission is induced in the multiphoton emission regime.

In section 5.4, the ultrashort electron pulses are characterized temporally in the
200 pm distant sample plane by measuring their cross correlation with a photoexcited
space charge cloud. These measurements reveal upper limits of the electron pulse du-
ration of 7, ~ 170fs in the imaging mode and 7 ~ 570fs in the diffraction mode at
250V electron energy, which are the shortest values in this energy range reported to
date.

Last, in section 5.5, the capability of the sub-picosecond low-energy electron gun
to record high quality diffraction patterns from free-standing monolayer graphene is
demonstrated.

Parts of section 5.1 have been published in [Liin13b], and parts of section 5.5 in [Miil14].

5.1. Field emission mode

The DC emission characteristics of a single tungsten tip without lens are analyzed in
Figure 5.1. Measuring the DC current versus the tip voltage results in a straight line
in a Fowler-Nordheim plot as shown in 5.1a), verifying cold field emission (CFE) from
the tip as explained in chapter 4.1.1. Fitting the slope according to equation (4.6) and
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Figure 5.1.: (a) Fowler-Nordheim plot of the DC current J emitted from a single polycrystalline
tungsten tip (no lens). The red line is a fit to the data according to equation (4.13). The
inset shows the field emission profile of the nanotip. The inhomogeneous emission pattern
can arise e.g. from inhomogeneous work function distributions. In Figures (b) and (c), the
field emission current and the FWHM beam size pget of a DC electron beam emitted from
a tungsten nanotip placed inside an electrostatic microlens are plotted versus the potential
difference AU = Uy, — Uy, for different tip voltages (see legend).

using relation (4.13) with x = 5 retrieves a tip radius of R = 26.9 £+ 1.6 nm, assuming
a homogeneous work function of ® = 4.5eV. !

The effect of the electrostatic lens on the DC electron beam is shown in Figures 5.1b)
and 5.1c), where the DC current and the beam size on the detector are plotted for
various tip and lens voltages, respectively. At tip voltages between Uy, = —200V and
Uiip = =700V, the lens voltage Uy, is scanned over a wide range, and the data is plotted
versus the potential difference AU = Uy, — Ur,. As explained in the previous chapter,
the electric field strength Fapex at the apex can be adjusted by the electrostatic lens.
Consequently, this allows for operation at constant current while changing Uy, and
thus the electron kinetic energy.

!The spatial profile of the DC electron beam shown in the inset reveals different emission sites as
usually observed for polycrystalline tungsten tips. This is equivalent to a field emission microscope
image of the nanotip [Miil37, Miil55], and the inhomogeneous distribution of emission sites reveals an
inhomogeneous work function distribution due to for example different crystal planes at the apex. Using
only a single work function in the Fowler-Nordheim analysis is thus a simplification, but nevertheless
allows for a rough estimate of the sharpness of the nanotip. Such inhomogeneous emission profiles are
often observed in DC operation, leading to an inhomogeneous illumination condition and background
intensity in fsPPM images.
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The spot size of the DC electron beam is analyzed by fitting Gaussian intensity
distributions to the beam profile?. The resulting full width at half maximum (FWHM)
values, pget, are plotted in Figure 5.1c¢). Generally, the beam size decreases with larger
‘Utip‘ and thus electron energy. The gray dots mark spot sizes at specific values of
Utip which correspond to a constant current (and thus constant Fypex) of J = 50fA as
marked by the dashed line in 5.1 b). This dependence arises from the stronger forward
acceleration in direction of the tip axis with increasing |Uyip|. In addition, the beam size
decreases with larger|Uy,| (larger Uyp —Uy,) at constant Uysp, which is a first indication of
the focusing effect of the lens. As at the same time Ej,pcx decreases, CFE is suppressed
and laser-triggered operation of the electron gun is required for actual focusing. The
focusing characteristics and performance of the electron gun in the photoemission mode
will be discussed in the subsequent sections.

5.2. Focusing of photoexcited electron wave packets

This section discusses the focusing performance of the low-energy electron gun in laser-
triggered operation. In section 5.2.1, focusing of ultrashort single electron pulses to
micrometer spot sizes at the sample is demonstrated, together with the ability to tune
the electron energy at constant current. Moreover, the transition from single electron
operation to the space charge regime is identified.

Optimal operation conditions and the highest beam quality require electron emission
only from the apex, and negligible contribution from the tip shaft. In this regard, in
section 5.2.2 electron emission sites are identified utilizing the distinct emission-site
dependent focusing characteristics of the electron gun, as introduced in the previous
chapter. In particular, it is shown that electrons emitted from the shaft contribute
insignificantly to the electron beam in both operation modes.

5.2.1. Photocurrent and beam size

Figure 5.2a) shows spot profiles of an electron beam photoexcited from the apex of a
tungsten tip with negatively increasing lens voltages at a tip voltage of U, = —300 V.
The tip is placed approximately 2mm in front of a copper grid as anode?. At small
|UL|, the electron beam is divergent and a point-projection image of the anode grid
is observed on the detector screen. An inhomogeneous intensity distribution within

2For the given tip, only one emission spot is projected onto the detector.

3In this case, the copper grid serves as a support for single layer graphene on lacey carbon (PELCO
Single Layer Graphene TEM Support Films on Lacey Carbon, Ted Pella Inc.). The dark areas in the
image are thick and opaque to the low-energy electrons, whereas the bright areas are either empty grid
windows or contain single layer graphene.
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Figure 5.2.: Focusing characteristics of electrons photoemitted from a tungsten tip biased
at Uyip = —300V and placed inside a tube-type suppressor lens. (a) Electron beam profiles
transmitted through a copper grid plotted for different lens voltages. Corresponding intensity
(b) and FWHM spot size at the anode (c, left y-axis) plotted as function of |Uy|. The spot size
at the anode is calculated from the effective magnification Mg (c, right y-axis). (d) Electron
beam profile at the sample at a reduced tip-sample distance of d ~ 200 um.

the electron beam is observed, which will be discussed in more detail in the subsequent
section. With increasing|Uy |, the beam size decreases and the electrons become focused.

Electron spot size and effective magnification

The focusing properties are characterized in Figure 5.2b) and 5.2 ¢), where the intensity
and the spot size at the anode plane are plotted as function of |Uy,|. The photocurrent
emitted within the field of view of the detector decreases continuously with increasing
|Up| and drops off rapidly at large lens voltages close to the focusing condition. The
sharp drop in photocurrent at large |Uyr| (light shaded area) is explained by the energy-
and emission-site dependent sign reversal of the DC electric field, as predicted from the
simulations shown in Figure 4.10. The superimposed slow decrease starting at much
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lower |Uy,| is instead most likely caused by the dependence of the photoemission process
on the local DC field strength. This was not taken into account in the simulations in
chapter 4.3, where a constant current is observed for small |Uy,| in Figure 4.10. With
increasing |Ur,| and thus decreasing DC field, the height and width of the vacuum po-
tential barrier increases according to equation (4.2a), suppressing emission of electrons
at the low-energy tail of the emitted energy distribution?.

The change of the spot size in the anode plane with increasing |Uy,| is plotted in Fig-
ure 5.2¢). It is obtained by fitting Lorentzian functions to the electron beam in the
detector plane and projecting them back into the anode plane using the effective mag-
nification Mg as defined in equation (6.1). Here, Mg is obtained from the projected
and the known real pitch of the copper grid, respectively, and is plotted on the right
y-axis in 5.2 ¢). The spot size in the anode plane, panode, is then obtained from the spot
size pget in the detector plane by

Pdet

Panode = .
Meff

(5.1)

Since at small |Uy,| the beam divergence is larger than the field of view of the detector,
the spot size is analyzed only for voltages |Uy,| > 570V, where the entire beam is
captured on the detector. In this voltage range, the spot size decreases rapidly and
approaches a value of panode ~ 20 um around Up, = —588 V. The effective magnification
decreases from Mg ~ 52 at Uy, = —530V to Mg ~ 42 close to focusing. Applying the
terminology of an effective source located within the tip as discussed in chapter 4.2.3,
focusing of the electron beam shifts the position of the effective source further inside the
tip (ideally to infinity). This increases the effective tip-sample distance and thus leads
to a reduced magnification. In fact, the lens rather collimates the initially divergent
electron beam in contrast to a ’real’ focusing lens, which focuses parallel beams into a
focal point.

The final minimum spot size at the sample depends on the tip-sample distance, and
decreases with smaller d. Figure 5.2d) shows a profile of the focused electron beam
at a reduced tip-sample distance of d ~ 200 um, revealing that spot sizes as small as
1 — 2 ym can be realized in the sample plane.

Energy tunability and beam current

As in the field emission mode, the laser-triggered electron gun can be operated at
constant photocurrent while changing the electron energy (tip voltage). This is demon-
strated in Figure 5.3, where the photocurrent and the focused beam size at the detector

4Neglecting this effect, one would initially even expect an increase of the current, as electrons with
emission angles larger than the field of view of the detector become gradually focused on the detector.
Apparently, this is however dominated by the reduced overall emission probability.
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Figure 5.3.: Photocurrent (top) and beam size (bottom) of the focused laser-triggered electron
beam plotted for four tip voltages (see legend) versus the potential difference AU = Uy, — UL,
(note that focusing always requires|Up,| > |Utip|). The focus size and the current can be adjusted
independent of the electron energy. At large |Ur| the photocurrent is suppressed and the gun
performance will be limited by the trade off between current and spot size. Experimental
parameters: F, = 0.18nJ, fiop = 80 MHz, ¢,y = 0.5s, MCP as anode.

are plotted versus the potential difference AU = Uy, — Uy, for different tip voltages.
Similar currents and spot sizes are achieved independent of U;p.

At the smallest spot sizes of less than 500 um at the detector®, the current drops to
less than 1fA. The data shown here is measured at a repetition rate of fr., = 80 MHz,
and on average slightly less than 0.01 electrons are contained within one pulse at a
current of 100 fA. Considering a pulse energy of 0.18 nJ and a photon energy of 1.55¢€V,
the efficiency of converting incident photons into electrons drops from 1.4-107!! at the
largest current to ~ 1107 at the smallest spot sizes.

Ideally, one electron would be generated per laser pulse at the highest possible rep-
etition rate. In order to obtain 1 e/pulse increased pulse energies are required, in
particular at the focusing condition. At large repetition rates, this is prevented by the
associated large average powers, causing significant heating and thermal instabilities
of the electron gun. In this regard, reduced repetition rates are beneficial, facilitating
higher pulse energies at low average power. As, however, the maximum current is lim-
ited by the condition that not more than one electron should be excited per laser pulse,
very low repetition rates do not provide enough current either. Intermediate repetition
rates of several 100 kHz up to a few MHz are thus ideal for this setup.

5No anode was used in this measurement, so the effective magnification and the spot size in the
sample plane cannot be retrieved.
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Figure 5.4.: Transition from single electron to the space charge regime, identified in the focused
electron beam at fiep = 200kHz and Uy, = —250V. (a) Number of electrons per laser pulse
(left y-axis) and current (right y-axis) plotted as function of the incident pulse energy. The
horizontal dashed line marks the threshold above which more than 1 electron is generated per
pulse. (b) Corresponding FWHM spot size on the detector (z- and y-direction). At the critical
fluence (vertical dashed line), the electron focus starts to broaden due to space charge effects
within the beam. (c) Selected images of the focused electron beam (scale bars 4 mm on MCP)
and corresponding spot profiles, plotted for two pulse energies.

Transition from the single electron to the space charge regime

The transition from single electron operation to the space charge regime is identified in
Figure 5.4. Here, the dependence of the photocurrent and the focused spot size on the
incident pulse energy are analyzed at a repetition rate of frop = 200kHz (RegA laser
system). For the pulse energies employed here, the current changes by six orders of
magnitude, and the number of electrons per pulse increases from 1073 at E, =1nJ to
> 1000 at E, = 10nJ. Due to the limited dynamic range of the camera, the integration
time had to be adjusted to not saturate the image (see top axis). For the experimental
conditions of this measurement, the transition to more than one electron per pulse is
observed at an incident pulse energy of £, ~ 3.1nJ. Generally, this number depends
on the laser parameters and the efficiency of the photoemission process at the tip.

The transition to the space charge regime observed around 3 nJ is further indicated by
the broadening of the focused electron beam at pulse energies larger than this value, see
Figures 5.4b) and 5.4 ¢). Whereas a constant spot size of pget = 0.5 mm is obtained for
E, < 3nlJ, the electron focus clearly broadens at larger pulse energies. This broadening
is due to Coulomb interaction between the electrons within one pulse [Siw02]. In
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the absence of space charge, the focused beam profile is nicely fitted by Lorentzian
lineshapes as shown in Figure 5.4¢), but deviates strongly with increasing electron
number®. Whereas a beam size of ~ 1 — 2mm at the detector would be acceptable for
diffraction experiments, the temporal pulse profile will be strongly affected by space
charge effects, and operation in (or very close to) the single electron limit will be
necessary. Moreover, space charge effects should be completely avoided in the imaging
mode if high spatial resolution is desired in real space.

5.2.2. Ildentification of emission sites

As evident in Figure 5.2a), the intensity profile of the photoemitted electron beam
is not homogeneous. Inhomogeneities in the apex emission profile can for example
arise from local work function variations and from spatially inhomogeneous optical and
static electric field distributions. Those decrease the beam quality slightly and cannot
be avoided easily. Contributions of electrons emitted from the tip shaft, however, would
significantly reduce the beam quality, and thus have to be ruled out.

Focusing characteristics of apex and shaft electrons

To identify electron emission from the apex and potential contributions from the shaft,
the tip is scanned through the laser focus in z-direction along the tip axis. At each
position, the lens voltage is scanned and the emission profile is recorded. Figure 5.5a)
shows a photocurrent map of such a measurement. Here, the intensity of the electron
beam on the detector is plotted on a logarithmic color scale as function of the tip
position z, and |Uy |, respectively.

Two distinct features are observed in the photocurrent map. Whereas the weak signal
measured at larg z. originates from electrons emitted from the shaft, an approximately
100 x larger current is observed around z.,] = 4 pm. This large current can be assigned
to electron emission from the apex region. At all positions along the tip axis, electron
emission is suppressed at a certain lens voltage. It is observed that the cut-off voltage
increases with decreasing distance to the apex, as highlighted by the black dashed line.
According to the simulations shown in chapter 4.3, and in particular Figure 4.6, this
dependence is exactly what is expected from the shift of the field reversal point sg
towards the apex with increasing |Ug|.

The emission sites can be further distinguished from their spatial emission profiles.
The images in Figure 5.5b) show selected beam profiles when illuminating the apex.
In contrast, the images in Figure 5.5c¢) show beam profiles in the case of illumination

5The deviation from a Lorentzian at large pulse energies might explain the onset of saturation
which is observed in Figure 5.4 b)
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Figure 5.5.: Identification of electron emission sites. (a) Photocurrent map obtained from
scanning the lens voltage and the tip position through the laser focus along the tip axis. Note the
logarithmic intensity scale. (b) Selected beam profiles when illuminating the apex at zye = 4 pm
with increasing Uy,. (c) Selected beam profiles of electrons emitted from the shaft. The red
arrows mark the direction of the incoming laser beam, which is polarized along the tip axis.
(d) Mlustration of an asymmetric optical field distribution at the apex due to excitation of
surface electromagnetic waves, causing enhanced emission from the shadow side (reproduced
from [YanlOa]). Experimental parameters: Uy, = —250V, E, = 0.18nJ, f.op = 80 MHz, MCP
as anode, tij,, = 0.5s.

of the shaft at different positions z,, and voltages Uy, respectively. In all images, the
incident laser beam is 15° tilted from the horizontal axis as indicated by the red arrow.

The shaft electrons are emitted exclusively at the illumination side and form an arc-
shaped feature before they become focused into a nearly round spot. The images shown
in Figure 5.5 c) nicely reveal the emission-site dependent focusing characteristics. At a
specific lens voltage (for example Uy, = —400V in the left column or U, = —401.8V in
the center column), the radial extent of the emission profile increases for illumination
sites closer to the apex (for smaller z.). That is, electrons emitted at higher shaft
positions are focused ’earlier’, as expected from the simulations. At U, = —405V (right
column), electrons from lower shaft positions are tightly focused, and emission from the
highest shaft position is almost suppressed. The residual few electrons detected here
are most likely those with the highest energy which can still overcome the decelerating
potential barrier.
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In contrast to shaft electrons, apex electrons are emitted predominantly from the
back ‘shadow‘ side of the tip. At low lens voltage (U, = —360V) far away from
focusing, shown in the left image in Figure 5.5b), the beam profile is inhomogeneous
with the highest intensity at the shadow side. With increasing |Ur|, an intense arc-
shaped feature, emitted from the back side of the tip, is projected on the detector
and becomes focused. As explained in reference [Yanl0a|, such asymmetric emission
profiles can be generated by the excitation of surface electromagnetic waves interfering
at the apex. These so-called Zenneck waves form an asymmetric time-averaged intensity
distribution, leading to enhanced emission at the shadow side of the apex as illustrated
in Figure 5.5d). Comparison to Figure 5.5b) further reveals that this emission profile
is focused at larger |Uy,|, where all emission from the shaft is completely suppressed.

It should be noted that a homogeneous intensity distribution is additionally present
within the beam, which, however, is not visible at this intensity scale. Such focused
beam profiles are generally observed for tungsten tips, but with varying intensity ratios
between the arc-shaped profile and the homogeneous part of the beam”.

Radial beam profile

The dependence of the radial beam profile on the illumination site is further analyzed in
Figure 5.6a). Here, the radially averaged intensity distribution is plotted as function
of the illumination site z. at two selected values of Up,. At Up = —398.2V, the
intensity maximum along the radial coordinate shifts to larger radial distances rpycp
with decreasing z.), that is, electrons emitted at higher shaft positions are projected
to smaller radial positions. This is indicated by the black dashed line, which directly
represents the electric field variation along the tip shaft. At increased lens voltage
U, = —407.2'V, electrons from the shaft are over-focused, as apparent in the reversed
slope of the radial shift of the maximum intensity (black dashed line).

For apex illumination (z, = 4 um), a homogeneous radial intensity distribution is
observed, superimposed by the enhanced emission from the shadow side (intense spot
at rmep = 20 mm in the left image). With increasing |Uy,|, all intensity becomes focused
into one defined focal spot. The fact that both, the arc-shaped profile emitted from the
shadow side of the apex as well as the homogeneous profile, are centered at z, = 4 um
indicates that the arc-feature is indeed originating from excitation of the tip apex.
This is further supported by the dependence of the apex-induced emission on the laser
polarization shown in Figure 5.6b). For polarization aligned along the tip axis (top
image), the intense arc-shaped profile is emitted from the shadow side of the apex as
just discussed. In contrast, for polarization aligned perpendicular to the tip axis, the
highest intensity is observed at the exposed side of the apex, and the total current

"In fact, the intensity contained in the ring feature is particularly high for the tip used in this
measurement
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Figure 5.6.: Radial intensity distribution of the electron beam plotted at different relative tip
positions z.e inside the laser focus. For shaft electrons, the intensity maximum shifts towards
larger rmep with deceasing zye (black dashed line at Uy, = —398.2V). For apex illumination
(zrel = 4pm), a nearly homogeneous radial intensity distribution is observed, superimposed
by an intense spot arising from the arc-shaped profile in Figure 5.5b). At larger lens voltage,
over-focusing is observed for shaft electrons, indicated by the reversed direction of the shift of
the intensity maximum with z.¢ (black dashed lines at Up, = —407.2V). (b) and (c) show the
arc-shaped profile emitted from the apex (using a copper grid as anode) for laser polarization
parallel and perpendicular to the tip axis, respectively. Note that the bright spot in the center
in (c) originates from a broken area on the MCP front plate.

has decreased by two orders of magnitude®. This suggests that Zenneck waves are
excited with far less efficiency and that the maximum field strength is now at the laser
illumination side. Generally, it is found that electron emission from the tip shaft is
enhanced at perpendicular polarization, whereas emission from the apex is drastically
reduced.

The above considerations strongly indicate that the observed arc-shaped profile is
generated by excitation of the tip apex, and is not emitted from the tip shaft. In both
operations modes, PPM and LEED, contributions from shaft emission can be neglected.
First, their emission is suppressed at lens voltages required to focus electrons from
the apex. Second, noticeable photoemission from the shaft is observed only several
micrometers away from the apex”. Hence, precise alignment of the tip inside the small
laser focus ensures negligible shaft contributions. Third, in the PPM mode employing
the divergent electron beam, shaft electrons would not be emitted within the field of
view of the detector and would thus not contribute to the image.

8Note that for parallel polarization, there also is intensity in that part of the beam which originates
from the exposed side of the apex. This also decreases for perpendicular polarization, but not as drastic
as the 'shadow’ emission.

9Note the gap between apex and shaft emission in Figure 5.5a). At higher shaft positions the
current increases due to the increasingly larger surface area.
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5.3. Temporal characterization of the photoemission process

For a given acceleration potential, the duration of a single electron pulse at a given
sample position depends on the time-bandwidth product imprinted on the electron
wave packet during the photoemission process. All electron pulses disperse during
propagation through vacuum, and transform-limited electron pulses cannot be achieved
at the sample without compression schemes. The achievable time resolution of the
setup will thus profoundly be influenced by the energy spread the electron wave packet
acquired from the photoemission process. Only for very short propagation times, as
in reach using the plasmon-driven electron gun shown in chapter 7, the effect of the
electron emission time might dominate over the dispersion.

In optical field emission, electrons are emitted within less than one half cycle of the
driving laser field, and the electron energy spectra can be very broad with electron
energies from several eV up to more than 100eV [Herl2, Par12]. This is clearly not
favorable if dispersive broadening needs to be reduced. In the multiphoton emission
regime, the energy spread will be much smaller [Yanl1] and will depend on the work
function, the laser spectrum and the multiphoton order. As discussed in chapter 4.1.2,
the emission time in MPPE is governed by the intensity envelope of the laser pulse and
the multiphoton order.

Preferably, the electron gun is operated in the multiphoton regime with as little
excess energy as possible. For a single multiphoton order, small variations of the
work function and electric field strength, and a comparably narrow laser spectrum,
the electron energy spread can be minimized by adjusting the effective work function
to the photon energy [Aid10, Wallba]. However, the large bandwidth of very short laser
pulses'?, the large variation of work functions up to several 100 meV found for tungsten
tips [Miul55], and the strongly inhomogeneous electric field at the apex, render this
approach difficult.

