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Zusammenfassung

Die Austrittsarbeit ist eine fundamentale Materialeigenschaft, die eine grofle
bedeutende Rolle in der Festkorperphysik spielt. Zum ersten Mal wurde
das Wort “work function” (zu Deutsch: Austrittsarbeit) 1916 von Lester be-
nutzt [1, 2], der damit die Energie beschrieb, die ein Elektron benotigt, um
einen Festkorper zu verlassen. Die Austrittsarbeit spielt sowohl bei Ober-
flicheneffekten wie Katalyse und Elektronenemission als auch bei Grenz-
flachenphénomene eine wichtige Rolle. Materialien mit optimierter Austritts-
arbeit sind deshalb erforderlich, um die Effizienz und die Funktionalitét
von oberflichen- und grenzflichenbasierten elektrischen Bauelementen zu

verbessern.

Diese Arbeit beschéftigt sich mit der Messung von Austrittsarbeiten und
zeigt, wie diese grundlegende Materialeigenschaft fiir verschiedene Anwen-
dungen geziehlt verandert, bzw. optimiert werden kann. Dies wird mittels
Heteroepitaxie diinnster Schichten demonstriert. Eine genaue Beschreibung
der verwendeten Messmethoden und der Theorie zu Austrittsarbeiten ist in
Kapitel 2 dargestellt.

Die Diinnschichtmaterialien in dieser Arbeit sind in einer Laserablationsanlage
hergestellt und ihre Oberflicheneigenschaften in-situ in einer Ultrahochvakuu-
manlage untersucht worden. Diese Messanlage wurde im Rahmen dieser Arbeit
entworfen und aufgebaut. Die Messmethode basiert auf dem Konzept eines

thermoelektronischen Energickonverters [3]. Solche Konverter ermoglichen
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2 Zusammenfassung

den verlustfreien Transport von thermionisch emittierten Elektronen von einer
Kathode (Emitter) zu einer Anode (Kollektor). Ein positiv geladenes Gitter
beschleunigt die emittierten Elektronen und verhindert so eine Raumladung.
Somit erfahren die Elektronen nominell keine Anderung ihrer Energie, wenn
sie den Kollektor erreichen. Um den Einfang von Elektronen durch das Gitter
zu reduzieren, wird zusétzlich ein Magnetfeld parallel zur Elektronenbewe-
gung angelegt. Die Messapparatur und ihre Eigenschaften sind in Kapitel 3

detailliert beschrieben.

Die Messgenauigkeit der Anlage und das Modell zur Datenanalyse wurden mit
einer Serie von Blindversuchen iiberpriift. In diesen Versuchsreihen wurden
Austrittsarbeiten verschiedener Materialien, die dem Experimentator unbe-
kannt waren, bestimmt. Anschliefend erfolgte der Vergleich mit Werten aus
der Literatur. Die Resultate der Blindversuche (Molybdén und Platin) sowie
die Messungen an einkristallinem Nb:SrTiO3 und einer LaBg Diinnschicht
ergaben eine Messgenauigkeit von weniger als 100 meV im Vergleich zu Lite-

raturwerten.

Derzeit sind die Austrittsarbeiten von Ubergangsmetalloxiden noch wenig
erforscht. Die Austrittsarbeit von A BOs-Perowskiten wird in dieser Arbeit bei-
spielhaft an SrRuOj3 Diinnschichten, welche epitaktisch auf Nb:SrTiO3 gewach-
sen wurden, untersucht. Die Ergebnisse sind in Kapitel 4 zusammengefasst und
zeigen, dass die Austrittsarbeiten dieser Materialien stark temperaturabhéngig
sind. Desweiteren konnte gezeigt werden, dass durch Oberflachenrelaxation die
Austrittsarbeit von STRuOs Diinnschichten um etwa 17 % reduziert werden

kann.

Das Kernthema dieser Arbeit ist die gezielte Verédnderung der Austritts-
arbeiten, insbesondere von Perowskiten, durch Heteroepitaxie. Kapitel 4.4
beschreibt die Verdnderung der Austrittsarbeit von SrRuOs durch vier ver-
schiedene epitaktisch gewachsene Monolagen. Diese Monolagen sind BaTiOg,
SrTiO3, LaAlOs, und BaZrOjz. Die Ablationsparameter dieser Deckschichten
wurden moglichst gleich gehalten um qualitativ vergleichbare Ergebnisse zu
bekommen. Dafiir wurde der Sauerstofthintergrunddruck wéhrend des Wachs-

tums von SrRuQOj Diinnschichten und den darauffolgenden Deckschichten
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gleich gehalten, da StRuOj sehr empfindlich auf die Anderung dieses Parame-
ters reagiert. Zusatzlich wurde die Wachstumstemperatur fiir die Monolagen
gleich gehalten. Lediglich die Fluenz des Ablationslasers wurde auf die epi-
taktischen Wachstumsbedingungen abgestimmt und optimiert. Somit konnte
sichergestellt werden, dass die Monolagen unter denselben Bedingungen auf

SrRuOj3 Diinnschichten gewachsen wurden.