For now, the photoemission process is characterized by its effective nonlinearity. This
can easily be retrieved from the dependence of the photocurrent on the incident pulse
energy. In Figure 5.7a), the power dependence is plotted in the imaging mode for a
single tip without lens at a tip voltage of Ui, = —180 V. In this case, it can be expected
that the field strength is reduced by at least one order of magnitude compared to that
required for field emission (starting in around Uy, = —230V). Scaling linear with the
pulse energy on a double logarithmic scale, the data can be fitted using equation (4.9),
which yields an effective nonlinearity n = 2.3 for this experimental condition. This
value is determined from a convolution of the effective work function (® ~ 4.5¢V for

OFor comparison: a 5fs sech?-shaped laser pulse has a bandwidth of approximately 300 meV. A
14 fs pulse has approximately 95 meV bandwidth, and a 50 fs pulse has a bandwidth of only ~ 30 meV.
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Figure 5.7.: Photocurrent as function of the incident pulse energy in the imaging mode (no
lens is used here) at Uy, = —180V (frep = 80 MHz).

unbiased tungsten, reduced by the static bias), the photon energy of 1.55¢eV and the
laser bandwidth (more than 100 meV in this case).

The power dependence of the photoemission process in the diffraction mode is plotted
in Figure 5.8 b) at Uy, = —400 V for different lens voltages. For all|Uy,|, the beam inten-
sity again scales linear with the pulse energy on a double-logarithmic scale. As expected
from the reduced DC field, the slope n increases with larger |Uy,|. The dependence of
n on the lens voltage and thus the DC field strength is plotted in Figure 5.8¢). The
nonlinearity increases almost linearly from n = 3 at Uy, = —490V (divergent beam) to
n ~ 4.4 at U, = =557V, where the beam is partially focused (comparable to the pro-
file shown 5.5b) at Uy, = —406 V). The high orders cannot solely be explained by the
decreased Schottky effect, and above threshold emission might need to be considered
to contribute to the emission process.

At larger lens voltages around Uy, = —560V, a rapid increase of the effective nonlin-
earity by almost one order is observed within a range of only a few volts. This rapid
rise coincides with the condition at which the beam is completely focused and at which
the current becomes significantly suppressed (marked by the gray line). It is thus likely
explained by the sign reversal of the DC field at the apex and the associated upward
bending of the vacuum potential barrier. For a flat cathode, a clear cut-off energy would
be expected and only electrons with initial energy larger than the potential difference
between anode and cathode can reach the anode. In the case of the inhomogeneous
field at the tip, this cut-off energy is smeared out, and the minimum energy required to
reach the anode depends on the electron’s emission site. This becomes clear considering
the potential distribution in front of the apex shown in Figure 4.7.

The nonlinearity observed in the imaging mode (high DC field) suggests that tunnel-
assisted, linear photoemission from lower lying energy states contributes insignificantly,
as in this case a much lower nonlinearity < 2 would be expected [Rop07b]. Moreover,
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Figure 5.8.: (a) Photocurrent dependent on the incident pulse energy in the diffraction mode at
Uiip = —400V and at three different lens voltages (see legend). (b) The effective nonlinearity
increases with negatively increasing lens voltage due to the reduced static field at the apex
(frep = 1MHz).

the linear slopes observed in Figure 5.8 a) suggest that optical field emission can be ne-
glected in the low DC field regime, as in this case a transition to a reduced slope would
be expected at large pulse energies [Borl0]. Last, thermionic emission or thermally-
assisted field emission should be negligible as well. Thermally-assisted field emission
is the tunneling from energy states close to the Fermi level, which are occupied by the
thermalized hot electron distribution. It can be neglected in the diffraction mode as the
DC field is strongly reduced (or even reversed). In the imaging mode, though, the DC
field is larger, but it is still far away from field emission, rendering thermionic emission
unlikely. It can, however, not completely ruled out solely from the power dependence.
Potential contributions from (transient) thermionic emission can be identified by in-
terferometric autocorrelation (IAC) measurements of the photocurrent, employing the
tip as nonlinear medium. Such measurements are performed in the context of the
plasmon-driven electron gun shown in chapter 7. They show that in this case ther-
mal contributions to the current can be neglected, evidenced by the additive current
observed for delay times far away from temporal overlap. Ultimately, such a measure-
ment should clarify if small contributions from thermionic emission are present in the
imaging mode.

In conclusion, the data shown here indicates that the electron gun is operated in the
multiphoton emission regime, with the nonlinearity depending on the lens voltage. It
is thus clear that the time-bandwidth product of the initial electron pulse varies for the
different focusing conditions and operation modes. At this point, it can, however, not
be quantified how much this will effect the time resolution of the setup in the respective
operation modes.

80



5.4. TEMPORAL CHARACTERIZATION OF LOW-ENERGY ELECTRON
PULSES AT THE SAMPLE

5.4. Temporal characterization of low-energy electron pulses
at the sample

To measure the duration of an ultrashort electron pulse is a challenging task. It re-
quires the application of a time-dependent force to the electron pulse with high spatio-
temporal precision, which due to the slow velocity of sub-keV electrons is particularly
problematic at these energies. Several techniques have been developed and successfully
applied to high-energy electron pulses in recent years, all relying on the interaction of
the electron pulses with a transient electric field [Dol06, Heb08, Kas10, Kirl4, Keal6].
Currently, no established technique is available for the temporal characterization of
ultrashort low-energy electron pulses.

In section 5.4.1, femtosecond low-energy electron pulses are characterized temporally
by cross correlation with a space charge cloud photoexcited at a metal edge, similar to
the approach reported in [Dol06]. The measurements retrieve space charge dynamics
on the sub-picosecond time scale measured at 250€V electron energy. Electron pulse
durations of less than 200 fs are measured in the imaging mode, and of less than 600 fs
in the diffraction mode. To the best knowledge of the author, these are the shortest
pulse durations of low-energy electron pulses reported to date.

In section 5.4.2, current approaches for the temporal characterization of high-energy
electron pulses and the difficulty to adapt those to low energies are briefly discussed, as
well as alternative concepts for measuring the pulse duration of sub-kV electron pulses
with high temporal resolution.

5.4.1. Electron pulse - photoelectron cross correlation

Electrons are charged particles and interact via Coulomb forces. Consequently, injecting
charged particles in the path of an electron beam will deflect the electrons and will cause
distortion of the beam. If the charge injection is temporally confined, and if spatial
and temporal overlap is ensured in the case of a pulsed electron beam, a temporal cross
correlation of the two charge distributions can be measured by changing the charge
injection time with respect to the electron pulse arrival time. Specifically, the low-
energy electron pulses employed in this thesis are characterized by cross correlation with
photoelectrons excited by 50 fs femtosecond laser pulses at a metal edge [Dol06, Heb09].

The experimental scheme for the cross correlation measurement is illustrated in Fig-
ure 5.9a). Photoelectrons are excited from the edge of a copper grid or a metal pinhole,
which is also used as anode. Due to increased propagation times of focused electron
wave packets, different pulse durations are expected for the imaging and the diffraction
mode (see chapter 4.3.3). Therefor, the measurement is performed with the divergent
as well as with the collimated electron beam. To induce a measurable deflection, many
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Figure 5.9.: Concept and experimental scheme for the electron pulse - photoelectron cross cor-
relation measurement. Electron pulses transmitted through a metal hole in the anode (grid edge
or pinhole) are deflected by the space charge generated after photoexcitation of free electrons.
Figures (b) and (c) show selected images of the low-energy electron beam at different delay
times after photoexcitation of the metal edge in the imaging and diffraction mode, respectively.
In (b) difference images with respect to negative delay times are shown in the point projection
mode. The black dashed line marks the metal edge (metal on left side). (Uyp = —160V,
U, = —186V, Eptip = 51J, Ep pump = 100nJ). (c) shows snapshots of the electron beam
focused onto a metal edge at various delay times after excitation of the free electron cloud.
(Uyip = =261V, U, = =702V, E, i, = 6.510J, Ep, yump = 1571J).
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photoelectrons need to be generated per pulse in order to create a large electric field
in the space charge region. To provide enough pulse energy, the amplified laser system
(RegA) at 200 kHz repetition rate is employed for the measurements shown here.

Figures 5.9b) and 5.9 ¢) show selected images at different delay times of the divergent
and the focused electron beam passing by a metal edge positioned ~ 500 pm in front
of the tip. In the imaging mode shown in (b), the image at negative delay time shows
the unperturbed projection of the metal edge. Projection images at positive delays are
plotted as difference images with respect to that at large negative delay times. After
arrival of the pump pulse, the electrons are deflected out of the space charge region
by the photoexcited free electron cloud. With increasing delay, the expansion of the
electron cloud can be imaged. An analogous image sequence in the diffraction mode is
shown in (c). The electron beam is focused onto the metal edge and is deflected away
from it by the expanding space charge cloud, and recovers after several 10 ps.

The exact space charge dynamics are complex and depend on the excitation conditions
(number of excited electrons, pump spot size, etc.) and the electrostatic environment.
The latter is of particular importance here, as photoelectrons are not emitted in field-
free space but in the electrostatic field between tip and sample. Specifically, this changes
between the imaging and the diffraction mode and with the sample geometry. It is found
that space charge dynamics excited inside a small pinhole are faster than those excited
at a straight metal edge, presumably due field enhancement effects and thus increased
electric fields inside the pinhole.

Temporal resolution in the imaging mode

Space charge dynamics inside a 10 gm metal pinhole are first analyzed in the projection
mode. Figure 5.10a) shows projection images of the expanding electron cloud imaged
at an electron energy of 250eV. The pinhole is positioned ~ 200 pm in front of the tip.
The black dashed line marks the projected edge of the pinhole and the red arrow at
0.1 ps delay the in-plane orientation of the incident pump laser pulse.

The propagation of the space charge cloud across the pinhole is analyzed in Fig-
ure 5.10b). First, the position of the photoelectron plasma front is obtained by fitting
an error function to the profile along the coordinate z,¢ as defined in 5.10a). In Fig-
ure 5.10b), the fitted position is plotted as a function of time delay (brown circles).
Fitting a linear slope at positive delay times reveals a velocity of the plasma front of
Uplasma = 2.65 pum/ps (for comparison: an electron with 250€V energy travels with a
velocity of ve = 9.4 um/ps). Alternatively, the blue squares show the delay-dependent
transmission through consecutive windows of 10x10 pixel along the coordinate x, see
Figure 5.10a). Plotting the fitted time zero ¢y as a function of the delay time reveals
almost the same plasma velocity.
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Figure 5.10.: Femtosecond space charge dynamics in a 10 um pinhole imaged by femtosecond
point projection microscopy. (a) PPM images (difference intensity) plotted versus time delay,
showing the space charge cloud traveling through the pinhole (scale bar 2 um). (b) Propagation
of the free-electron cloud at nearly constant speed vplagma = 2.65 um/ps, retrieved by fitting
the position of the plasma front (brown circles) as well as by the shift of time zero along
the coordinate e (blue squares). (c) Transient transmission of the electron beam through
part of the pinhole. Fitting the initial decay (error function fit) reveals a time constant of
Tse = (166 £46) fs as upper estimate for the dispersive broadening of the electron pulse. (Uip =
—250V, U, = =360V, Ep tip = 51J, Ep pump = 7010J, d ~ 200 pm)

The transient transmission through part of the pinhole!! is plotted in Figure 5.10c¢).
It decays very rapidly within less than 500 fs and recovers slowly on a few ps timescale.
Fitting the rapid initial decay by an error function (red curve) reveals a FWHM dura-
tion of the underlying dynamics of only 7o, = 166 4 46 fs. This value gives an upper
estimate for the duration of the dispersively broadened divergent electron wave packet.
Compared to the simulations shown in Figure 4.13, this at first is a surprisingly short
value at 200 ym distance. However, one has to take into account the higher electron
energies used here and the fact that the values plotted in 4.13¢) are integrated over a
large spot size, whereas 74 is a local time constant integrated only over a small part of
the beam.

Considering the speed of the space charge front, it needs approximately 150fs to
travel through the 400 nm wide integration window. It is thus likely that the measured
time constant is a convolution of the plasma dynamics and the temporal profile of the
electron pulse, and is not limited by dispersion. Integration over the whole pinhole
size obviously does not allow to conclude on the overall electron pulse duration in the

"Window of 15x15 pixel, corresponding to ~ 400x400 nm in the sample plane.
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image, as this time constant is strongly smeared out by the photoelectron dynamics
itself. Moreover, assuming prompt acceleration of the electrons at d = 200 ym and
Usip = —250V results in a delay between the on- and off-axis electrons within a spot
size of 10 um at the sample!'? of not more than 10fs. This implies that path length
differences can be neglected. On the other hand, considering a pulse energy of £, = 5nJ
incident on the tip, and comparing the values shown in Figure 5.4, contributions from
space charge broadening cannot be ruled out completely!3.

The above results show that electron pulses with sub-200 fs duration at 250 eV energy
can be realized at the sample position and can be used for imaging at sub-micrometer
resolution. The results emphasize the capability of femtosecond point-projection mi-
croscopy to image charge carrier dynamics and transient field distributions on fem-
tosecond time and nanometer length scales. In particular, as such fast dynamics can be
measured even at a comparably large tip-sample distance of d ~ 200 pm, this promises
further increased temporal resolution at reduced distances on the order of d ~ 20 ym.
At this point, it is referred to chapter 6, where fsPPM is demonstrated by femtosecond
imaging of charge carrier dynamics inside semiconductor nanowires.

Temporal resolution in the diffraction mode

According to the simulations shown in chapter 4.3.3, spatially focusing the electron
beam results in increased temporal broadening. To characterize the electron pulse du-
ration in the diffraction mode, the same space charge dynamics are measured now with
the focused electron beam at different voltages Uy,. The images plotted in Figure 5.11b)
show the electron beam focused on the edge of the 10 um pinhole (white dashed line,
compare also Figure 5.10) before arrival of the pump pulse at three selected lens volt-
ages (Uiip = —250V). At U, = =512V, the beam is partially focused but still divergent
enough to see the projection of the pinhole. With increasing |Uy|, the beam becomes
totally focused. At voltages |U,| > 518V, this is accompanied by suppression of the
beam current as explained in detail in section 5.2 and in Figure 5.2.

Figure 5.11 a) shows delay traces of the transient transmission of the focused electron
beam through the pinhole. To avoid temporal smearing due to propagation of the space
charge cloud, the beam intensity is integrated over a small area close to the pinhole

14 The time-dependent data is again fitted by error functions, yielding FWHM

edge
time constants 7. as plotted in Figure 5.11 ¢) (bottom) together with the center position
to of the error function (top). As qualitatively expected from the reduced DC field at

the apex and the associated longer propagation times, the relative arrival time of the

2%which corresponds to an approximate emission angle of 6; ~ 1.5°

13Note that the threshold fluence required to get > 1 electron per pulse cannot be directly compared
as it depends on the exact experimental conditions

145x5 pixel window size
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Figure 5.11.: Temporal characterization of focused low-energy electron pulses by cross cor-
relation with an ultrafast space charge charge cloud. (a) Transient transmisison 7' through a
10 pm pinhole for different lens voltages close to the focusing condition. (b) Selected images of
the focused electron beam before arrival of the pump pulse. (c¢) (Uiip = =250V, E, tip = 31J,
Ep pump = 140107, d ~ 200 pm)

electron pulses shifts, here by ~ 2.5 ps, towards larger delays with respect to the pump
pulse with increasing |Uy,|.

Accompanied with the increasing propagation time is at first a broadening of the
fitted time constant. It broadens from 7, = 0.57 + 0.24ps at Uy, = —512V to 75 =
1.84 £ 0.09ps at Uy, = —518V. Notably, beyond this lens voltage, the time constant
continuously decreases again to 75 = 0.74£0.24 ps at the largest |Ur,| = 526 V measured
here. This decrease of 7y directly coincides with the reduction of the focused beam
intensity as explained previously. It might be explained either by the reduced dispersion
due to successive suppression of low energy electrons (compare the reduced o¢ in the
simulations shown in Figure 4.15), or by reduced space charge effects in case more than
one electron would be excited per laser pulse.

On the one hand, the steep increase of the effective nonlinearity observed at the
focusing condition in Figure 5.8 ¢) supports the suppression of low energy electrons and
thus reduced dispersion. On the other hand, the pulse energy is close to that at which
the transition to the space charge regime is observed in Figure 5.4, and reduced space
charge broadening might equally explain the decrease of the pulse duration. In this
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case, saturation of 75 would be expected as soon as one electron per pulse is reached.
This is, however, is not observed in the range studied here, although the current is
significantly suppressed at Uy, = —526 V. It is thus likely that the measured decrease
of 74 is caused by a combination of both effects.

A final comment should be made on the transit time the electron pulses need to
travel through the respective interaction volume. This can become important if the
effective interaction volume becomes so large that the transit time dominates or affects
the measured dynamics. Considering an electron velocity of v. = 9.4 um/ps of 250 eV
electrons, the effective volume in which they interact with the sample should be less
than 1 gm if a temporal resolution of 100 fs is desired. In turn, the dynamics measured
above suggest that the relevant interaction of the electron pulses with the space charge
cloud occurs on a length scale of only a few micrometers. However, not only the
transverse dimension (across the image) should be considered, but also the interaction
length along the beam direction. Generally, having the intention to measure a certain
dynamics on a certain length scale, the transit should be taken into account as a limiting
factor and one might need to match the electron velocity to the respective volume of
interest. This is particularly important in the imaging mode.

In conclusion, the data shown here report the shortest low-energy electron pulse du-
rations measured to date. In reference [Dol06], space charge transients with a width of
several 10 ps could be measured at 250 eV electron energy. In a more recent work, space
charge transients of ~ 7 ps duration at 100 eV and ~ 2 ps at 450 eV electron energy have
been reported [Gull5]. In comparison, the measurements shown here retrieve electron
pulse durations of less than 200fs in the imaging mode and of less than 600fs in the
diffraction mode.

Moreover, shorter pulse durations should be achieved by 1) further adjustment of
the energy spread, 2) further reduction of the tip-sample distance and 3) measuring
at increased electron energy especially in the case of transmission low-energy electron
diffraction. In particular, together with the observations in Figures 4.15 and 5.8, the
results indicate that it might be possible to reduce the energy spread A&, of the
electron pulses in the focusing condition. This comes at the cost of reduced current,
which in principle can be compensated for by increasing the pulse energy, ideally until
one electron per pulse is generated. At intermediate repetition rates of hundreds of
kHz this should be possible without excessive thermal heating of the tip.

5.4.2. Other approaches and their difficulties at low energies

It is likely that the time constants measured above, especially in the imaging mode,
are limited by the space charge dynamics itself. The intention of this section is to give
an outlook on potential alternative approaches which might be used in the future to
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measure the duration of femtosecond low-energy electron pulses. In particular, current
techniques which have been developed to measure the duration of high-energy electron
pulses are introduced, and the possibility (or impossibility) to adapt them to sub-keV
electrons is discussed.

Ponderomotive scattering

One of the earliest approaches used in ultrafast electron diffraction to measure the
electron pulse duration employs the ponderomotive force an electron experiences in a
spatially inhomogeneous oscillating field. Whereas ponderomotive scattering of elec-
trons from a single focused laser beam required laser pulses of several mJ energy at
10’skV electron energies [Heb06], the pulse energy could be drastically reduced to the
pJ-level by grating-enhanced ponderomotive scattering [Heb08, Gaol2]. Although
lower field strength would be required at electron energies in the 100 eV range, the long
transit time of low-energy electrons through the laser focus will render a realization
with sub-ps temporal resolution difficult®® .

Streaking of ultrashort electron pulses

In RF-streaking, the electron pulses are deflected by a ramped microwave field [Kas10]
between two metal plates. The amplitude of deflection depends on the integrated
Lorentz force accumulated during propagation of an electron through the interaction
volume. In contrast to the ponderomotive force, this is proportional to the electric field
strength instead of the field gradient. As the accumulated force and thus the streak
amplitude depends on the electron arrival time in the time-dependent streaking field,
the width of the streaked beam allows for determination of the electron pulse duration,
given the streaking field is known. As for ponderomotive scattering, the sensitivity
would be significantly increased at low electron energies. The long transit time of the
electrons through the interaction volume, however, would require pm dimensions of the
streaking plates, making its realization tricky. Nevertheless, this approach might be
applicable if micro-machined streak plates could be realized.

Alternatively, electron pulses can be streaked by the electric field transient of an
intense light pulse at optical or THz frequencies [Kirl4, Keal6]. Optical laser streaking
of free electron pulses has been realized at 25 keV electron energies and laser pulses of nJ
energy [Kirl4]. In this approach, a longitudinal optical streaking field, which abruptly
terminates at an ultrathin mirror, modulates the energy of the electrons depending on
their arrival time. This approach circumvents the transit time problem and provides
very high temporal resolution, but requires transmission of electrons through a the
nanometer thin mirror. This prevents its implementation at sub-keV energies.

5 An electron of 5006V energy needs ~ 750fs to travel through a focus of 10 ym, instead of only
~ 60fs at 100 keV
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Streaking at THz frequencies from a sub-wavelength confined THz near-field has been
implemented just recently. A duration of 75fs of single 70keV electron pulses could
be measured with this approach, where the short pulse duration was achieved using
additional THz-driven pulse compression [Keal6]. This approach allows for a reduc-
tion of the interaction length due to near-field confinement down to 100um, which is
however still large for sub-keV electrons. With larger confinement of the THz field,
this technique might however be promising also for the characterization of low-energy
electron pulses. However, synchronized THz sources need to be implemented in the
setup, and their frequency (i.e., the electric field transient) would need to be matched
to the reduced electron velocity.

Photon-induced near field effect

Whereas in the ponderomotive scattering approach electrons scatter elastically from a
light wave, free electrons can also exchange energy with light fields. Unlike in standard
electron energy loss spectroscopy (EELS), where the electrons loose energy to matter
and thus energy and momentum can be conserved, inelastic scattering with a light
field requires additional precautions to ensure energy-momentum conservation. This
can be realized by the presence of nanostructures, and in photon-induced near-field
electron microscopy (PINEM) the free electrons gain or loose discrete quanta of the
photon energy of the light field [Bar09, Gar10]. As the near field is typically only few
femtosecond duration, which is usually much shorter than the electron pulses, the elec-
trons energy spectrum after interaction with the near field allows one to determine the
electron pulse duration [Bar09, Feil5]. Confinement of the interaction to the near-field
region, which can be sub-micrometer size, makes this approach very appealing also for
slow low-energy electrons, but requires the installation of an energy detector.

Generally, due to the slow velocity at sub-keV energies, utilizing the interaction of the
electron pulses with a localized near field seems to be the most promising approach to
measure the electron pulse duration with high temporal resolution. Instead of employ-
ing the PINEM effect, it might be possible to measure the near-field induced deflection
of the electron path. This might provide an alternative approach, making use of the
high magnification achieved in the imaging mode.
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5.5. Laser-triggered low-energy electron diffraction in
transmission

The ability of the setup to record high quality diffraction patterns at low energies is
tested using commercially available monolayer suspended graphene!® as sample. The
hexagonal lattice structure of graphene [Mey07] is illustrated in Figure 5.12a), with
the primitive lattice vectors having a length of a1 = ap = 2.46 Aat an angle of 120°.
Figure 5.12b) shows a PPM image of the sample containing transmissive and opaque
sample areas within single windows (U, = —400V). The opaque regions are covered
by several layers of residual polymer or dirt, and Graphene is contained in some bright
areas in between.

normal incidence tip tilted

a)

b) PPM image

broken
window

tilted
domains

Figure 5.12.: Transmission low-energy electron diffraction from monolayer suspended graphene
using the laser-triggered nanotip electron source. (a) Hexagonal lattice of graphene. (b) PPM
image of the investigated sample. Dark areas are to thick to be transmitted by the low-
energy electron beam. (c) Diffraction pattern from a single layer graphene (Ui, = —650V,
100x average). (d) Same as (c) without averaging. (e) Tilting the tip allows for detection of
higher order peaks (A = 11.6°, Uyp, = —636V). (f) Identification of multiple domains with
different angular orientation (tip tilt A¢ = 15.7°, Uyp = —636 V) The inset shows the zero-
order diffraction spot which is not saturated. (tin, = 0.55s, frep = 80MHz, E,, on tip between
0.13nJ and 0.18 nJ. Note that the dark spot in each image is due to locally reduced gain of the
MCP.)

S PELCO Single Layer Graphene TEM Support Films on Lacey Carbon, 300 mesh copper grid, Ted
Pella Inc., Prod # 21710
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Selected diffraction patterns from this sample are shown in Figures 5.12¢) to 5.12f)
at different experimental conditions. The patterns are recorded at an electron energy of
Ekin = —650V (c and d) and &k, = —636V (e and f), respectively, and at a repetition
rate of frep = 80MHz with pulses of energy E, = 0.18nJ incident on the tip. The
tip is positioned approximately 500 um above the sample. Sharp diffraction peaks are
observed and the hexagonal lattice structure of graphene is clearly identified. Whereas
the pattern in Figure 5.12 ¢) is an average of 200 images (tiny = 0.5s), the pattern shown
in Figure 5.12d) is recorded within ti,; = 0.5s without further averaging. Higher order
diffraction peaks can be observed by tilting the primary electron beam as demonstrated
in Figure 5.12¢) and Figure 5.12f), where the tip is tilted by Ay = 11.6° and Ap =
15.7°, respectively!”. The sample has additionally been moved to another spot between
both images. In Figure 5.12f), not only a single domain of graphene is observed, but
two additional domains tilted by 22° and 35° can be identified, respectively. It should
be noted that the zero-order diffraction spot is not saturated, as can be seen from the
inset in Figure 5.12f). This demonstrates the high scattering efficiency obtained at
these energies.

In Figure 5.13, diffraction patterns from the same sample area are recorded at differ-
ent electron energies between &, = —450€eV and Ey, = —800 €V, respectively. At each
energy, the lens voltage is adjusted such that the zero-order spot does not saturate the
detector (tiny = 0.5s). Comparing the intensity contained in the first order diffraction
spots to that in the zero-order peak, the scattering efficiency can be qualitatively an-
alyzed. The color scaling in Figures 5.13a) to ¢) is given in percent of the maximum
zero-order intensity, and it can be directly seen that the diffraction efficiency decreases
with increasing energy.

Additional diffraction spots are observed at half the reciprocal distance but with the
same hexagonal symmetry and angular orientation. These are probably due to residual
polymer [Lin11], which is commonly used to transfer graphene!®. Similar diffraction
patterns of this type have been observed in the work of Max Gulde [Gull4, Gull5],
where the ultrafast structural dynamics of the graphene-polymer system have been

studied by a similar setup developed for ultrafast low-energy electron diffraction.

Comparing the diffraction patterns at different energies, one directly notices that the
radial position of the diffraction spots stays almost constant, instead of decreasing with
higher energy as expected from the diffraction condition (2.4) and equation (2.1). In

Distortions at the outer part of the image arise from the lens installed behind the sample (ESL1 in
Figure 3.3). The black dark spot observed in all images arises from the 8° tilted channels of the MCP,
locally reducing the gain of the detector at positions where the angle of the incoming beam matches
that of the MCP channels

'8The company confirmed the use of the polymer poly(methyl methacrylate) (PMMA) for transfer.
In fact, most of the opaque areas seen in the projection images in Figures 5.12 and 5.2 are likely covered
by several layers of polymer residue.
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Figure 5.13d), the radial distance r’ (left y-axis) and the FWHM spot size pqig (right y-
axis) of the first-order diffraction peaks of graphene are plotted versus electron energies
between -400eV and -800eV. The dashed line shows the change of v’ as it would be
expected from the reduced diffraction angles at larger energies. The only weak (and
partially even opposite) dependence of 7’ on &, arises from the energy-dependent
focusing of the electrostatic lens installed behind the sample (ESL1), see chapter 3.1.3.

Finally, the lateral coherence length of the setup is estimated from the diffraction
patterns according to equation (4.18). It is shown in the lower panel in Figure 5.13d). A
coherence length between 4 nm and 6 nm is found under these experimental conditions,
which is a rather low value given the expected high coherence of nanotip electron
emitters. The instrumental coherence is, however, strongly influenced by the focusing
condition of the electron beam as well as by the lens system behind the sample, and
serves only as a lower estimate for the coherence of the electron source. In the imaging
mode, a much larger transverse coherence is expected though not quantified yet do to
mechanical instability of the setup 9.

In conclusion, the data shown here demonstrates the great advantage of using low-
energy electrons for time-resolved diffraction experiments of monolayer crstalline ma-
terials. The recorded diffraction patterns show very high signal-to-background ratios
compared to high-energy electron beams or X-rays, bearing in mind that electrons
scatter from only one single atomic layer of a light element such as carbon. Given a
temporal resolution of few 100 fs as measured in section 5.4.1, time-resolved transmis-
sion LEED will facilitate the investigation of ultrafast structural dynamics in monolayer
2D-materials and inorganic [Geil3] as well as organic [Sch14] composite heterostruc-
tures thereof in real-time.

¥The detection of fresnel diffraction from the edge of a nanoobject would allow a quantitative
determination of the coherence length and the effective source size in the imaging mode.
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Figure 5.13.: (a)-(c) Laser-triggered low-energy electron diffraction patterns at different elec-
tron energies. The additional spots appearing at half the reciprocal lattice spacing are due to
residual polymer forming a superstructure. Weak spots from differently oriented domains of
single layer graphene are also detected. The gray scale of the images is scaled according to
the reduced diffraction efficiency at higher electron energy and with respect to the maximum
intensity in the zero order peak. (d) Energy dependence of the radial position ' (left y-axis)
and the FWHM spot size paigr (left y-axis) of the first-order diffraction spots of graphene. The
deduced lateral coherence £, ., obtained from these patterns is plotted in the lower panel.
(tint = 0.58, frep = 8OMHz, E, = 0.14nJ, 100x average per image)
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6. Femtosecond point-projection
microscopy of semiconductor
nanowires

Accessing real-space information of ultrafast processes in nanoscaled, low-dimensional
systems requires high spatial and femtosecond temporal resolution, together with high
sensitivity sufficient for investigating small sample volumes. That is, strongly inter-
acting femtosecond probe pulses have to be combined with nanometer spatial resolu-
tion. In this regard, femtosecond point-projection microscopy (fsPPM) is very appeal-
ing [Quil3, Miill4, Bail6]. Operating at sub-keV electron energies, fsPPM provides
probes with large scattering cross-sections and high sensitivity to electric fields. High
spatial resolution is achieved without the use of lenses, and the intrinsically short prop-
agation distances minimize dispersive broadening and facilitate femtosecond electron
pulses at the sample.

The short inelastic mean free path of low-energy electrons prevents real-space imag-
ing of the internal structure of nanometer-sized objects such as nanowires with fsPPM.
Instead, they are ideally suited to detect weak field distributions in the near-surface
region of nanoobjects [Lai99, Pri00, Geo0l, Bey10]. In this regard, fsPPM allows to
measure the spatio-temporal evolution of photoexcited charge distributions in nano-
structures [Miill4].

In Section 6.1, the concept of imaging nanoscale electric fields with fsPPM is discussed,
and experimental PPM images in field emission mode are characterized. Section 6.2 in-
troduces indium phosphide (InP) NWs as the investigated sample system and discusses
their surface band bending properties as well as static PPM images. In section 6.3,
ultrafast photocurrents in these NWs are investigated. The results demonstrate that
ultrashort low-energy electron pulses can be used to map the spatio-temporal evolu-
tion of transient surface fields with femtosecond temporal resolution and on nanometer
dimensions. Specifically, local screening of the surface electric field within less than
300 fs, induced by radial ultrafast photocurrents generated inside the NW bulk, is re-
solved spatially along the NW surface.

Parts of this chapter have been published in [Miill4].

95



CHAPTER 6. FEMTOSECOND POINT-PROJECTION MICROSCOPY OF
SEMICONDUCTOR NANOWIRES

6.1. Principles of femtosecond point-projection microscopy

The concept of geometric image formation in PPM has been introduced in chapter 2.2.
This section discusses the concept of imaging nanoscale potential distributions with
fsPPM. In section 6.1.1, the modification of PPM images in the presence electrostatic
fields is discussed. In section 6.1.2, experimental PPM images and the magnification
of the setup are analyzed in the field emission mode.
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Figure 6.1.: (a) Point-projection geometry and illustration of deflected electron trajectories.
The purple solid and blue dashed line illustrate deflection of electrons by tip-induced electric
fields at the sample. (b) Sample geometry used in the simulations, adapted from that used in
the experiments. The NW and the substrate can be biased at Upy(z) and Uy, to simulate
electric field distributions at the sample.

6.1.1. Effects of electrostatic fields

If high-resolution structural information is desired, the presence of even weak electric
and magnetic fields is crucial as they easily deflect low-energy electrons [Wei99, Lai99,
Pri00, Bey10]. In the case of PPM of thin wires spanning across holes, biprism-type
distortions [Mo156] makes holographic reconstruction demanding [Lat14]. In turn, if
these fields are the object of interest, large deflections are desired and the sensitivity of
PPM to weak fields is advantageous.

This section discusses the distortion of geometric PPM images induced by electrostatic
fields in the sample plane. The considered sample geometry is shown in Figure 6.1b). A
NW with radius Ry spans in z-direction across a 2 um hole in a conducting substrate.
To describe sample-induced lens effects, bias voltages Us,;, and U,y can be applied to the
substrate and the NW surface, respectively. Electrons will be deflected in the x-y plane
with the deflection depending on the strength and direction of the local nanoscale field.

96



6.1. PRINCIPLES OF FEMTOSECOND POINT-PROJECTION MICROSCOPY

In general, the sample-induced displacement of an electron at the detector is directly
proportional to the cumulative electric field experienced along its trajectory.

Tip-induced lens effects

Even in the absence of external fields, the electric field at the sample is non-zero due
to the influence of the tip potential [Wei99]. Figure 6.2a) shows the calculated electric
potential and the electric field component E, perpendicular to the axis of a NW with
R,w = 50nm. The tip is biased at Uy, = —80V and positioned 20 ym above the
grounded sample.

The equipotential lines bend around the NW, and due to its nanometric size compara-
bly large fields with amplitudes of several MV /m are generated. This causes deflection
of electrons towards the NW as indicated by the purple line in 6.1a). This effect can
be so strong that electrons are over-focused, i.e., they are projected on the other side
of the NW as illustrated by the blue dashed trajectory. In this case, the projection
appears brighter than the background. Figure 6.2b) shows the influence of the tip bias
on experimental PPM images recorded from single 30 nm diameter InP-NWs, revealing
that the projected NW width changes drastically with tip voltage. The disturbing effect
of tip-induced lensing in PPM was identified in 1999 by Weierstall et al. [Wei99]. It can
be minimized using very small hole sizes. Recently, this problem could be overcome
using graphene as sample support [Lonl12, Lon13].

-130V

-170 Vv

Figure 6.2.: (a) Potential and electric field in the y-z-plane at the sample for a 100 nm diameter
grounded NW supported by a 2 um hole (scale bar: 200nm). The NW acts as a focusing lens
due to bending of the potential lines around the NW. (b) Experimental PPM images of a single
InP NW (R, = 30nm, d ~ 20 um) for different tip voltages Uyip in static field emission mode.
The projected NW diameter changes from dark to bright (scale bars: 2mm on MCP).

Sample-induced lens effects

The sample geometry as well as its surface potential distribution profoundly influence
the lensing effects and thus the PPM images. This is analyzed by calculating the NW
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projection dependent its radius R,y and bias U,y,. The simulation details are explained
in appendix B.

Figure 6.3 a) shows the dependence of ppy, on the NW radius. Whereas the projections
are dark for thick wires, the larger field enhancement of thinner wires leads to bright
projections below a certain NW radius. The position of the zero-crossing depends
on the tip voltage, the hole size and the tip-sample distance, as exemplary shown by
the two curves calculated for d = 3 um and d = 20 um, respectively. As the data is
calculated for an unbiased NW, the lensing effect is positive for all Ry, deflecting
electrons towards the NW. This is apparent in the shift of p.y to narrower dark or
wider bright projections compared to the geometric case (dashed lines), respectively.
As discussed next, negative lens effects, deflecting electrons furthrt away from the NW,
can only be obtained if additional electric fields inherent to the sample are present.

The lens effects induced by electric fields generated from the sample itself are calcu-
lated in Figure 6.3b), where ppy, is plotted for NW voltages between Uy, = —2V and
Unw = 2V, respectively. Simulation results are shown for three tip voltages and for
Ryw = 50nm and d = 20 um. At zero NW bias, plotted in more detail in the inset,
the wire appears bright with a projected radius of 20 — 40 yum. The width changes
linearly with either increasing or decreasing NW bias, and due to the nanometric size
of the NW, small potential differences of only a few volts lead to large electric fields
with up 10 MV /m strength or more. The slope of the dependence pyy(Unw) increases
with negatively decreasing tip voltage due to the reduced electron velocity and thus
increased sensitivity.

It is instructive to describe the lens effects by an effective magnification Meg. It is
defined as the ratio between the size R}, of an object and its projected (bright or dark)

size | pob |,

‘pob|
Mg = Ry’ (6.1)
The effective magnification at zero NW bias in Figure 6.3 b) is Mg = 800 at —20V tip
voltage, much smaller than M = 5000 as expected from equation (2.2). The presence of
sample-induced electric fields can significantly increase, but also decrease the effective
magnification. For example, at Upny = 2V and Uy, = —20V, the effective magnification
increases to Mg = 44.000. In contrast, the electric field generated at Upy = —16 mV
NW bias and U, = —20V tip voltage leads to an almost invisible projection with
Pow == 0.
Instead of an external bias applied to the NW, such nanoscale electric fields can also
arise from intrinsic material properties. Without an external bias, the potential dis-
tribution at the surface of a sample is given by the local work function distribution,
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Figure 6.3.: Calculated width p,, of a NW projected on a 10cm distant detector. (a) Pro-
jection of an unbiased NW as a function of NW radius R, for two tip-sample distances (see
legend) at Ui, = —50 V. The transition from dark to bright projection depends on the imaging
conditions (tip-sample distance, tip voltage, hole size, etc.). (b) Projected NW width as func-
tion of a constant NW bias Uy, with respect to the grounded substrate, plotted for three tip
voltages (see legend, d = 20 um). The inset shows a zoom in the region around Uy, = 0V.

which together with the sample geometry and the electrostatic environment deter-
mines the local electric field distribution. Variations of the work function can be due
to different materials, differences in crystal structure, the presence of different surface
oxides or adsorbates, or due to inhomogeneous doping of semiconductor nanostruc-
tures [Hil0O8, Ros10, Hjol12, Mik13]. The homogeneity of a projected NW width will
thus generally depends on the specific surface condition of the NW.

6.1.2. Characterization of static point-projection images

As shown in the previous section, the influence of nanoscale electric fields strongly af-
fects image interpretation in PPM. In this chapter, the performance of the microscope
is analyzed in field emission mode. Calibration procedures to measure the geometric
magnification and the tip-sample distance are discussed as well as the effective magni-
fication in the presence of NWs.

Figures 6.4a) and 6.4b) show PPM images of NWs deposited on a holey carbon
substrate at low magnification. In 6.4a), the shadow of the copper grid supporting
the holey carbon film can be seen. The strong lensing of the NWs allows for their
detection even at very low magnification (M < 100 in a)) due to the induced image
distortions. In the image shown in 6.4 b), the individual holes which contain NWs can
be identified from their distorted shape (M between 100 and 500). The presence of the
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Figure 6.4.: PPM images of InP NWs on holey carbon (plus 30 nm gold) at low magnification.
In (a), an overview of the sample is obtained at very low magnification (d ~ 2—3mm, M < 100).
The presence of NWs is already recognized from the distorted hole pattern of the substrate. (b)
PPM image of a single grid window at increased magnification (d appr. few 100 ym, M < 1000).
Holes containing NWs can be identified from their distorted shape.

NWs leads to compression of the hole in the direction perpendicular to the NW axis.
At low magnification, this effect leads to complete distortion of the holes.

Throughout the rest of this chapter, the NW width |pnyw| and the hole size projected
in PPM are obtained from the center distance of two error functions fitted to the
respective edges.

Calibration of the geometric magpnification

Calibration of the geometric magnification requires the measurement of a projection
which corresponds to a defined length in the sample plane. One possibility is to measure
the defined size of an object that is not influenced by lens effects. Clearly, the presence
of a NW spanning across a hole is not suitable. Instead, M can be estimated from the
known hole pattern of the homogeneously grounded sample support.

The images in Figure 6.5a) shows PPM images of the holey carbon substrate at
selected tip-sample distances. At each position, the magnification is calculated from
the projected size of a hole (2 pm diameter), or from the hole separation (4 um center-
to-center distance) according to equation (6.1). The geometric magnification retrieved
from the hole size is larger than that obtained from the hole distance, see Figure 6.5b).
Whereas the separation of the holes is not affected by lens effects, the hole diameter is
magnified due to bending of the tip potential inside the hole!. The distance between
two holes will thus give a more realistic value for the geometric magnification.

'the dark space between the holes should be of the same length as the hole diameter, which is not
the case in the PPM images
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Figure 6.5.: (a) Static PPM images of a holey carbon substrate at different magnifications
and tip-sample distances, respectively. (b) M plotted as function of d, calculated from the
distance between two holes (red diamonds), and the size of a single hole (blue squares). (c)
Alternatively, the magnification can be obtained from the defined movement of an object in the
z-y plane by a defined step. In the image shown here, a 10 gum pinhole has been moved four
times a lateral step of 10 um along the y-direction (scale bars: 4 mm on MCP).

From the retrieved magnification, the absolute value of the tip-sample distance can
be calculated by

_B_D'Rhole

d
M Phole

(6.2)
if the detector distance D is known. Here, ppole and Ryole are the projected and real size
or distance of the holes, respectively. Imprecise knowledge of D induces errors in the
calculation of d. The relative tip or sample movements are, however, known precisely
from the positioning system. Hence, the exact value of D is fine-adjusted such that
the relative change of d matches that known from the piezo motors. The absolute tip-
sample distance in Figure 6.5b) is thus calculated from (2.2) with the "fitted’ detector
distance and using M obtained from the hole separation®. It should be noted that
the tip voltage is adjusted according to d to obtain a constant current, affecting the
sensitivity to lens effects.

An alternative approach to measure M is to move the sample by a defined step in
the z-y plane and measure the shift of the image. The step size is known with ~ 10 nm
precision from the sample positioning system. Figure 6.5b) shows a PPM image in

2Here D ~ 7.5 cm is found. This measurement was in fact performed at a smaller detector distance,
before installation of the lens ESL2, see chapter 3.1.3.
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which a 10 gm pinhole has been moved by several steps of Ay = 10 um. The movement
is performed four times during acquisition of the image. The shape of the pinhole is
distorted on the left side due to residual conducting silver used to mount the pinhole.
The magnification and the tip-sample distance can then be calculated equivalently to
the procedure just described. This approach is not so sensitive to tip-induced lensing
within a holey structure, but is still subject to image distortions. One observes that
the shape of the pinhole rotates slightly between single steps. This is caused by the
intrinsic beam divergence and the fact that the pinhole is not centered on the optical
axis of the imaging system, which can be imagined as spherical aberrations. This effect
can be minimized by performing small steps.

In many cases, for example at large magnifications, there is no defined object size
which can be imaged, or it is distorted by lens effects as e.g. in the case of NWs. The
geometric magnification and the tip-sample distance are thus usually obtained from the
defined movement of the sample.

Lens effects and effective magnification

The geometric magnification allows for the determination of the tip-sample distance,
but is not meaningful for the interpretation of NW projections. Instead, the effective
magnification introduced in equation (6.1) provides a measure for the strength of the
NW-induced lens effects.

To quantify the effective magnification, the dependence of the projected width of a
single NW with a homogeneous profile is measured for different tip-sample distances as
shown in Figure 6.6. A bright projection of the NW is observed at all distances. From
the images in 6.6a), it can be directly seen that the projected NW radius pny changes
only little with d compared to the size of the supporting hole. The projected hole size
in y-direction and the projected NW width are plotted in Figure 6.6 b) as function of d.
At the top z-axes, the geometric magnification and the effective magnification of the
NW are both plotted. M and d are obtained from distance of two neighboring holes
as described in the previous section. Mg is obtained from the projected NW width
according to equation (6.1).

The dashed line shows the size of a 2 um hole as expected from M. The blue curve
is the measured projected size of the hole which contains the NW. As described above
in section 6.1.2, it is larger than that expected from the calibrated magnification. The
presence of the NW, in turn, demagnifies the hole, and it appears narrower than holes
without a NW. The projected width of the NW is shown by the red curve. Whereas at
large distances it appears as almost half the size of the supporting hole, its projection
changes only slightly at shorter tip-sample distances. Due to the electrostatic lens
effect, the effective magnification of the NW is increased by a factor between 4 and 22
depending on the tip-sample distance.
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Figure 6.6.: (a) PPM images of an InP NW for different tip-sample distances (scale bars: 5 mm
on MCP screen). (b) Projected width of the NW (red squares) and the hole (blue circles) and
corresponding magnifications Meg and M plotted as a function of d. The tip voltage is adjusted
continuously from Uy, = —170V to Uy, = —113V with decreasing tip-sample distance. (c)
Intensity profile in y-direction across the NW. As expected from the simulations, the intensity
in the bright NW region is doubled compared to the background intensity in the hole.

Last, the intensity distribution across the NW projection is shown in Figure 6.6 ¢)
for d = 72 um. As expected from the simulations, the intensity in the bright region is
doubled compared to the background intensity inside the hole (compare Figure B.4 in
appendix B). The plots also shows the error functions fitted to the hole edges (light
blue) and to the NW (light red).

6.1.3. Concept of pump-probe femtosecond point-projection microscopy

The basic concept of fsPPM follows the standard approach of a pump-probe experiment.
An ultrashort laser pulse excites the sample, which is imaged after a certain delay with
an ultrashort spatially divergent electron pulse photoexcited from the biased tip. As
the PPM image maps the surface potential distribution at the sample, images recorded
at different delay times reveal ultrashort snapshots of the transient surface potential.
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Figure 6.7.: Concept of fsPPM to image nanoscale electric field distributions and their dynam-
ics after photoexcitation. (a) Electrons are deflected by static electric fields in the near-surface
region of a nanoobject, with the sign of the deflection depending on the sign of local field (dif-
ferent colors of the nanoobject mark different fields). (b) Photoexcitation of the nanoobject can
create a (inhomogeneous) transient change of the electric field distribution, leading to transient
deflection in either the opposite or the same direction as the statically induced ones. The black
shadow in the detector plane indicates the purely geometric projection.

By scanning the delay between the optical pump and the electron probe pulse, the
spatio-temporal evolution of the surface potential can be imaged.

This concept is graphically illustrated in Figure 6.7 for the geometry of a NW spanning
across a hole in a substrate. The NW is assumed to exhibit an inhomogeneous potential
distribution along its axis, in this case a single step, indicated by the color profile of the
NW. Before photoexcitation, as illustrated in Figure 6.7 a), the electron trajectories are
deflected from their original path by the surface electric field of the NW. At each NW
segment, the dominant deflection occurs normal to the wire axis, and the projected NW
width depends on the local field in the near-surface region of that specific segment.

Figure 6.7b) illustrates the situation after ultrashort photoexcitation of the NW has
generated an (inhomogeneous) transient change of the local surface potential. The
time-varying photo-induced change of the local electric field leads to a transient change
of the lens effect. In the example sketched here, transient deflections are in one segment
induced in the same direction, and in the other segment in the opposite direction of
the static deflections, respectively.
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6.2. Indium phosphide nanowires

Indium phosphide is an inorganic compound semiconductor with a direct bandgap of
1.34eV. As bulk material, it has a zincblende crystal structure. In the case of NWs,
the crystal structure depends on the type of doping [Bor08, Hjol2]. InP-NWs can
be grown with different doping levels, and their doping properties can be controlled
to a high degree in both vertical and axial direction [Moh05, Bor08]. The doping
profile determines the local electric properties of the NWs, and is crucial for future
device applications. Here, InP NWs with an intentional axial doping profile and an
additional oxide-induced radial doping are studied with fsPPM. The following three
sections describe the NW sample preparation, their surface band bending properties
and the concept of doping profile imaging with fsPPM, respectively.

6.2.1. Nanowire sample preparation

Semiconductor InP NWs are provided by the group of Magnus Borgstrém (Lund Uni-
versity). Free-standing NWs with axial p-i-n doping profiles are grown from 30 nm Au
particles (determining the NW diameter) by metal organic chemical vapor deposition
(MOCVD) as described in reference [Bor08]. Figures 6.8a) and 6.8b) show a sketch of
the axially doped NW geometry and an SEM image of the p-i-n-type NWs, respectively.
These are grown with equally long p- and n-doped segments and a Ax; = 60nm long
intrinsic i-segment in the NW center. The NWs are about 3.5 um long with a constant
radius over the whole NW length. The p- and n-doped segments are homogeneously
doped using Sn as n-type dopant and Zn as p-type dopant, with carrier concentrations
on the order of 10'® cm™3. The switch from p- to n-doping is usually accompanied by
a change in crystal structure from zinc blende to wurtzite [Bor08, Hjol2]. The con-
trast found in the SEM image most probably corresponds to the switch from n-doping
(bottom) to p-doping (top part).

For PPM, the NWs are transferred to a substrate with a regular pattern of 2 um holes
in a thin carbon film (Quantifoil R2/2 on 200 mesh copper grid). Prior to transfer,
several 10 nm aluminum and subsequent 30 nm gold are evaporated on the carbon film
for lower electrical resistivity and better thermal conductivity. The NWs are broken off
by carefully wiping the substrate over the wafer3.

Figure 6.8 ¢) shows optical microscope images of a NW sample at low magnification
and two illumination conditions. The edge of the evaporated gold film can be seen on
the left side in the images, and the NWs are visible by the golden colored bright spots in
the right image. Figure 6.8 d) shows optical microscope images in transmitted (left) and

3The NWs stick to the substrate via Van der Waals forces before they can fall on the wafer, where
they would be hard to remove.
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Figure 6.8.: (a) Sketch of the geometry and doping profile of the NW samples. The InP NWs
are 3.5 u long, have a radius of R,y = 15nm and an axial p-i-n-doping profile with an i-segment
of length Az; = 60nm. They are positioned either on a carbon or gold substrate. (b) SEM
image of the InP NWs (scale bar: 1pum). (c) Optical microscope images of NWs prepared on
a gold substrate (left: reflected brightfield illumination, right: reflected darkfield illumination,
scale bars: 100 pm). (d) High magnification optical microscope images of NWs on a 10 nm thin
carbon film. Individual NWs and bundled NWs can be identified. (left: transmitted brightfield
illumination, right: reflected brightfield illumination, scale bars: 4 pm)
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Figure 6.9.: Oxide-induced Fermi level shift for p- and n-type InP. Plotted is the Fermi level
position with respect to the VBM as function of oxygen coverage. In both cases, the Fermi
level is pinned below the CBM at large coverages. (Figure from Spicer et al. [Spi79])

reflected (right) brightfield illumination of another sample without evaporated gold at
high magnification. The NWs are usually not distributed uniformly over the substrate,
but tend to accumulate in certain areas (due to uneven contact during wiping). In very
densely packed areas, many NWs often bundle up and are stacked. Therefor, areas with
a low NW density are preferably used in PPM to ensure the presence of undisturbed
individual NWs. In the sample area shown in Figure 6.8 d), many individual NWs and
a few (nearly touching) NWs can be identified.

6.2.2. Surface band bending in oxidized InP nanowires

The potential at the surface of a semiconductor is influenced by surface states pinning
the Fermi level. Surface states generally originate from surface defects or overlayer ma-
terials, or can be intrinsic to the surface [M6n01]. The amplitude and direction of the
surface band bending depends on the character (donor- or acceptor-type) and the po-
sition of the surface states with respect to the Fermi level. In particular, band bending
occurs if charged surface states are present inside the band gap of the semiconductor.
A general discussion on surface band bending at semiconductor surfaces can be found
for example in [M6n01].

The NWs studied here are uncleaned InP-NWs whose surfaces are strongly oxi-
dized [Hjoll, Hjol2]. To understand the work function distribution and surface band
bending of the InP-N'Ws used here, band bending at the surface of oxidizes InP is briefly
discussed.

For cleaved single crystal n-type InP(110) surfaces, the energy bands are be flat
up to the surface [vL77, Koe85, Mon01]. Cleavage-induced extrinsic surface states of
donor character induce strong band bending at p-type InP(110) surfaces [Koe85, Thu94,
Mo6n01]. Upon exposure to air, the surface oxidizes and new oxide-related surface states
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are formed. It is found consistently throughout the literature [Spi79, Koe85, Ber86]
that for sufficient oxygen coverage the Fermi level is pinned close the conduction band
minimum (CBM) for both p- and n-type InP. This is attributed to a oxide-induced
donor state lying very close to the CBM. It has long been speculated about the nature
of this state. Initial work attributed it to a native defect state [Spi79]. It was clarified
later that this assumption was wrong and that the high-lying donor state originates
from indium oxide (InaO3) which is formed at the InP surface above a certain oxygen
coverage [Koe85, Ber86, Thu94]. Figure 6.9 shows the Fermi level position monitored
during oxygen exposure via photoemission taken from reference [Spi79]. Similar results
are obtained from x-ray photoemission [Ber86] and Kelvin probe measurements [Koe85].

The surface of a NW is not flat, and the NW crystal structure and surface conditions
can vary significantly from that of bulk material [Hil08]. Hence, the band bending at
NW surfaces cannot directly be compared to that of well-cleaved surfaces. However,
similar observations as those discussed above for bulk InP(110) surfaces are made by
Hjort et al. [Hjol2] for homogeneously doped and for axially p-n doped InP NWs of
the same type as used here. In their work, characterization of uncleaned and oxidized
NW surfaces revealed that the Fermi level is pinned by native oxides for both p- and
n-doped NWs. Specifically, a shift of 0.42eV of the Fermi level away from the CBM
after removal of the oxide is reported for p-type wires. For n-doped wires, a Fermi level
shift of 0.15eV in the same direction is observed. In conclusion, the uncleaned p-doped
NWs (or NW segments) exhibit strong n-type character at the surface, whereas the
n-character of the n-doped NWs is further enhanced by the oxides?.

With this knowledge, Figures 6.10a) and 6.10b) illustrate the energy band diagrams
as expected at the surface (in radial direction) of the p- and n-doped NW segment,
respectively. Drawn are the CBM and the valence band minimum (VBM), the intrinsic
level &; and the Fermi level Ep, respectively. For the p-segment, a depletion layer (DL)
is formed with n-type character at the NW surface, that is, the intrinsic level crosses
Er. The large amplitude of the surface band bending, eU?, implies a large surface
voltage UP. In the case of the n-doped segment, shown in Figure 6.10b), the high
lying, positively charged donor state related to the oxides also leads to a downward
shift of the bands, and an accumulation layer (AL) is formed, with a much smaller
surface voltage U". The uncleaned NWs thus exhibit an axial n-n™ doping profile at
the NW surface instead of an axial p-n junction, as sketched in Figure 6.10c¢).

The above considerations reveal a negatively charged space charge layer for both NW
segments, but with a larger space charge field for the p- than for the n-doped segment.
This reduces the axial doping contrast observable in equilibrium compared to that
expected for clean NWs.

4For the cleaned p-doped NWs, it is further found that the Fermi level is still pinned close to the
center of the gap, probably due to defect states.
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Figure 6.10.: (a) and (b) show the expected energy band diagrams at the surface of the p-
and n-doped InP-NW segment, respectively. Results from Hjort et al. [Hjo12] suggest that, as
in bulk InP, an oxide-induced positively charged donor state pins the Fermi level close to the
CBM. In the p-segment, this leads to formation of a depletion layer (DL), and an accumulation
layer (AL) is formed in the n-segment, i.e., a negatively charged surface space charge layer if
formed at both segments, with different surface voltages Us , and Us . As sketched in (c), the
resulting axial doping profile at the NW surface is thus of type n-n* instead of the intentional
p-n-profile, resulting in a reduced potential drop across the axial p-n junction at the surface.

6.2.3. Point-projection imaging of the local nanowire surface potential

It has been shown in section 6.1.1 that PPM is sensitive to the surface potential of the
sample. Hence, PPM is sensitive to the doping profile of semiconductor nanostructures.
This section first introduces the concept of imaging the inhomogeneous doping profile of
an axially doped semiconductor NW with fsSPPM. An axial p-n junction is considered as
the simplest inhomogeneous semiconductor structure. In the second part, the sensitivity
of PPM to the doping profile of semiconductor NWs is demonstrated experimentally in
static field emission mode.

Simulation of the NW surface potential distribution

Figure 6.11 a) illustrates the energy band diagram of a p-n junction in thermal equilib-
rium as observed along a semiconductor NW with an axial p-n doping profile. Diffusion
of electrons (holes) into the p-doped (n-doped) region generates a charge distribution
in the depletion region of the p-n junction. According to Poisson’s equation, this gives
rise to a built-in potential Uy,. In equilibrium, the Fermi level £ needs to be spatially
uniform, causing bending of the energy bands according to U,,. The vacuum level
Evac s set by the different work functions ¢, and ¢, of the p- and n-doped segment,
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respectively, and varies accordingly with x. The potential distribution Uy (x) across
the p-n junction is shown in Figure 6.11b) and can be written as [Ash76]

Ub, + ¢ Ny(x + dp) for —d,<z<0 (6.3a)

Unw(x) =
(=) { U, — " Nyq(x — dp) for 0<zx<dy, (6.3b)

with the junction located at # = 0 and ¢* = 27ee, !, where ¢, is the relative permittivity
of the semiconductor. N, and Ny are the acceptor and donor concentrations in the p-
and n-doped segments, and d, and d,, mark the respective boundaries of the depletion
region. Outside this region, the potential is constant with

Ub, = Unwo — ¢"Nod, and Ul = Unwo + ¢"Nad, (6.4)

for the p- and n-doped segment, respectively. The offset Uyw,0 accounts for a constant
potential difference to a reference potential U, as for example set by the work function
of the substrate or the detector. In general, the built-in potential of a p-n junction can
be derived from N, and N4 and the intrinsic carrier concentration n; by

= (6.5)

N, N,
Upn = kpT'In ( d) :

with temperature 7" and the Boltzmann constant kp. Typical dopant concentrations of
semiconductor NWs are on the order of 104 — 108 cm 3 [Hjo12]. InP has an intrinsic
carrier concentration of n; = 1.3 - 107 cm ™3, resulting in a built-in potential of Upn =~
1eV at moderate dopant concentrations of N, = Ng = 10%cm™3 and T = 300K.
Comparison to the calculations shown in Figure 6.3 ¢) reveals that fsSPPM should be

highly sensitive to the doping profile at the surface of semiconducting NWs.

For the simulation of PPM images, the potential distribution Uy (z) across the p-n
junction can be well approximated by a cumulative distribution function as explained
in appendix B (equation (B.8)). Figure 6.11c) shows the potential U (top) and the
in-plane electric field components E,, (center) and E, (bottom), calculated for Upny,o =
0.75V and Up, = 1.5V for a NW with radius R,w = 50nm. In the example shown
here, both potentials UP,, and U}, are higher (more positive) than that of the substrate.
Hence, the electric field £, points away from the NW and induces positive lensing along
the whole NW. Electric field components E, are only observed near interfaces, i.e., in
the region of the junction and the transition to the substrate. Deflections of electrons
along the z-direction are thus always associated with a potential drop across an interface
along the z-direction, making fSPPM a very interface-sensitive technique.

The doping-induced contrast in PPM images of a NW is shown in Figures 6.12a)
and 6.12D), respectively. The projection images are calculated for the corresponding
potential distributions sketched below. The grounded sample and detector are chosen

110



6.2. INDIUM PHOSPHIDE NANOWIRES

2) | . °)
energy
4
refp—=—==—==—=——p ———. <
>
1 'eUnw,O =
VAC ry X
-eU;,
\ A
q)P
CBM \ >,

I h- - ....8
VBM F
\  [E

dp. d, > X E
b) potential 2
n U (X)
Unw nw
a
uP / Upn
nw A
UnwO
Ugp === mm = -2 §
0 >

Figure 6.11.: Energy levels and potential distribution of p-n doped semiconductor nanowire.
(a) Band diagram of a p-n junction along the NW axis. The different work functions ¢, and ¢,,
of the p- and n-doped segment lead to a variation of the vacuum level along the NW with respect
to the reference level E¢. (b) Corresponding electric potential distribution U(z). (c) Electric
potential (top) and electric field components E,, (center) and E, (bottom) in the sample plane
for Unw,o = 0.25V and Uy, = 1V (Uyp = =50V, d = 20 um, R,y = 50nm). The p-n junction
potential is approximated by equation (B.8) in appendix B.

as reference potential Uyer. The threshold potential Uy, marks the transition from dark
to bright projections, where pyy =~ 0.

In Figure 6.12 a), a potential difference Uy, = 0.5V is applied across the junction, with
zero offset bias Upnw,0 = 0V. Hence, the potential of the p-doped segment matches that
of the substrate. In this region, the NW width is dark and slightly reduced compared
to its geometric projection (horizontal dashed lines). The increased potential at the
n-segment leads to increased positive lensing, in this case such that U, ~ Uy, with
an almost invisible NW projection. Figure 6.12b) shows another projection, for which
a large offset voltage of Uyw,o = 0.7V is applied to the NW in addition to a built-in
potential of Uy, = 0.35V. The large positive offset voltage causes a bright projection
everywhere along the NW, which is further broadened by U, at the n-segment. Again,
the dashed lines mark the geometric projection of the NW.

In both images in Figure 6.12, the white dashed circle marks the 2 yum hole used as
substrate. Due to potential differences between NW and substrate, and the associated
electric field F,, the projected hole size appears narrowed in the x-direction along the
NW axis. Moreover, the projected NW width of each segment is not constant over
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Figure 6.12.: Simulated PPM images of a NW with a p-n-type potential distribution. (a)
PPM image of a NW with Ry, = 100nm, zero offset bias Upw,0 = 0V and a built-in potential
Upn, = 0.5V located at x = 0 at the NW center. (b) PPM image of a NW with R,,,, = 50 nm,
an offset bias Unw,o = 0.7V and a potential step AUy, = 0.35V located Az = 500 nm off the
NW center. Projections appear dark for potentials below Uy, and bright above. The horizontal
dashed lines mark the geometric dimensions of the NW in the sample plane, and the dashed
circles the 2 ym hole. (Uyp = —50V, d = 10 um, scale bars: 200 nm in sample plane)

its whole length, but broadens close to the hole edge. This is due to enhancement of
E, towards the hole edges (compare Figure 6.11c)), caused by the decreasing distance
between the NW and the hole edge in y-direction. Noting the (normalized) intensity
scale, it can further be seen that the intensity of the bright projections is twice as much
as the background intensity (compare Figure B.4 in appendix B).

The above considerations can easily be extended to other inhomogeneous structures.
For example, the p- and n-doped segments of I1I-V NWs usually grow in different crystal
structures [Hil08, Hjo12], leading to differences in the work function.

Static imaging of axial p-n doping profiles

This section experimentally demonstrates the sensitivity of PPM to the doping profile
of semiconductor NWs. The PPM images in Figure 6.13 show projections of individual
p-i-n doped InP NWs at high magnification (d < 20 um, M > 5000). The images are
recorded in field emission mode at 90 eV electron energy and all NWs appear bright.

In Figure 6.13a), three NWs can be identified. In the upper part of the hole, two NWs
are stacked. For the lower individual NW, a sharp step of the otherwise homogeneously
projected width is observed, as is expected in the presence of a potential step and can
be assigned to the p-n-junction. The projection image in Figure 6.13b) shows another
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Figure 6.13.: PPM images of p-n-doped InP NWs with R,, = 15nm. In (a), two stacked
NWs and one individual NW can be identified. The sudden step in the width of the lower
NW indicates the p-n-junction. (b) Similar inhomogeneous profile observed for an individual
isolated NW. Scale bars are not shown as the images are not calibrated. As a reference, the
dashed open circles mark the respective hole edges as reference.

example of an inhomogeneous NW profile observed for a single NW within a hole. Note
that the 2 pm hole is not completely projected on the detector in both images (compare
the dashed white lines indicating the holes). Generally, the overall width of the NW
depends also on the tip voltage, the tip-sample distance and the position of the NW
with respect to the optical axis of the imaging system.

Figure 6.14a) shows the projection image of the p-i-n type InP NW used for the
time-resolved measurements shown in the next section. It is recorded at a distance
d = 20 um and at 90eV electron energy. Again, the wire diameter appears bright and
is much larger than its projected real space diameter, with a step of the projected
diameter close to the NW center (indicated by the white dashed line in Figure 6.14a)).
Figure 6.14b) shows line profiles through the NW at two different positions along the
wire. They reveal a difference of 2pnyw.1 — 2pnw,2 = 60 nm in the projected sample plane
due to different electric fields surrounding the NW. The smaller bright diameter of
segment 1 implies that this part of the NW is at a lower potential than segment 2.

By comparison with numerical simulations taking into account the respective experi-
mental parameters, it is found that the experimentally observed step corresponds to a
difference of the local potential in the 100 meV range. Comparing equation (6.5) and
the simulations shown in 6.1, one notices that, however, a much larger effect would be
expected from consideration of the dopant concentrations only. As these are uncleaned
NWs, the doping profile at the NW surface is, however, influenced by surface oxides as
explained in section 6.2.2, and a potential difference in the 100 meV is likely expected.

Whereas the step is due to the change in the materials properties at the p-i-n junction,
the superimposed gradual increase of the projected NW width is due to lens effects at
the edges of the hole in the substrate. Fitting the NW profile perpendicular to the NW
axis at different positions x along the NW reveals an increase of pyy, from the substrate
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Figure 6.14.: Static point-projection image analysis of an axially doped InP NWs. (a) PPM
image of the NW used for the time-resolved measurements (U, = —90V, scale bar: 500 nm).
A spatial inhomogeneity of the projected diameter along the NW with a step of d,wappror60 nm
from the left to the right side of the NW centre (marked by the white arrows in b) is observed,
as plotted in (b). The projected diameter is plotted in (c) as a function of distance from the
NW centre for both left side (blue) and right side (green) of the NW, illustrating the change
of the lens effect occurring when approaching the edges of the hole. The diameter difference
Onw between the left and right side of the NW, as plotted in (d), remains constant at a value
of 0nw ~ 60nm. Compared with simulations, this corresponds to a potential difference in the
100 meV range and a difference in the radial field around the NW on the order of a few MV /m.
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contacts at the hole edges towards the NW centre, as plotted in Figure 6.14¢). In
the vicinity of the centre, where the i-segment is expected, pnyw saturates. Noticeably,
a constant difference dnw = puw,1(Az) — pnw2(Az) ~ 60nm in the projected width
between both sides of the NW is observed at every distance Ax from the NW centre,
see Figure 6.14d). This inhomogeneity clearly indicates different surface fields on both
sides of the NW| as expected for different doping types.

6.3. Visualization of ultrafast photocurrents in doped InP
nanowires

1D semiconductor NWs are promising for applications in light-harvesting and solar cell
devices [Dua0l, Yanl0b, Wall3]. The efficiency of such devices critically depends on
their transport properties and the carrier relaxation processes occuring on femtosecond
time scales. Mapping the spatio-temporal evolution of charge carriers directly in space
and time employing femtosecond microscopy can provide detailed insight into the local
fundamental properties of heterostructured NWs and devices.

The electronic properties of semiconductor surfaces are commonly characterized via
measurement of the surface photovoltage (SPV), revealing information on the surface
band bending and carrier diffusion [Kro99, Mén01]. This can be done with nanometer
spatial resolution, for example via Kelvin probe force microscopy [Melll]. Since the
1990’s, the increased temporal resolution of optical pump-probe techniques enabled
the study of carrier transport at semiconductor surfaces with sub-picosecond temporal
resolution [Dek93, Sif02], however averaging over the sampled volume.

Femtosecond point-projection microscopy combines nanometer spatial resolution with
femtosecond probes that are highly sensitive to nanoscale fields. It provides a powerful
tool for the time-resolved investigation of ultrafast local field effects at the surface of
nanostructures. In this section, the spatio-temporal evolution of the surface potential
of p-n-type InP N'Ws is investigated with fsPPM. In section 6.3.1, the temporal evo-
lution of the projected NW width for the two doped NW segments is analyzed with
femtosecond time resolution. In section 6.3.2, it is shown that the observed effects allow
for identification of the surface photovoltage, revealing the local screening of surface
space charge fields on the nanometer length and femtosecond time scale.

6.3.1. Femtosecond imaging of transient field distributions

Employing femtosecond low-energy electron wave packets in the optical pump-electron
probe scheme, the transient change of the NW diameter after fs laser excitation is
investigated. Figure 6.15a) shows the fsSPPM image of the same NW as in Figure 6.14 a)
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Figure 6.15.: Projection image of the same NW as in Figure 6.14 b) recorded in pulsed fsPPM
mode at negative time delays. Photoecxitation by an ultrashort laser pulse leads to a transient,
spatially inhomogeneous change of the projected NW diameter (b, normalized difference plot).
(Data recorded at 70 €V electron energy; scale bars: 500 nm). Different dynamical behaviour and
amplitudes of the transient diameter change Apy,, are observed for the p- and n-doped segments
along the NW. As Ap,, is directly proportional to the transient electric field change, the
derivate dAppy /dt plotted in the inset in ¢) is a direct measure of the instantaneous photocurrent
inside the NW.

800 fs before optical excitation. The image is recorded at 70eV electron energy and a
tip-sample distance of approximately 20 pm in the laser-triggered mode.

At temporal overlap, a clear pump-induced, spatially inhomogeneous change of the
projected NW diameter is observed, as apparent in the difference image taken at 150 fs
in Figure 6.14b). The amplitude of this change axially varies along the NW, and in
particular is different for the two segments 1 and 2. The sign of the changes of the
NW radius, Apnw,1 and Apny 1, is the same for both segments, and reveals a negative
photo-induced lens effect reducing the bright NW width. In particular, it is of opposite
sign as the statically induced positive lensing.

The dynamics of the photo-induced change perpendicular to the NW axis are plotted
in Figure 6.15¢) for the two segments. The data is obtained by fitting a double error
function to the intensity profile of the respective NW segment after binning of 50 adja-
cent pixel lines (corresponding to ~ 300 nm). A difference in the maximum amplitudes
of the transient signal of Apfy ~ 5 - Ap;% is observed for the two segments. Both
transients have a fast initial rise with 10-90 rise times of 140 fs and 230 fs in segments 1
and 2, respectively. The fast initial rise is followed by a multi-exponential decay on the
femtosecond to picosecond time scale. As Ap,y is directly proportional to the tran-
sient change of the electric field, its time derivative d(Apynyw)/dt plotted in the inset in

Figure 6.15 is a direct measure of the instantaneous photocurrent inside the NW. The
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following section will discuss the physical mechanism that gives rise to the observed
transient lens effects.

6.3.2. Physical picture: probing ultrafast surface field screening

The transient lens effects are predominantly induced perpendicular to the NW axis,
and are homogeneous within each segment. Except for the region close to the p-n
junction, this implies the absence of axial charge separation, but indicates that radial
photocurrents are excited within the NW. As will be discussed below, the observed
inhomogeneous transient change of the NW diameter can be explained by the spe-
cific surface photovoltages generated within the n- and p-doped segment of the NW,
respectively.

Photoexcitation above the band gap generates electron-hole pairs homogeneously in-
side the NW bulk °. These are radially separated by the surface space charge field,
leading to radial photocurrents j. and j,, respectively. This situation is sketched in
Figure 6.16 a). The radial charge separation transiently reduces the surface band bend-
ing due to screening of the space charge fields [Dek93]. The associated transient shift
of the vacuum level, as sketched in Figure 6.16 b), changes the local NW potential and
thus gives rise to a change in the lens effect. The local SVP can thus be monitored with
fsPPM by a transient change of the projected NW diameter being directly proportional
to the local electric field AF,, at the NW surface. Consequently, the rate of change
of the lensing effects is a direct measure of the local carrier diffusion into the surface
space charge region.

The spatial inhomogeneity and the different dynamics of the photo-induced effect
result from the local doping contrast along the NW. In particular, the fact that the
positive lens effect is transiently reduced in both segments implies that the energy
bands are shifted upwards at both parts of the NW surface, as expected from the band
bending in p- and n-type InP and as sketched in Figure 6.16b). The stronger band
bending in the p-doped segment gives rise to a larger surface photovoltage Usyp j, than
that induced in the n-doped segment, Usyp, < Usyp,. Consequently, the potential
difference U, across the axial p-n junction along the NW surface is transiently increased

by
AUpn(t) = Usyp p(t) — Usvp,n(t). (6.6)

This explains the different amplitudes observed in the time-resolved data plotted in 6.15.
It should be noted that the larger amplitude of the transient lens effect observed for
segment 1, as well as its slightly smaller bright diameter observed in equilibrium (Fig-

5The NW radius is smaller than the penetration depth of the laser field.
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Figure 6.16.: Illustration of the transient reduction of surface band bending in p-doped (left)
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and n-doped (right) InP NW segments, and the associated shifts of the energy levels.

Separation of photoexcited electron-hole pairs due to the surface space charge fields generates
(b) The separated charges screen the surface space charge
fields and transiently reduce the band bending. The induced surface photovoltages Usyp, and
Usvyp,n differ for the two segments (light blue and pink colored shifts), giving rise to a transiently

radial photocurrents j. and jp.

increased axial potential difference Upy,.
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ure 6.14), allow for its clear assignment as the p-doped segment. Likewise, the right
part (2) of the NW can be assigned to the n-doped segment, as labeled in the difference
image shown on the right side in Figure 6.16.

The relaxation of the photo-induced effect is governed by the transport properties
and the electronic structure of the NW segments. A detailed discussion of the different
relaxation processes is not given here, but is subject to further modeling of the data.
For now, the discussion is limited to the fast initial dynamics, which provide an upper
limit for the time resolution of the fSPPM setup.

The built-in radial electric field is on the order of several 10kV /cm for heavily doped
wires [Hjo12]. Considering the strong band bending induced by the oxides with 100’s of
meV shifts and the small NW radius, even larger values might be expected. Hence, the
drift velocity of the photoexcited carriers can be assumed to be as high as the saturation
velocity in InP, which is on the order of 7-10° cm/s [Qua00, Lei00]. With a wire radius
of 15 nm, this results in a drift time of ~ 200 fs, which agrees reasonably well with the
observed 10-90 rise times of 140 fs and 230 fs of p- and n-segment, respectively. Hence,
the fast initial dynamics can be interpreted as a direct measure of radial photocurrents
in the NW. It can thus be concluded that the observed dynamics reflect the carrier
dynamics, and are not limited by the temporal resolution of the instrument. This
agrees with the simulations shown in section 4.3.3, predicting a pulse duration ¢ of
<100 fs.

Last, possible charging effects of the sample should be briefly discussed. First, charg-
ing of the NW might occur due to pump-induced emission of electrons via nonlinear
photoemission. This would cause positive charging of the NW, and can thus be ruled
out as the lens effect would be of opposite sign, i.e., would increase the width of the
bright NW projection. In turn, photoemission and thus positive charging of the sub-
strate could in principle cause negative lensing of the NW. This would, however, lead to
a spatially homogeneous change of the NW width, with equal amplitudes and dynamics
over the whole NW length, which is not observed. It can thus be concluded that the
ultrafast lens effect is caused by photocurrents generated inside the NW.

6.4. Concluding remarks

Before concluding, fsPPM is briefly compared to alternative techniques which are cur-
rently developed to image the dynamics of transient field distributions.

SIn particular, if considered locally within the electron beam.
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Comparison with other techniques

Simultaneous to the work presented here, an approach based on THz scattering near-
field scanning optical microscopy (THz s-SNOM) has been developed [Eis14]. With
this method, THz spectroscopy is brought to the nanoscale by spatial near-field con-
finement of a single-cycle THz field at the SNOM tip. Via electro-optic sampling of
the scattered THz near-field, this method probes the local dielectric function of the
NW surface, which is sensitive to the local carrier density. Employing single-cycle THz
pulses for probing and optical photoexcitation, the charge carrier dynamics inside the
NW is studied. Similarly to THz-SNOM, the ultrafast charging dynamics of a single
nanoparticle have been measured with THz-STM [Coc13]. The topic of time-resolved
STM is addressed in more detail in the outlook of chapter 7.

Another approach that relies on the near-field enhancement of nanostructures, but
employs electron pulses instead of electromagnetic radiation as probe, is photon-induced
near field electron microscopy (PINEM) [Bar09, Gar10]. PINEM has been discussed in
chapter 5.4.2 as a potential method to measure the duration of the low-energy electron
pulses. In the standard PINEM approach, the inelastic interaction of a high-energy
electron beam with the enhanced near-field at nanostructure surfaces is measured in
a transmission electron microscope setup. By measuring the energy gain or loss of
the electrons in discrete energy quanta of the near-field, information on the near-field
strength and spatial distribution can be obtained. As the decay time of the near-field is
usually faster than the electron pulse duration, the latter can be measured via temporal
cross correlation. The PINEM concept could in principle also be employed in fsPPM.

Scanning ultrafast electron microscopy (SUEM) has been used to image the carrier
dynamics across a p-n junction on a silicon flat surface [Najl5]. Compared to fsPPM,
SUEM is less surface sensitive and probes the carrier dynamics in the first few nanome-
ters inside the material, depending on the escape depth of secondary electrons (SE) as
in conventional SEM. As can be also seen from the SEM image shown Figure 6.8, the
SE yield in SEM is sensitive to the doping contrast. The spatial resolution in SUEM is
currently on the order of 200 nm, and the dynamics are studied on the pico- to nanosec-
ond time scale. For very small structures such as nanowires, fsSPPM provides higher
sensitivity as well as currently higher spatial and temporal resolution.

An electron microscopy approach in a transmission geometry has been published very
recently, employing 70keV electron pulses as probes [Ryal6]. Here, the evolution of
a THz field inside a metamaterial resonator structure is reconstructed by imaging the
deflection of electron trajectories. The approach employs single, temporally compressed
high-energy electron pulses of 83 fs duration. According to simulations, a spatial res-
olution of a few nanometers is expected. As a direct comparison, the advantage of
fsPPM again arises from the significantly higher sensitivity. Moreover, higher spatial
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resolution due to the absence of lenses might be expected as well as a higher degree
of coherence compared to the flat photocathode employed in [Ryal6], given that the
mechanical stability of the fsSPPM setup will be improved.

Furthermore, time-resolved photoemission electron microscopy can provide informa-
tion on nanoscale fields and their dynamics [Fec02, Kub07, Mar15]. PEEM is mostly
applied to metals, studying the dynamics and propagation of surface plasmons and
optical near-field. More recently, ongoing effort concentrates on improving the imag-
ing capabilities of 'atto-PEEM’ [Mik09] by combining PEEM with high-repetition rate
attosecond XUV-pulses light sources [Chel2, Hom15]. The spatial resolution of tr-
PEEM is on the order of a few 10nm or higher for atto-PEEM [Chel2]. As PEEM is
sensitive to the doping profile of NWs [Hjol1], tr-PEEM could be also used to study
charge transport across semiconductor surfaces, which to the knowledge of the author
has been addressed yet. Whereas the sensitivity and prospectively the spatial resolu-
tion are slightly higher in fsPPM, PEEM provides additional energy resolution and its
incorporation into a LEEM setup provides simultaneous surface characterization tools.

From the various techniques available, fsSPPM is particular advantageous in terms of
the sensitivity to surfaces and electric fields. It can provide a time resolution below
100 fs and the spatial resolution can in principle approach 1nm, with increased me-
chanical stability of the setup. The drawback of fsSPPM is that it is limited to sample
geometries which allow transmission of low-energy electrons, such as nanostructures
deposited on holes or on graphene, or to single layer 2D-material systems. But for
those systems, fsSPPM is versatile tool to provide new insight into femtosecond carrier
dynamics inside nanostructures.

Conclusion and Outlook

The results shown here demonstrate the feasibility of fsSPPM as a novel approach for
probing ultrafast currents on nanoscale dimensions with femtosecond temporal resolu-
tion. Specifically, the inhomogeneous field distribution at the surface of an axially doped
InP NW could be imaged with fsPPM revealing its surface doping profile. Transient
changes of the surface potential distribution can be imaged after fs photoexcitation,
revealing the generation of doping-dependent ultrafast surface photovoltages. The ob-
served dynamics provide a direct measure of the radial photocurrent excited within the
NW segments.

So far, the discussion has been restricted to the deflection observed perpendicular to
the NW axis, and thus effects which are related the local NW surface condition. fsPPM,
however, also allows to study interfacial charge transfer by monitoring electric fields
across an interface such as a p-n junction. Figure 6.17 shows similar fsPPM images
of a p-n doped InP NW as those shown in Figure 6.15. Within the NW segments,
far away from the expected p-n junction (indicated by the black arrow), the above
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Figure 6.17.: (a) fsSPPM image of an InP p-n-type at negative time delay with slightly increased
spatial resolution. (b) fsPPM images (difference plots with respect to negative time delays) at
three different positive delay tims after photoexcitation (scale bars: 500nm). In addition to
the spatially inhomogeneous radial change, a deflection along the NW axis is observed (black
arrow), indicating charge transport across the p-n interface.

discussed local SVP effect leads to a inhomogeneous decrease of the NW width. In
addition, two adjacent narrow areas of increasing and decreasing intensity are observed
close to the junction. This effect is strongly confined in z-direction along the NW
axis, and is thus related to carrier dynamics across the axial p-n junction. This data
is subject to further investigation, but promises the ability to study ultrafast charge
transfer processes locally across single interfaces.

In conclusion, fsPPM enables direct spatio-temporal probing of ultrafast processes
on nanometer dimensions in the near-surface region of nanostructures, such as ultra-
fast carrier dynamics and currents, dynamics of interfacial fields as well as ultrafast
plasmonics. The spatial resolution in the PPM images is currently limited by the me-
chanical stability of the setup. With improved stability and increased magnification
employing non-locally driven electron sources as introduced in the next chapter, fsPPM
should ultimately allow for the investigation of ultrafast phenomena on length scales

down to the molecular level.
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7. Femtosecond electron point source
driven by nanofocused plasmons

The application of metal nanotips as nanoscale sources for ultrashort electron pulses is
motivated by the strong field localization around the tip apex. Up to now, such sources
have been realized using two tightly focused laser pulse, one for excitation of the sample
and another for photoemission of electron probe pulses by direct illumination of the tip
apex. The required spatial separation of the laser pulses limits the tip-sample distance
to 10 —20 pm. This, in turn, limits the achievable temporal resolution due to dispersive
pulse broadening, as well as the geometric magnification in fsSPPM. Thus, the prospect
of increased spatio-temporal resolution in fsPPM strongly motivates the generation of
femtosecond electron wave packets from the apex without far-field diffraction limited
laser pulse illumination, enabling further minimization of the tip-sample distance.

This chapter describes the realization of an ultrashort electron point source driven
non-locally by nanofocused surface plasmon polaritons (SPPs) as sketched in Figure 2.6.
Ultra-broadband SPPs are launched several ym away from the tip apex by chirped
grating coupling of VIS-NIR two-cycle laser pulses at 80 MHz repetition rates. The
gold tips are provided from the group of Markus Raschke (Boulder University), and
for detailed information on the tip production the reader is referred to their work. In
brief, the tips are etched electrochemically from 125 ym diameter polycrystalline gold
wire [Ren04]. A grating coupler is cut at 20 um distance from the apex by focused ion
beam milling as described for example in reference [Berll]. The grating consists of 12
grooves with a center period of 0.95 um, and is linearly chirped for broadband SPP
coupling at 90° illumination with tip parallel excitation polarization.

Section 7.1 gives an overview on the theoretical background of surface plasmon polari-
tons and adiabatic nanofocusing. In section 7.2, the spatial emission characteristics of
the SPP-driven electron source are discussed. Specifically, SPP-induced photoemission
from the apex is identified using the distinctive collimation properties of the electron
beam. The temporal properties of the SPP-induced electron emission process are ad-
dressed in section 7.3. Finally, the application of such electron sources for fsPPM is
demonstrated in section 7.4.

Main parts of this chapter have been published in [Miill6].
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7.1. Theoretical background

Plasmons are collective and quantized oscillations of the charge density of a free-electron
gas. An important case are surface plasmons (SPs), which are coherent oscillations of
the surface charge density at metal-dielectric interfaces associated with an electromag-
netic field bound to the interface. In contrast to volume plasmons, SPs can be excited
by light under certain phase-matching conditions.

Two types of surface plasmons are usually distinguished: surface plasmon polaritions
(SPPs) are propagating electromagnetic surface waves with a broad frequency spec-
trum. Localized surface plasmons (LSPs) are non-propagating plasmon excitations ex-
hibiting strong resonant character supported by metal nanostructures. The dispersion
relation of propagating SPPs requires special phase-matching conditions for excitation,
one example being a grating coupler as used here. An important property of SPPs is
that waveguides can be used to control their propagation [Gral4]. One particularly
interesting example is adiabatic nanofocusing of SPPs at the surface of metallic conical
tapers [Bab00, Sto04, Rop07a, Ber12].

This section provides an introduction on the theoretical background of surface plas-
mon polaritions. First, the dielectric properties of metals are briefly reviewed in sec-
tion 7.1.1. Section 7.1.2 discusses the basic properties of SPPs at a metal-dielectric
interface as well as the grating coupling scheme. Last, in section 7.1.3, the concept of
adiabatic nanofocusing of SPPs using tapered gold structures is introduced.

7.1.1. Optical properties of metals

The interaction of electromagnetic fields with a metal can be described classically using
Maxwells’s equations. Here, only the relations relevant for the understanding of surface
plasmons are reviewed. For a detailed discussion on the electromagnetics of metals
the reader is referred to textbooks on classical electrodynamics or plasmonics [Jac99,
Mai07]. Generally, the discussion is restricted to non-magnetic (u, = 1), linear and
isotropic media.

The response of a material to an external electric field E = Eye™? is governed by the
rearrangement of charges upon the external stimuli. The dielectric response is described

by the displacement field D
D = cpe(w)E =¢E+ P (7.1)

where P is the induced electric polarization and e(w) = €'(w) + i€’ (w) is the complex
dielectric function or permittivity.
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In the most simplest approach, the conduction band electrons in a metal can be
described by a free-electron gas. An external field E = Ege~ ™! causes oscillation of
this electron plasma, inducing a macroscopic polarization P = —neex, where n. is the
number of electrons being displaced by x. The displacement x can be derived from a

simple equation of motion mX + m~y.x = —ekE, resulting in a polarization

nee?

Po__ %
m(w? + iyew)

(7.2)
The induced electron oscillations are damped on the time scale of the electron relaxation
time 7. = 1/7. due to electron-electron collisions (on the few femtosecond scale). With
this induced polarization and using relation (7.1), the dielectric function of the free-
electron gas becomes

2
ew)=1- L, (7.3)
w2 + iyew
with the plasma frequency
2
Nee
= . 7.4
Wp P (7.4)

Charge oscillations excited at the plasma frequency are called volume plasmons. They
are longitudinal fluctuations of the electron density and cannot be excited by electro-
magnetic radiation being of transverse nature. For nobel metals, the plasma frequency
is on the order of 5 —15¢eV (for gold w, ~ 9eV). At very low frequencies w < 7 L there
is strong damping and metals are mostly absorbing. At larger frequencies below the
plasma frequency where w7, > 1 (for metals this is valid in the NIR), damping of the
free-electron gas can be neglected and the dielectric function becomes

ew)=1- L. (7.5)

Generally, the losses induced due to damping are governed by the imaginary part €”’(w)
of the dielectric function, wheres the real part € (w) relates to the energy stored in the
material.

The Drude free-electron model neglects bound electrons. This is a valid assumption
for low frequencies where mostly electrons within the conduction band are excited. At
higher frequencies, however, the optical response of real metals is strongly influenced
by interband transitions. Bound electrons are taken into account by the Lorentz-Drude
model [Rak98], assuming a total dielectric function being the sum of e(w) of the free
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Figure 7.1.: Real part (a) and imaginary part (b) of the dielectric function calculated from
the Lorentz-Drude (LD) model for gold (red solid curve) and tungsten (black solid curve). The
dashed lines show the dielectric functions of the corresponding free electron gas model (D).

electron gas and a bound part €®(w). The interband transitions described by €”(w) are
modeled as superposition of individual Lorentz oscillators.

Figures 7.1a) and 7.1b) show the real and imaginary parts of the dielectric function
derived from the Lorentz-Drude model for gold and tungsten, together with that of the
Drude free-electron gas' (dashed lines), where A\g = 27¢/w is the free-space wavelength.
In the frequency range employed here (Mg~ 600 — 1100 nm), the deviations are small
in the case of gold and become significant only for wavelength < 500 nm. Tungsten,
however, behaves more like a dielectric and is thus not well described by the free-electron
gas model.

As will be explained in the next section, the large negative real part of nobel metals
with € < 0 and|¢’| > €” in the optical frequency range is a prerequisite for the existence
of surface plasmons.

7.1.2. Surface plasmon polaritons at planar metal-dielectric interfaces

Surface plasmon polaritons are electromagnetic surface waves that propagate along an
interface between a metal and a dielectric. SPPs are quasiparticles composed of a sur-
face plasmon, i.e. a coherent oscillation of the surface charge density in the metal,
coupled to an electromagnetic wave evanescently decaying into the dielectric. SPPs en-
able the guiding and manipulation of light on length scales smaller than its wavelength.
This nano-confinement is possible as the wavelength of SPPs can be significantly re-
duced compared to that of free space.

The existence of SPPs is directly related to the negative real part of the dielectric
function specific to nobel metals. Figure 7.2a) illustrates the simplest geometry for

Ltaking only the zero-frequency term in the Lorentz-Drude model
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Figure 7.2.: (a) Geometry for SPP propagation at a planar interface. SPPs propagate in the z-
direction along the metal-dielectric interface. The red lines sketch the electric field components
bound to the interface in the metal. On the right side, the decay of the electric field into the
metal and dielectric is sketched. (b) SPP dispersion relation at the metal-air interface for the
undamped free-electron gas (blue) and for Silver (gray) including interband transitions (using
the Lorentz-Drude model data from [Rak98]). For the plot in (b), the complex kgpp(w) is
calculated from equation (7.7) and the real component £, (w) is plotted with reversed axes.
The red dashed line marks the surface plasmon resonance, and the shaded area the spectrum
of the 80 MHz Ti:Sapphire oscillator as a reference.

SPP propagation. A planar metal-dielectric interface is located at z = 0 and SPPs
propagate along the z-direction. It can be shown [Mai07] that the only propagating
modes that exist are TM-modes, i.e., with electric field components E, and E, in the
z- and z-direction and the magnetic field H, oscillating along the y-direction. The
electric field, as illustrated by the red lines in Figure 7.2a), can be written as

E = EF exp [i(ksppz £ kg — wt)] (7.6)

where kgp, = k. is the wave vector parallel to the interface and k, the out-of-plane
wave vector normal to the surface. Ej are the field amplitudes in the metal (—) and
dielectric (+), respectively. The wave vector kgp;, determines the SPP propagation. Its
dispersion relation is given by [Mai07, Rae88|

1/2
€m€d
kapp = K .

PP O<€m+€d) (7 7)

with kg = w/ec, and ey, = €, +iel being the complex dielectric function of the metal and
eq the relative permittivity of the dielectric, respectively. Generally, kspp = kL, ki),
;pp describes SPP propagation whereas the imaginary

induces damping and a limited propagation length. From the continuity

is complex, and the real part k

"
Spp

relations it follows that €, (w) < 0 is required given a real eq > 0, i.e., SPPs can only

part k

exist at the interface between a metal and a dielectric.
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Demanding that the electric field is bound to the interface requires k, in (7.6) to be
imaginary. This causes an exponential decay of the field in the z-direction as illustrated
on the right edge in Figure 7.2 a). Inside the metal, the field decays rapidly on the length
scale of 0, &~ 20-30 nm for near-infrared and visible frequencies. The decay length inside
the dielectric scales as? dq = 1/(2k,) and strongly increases with wavelength. It is on
the order of \y/2 at optical frequencies, whereas it exceeds the free-space wavelength
at infrared frequencies and below. In fact, confinement below the diffraction limit at
planar interfaces can only be achieved at large frequencies close to wy,.

The SPP dispersion relation (7.7) is plotted in Figure 7.2b) (blue curve) for an un-
damped free-electron gas inside air (wp, = 9eV, e = 1) using equation (7.5). For all
frequencies up to the plasma frequency, the dispersion curve lies right of the light line
and k‘gpp is larger than that of the corresponding photon in free space. Consequently,
SPPs cannot directly radiate light but and can neither be directly excited by light. At
very low frequencies, the SPP dispersion curve approaches the light line (never reaching
it) and kg, is only slightly larger than ko. At large frequencies (UV in most cases), kgp,
diverges and becomes infinity at the characteristic surface plasmon resonance frequency

of the free-electron gas,
Wp

Wsp = 7@7

marked by the red dashed line in Figure 7.2b). Between wg), and w), no surface plasmons

(7.8)

can be excited and at frequencies w > wp the dispersion lies left of the light line
(the metal becomes transparent in this frequency range). The light shaded area in
Figure 7.2b) marks the frequency spectrum of the Ti:Sapphire oscillator employed here
as a reference. In this frequency range, the SPP dispersion relation in noble metals
can approximately be described by the free-electron gas. Especially for gold, interband
transitions become however important at photon energies > 2eV (compare also €’(w)
in Figure 7.1).

Whereas the imaginary wave vector k, causes confinement of the SPP field in the
transverse direction, the imaginary part of kspp limits the SPP propagation length.
Even at a perfectly smooth surface in the absence of scattering, the SPP amplitude
decays on a characteristic length scale due to internal damping®. The attenuation length
L, at which the SPP is damped to 1/e of its amplitude is given by the imaginary
part of kepp,

1

Lspp = 2K 5
Spp

(7.9)

2with imaginary ke
3mostly excitation of electron-hole pairs at the Fermi level, causing energy dissipation into the
metal
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Figure 7.3.: Propagation length Lg,, of SPPs of a Drude metal (Drude parameters for gold
from [Rak98]) in air dependent on the free-space wavelength Ao (dashed red curve, lower z-axis)

and the corresponding SPP wave vector k., (solid blue curve, upper z-axis).

with
w{ € eq 3/2 e’
K == m m_, 7.10
PP ¢ (e?n + ed> 2(el,)? ( )

Figure 7.3 shows the spectral dependence of Lg,, of a Drude metal in air (eq = 1)
using the Drude parameters of gold [Rak98]. Whereas large SPP propagation length
of 100 pm or more can be achieved in the near-infrared spectral range, Ly, decreases
significantly towards optical frequencies. In reality, Lgpp, might be decreased further, on
the one hand due to interband transitions and on the other hand due to scattering at
rough surfaces. The position of the grating coupler shown in Figure 2.6 is thus a trade-
off between decreasing the SPP propagation length to reduce damping and increasing
the spatial separation of laser focus and the apex.

So far, only the propagation of SPPs has been considered without commenting on
their excitation. Since the free-space wave vector of light is smaller than that of the
SPP wave, special phase matching conditions have to be realized. Whereas a prism
coupler requires two interfaces of a thin metal film to two different dielectrics [Rae88],
a grating coupler is compatible with the geometry of nanotips. Figure 7.4 a) illustrates
the geometry of a light beam incident under an angle 8 on the metal surface, which
is modulated periodically with a lattice constant a. In order to match the free-space

component parallel to the surface, ko || = ko sin(3), to the SPP wave vector k,,, the
lattice constant must be chosen such that
kepp = kosin(B) £ nAkg, (7.11)
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Figure 7.4.: (a) Grating coupling geometry with grating periodicity a and incoming wave
vector kg at an angle § normal to the metal surface. (b) The momentum mismatch between
the free-space wave vector kg and that of the SPP can be overcome by the reciprocal lattice
spacing Akg,. Broadband SPP excitation (shaded area) requires a broad distribution of Akg,
at provided e.g. by a chirped grating.

with Akg = 27” and integer n is fulfilled. Thus, the reciprocal lattice vector Akg,

/
spp-
broadband laser pulses as employed here, a corresponding broad distribution of Akg, is

accounts for the momentum mismatch between kg and k For excitation with ultra-
desired as illustrated in Figure 7.4b). This can be achieved by using a chirped grating
structure as shown in the SEM image in Figure 2.6.

7.1.3. Adiabatic nanofocusing of surface plasmon polaritons

At a planar interface, confinement of the evanescent SPP field below the diffraction
limit can only be achieved at high frequencies close to wy,. Large confinement at op-
tical and infrared frequencies is possible though for certain geometries, such as metal
nanoparticles supporting localized surface plasmons with sharp resonances. Alterna-
tively, tapered structures can be used as waveguides, allowing for nanofocusing of SPPs
in one or more dimensions by gradually reducing (increasing) the spatial extent (wave
vector) of the SPP. From the various structures that allow for nanofocusing, only the
particular geometry of a tapered metal nanotip for SPP 3D-nanofocusing is considered
here [Bab00, Sto04]. A general overview on SPP nanofocusing can be found in [Gral4].

The concept of adiabatic nanofocusing, as illustrated in Figure 7.5a), is based on the
fact that the SPP wave vector depends on the local radius r(z) of a tapered structure
if » < Ag. In general, the wave vector of an electromagnetic wave which propagates
along a waveguide is given by

kguided = neﬁ(w)k() (712)
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Figure 7.5.: (a) Geometry for 3D-nanofocusing of SPPs. As the SPP propagates down the
taper, its wave vector kgpp increases due to the radius-dependent refractive index neg(r). The
spatial confinement increases with smaller taper radius, indicated by the sketched narrower SPP
field decaying into vacuum. (b) SPP dispersion relation for a gold cylinder in air calculated for
four different radii » in the visible and near-infrared spectral range. The red arrows denote the
gradual increase of kspp(r) with decreasing taper radius. The dashed line marks the surface
plasmon resonance of the system.

where nqg is the frequency-dependent effective refractive index describing propagation
and dispersion of the guided wave. For SPPs propagating on a flat surface, neg is
given by the square root in equation (7.7). In case of a cylindrical waveguide, the
effective refractive index depends on the cylinder radius r. For the radially symmetric
lowest-order mode guided at the surface of a metal cylinder?, it is given by

1

— 1

Nef(w, ) = ¢r(w)
where the pre-factor ¢, is a function of the dielectric constants e, and €q, respectively.
Figure 7.5b) shows the dispersion relation of SPPs guided along a gold cylinder in
air plotted for four different radii » (adopted from [Ber12]). Successively reducing the
taper diameter r causes a gradual increase of kspp, as illustrated by the red arrows,
and a flattening of the SPP dispersion. Consequently, the group velocity vgepp =
Ow [ Okgpp decreases continuously with smaller radii, causing the SPP wave to slow down
and eventually stop towards the tip apex. That is, the propagating SPP ultimately
transforms into a localized SPP confined to the apex. The SPP wavelength A, =
27 [kepp decreases accordingly with decreasing taper radius allowing for larger spatial
confinement. The localization of the SPP field is further associated with a strong
increase in the electric field strength, leading to large field enhancement at the tip
apex.

4higher-order modes also exist, but are not of interest here as they cannot propagate below a certain
critical radius [Ber12]

131



CHAPTER 7. FEMTOSECOND ELECTRON POINT SOURCE DRIVEN BY
NANOFOCUSED PLASMONS

Adiabatic nanofocusing implies a continuous transformation of the guided SPP mode
with decreasing radius without scattering losses. In other words, it must be ensured
that the SPP wave vector changes slow enough while propagating down the taper and
that no abrupt changes in kg, cause scattering of the SPP into the far field. This
can be achieved using small taper angles [Sto04, Ber12]. On the other hand, at small
taper radii the SPP field penetrates deeper into the metal causing increased internal
damping. For this reason, an optimal taper angle exists, which is a trade-off between
scattering losses and damping into the metal. At the very end of the tip apex, the
adiabatic condition fails and the SPP can scatter into the far field.

Experimental evidence of 3D-adiabatic nanofocusing was first provided in 2007, where
the light scattered into the far field from SPPs nanofocused into the apex was de-
tected [RopOT7a]. Subsequent optical experiments revealed the high efficiency and
broad bandwidth of the nanofocusing process, and that it is independent of spec-
tral phase [Berll, Sch12]. Hence, it was proven that SPP nanofocusing allows for
the nanometer confinement of ultrashort femtosecond laser pulses. Due to this strong
spatio-temporal confinement of the evanescent plasmon field, peak intensities suffi-
ciently high to drive nonlinear processes such as second-harmonic generation [Berll,
Sch12] or four-wave mixing [Kral6] can be achieved. In particular, SPP nanofocus-
ing can thus be employed to trigger ultrafast nonlinear electron emission from the tip
apex [Voglh, Sch15, Miill6].

7.2. Verification of nanofocused plasmon-driven electron
emission

Employing nanofocused SPPs to trigger ultrafast electron emission from the tip apex
requires efficient SPP excitation at the grating as well as an efficient nanofocusing
process. This is important in order to reduce the required pulse energies and minimize
heating of the tip. In addition, background contributions of electron emission directly
from the tip shaft and the grating coupler need to be minimized.

In section 7.2.1, the current emitted from the tip is first characterized in dependence of
the illumination site and tip orientation. In section 7.2.2, it discussed how the observed
current in the case of grating illumination can be clearly identified to originate from
the tip apex, and not from other emission sites.

7.2.1. Spatial current characteristics

The laser-induced electron emission from the nanotip as sketched in Fig. 2.6 is first
characterized by measuring the photoelectron yield as a function of the nanotip position
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Figure 7.6.: (a) Spatial current map recorded while scanning the tip (white dashed outline)
through the laser focus of 6 ym width (FWHM). Electron emission is observed for two illu-
mination sites, separated by Azg ~ 19 um as apparent in (b), where the current integrated
along the z-direction is plotted as function of z. Experimental parameters: ®7 = 0.5 uJ/cm?,
tine = 1s at each pixel, Uijp = —150V. No lens was used in this measurement.

relative to the laser focus. Figure 7.6a) shows a spatial current map taken for a
divergent electron beam emitted from a tip biased at Up, = —150V illuminated with
laser pulses of 0.6 pJ energy focused to a fluence of ®;, = 0.5 uJ /cm?. Electron emission
is observed for two illumination sites separated by z = 18.9 um. The right emission
peak in Figure 7.6b) can be assigned to illumination of the tip apex (Az = 0). The
location of the second emission peak at Az ~ 19 ym matches well the distance of the
grating coupler and can be assigned to electron emission induced by illumination of the
grating. At this point, there is no evidence that this current is originating from the tip
apex triggered by nanofocused SPPs, and not by direct photoemission from the grating.
It will be shown in the next section that the observed current in both illumination cases
originates from the same emission site, and thus for grating illumination is induced by
nanofocused SPPs from the apex.

The lower panel in Figure 7.6 a) shows the current integrated along the z-coordinate
as function of the z-position along the tip’s axis. The current profile is fitted by a
double-gaussian intensity distribution (black line). The peak electron current for the
SPP-induced emission is ~4x larger compared to direct photoemission from the apex.
Notably, within the range of laser intensities employed, no photocurrent from other
locations along the tip shaft is observed. Generally, the ratio between the far-field-
and SPP-induced current depends on several parameters, most notably on the grating
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Figure 7.7.: (a) Dependence of the SPP-induced photocurrent on the angle of incidence of
the laser beam, measured by tilting the tip in the y-z-plane around the z-axis. The coupling
efficiency decreases rapidly for slight misalignment of the tip tilt. (b) Photocurrent profiles
along the tip axis for apex and grating illumination, plotted for two different tilt angles. The
ratio of apex- and grating-induced current changes with tilt angle. The distance of the peaks
equals Azg =~ 16 um, which matches the onset of the grating structure, i.e., only the lowest
grooves contribute to the current.

coupling efficiency and the surface quality of the tip shaft, and can vary significantly
for different tips.

The coupling efficiency at the grating strongly depends on the angle of incidence of
the laser pulses. Thus, the tip orientation needs to be optimized with respect to the
incident angle. Figure 7.7 a) shows the dependence of the grating-induced photocurrent
on the tip tilt angle ¢ with respect to the incoming laser beam®. The current drops to
less than 60 % of its maximum value within an angular range of +8°.

Although the grating is designed for 90° side illumination with respect to the tip
axis, the optimal angle for direct apex illumination does often not coincide with that
for grating illumination. This can be seen from the two photocurrent profiles® plotted
in Figure 7.7b), which reveal that the ratio of photocurrents from apex and grating
illumination depends on the tilt angle. This mismatch of usually a few degrees can be
caused by an imperfect grating coupler, or due to slight bending of the apex at the
very end of the tip. It should be noted that the data in Figure 7.7 is measured with
another tip as that in Figure 7.6. The current profiles in Figure 7.7b) for A¢p = —2°
and A¢ = —6° reveal distances Azg, = 16.2 um and Az, = 15.7 um of the two electron
emitting illumination sites, respectively. In both cases, the distance is ~4 ym smaller
than expected from the grating position, but matches the lower onset of the grating
structure. This indicates that only the first few grooves of the grating contribute to the

5At each tilt angle, the tip position is optimized for maximum current.
5Obtained in the same way as that in Figure 7.6.
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current in this case. The slight mismatch of Az, between the two angles arises from
the tip tilt.

At low electron count rates, the SPP-induced electron current can be quantified with
the electron imaging detector. The peak current obtained by illumination of the grating
with 0.6 pJ laser pulses shown in Figure 7.6 is on the order of 2 fA emitted into a solid
angle of 0.032sr, which is the field of view of the electron detector. With these low
excitation conditions, on average 1.5-10~% electrons are emitted per laser pulse, which
corresponds to a quantum efficiency of approximately 5- 10~ for the conversion of
photons impinging the grating to electrons emitted from the apex. Taking into account
the nonlinearity of the emission process, as measured below in section 7.3, it can be
extrapolated that 1 electron/pulse is emitted when 30 pJ laser pulses are employed,
i.e. with moderate average powers on the order of 2-3mW at 80 MHz repetition rate.
In this excitation regime, we estimate the overall quantum efficiency to approach 1078.

7.2.2. ldentification of electron emission sites

It needs to be verified that the current measured for grating illumination is caused
by plasmon-induced emission from the apex, and not by direct photoemission at the
grating. For this purpose, the tips can be placed inside an electrostatic lens and the
electron beam profiles for direct apex versus grating illumination are compared at
different focusing conditions.

Figures 7.8a) and 7.8 b) show emission profiles of a tip dependent on the lens voltage
Ur, measured at U, = —400V. Very similar spot profiles are observed at each lens
voltage for both illumination cases. At the lowest lens voltage of Uy, = —675V, the sit-
uation is similar to that of a tip without lens, and photoexcitation generates a divergent
electron beam. Increasing the lens voltage causes focusing of the electron beams on the
anode with comparable spot profiles for both illumination cases. The slight dissimilar-
ities within the beam profiles are primarily a result of the different current intensities.
Additionally, unequal optical field distributions of the nanofocused SPP-field and the
tip-enhanced far-field at the apex might lead to slightly different emission profiles.

The almost identical focusing characteristics are clear evidence for nanofocused plas-
monic electron emission from the apex. As shown by the simulations in chapter 4.3.2,
electrons emitted from the shaft would exhibit distinctly different emission profiles and
focusing characteristics. This is finally proven by analyzing the emission profile of an
imperfect tip which in addition to plasmon-driven electron emission also shows direct
photoemission from the grating structure. Figure 7.9 compares the electron beam pro-
files of such a tip placed above a copper grid as anode for direct apex (a) and grating
(b) illumination and for four different lens voltages Uy,, measured at U, = —500V. In
contrast to Figure 7.8b), a distinct arc-shaped profile is observed for grating illumina-
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a)

apex illumination

b)

grating illumination

Figure 7.8.: Comparison of electron beam profiles and their focusing characteristics for the
two cases of (a) apex illumination and (b) grating illumination. The photoemission profiles are
recorded recorded for a tip placed inside an electrostatic lens at Uy, = —400V and three differ-
ent lens voltages Uy, = —675V (O = 2.4puJ/em?, tiy = 18), U, = =820V (@ = 2.4 uJ/cm?
at grating, @7 = 3.2 uJ /cm? at apex, ti,, = 2s) and Uy, = —839V (@7 = 3.7 uJ /em?, iy = 25)
(scale bars: 5mm on screen). Despite the difference in current, very similar beam profiles are
observed for both illumination conditions.

tion at small |Uy,|, on top of a nearly homogeneous and symmetric spot. The arc-shaped
contribution is highly asymmetric with respect to the tip axis and is not projected on
the detector at smaller lens voltages (not shown here). The underlying homogeneous
profile, however, is very similar to that observed for apex illumination and shows the
same focusing behavior.

The focusing characteristics of the grating-induced emission profile are analyzed in
more detail in Figure 7.9 c). Here, the intensity distribution of the beam profile along
the a-direction” is plotted for lens voltages in steps of 0.5 V. The sharp peak at the
right side originates from the arc-shaped feature. It becomes directly clear that it is
focused ’earlier’, i.e., at lower |Up| compared to the homogeneous profile, and likewise
becomes suppressed at lower |Up|. This is expected for electrons emitted from the
tip shaft, as apparent in particular from the simulations shown in Figure 4.12. All in
all, these focusing characteristics and the asymmetric half-moon shaped profile leave no
doubt that this feature originates from direct photoemission at the grating. In turn, the
underlying homogeneous emission spot can be identified as plasmon-triggered electron
emission purely from the apex.

The focusing behavior and in particular the width of the shaft emission profile de-
pends also on the initial energy distribution of the photoelectrons (see chapter 4.3.2).

"The profiles are positioned along y at the center of the arc-shaped feature. Intensity profiles are
obtained by binning of 50 adjacent pixel lines (full image 2048x2048 pixels)
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Figure 7.9.: Identification of electron emission sites, exemplified for an imperfect tip. Electron
emission profiles for apex (a, fluence ®; = 2.3 uJ/cm?) and grating illumination (b, fluence
¢, = 18.2uJ /em?) for four different lens voltages at Uy, = —500 V. For grating illumination,
plasmon-induced emission from the apex is observed (homogeneous spot) superimposed by
direct photoemission from the grating coupler (arc-shaped feature). (c) Intensity distribution
of the grating-induced emission profile along the x-direction for lens voltages from Uy, = —820V
to U, = —860V in steps of 0.5V (The curves are shifted vertically for clear illustration).
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In principle, the emission profile could thus be modified by plasmonic near-field accel-
eration at the grating. At optical field strength of 10% — 109 V//m as employed here, the
energy gain is however small [Rac11], and this effect should be insignificant. Moreover,
at small focusing voltages |Uy|, electron emission from the tip shaft always results in
highly asymmetric profiles, whose width spreads towards stronger focusing (compare
also the shaft emission observed for tungsten tips shown in Figure 5.5). This is inde-
pendent of the shaft position and the initial energy distribution, and in particular is
very different from electrons emitted from the apex.

In conclusion, an agreement in the focusing characteristics with very similar spot
profiles between apex and grating illumination provides clear evidence for electron
emission from the tip apex for both excitation conditions, and hence for nanofocused
plasmon-driven electron emission.

7.3. Temporal characterization of plasmon-driven electron
emission

Employing plasmon-driven electron point sources for femtosecond electron microscopy
and diffraction approaches requires a plasmonic near-field transient at the apex of
only a few femtoseconds in duration. The ability of adiabatic nanofocusing to launch
few-cycle light pulses with < 10fs duration to the apex of a nanotip has been shown
using spectral pulse shaping [Berll] or ultrasmooth gold tapers [Sch12, Vogl5]. The
maximum group delay dispersion experienced by the nanofocused light is found to be
on the order of 25fs? for SPP propagation distances between 20-30 um [Sch12, Kral3],
supporting broadband SPP coupling and near single-cycle control of the nanofocused
field.

This section discusses the temporal properties of the SPP-driven electron emission
process and compares it to that of direct far-field excited electron emission. First,
the electron emission process is characterized by power dependent measurements of
the photocurrent. In the next step, the duration of the SPP near-field is evaluated
by interferometric autocorrelation (IAC) measurements of the photocurrent. Based on
these findings, the emission time of the SPP-induced photocurrent is estimated.

Power dependence of the photocurrent

In Figure 7.10a), the photocurrent emitted from the apex is plotted as function of
the incident laser power for direct far-field illumination and for SPP-driven electron
emission, respectively. The measurement has been performed at four different lens
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Figure 7.10.: (a) Power dependence of the photocurrent for apex and grating illumination
(SPP-induced current) for four different lens voltages Ur, (Uip = —500V). (b) Dependence of
the power exponent n describing the effective nonlinearity of the emission process on the lens
voltage for the two illumination cases. (c¢) Corresponding interferometric autocorrelations of
the photocurrent, reproducing the reduced nonlinearity of the SPP-driven current, and further
revealing temporal broadening of the SPP-pulse (®7 = 1.7 uJ/cm? at apex, @7 = 12.2 4J /cm?
at grating).

voltages and hence DC field strength at the apex. For clear illustration, the scans are
shifted vertically and do not represent the real intensity®.

In all cases, the photocurrent scales linear with the laser power on a double-logarithmic
scale. It is fitted according to equation (4.9) to obtain the effective nonlinearity of the
emission process, given by the power exponent n. The dependence of n on the lens
voltage is plotted in Figure 7.10b). As expected from the decreasing DC field, an
increase of the effective nonlinearity is observed for negatively increasing lens voltages
for both illumination cases. For all Uy, the effective nonlinearity ng of the SPP-
driven photocurrent is smaller than n,, observed for far-field apex illumination. At
the largest negative lens voltage employed here, n,, = 3.7 compared to ng ~ 3 in
the SPP-driven case. At this voltage, the beam is almost focused and the DC field
should be small. Considering the (unperturbed) work function of ~ 5eV of gold and
1.55eV photon energies, electrons are clearly excited above the barrier in the far-field
illumination case. In turn, the lower order of the SPP-induced emission process suggests
larger photon energies on the order of 1.6-1.7¢eV, which would allow for three-photon

8For the tip used here, approximately 10 x larger average powers are needed at the grating to obtain
a comparable signal, indicating a poorer coupling efficiency compared to the tip used in Figure 7.6.
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photoemission. This discrepancy is likely explained by a limited coupling bandwidth
of the grating coupler, leading to a shift of the SPP center frequency.

At lower lens voltages, the effective nonlinearities are reduced by ~ 20% to nap = 2.9
and ng, = 2.4 for the far-field and SPP-driven photocurrents, respectively. At the
lowest voltage U, = —830V, the electron beam is divergent, with a DC electric field
far away from field emission. In this intermediate regime, the photocurrent might be
a mixture of pure multiphoton photoemission and tunneling of electrons at the barrier
top.

Interferometric autocorrelation of the photocurrent

The temporal profile of the excitation field can be analyzed by two-pulse interferometric
autocorrelation measurements of the photocurrent. Figure 7.10 ¢) shows IAC traces for
the two illumination cases at U;, = —840V obtained from the same tip used to measure
the power dependence. The IAC measurement reproduces the reduced nonlinearity
of the SPP-induced current compared to that obtained from far-field illumination, as
apparent from the reduced peak-to-baseline ratio in the SPP-driven IAC?. Clearly, for
this tip, the width of the TAC signal obtained from the SPP-driven photocurrent is
significantly broadened compared to that obtained from far-field illumination. This
again indicates a reduced coupling bandwidth at the grating or, though unlikely, signif-
icant SPP dispersion during nanofocusing. In principle, excitation of localized plasmon
resonances at the apex with a dephasing times longer than the excitation pulse would
also lead to a broadening of the IAC signal [Lam99, And10]. As this should, how-
ever, likewise affect the IAC signal from far-field illumination, it can most probably be
excluded.

Figures 7.11a) and 7.11b) compare the IAC current from direct and SPP-driven
photoemission from the apex of a different tip. In this case, the IAC from plasmonic
nanofocusing is only slightly broadened compared to the TAC obtained from direct
apex illumination. This indicates that propagating SPPs are generated at the grating
coupler with nearly the full laser bandwidth and are nanofocused into the apex without
significant temporal broadening. The duration of the excitation field can be estimated
by fitting autocorrelation functions to the data assuming squared hyperbolic secant
(sech?) pulse shapes with pulse duration 7 (defined as the FWHM of the intensity
profile), center frequency v, order n of the emission process and assuming a flat spectral
phase. The electron emission data is fitted as superposition of second- and third-order
processes,

Loe(Af) o /_°° o2 [(B(t) + Bt~ 82|+ es| () + B - anp[ ar (7.9)

9Both traces are normalized to their baseline at +40 fs delay.
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Figure 7.11.: Interferometric autocorrelation of the photoelectron current emitted from the
apex. IAC measured for apex illumination (a) and by grating coupled SPP-driven photoemission
(b). The data (circles) are fitted with a simple squared hyperbolic secant (sech?) pulse shape
(black line), revealing pulse durations of 7., = 5.5fs for direct photoemission and 74 = 7.7fs
for plasmon-driven photoemission, respectively. The order n of the multiphoton photoemission
process and the wavelength are also chosen as free parameters in the fit. For comparison, figure
(c) shows an interferometric autocorrelation of the incident laser pulse using second harmonic
generation (SHG) in a BBO crystal, where a pulse duration of 5.5 fs is obtained from a sech?
fit.
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Figure 7.12.: (a)-(b) Interferometric autocorrelations of the SPP-driven photocurrent from
the apex for two other lens voltages Uy, = —820V and Uy, = —839 'V, respectively (same tip and
Uiip as in Figure 7.11). (e) The nonlinearity of the SPP-driven current increases with negatively
increasing lens voltage (right y-axis), whereas the pulse duration stays almost constant (left y-
axis). (d) Blocking one arm of the interferometer at larger delays reveals that the two-pulse
current equals the sum of the currents excited from the individual pulses away from temporal
overlap.

with the oscillating electric field E(t) = sech(@) -e?2™0t and with the order n = c3-2+
c3 -3 being the weighted sum of both contributions where cg+c3 = 1. In the case of far-
field illumination, a fitted pulse duration of n,, = 5.5 +0.21s is obtained, in agreement
with TAC measurements of second harmonic generation (SHG) in a BBO crystal at
the same position, see Figure 3.10 in chapter 3.3. This agreement implies the absence
of localized plasmon resonances at the apex overlapping with the laser spectrum, as
this would manifest itself in temporal broadening of the TAC signal [Lam99, And10].
For the SPP-driven photocurrent, a duration of ng = 7.7 £ 0.3fs of the nanofocused
near-field is obtained. This corresponds to three optical cycles and is limited by the
coupling bandwidth or propagation dispersion of the SPPs.

Very similar orders of n,, = 2.224+0.02 and ng = 2.24£0.02 of the electron emission
for apex and grating illumination are retrieved from the IAC fits. The data shown here
is measured with the tip placed inside a lens and with a divergent electron beam. Hence,
comparably large DC fields are present at the apex, resulting in a large Schottky effect
reducing the effective work function as well as in an increased tunneling probability of
electrons excited below the work function. With increasing lens voltage, i.e., with lower
DC field strength at the apex, the order ng, increases up to a value of n = 2.6 for the
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lens voltages employed here, as can be seen from Figures 7.12a) and b). Noteworthy, at
the same time, the retrieved duration of the SPP near-field remains almost constant.
In Figure 7.12¢), 7o is plotted (left y-axis) together with ng, (right y-axis). Last,
nearly constant centers frequencies vy g ~ 390 THz of the SPP-driven photocurrents
are observed for all lens voltages. They are slightly red-shifted by ~ 15 THz compared
to vgap = 404 THz retrieved for direct apex illumination. This frequency shift might
be induced by an imperfect coupling bandwidth at the grating. In addition, a red-shift
could also be caused by the frequency-dependent propagation length of the SPPs, com-
pare Figure 7.3. At larger frequencies, SPPs are damped stronger and exhibit a reduced
propagation length. It is thus not excluded that the highest frequency components of
the SPP pulse do not reach the apex.

The laser fluences applied to the tip correspond to free-space peak intensities below
10° W/cm?. Assuming a field enhancement factor of & = 10, which is a typical value for
gold tips [Rop07b], the Keldysh parameter is between 7, &~ 25 — 35 in the case of direct
apex illumination. As explained in chapter 4.1.2, with 4, > 1 the direct photoemission
from the apex occurs in the multiphoton emission regime [Kel65], i.e., no optical field
effects are expected to contribute to the current. A thermal contribution to the current
can be neglected as the two-pulse photocurrent away from temporal overlap equals the
sum of the individual signals from both pulses, see Figure 7.12d). This means that the
two laser pulses excite electrons independently, i.e., the electron distribution excited
by the pulse arriving first has decayed and has negligible influence on the photocurrent
excited by the second delayed pulse.

For the data shown here, the efficiency of the SPP-driven electron emission is com-
parable to that of the direct photoemission process, implying that the losses at the
incoupling and during propagation of the SPP are compensated by the nanofocusing
effect. As the strength of the optical near-fields at the tip apex are of the same or-
der for both excitation schemes, this implies a similar Keldysh parameter also for the
plasmon-induced electron emission, allowing for the conclusion that the SPP-driven
current is also dominated by multiphoton photoemission. In this case, the temporal
width of the emission probability is y/n-times shorter than the fundamental intensity
envelope. It can thus be estimated that the SPP-driven electron emission occurs within
a time window of ~ 5fs.
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7.4. Application for time-resolved imaging with low-energy
electrons

The nonlocal excitation and subsequent nanofocusing of broadband SPPs triggering
nanoconfined ultrafast electron emission from the apex is a major step towards increased
spatio-temporal resolution in fsPPM at unprecedented geometrical magnification. As
demonstrated in chapter 6, fsSPPM provides a sensitive probe for ultrafast photocurrents
in nanoobjects through time-resolved investigation of the electrostatic biprism effect.
Up to now, these experiments utilize electron probe pulses generated by direct laser
illumination of the apex of a tungsten tip.

In section 7.4.1, it is demonstrated that the non-locally driven electron source can
be employed for fsPPM at significantly reduced tip-sample distance. In section 7.4.2,
the expected electron pulse duration at the sample is simulated, showing that the new
plasmonic source can directly extend the time resolution of fsPPM into the sub-10 fs
regime.

7.4.1. Plasmon-driven point-projection microscope

The nanofocused plasmon-triggered electron source is employed for point-projection
imaging of an individual axially doped InP nanowire (NW). The results demonstrate
it’s suitability for time-resolved microscopy applications by means of fsPPM.

The NW sample preparation and it’s doping properties are described in sections 6.2.1
and 6.3, respectively. In brief, the NW consists of a p- and n-doped segment, has a
30 nm diameter and is spanned across a 2 ym hole in a carbon substrate. As illustrated
in Fig. 7.13a) and explained in detail in section 6.1, the trajectories of the electrons
are strongly influenced by local fields in the vicinity of the NW. Hence, the projected
image is primarily a measure of the nanoscale electrostatic field rather than a shadow
image of the geometric structure of the nanoobject.

Figures 7.13b) and 7.13 ¢) compare PPM images of a NW recorded in DC field emis-
sion mode (without laser) and in the SPP-driven mode at a tip-sample distance of
d = 14 um, corresponding to a geometric magnification of M = 7000. The images are
almost identical and reveal the same contrast of the projected width of the NW. It
changes from dark to bright projection, i.e., from a focusing to a defocusing effect of
the NW on the electrons, as can be caused by the different doping levels on either side
of the p-n junction. The similarity of the projection images for both electron emission
modes provides additional evidence that the electrons emitted by illumination of the
grating originate from the apex. Slight differences in the projected width can be due
to the different tip voltages, as explained in chapter 6.
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a)

d~ 14 ym
M ~ 7000

Figure 7.13.: (a) PPM schematic employing the SPP-driven electron source. Electron trajec-
tories are deflected from the NW depending on the local electric fields as explained in chap-
ter 6. (b) PPM image of an axially pn-doped InP-NW recorded in field emission mode at
d = 14pm (Uyp = —126 V). (c) PPM image of the same NW in the nanofocused SPP-driven
mode (Uip = —108V, &1, = 3.9 uJ/ecm?, average of 500 images taken at 0.5s integration time
each). In both imagens, the change from bright to dark projection reveals the doping contrast.

In contrast to the experiments shown in section 6, which are limited to a tip-sample
distance of ~ 20 um, the nanofocused SPP-driven electron source allows for reduc-
ing this spacing without affecting the sample by the electron excitation laser pulse.
Fig. 7.14a) (top) shows a background-subtracted image!'® of the p-n junction recorded
with the non-locally driven tip at d = 3 um, corresponding to M ~ 31,000. The mag-
nification and the tip-sample distance are obtained from the defined sample movement
as explained in chapter 6.1.2.

Although not directly obvious, constant projected diameters are found far away from
the p-n junction, indicating homogeneous field distributions in these regions. In con-
trast, the sign reversal of the projected diameter between the segments indicates an
axially inhomogeneous field along the NW surface. As a reference, the black dashed
lines indicate the real-space diameter as it would be projected in the absence of any
electrostatic fields at the sample. The segments of constant projected width become
more apparent in the second derivative 9%I(z,y)/0y* of gaussian intensity profiles!'!
I,(y) fitted along the y-axis normal to the wire axis as plotted in the lower panel in
Fig. 7.14a). For comparison, Figure 7.14b) shows a simulated PPM image of a 30 nm
diameter NW at d = 3 um and Uy, = —60V (for details on the numerical simulations
see chapter 6.2.3 and appendix B). The lower panel illustrates the potential distribu-
tion Upw(x) used to model the work function variation along the NW surface. For
the image shown above, a constant offset bias Unwo = —2.1V is used with respect

10 An image recorded with the same settings but moving the nanowire by 500 nm out of the detector
is subtracted.

" These are obtained by fitting I(y) with Gaussian intensity distributions along the wire axis x after
binning of 10 adjacent pixel lines.
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Figure 7.14.: (a) Background-subtracted fsPPM image of the transition region at d = 3 um,
corresponding to a geometric magnification of M ~ 31,000, in nanofocused SPP-driven mode
(top, Uip = —60V, &, = 5.5 uJ/em?). The second derivative of the intensity profile along the
y-direction (bottom) emphasizes the doping contrast. (b) Simulated PPM image of a 30 nm
wire at d = 3um (top). The doping contrast is modeled by a potential distribution Uy (x)
(bottom). Uy indicates the threshold from dark to bright projection located ~65 nm away from
the step center.

to the grounded substrate (Usef), together with a potential step Uy, = 1.5V centered
at x = 670nm. Whereas these parameters are not adjusted to obtain quantitative
agreement between experiment and simulation, the qualitative agreement illustrates
the sensitivity of plasmon-driven PPM to electrostatic fields on the nanoscale through
the electrostatic biprism effect [M6156].

7.4.2. Electron pulse duration and temporal resolution

The temporal resolution achievable in fsPPM employing SPP-triggered nanotips is es-
timated by numerically calculating the propagation of single electron wave packets
between nanotip and a sample plane depending on the tip-sample distance. Details on
the simulation procedure are explained in the appendix B. In contrast to the simulation
results shown in chapter 4.3.3, the initial electron pulse duration cannot be neglected
at such short propagation distances.

The final electron pulse duration at the sample is obtained by a convolution of the
temporal emission profile and the electron arrival time distribution at the sample. The
arrival time distribution is calculated assuming prompt electron emission and for on-
axis electrons, that is, the calculations shown here yield the dispersive broadening
of the electron pulses. Electron propagation is simulated for initial gaussian energy
distributions centered at & = 0.1eV with different energy width between o¢ = 0.5eV
and og¢ = 1eV. The temporal emission profile is calculated from the intensity profile
of a sech?-pulse with FWHM 7, taking into account the effective nonlinearity n of the
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emission process. The final electron pulse duration 7 is then defined as the FWHM of
the convoluted temporal distributions.
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Figure 7.15.: Simulation of the on-axis electron pulse duration for decreased tip-sample dis-
tances. (a) Final arrival time distributions of single electron wave packets at the sample, plotted
for three initial energy width o¢ and propagation distances from 20 nm to 10 yum. The FWHM
of these distributions is defined as the final electron pulse duration 7, plotted in (b).

Figure 7.15a) shows the convoluted arrival time distributions of the electron wave
packet at the sample for tip-sample distances d between 20nm and 10 um and for
three initial energy width o¢ = 0.5eV, o¢ = 0.75e¢V and g = 1€V, respectively.
Due to the different flight times at different tip-sample distances, the distributions are
shifted temporally to have their maxima centered at ¢ = 0. The symmetric narrow
distribution plotted in red is the electron emission probability calculated using the
parameters ng, = 7.7fs, vy = 387THz and n = 2.24 as obtained from the fit of
the SPP-induced TAC. These numbers give a FWHM of 5fs of the electron emission
time. The distributions broaden with increasing tip-sample distance and increasing
energy spread due to electron wave packet dispersion. The asymmetry arises from the
asymmetric energy distribution cut at £ = 0.

The deduced on-axis electron pulse durations 7, at the sample are plotted in Fig-
ure 7.15b) as function of d. For tip-sample distances in the nanometer range, 7o is
governed by the electron emission time (gray dashed line), whereas wave packet disper-
sion is predominant for d > 10 pgm. Depending on the energy spread of the electrons,
sub-10fs electron pulse duration is maintained up to 1-3 pm distances from the nan-
otip. With increased stability of the setup, this promises simultaneous few-femtosecond
temporal and nanometer spatial resolution by means of fsPPM.
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7.4.3. Future directions

Non-locally driven plasmonic femtosecond electron point sources are not only attractive
for fsPPM, but might allow for the realization of new experimental techniques. Two
specific examples are time-resolved low-energy in-line holography and ultrafast scanning
tunneling microscopy and spectroscopy. Both perspectives are briefly discussed below.
Figure 7.16 summarizes the potential applications of femtosecond plasmon-driven elec-
tron sources.

Femtosecond low-energy electron in-line holography

Reducing the tip-sample distance to the sub-pm range, the purely geometric projection
transforms into a hologram and fsPPM merges into femtosecond low-energy electron
in-line holography. In-line holographic imaging of individual biological specimen with
1 nm spatial resolution at the anode could be realized recently [Lonl5b, Lonl5a]. Using
graphene as sample support [Lon13], Longchamp et al. circumvented the biprism effect,
which is detrimental if high spatial resolution is desired [Wei99].

Beyond such sample restrictions, the spatial resolution of femtosecond in-line holog-
raphy will ultimately be determined by the spatial coherence of the electron source,
which is given by the effective source size reg and the electron energy spread [Spe94]
(see chapter 4.2.3). While the transverse coherence properties of ultrashort electron
wave packets emitted from nanotips have not yet been thoroughly investigated, an ef-
fective source size of < 1 nm comparable with values for DC field emission was found for
linear photoemission from tungsten tips [Hom15]. The temporal coherence will depend
on the energy spread of the electron wave packets, ultimately given by their Fourier

limit, which amounts to approximately 500 meV for 5 fs pulses.

As the concepts of low-energy electron in-line holography are compatible with ultrafast
nanofocused SPP-driven electron sources, the prospective combination of sub-10 fs
temporal and 1 nm spatial resolutions would enable the investigation of ultrafast charge
transport on electronic time and molecular length scales.

Ultrafast scanning tunneling microscopy

At tip-sample distances in the sub-nanometer range, SPP-driven electron point sources
are promising probes for time-resolved scanning tunneling microscopy (STM). Ultra-
fast STM has been pursued for more than two decades [Ham90, Ger00b, Gra02, Ter10,
Dol11, Cocl3, Yosl4], but remains challenging due to laser-induced thermal expan-
sion [Gra9l, Lyu97, GerOOa] and contribution of the transient hot electrons to the
tunneling currents [Dolll]. At the time of writing this thesis, great achievements are
currently made in the direction of time-resolved THz-STM, employing half-cycle THz
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ELECTRONS

pulses as pump and probe gate voltages. Femtosecond optical excitation of a tunneling
junction or a molecule therein remain, however, particular challenging.

The non-local excitation of the optical near-field in the tip-sample junction via nanofo-
cused SPPs may help to overcome these limitations. With the junction at the atomic
scale (~3A), plasmonic tunneling [Zul09, Est12, Sav12, Tam13] can provide a con-
ductance channel with high degree of spatial confinement and potentially ultrafast
and controllable temporal response for robust femtosecond time-resolved STM. Alter-
natively, the nano-confined SPP field could be employed as optical pump exciting a
molecule in the STM junction, whose dynamics could subsequently be probed by a
synchronized THz-pulse. Last, it should be noted that using SPPs with frequencies in
the near-infrared and visible spectral range, as employed here, much stronger spatio-
temporal confinement in the tip-sample gap is permitted both in the classical near-field
coupling and quantum tunneling regimes, as compared to IR and THz plasmons.
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Figure 7.16.: Perspectives of nanofocused plasmon-driven ultrafast electron point sources for
time-resolved microscopy. The non-local generation of femtosecond low-energy electron pulses
enables femtosecond point-projection microscopy with a high sensitivity to electromagnetic
fields near free-standing nanoobjects, which resembles a non-contact local probe of photocur-
rents [Miill4]. With decreasing tip-sample distance in the sub-micrometer range, the projection
images transform into holograms, allowing for time-resolved low-energy in-line holography of
single molecules, potentially with few-femtosecond temporal and 1 nanometer spatial resolu-
tion. With the tip-sample junction entering the the sub-nm range, few-cycle nanofocused SPPs
may potentially be employed in time-resolved scanning tunneling microscopy and spectroscopy,
with tip—sample coupling possibly in the quantum regime.
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8. Summary and Outlook

The work presented here focuses on the implementation of femtosecond low-energy
electron electron pulses as ultrafast probes for imaging and diffraction approaches.
Low-energy electrons in the energy range below 1keV are appealing as they are strongly
scattering probes [Sea79], providing very high sensitivity to surfaces as well as to electric
fields. Their wavelength is sufficiently small to obtain atomic structural information,
either in reciprocal space via diffraction, and, in principle, also in real space via imag-
ing. Whereas excitation of sub-keV femtosecond electron pulses is easily achieved via
photoemission from metal photocathodes, their pronounced dispersion during propaga-
tion in vacuum prohibits their straightforward implementation in standard imaging and
diffraction instruments. Preserving femtosecond pulse durations during acceleration to
sub-keV energies at the sample requires reduction of the propagation distances to the
micrometer scale [Paal2]. In addition, space charge broadening needs to be eliminated
by operating in the single electron regime and at high repetition rates [Aid10].

The extensive investigation of laser-triggered ultrafast electron emission from metal
nanotips within the last years has led to a detailed understanding of their photoemission
properties [Hom06b, Hom06a, Rop07b, Bar07, Yan10a, Bor10, Kriill, Her12, Par12].
This naturally triggered an increasing interest in utilizing nanotip photoemitters as
coherent point-like photocathodes [Paal2, Gull4, Miill4, Hofl4, Ehbl5], in contrast
to flat photocathodes as used in most ultrafast high-energy electron diffraction se-
tups [vO07, Aid10, Wall5b]. The strong localization and enhancement of optical as
well as static electric fields at the apex are particularly advantageous for application
as low-energy electron source. Specifically, it is the quick electron acceleration in the
inhomogeneous field of the apex as well as the ultrashort propagation distances facil-
itated by the tip geometry which enabled the first experiments of low-energy electron
diffraction [Gull4] and imaging in a point-projection geometry [Miill4].

In this work, a tip-based femtosecond low-energy electron gun is developed, capable
of delivering either divergent or collimated single electron pulses to the sample. The
divergent beam can be employed for femtosecond point-projection microscopy (fsPPM)
at tip-sample distances of a few micrometer. Femtosecond low-energy electron diffrac-
tion (fsSLEED) experiments can be performed in transmission employing the collimated
electron beam. In both operation modes, the electron pulses are temporally character-
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ized at the sample via cross-correlation with a photoelectron cloud [Dol06, Heb09]. The
resulting transients reveal upper estimates of the electron pulse duration of <200fs in
fsPPM and of ~ 600 fs in the fSLEED mode. These are the shortest low-energy electron
pulse durations measured to date. Diffraction experiments on monolayer suspended
graphene demonstrate the capability of the setup to record high quality diffraction pat-
terns from a single layer material. In future experiments, the nanotip electron gun can
be employed to study the lattice dynamics of 2D mono- or coupled bilayer crystalline
materials with very high sensitivity.

The dynamics of photocurrents inside a single axially p-n doped semiconductor InP
nanowire (NW) is studied by fsPPM. It is shown that the combination of nanometer
spatial resolution and high sensitivity to electric fields, as provided by PPM, enables
imaging of nanoscale potential distributions at the surface of nanostructures. With
additional femtosecond time resolution, this allows for the investigation of ultrafast
photocurrents inside NWs by imaging photo-induced changes of the surface potential.
Specifically, the transient screening of the surface electric field via carrier diffusion
inside the space charge layer at the NW surface is studied locally along the NW surface.
Different surface photovoltages and rise times are found for the different doping levels.
The results allow for the characterization of the local surface band bending with few
10nm spatial resolution. More recently, indications of axial transient fields generated
across the p-n junction promise more insight into the axial doping properties and the
interfacial charge transfer between the doping segments of such NWs.

In the last part of this thesis, a novel type of a nanotip electron source based on
nanofocused surface plasmon polaritons (SPPs) is realized. The broad bandwidth of
the adiabatic nanofocusing process allows to drive femtosecond electron emission from
the apex non-locally, with the laser excitation site displaced 20 pm away from the apex.
As an improvement to the recently demonstrated concept [Vogl5, Schl5], this work
shows that SPPs can be nanofocused with very high efficiency at 800 nm wavelength
and with near the full bandwidth of 5fs laser pulses. Interferometric autocorrelation
measurements of the photocurrent reveal a duration of less than 10fs of the nanofo-
cused SPP near-field. As a first application, the ultrafast SPP-driven electron source is
employed for fsPPM, mapping the electric field at the surface of a NW at a tip-sample
distance of 3 um, clearly below what is possible with conventional fsPPM.

Very recently, a new laser system has been installed at the setup, providing 7 fs laser
pulses at a tunable repetition rate between 200 kHz an 2 MHz (Venteon OPCPA). The
experience gained from the three laser systems employed in this thesis is, that at low
repetition rates of a few hundred kHz the maximum photocurrent of the electron beam
is limited by space charge effects, whereas at very high repetition rates it is limited by
the thermal stability of the tip and thus the usable pulse energy. In this regard, the
optimal repetition rate is in the few MHz range. Depending on the investigated sample
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and its relaxation dynamics, a lower repetation rate might however be preferred, which
is available with this system.

The spatial resolution of the fsPPM data shown here is limited by the mechani-
cal stability of the setup. Currently, efforts are made for better vibration damping,
promising improved spatial resolution and the ability to decrease the tip-sample dis-
tance in the SPP-driven fsSPPM mode to the sub-um range. With increased spatial
resolution and sensitivity in fsPPM, it will be interesting whether it will be possible
to image for example charge transfer processes in 2D transition metal dichalcogenides
(TMCD) semiconductor systems. Single layer TMDCs should be transparent to low-
energy electrons, and processes such as charge transfer across lateral heterojunctions
within a single 2D-layer [Lil5], or interlayer charge transfer between a two-layer van
der Waals heterostructure [Hon14, Ceb14] might be accessible.

Further, the SPP-driven electron source promises the realization of low-energy in-line
electron holography [Fin90, Bey10, Lon13, Lonl5b]. With the holography approach,
1 nm spatial resolution has been demonstrated by holographic reconstruction of images
of single biomolecules [Lon15b, Lonl5a]. The prospective combination with femtosec-
ond temporal resolution might enable time-resolved imaging of charge distributions on
molecular length scales. More recently, it has been shown that PPM allows to map
the unoccupied band structure of a single layer graphene sheet [Wicl6] by measuring
the angle-resolved transmission of 18-30eV electrons through graphene in the PPM
geometry. Perhaps, this might open a new route to access transient populations in the
unoccupied part of the band structure of 2D-material systems driven out of equilibrium.

The nanofocusing concept and the SPP-driven electron source provide a promising ap-
proach for time-resolved scanning tunneling microscopy (STM). On the one hand, they
might be employed as an ultrafast trigger for an optically-induced tunneling current
pulse. Alternatively, such a nanofocused light source could be combined with the emerg-
ing technology of single-cycle THz-STM [Coc13]. This is appealing as two independent
pump-probe mechanisms could be employed, namely nanofocused optical excitation of
the junction or a molecule therein, and subsequent probing via femtosecond gating of
the tunneling current with a synchronized single-cycle THz pulse.
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A. Characterization of the CEP
stability of the Venteon Ti:Sapphire
oscillator

The Venteon Ti:Sapphire oscillator is equipped with an internal f-2f-interferometer for
stabilization of the carrier-envelope phase (CEP) ¢cg, which is the phase between
the electric field oscillation and its envelope as illustrated in Figure A.la). In the
strong field regime, the CEP can be used to control the initial properties of electrons
emitted from nanotips [Her12, Par12]. As the SPP-nanofocusing process preserves the
phase information of the laser pulse [Ber12], this might be also possible in the case of
the SPP-driven electron source. As the Venteon laser provides this option, its CEP
stability is characterized here for possible future applications employing the CEP of
the laser pulses.

Specifically, the laser allows for CEP stabilization to zero phase shift between subse-
quent pulses, i.e. dpcg/dt = 0, generating a pulse train with constant CEP [Rau09].
In the frequency domain a slipping rate Apcg of the CEP between subsequent pulses,
caused by a mismatch in phase and group velocity in the cavity, corresponds to a
carrier-envelope offset frequency fog [Tel99], which can be expressed as

1
fCE = TfrepA(PCE- (Al)
T

where frep if the laser repetition rate. Figure A.1b) illustrates the frequency comb-like
spectrum of a mode-locked laser consisting of equally spaced frequency modes f(n) all
separated by frep. Extrapolating these modes down to zero frequency, fcg is the offset
of the last frequency mode to zero,

fce = f(n) — N frep (A.2)

with n being an integer number. Stabilization of the CEP to zero phase shift is achieved
by locking the offset frequency fcg to zero.
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APPENDIX A. CHARACTERIZATION OF THE CEP STABILITY OF THE
VENTEON TL:SAPPHIRE OSCILLATOR
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Figure A.l.: a) Setup of the external out-of-loop f-2f interferometer. b) Illustration of the
carrier-envelope phase of a gaussian 5 fs laser pulse. ¢) Illustration of the spectral components
and envelope of a mode locked laser and the carrier-envelope offset frequency fog.

Stabilization of the CEP requires a phase coherent measurement which is sensitive
to fcg. In f-2f interferometry this is realized by a coherent superposition of the fun-
damental spectrum with its second harmonic [Tel99, Jon00]. Spatial and temporal
overlap is achieved by a michelson interferometer separating the spectral components.
For an octave-spanning spectrum, the frequency modes f(2n) from the blue end of the
spectrum overlap with the frequency doubled modes 2f(n) from the red side of the
spectrum, see Figure A.1c). Since in the second harmonic process the CEP behaves
the same way as the frequency does, heterodyning of these components gives direct
access to the carrier-envelope frequency by the slowly oscillating heterodyne

Jbeat = 2f(n) - f(2n) = fcE- (A3)

The spectrum of the Venteon oscillator shown in Figure 3.8 a) has sufficient bandwidth
to directly provide the f- and 2f-components required for this self-referencing locking
scheme. For the zero-offset stabilization, as described in reference [Rausch], an acoustic
optic modulator (AOM) is inserted in the fundamental arm of the internal f-2f inter-
ferometer to shift the beat signal between the f- and 2f-component by 100 MHz, which
enables stabilization to fog = 0 by locking fieat to a quarter of the repetition rate.
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Figure A.2.: a) Spectral interference between the f- and 2f-components measured with of the
external f-2f-interferometer for various delay times. b) Longterm stability of the carrier-envelope
phase at 7 ~ 330fs.

The absolute CEP stability can be measured with a second out-of-loop f-2f-interferometer
as shown in Figure A.1b). For this purpose, 10 % of the - and 2f-components originally
filtered for the internal interferometer are split off. A hot mirror is used to separate
the spectral components for the two interferometer arms. The second harmonic of the
1120nm component is generated in an LBO crystal and superimposed with the fun-
damental 560 nm on an avalanche photodiode or a spectrometer. Zero-offset locking
foe = 0 is verified by monitoring the position of the external beat signal with a spec-
trum analyzer as it shifts to zero. Care has to be taken to choose the 'right’ beat signal
for locking. Heterodyning only one single mode f(n) with its second harmonic leads to
beat signals at £ fcg around f = 0. However, many thousand modes usually overlap
within the 10 nm bandwidth of the spectral filter, producing replica of fcg around the
repetition rate, freat = frep £ fcr. Locking the 'wrong’ beat signal Foeat = frep — fCE
to f = 0 results in locking of the true beat to fpeat = 40 MHz, and thus a phase slip of
7 between adjacent pulses.

The CEP stability of the CEP is demonstrated in Figure A.2 by the constant spectral
interference between the f- and 2f-components, which becomes visible by generating a
small delay between the f- and 2f-components. Figure A.2a) shows the dependence of
the spectral interference for various delay times 7. At zero delay, no fringes are visible,
whereas with increasing delay the spectrum becomes modulated by the phase term
wT. For each interferogram millions of pulses all having the same CEP interfere. The
longterm stability of the CEP is plotted in Figure A.1b), where the spectral interference
was measured for one hour.
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B. Numerical simulation of single
electron propagation

Single electron propagation in the electric field E=vVU (computed in COMSOL Mul-
tiphysics) is calculated numerically using the MATLAB programming environment!.
Except for the simulation shown in chapter 7.4.2, prompt electron emission is assumed,
and single electron trajectories are calculated using an adaptive Runge-Kutta algo-
rithm to solve the classical equation of motion. Simulations are performed either in
2D assuming radial symmetry, or in 3D if necessary. Conceptually, the simulations are
similar to the procedure described in reference [Paal2].

Electrons are released instantaneously from the tip surface with initial conditions
defined by their initial kinetic energy & and their emission angle 6. The choice of the
initial conditions depends on the specific problem which is addressed and the simulation
geometry. The following two sections explain the initial release properties and the
analysis of electron arrival distributions at the sample for a) the calculation of electron
spot sizes and pulse durations (section B.1), and 2), and b) the calculation of point-
projection images (section B.2).

B.1. Emission characteristics for calculating single electron
wave packet evolution

To calculation the spatio-temporal evolution of single electron pulses, from which elec-
tron pulse durations and spot sizes are deduced, radial symmetry of the setup allows
for the reduction of dimensionality and trajectories are calculated in 2D using polar
coordinates. As shown in Figure B.1a), the initial emission site of an electron is given
by the angle ¢; with emission normal to the tip surface. In the simulations shown
in [Paal2], electron emission normal to the tip surface was assumed. Electrons are,
however, emitted with a certain momentum distribution at each emission site. This is
accounted for by the emission angle 6o with respect to the surface normal, and by the
out-of-plane angle 63 of the electrons.

Lor in few cases using COMSOL Multiphysics
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Figure B.1.: (a) Sketch of emission angles. Emission normal to the surface occurs at an angle
01 with respect to the z-axis (left), whereas an angular distribution at each emission point is
taken into account by 62 (center). An out-of-plane distribution is accounted for by mapping
the velocity vy emitted at an out-of-plane angle 63 onto the r-z-plane. (b) At an emission angle
61, an angular element df; transforms into a surface element dA = 27 R?sin(#;)df; (modified
from [Paal2]). The increasing emission area with larger emission angle 61 needs to be accounted
for in the calculations of the electron pulse duration, see chapter 4.3.3 below.

The three types of emission angles are sketched in Figure B.1. Electron are released
from the apex (radius R) at positions (r, z) and with velocities (v, v,) given by

r = R-sin(6;) (B.1)
z=R-[1—cos()] (B.2)
v = v - sin(fy + 62) (B.3)
v, = —vp - cos(bq + 62), (B.4)

respectively. The initial velocity vg is determined from the initial kinetic energy &; of

vy = \/gcos(ﬂg). (B.5)

Here, the factor cos(f3) accounts for the out-of-plane angle 63 which can be mapped

the electron by

on the initial velocity in the r-z-plane.

In reference [Paal2], electron trajectories are calculated for uniform distributions of £
and 6 and are then afterwards weighted by their statistical probability. Here, electrons
are instead generated according to specific probability density functions (pdf’s), which
describe the respective distributions of energies and emission angles. The final electron
spot size and pulse duration can then directly be obtained from the spatio-temporal
electron distribution in the anode plane.

The probability that an electron is emitted with an energy £ and at emission angles
On, (n = 1,2,3), is modeled by independent Gaussian distributions with mean values
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B.1. EMISSION CHARACTERISTICS FOR CALCULATING SINGLE
ELECTRON WAVE PACKET EVOLUTION
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Figure B.2.: Example of distributions of electrons with initial kinetic energy &; (a) for & =
0.25eV, og = 0.5¢eV and with emission angle 6; (b) for o491 = 10°, respectively. The histograms
are plotted for a total number of electrons of 50000 distributed into 50 equally spaced and broad
bins.

ue = & and pgy = pg2 = pes = 0 and standard deviations o¢ and oy, respectively.
The initial electron wave packet is thus described by the pdf

Pop(&i,0,) = PyH(E)H(0:) ex _E &) -> O (B.6)
2D\¢iy Un 0 7 1 p 208 ~ 200n ) .
which together with equations B.1 to B.4 determines its initial release properties.
Proper normalization is ensured by Py, and the heaviside function H(€) cuts the energy
distribution at & = 0.

The electron spot size at the anode (positioned at a distance d) is obtained from the
standard deviation of the final distribution of radial positions in the r-z-plane at z = d
calculated using (B.6). The pulse duration, however, is an integral property of the final
electron wave packet in 3D. Thus, the emission probability in equation (B.6) needs to
be corrected for the increased surface area dA = 27 R2?sin(f;) at emission angle df;
for calculation of the electron pulse duration. This is illustrated in Figure B.1b). The
initial electron wave packet in this case is described by the 3D-corrected pdf

P3D = PQD . sin(é’l). (B7)

The final electron pulse duration is then obtained from the distribution of arrival times
at the anode plane, calculated for initial an electron wave packet with an energy and
angular distribution determined by equation (B.7).

In the simulations, random numbers of the initial values of £ and 6,, are generated
from the above pdf’s for a given number of trajectories. Figures B.2a) and B.2b) show
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examples of an initial energy distribution with & = 0.25eV and og = 0.5eV, and of
an initial distribuion of emission angles 6 for gg; = 10°, respectively. Including the
3D-correction term given in equation (B.7), the maximum number of electrons is not
emitted at 67 but shifts to larger angles.

B.2. Simulation of point-projections of biased nanowires

For the calculation of point-projection images of nanowires (NWs), single electron tra-
jectories are calculated in 3D with cartesian coordinates x = (z,y,z). The geometry
is shown in Figure B.3. The NW spans across a round hole in z-direction and the
tip points along the z-direction. Hence, the z-z plane is chosen as symmetry plane to
reduce the computational cost. The sample is modeled by a 200 nm thin metal layer
with a 2 uym hole centered around the z-axis. The NW is formed by a cylinder with
radius R,y embedded in the sample. To account for work function variations between
the NW and the substrate as well as to the environment (e.g. due to different materi-
als), constant bias voltages Uy, and Uy, o are applied to the substrate and the NW,
respectively. Additionally, a potential distribution accounting for axial work function
variations along the NW, e.g. due to doping effects, can be applied. The simula-
tions shown throughout this thesis assume an axial p-i-n doping structure (along the
x-direction) modeled by the potential distribution

Unw(@, 20, Dg) = Unw,o + UL, [1 — Q(z, 20, Dy)| + Upy, - Qx, 20, Dy), (B.8)

applied to the NW, where

Oz, 20, Dy) = 1/2 1+erf<f[;;z> : (B.9)

is the (cumulative) probability function. The potentials UP and U, denote the re-
spective potential of the p- and n-doped segments, and xg and D, are the position and
width of the i-segment along the z-direction, respectively.

In contrast to the previous section, electron trajectories are computed for a regular
grid of emission angles 61 , and 61 , in - and y-direction, respectively, assuming electron

emission normal to the tip surface. Moreover, a constant initial electron energy &; with

1/2 2

velocity v = (2&;/me)"/* is assumed instead of a distribution of energies ~.

2A broader energy distribution would affect the resolution in the calculated images. This is effect
is, however, small for the considered experimental conditions, and not of primary importance for the
demonstration of image formation in PPM of electric field. It can, however, easily be taken into account
for future PPM analysis by applying the same pdf as that used the previous chapter.
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B.2. SIMULATION OF POINT-PROJECTIONS OF BIASED NANOWIRES

I detector plane

Figure B.3.: Geometry for the simulation of point-projection images. Electrons are emitted
with a constant initial velocity v and discrete emission angles 6; , and 6, ,, in 2- and y-direction,
respectively. The tip is biased at Uy, accelerating electrons to the grounded sample, where
they are possibly deflected by electric fields in the sample vicinity. Projection images are then
evaluated in the distant detector plane.

The simulated projected NW radius plotted in Figure 6.3 in chapter 6 of this thesis is
obtained from electron trajectories in the y-z-plane calculated for 6; , = 0. A constant
bias Uy o is applied to the NW with UZ = U]}, = 0. The projected NW diameter py, is
obtained by evaluating the electrons y-position in the detector plane at Dgj, = 100 pm
and mapping to the experimental detector plane at D = 10cm assuming field free
propagation.

Figure B.4 shows two examples of the electrons arrival position yg4et plotted as a
function of the emission angle 6; ,. Figure B.4a) shows the case of a dark projection,
and Figure B.4b) that of a bright projection. For positive 6 ,, negative values of
Ydet are obtained from electrons deflected in the —y-direction, i.e., electrons with a
negative yqget-position are over-focused by the NW. The data is mirrored around 61,
for illustration, with respective opposite signs of yget. The gray shaded area marks
emission angles at which electrons are not projected on the detector but are blocked
by the NW.

In case of a dark projection, all arrival positions have the same sign as the emission
angle and increase continuously with increasing ¢ ,. The width of the projected shadow
of the NW is then simply the distance of the arrival positions of the first transmitted
emission angles. In case of bright projections, parts of the electrons are over-focused,
that is, they arrive at negative yqe; in case of positive 61, and vice versa. Also here,
the projected NW width is determined from distance of the arrival positions of the
first transmitted emission angles. The integrated intensity within the projected NW is,
however, doubled compared to positions outside this over-focusing region in case of a
homogeneous distribution of 61 4.
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a)

b)

Figure B.4.: Calculated arrival positions yqe; on the 10 cm distant detector of electrons de-
flected by a biased NW spanning across a 2 un hole in a grounded substrate. In (a), the NW
is biased negatively at Uy, = —0.5V, leading to a dark projection. In (b), no bias is ap-
plied to the NW, resulting in a bright projection due to the small NW radius of R, = 15nm.
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The three-dimensional projection images shown in Figure 6.12 in chapter 6 are gener-
ated from the arrival positions of the trajectories at the detector plane. Assuming equal
emission probability for all trajectories, the image intensity is calculated by phase space
mapping between the initial condition and the detector arrival position, integrated over

the regular grid of initial conditions.
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