Die Austrittsarbeit von SrRuO3z wurde durch BaTiO3 und SrTiO3 Monolagen
verringert und durch BaZrO3 und LaAlOs erhoht. Die grofite Verdnderung
wurde durch eine Monolage LaAlOj3 erreicht; sie betriagt +7.4 % im relaxierten
und +23 % im unrelaxierten Zustand. Diese Erkenntnisse konnen genutzt
werden um fiir Anwendungen gezielt geforderte Austrittsarbeiten an Grenz-

oder Oberflachen einzustellen.

Die Ergebnisse der gewachsenen Monolagen auf SrRuO3 Diinnschichten zei-
gen, dass die Austrittsarbeit von Perowskiten, sowie ihre Modifikation, stark
von dem B-Atom der letzten Atomlage abhéngt. Dies wird durch den Ver-
gleich der Ergebnisse der verschiedenen Deckschichten deutlich. Die BaTiOg
und SrTiO3 Deckschichten reduzieren beide die Austrittsarbeit von SrRuOs,
wohingegen die BaZrOj Schicht diese erhéht. Da BaTiO3z und SrTiO3 das
gleiche Ubergangsmetall auf ihrer B-Seite haben und BaTiOs und BaZrOs
das gleiche A-Ion, deuten die Ergebnisse auf eine BOs-Terminierung fiir diese
Heterostrukturen hin. Diese Beobachtung ist in Ubereinstimmung mit den Er-
gebnissen der unbeschichteten SrRuOg3 Diinnschichten, deren Messergebnisse

auch auf eine BOy-Terminierung hindeuten.

Die Messungen der BaTiO3 und SrTiO3 Monolagen auf SrRuO3 Diinnschichten
deuten auf eine unvollstindige Oberflichenabdeckung hin. Dieses Ergebnis
ist iiberraschend, da mit RHEED kein Hinweis darauf méglich war. Dies wur-
de durch STEM-Aufnahmen von mehreren Monolagen BaTiO3 auf SrRuOs;
bestétigt. Die Bilder zeigen Inselwachstum der BaTiOg Schicht auf der SrRuOj3
Diinnschicht, die dem Wachstumsmodus von Stranski-Krastanov zu folgen
scheint. Dies iiberrascht, da die Gitterfehlanpassung von BaTiO3 zu SrRuOj3
1.7 % betrigt und von LaAlO3 zu SrRuOsz 4 %, obwohl welche Ergebnisse auf

eine geschlossene Monolage hindeuten. Diese Ubereinstimmung zwischen den
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Ergebnissen der Austrittsarbeitmessungen und den STEM-Bildern zeigt, dass
diese Messungen der Austrittsarbei qualitative und detaillierte Informationen
itber die Oberflachenstruktur liefern, die mit anderen Charakterisierungsme-

thoden wie RHEED schwer erreicht werden konnen.

Schliefllich wird in Kapitel 5 dieser Arbeit die durch Photonen induzierte
thermionische Emission (PITE) an Kohlenstoffnanoréhren untersucht. Eines
der Probleme mit solchen Strukturen ist die Verringerung des Emissionsstroms
mit der Zeit. In dieser Arbeit konnte gezeigt werden, dass dies mit den hohen
Temperaturen der sogenannten Wirmefallen (“Heat-Traps”) zusammenhéngt.
Diese fiihren zu Sublimation und Verdnderung der Kohlenstoffnanostrukturen
und damit zu einer verringerten Emission. Es konnte zuséatzlich experimen-
tell demonstriert werden, dass PITE mit thermoelektronischen Konvertern
kompatibel ist und dadurch die Raumladung unterdriickt wird. Diese Un-
tersuchungen sind fiir die Realisierung effizienter PITE Energieumwandler

wichtig.



Chapter

Introduction

The history of thermionic emission and the concept of the work-function
barrier are bound together. The term “work function” was, apparently, first
used by Lester in 1916 to describe the constant in the exponent of the first
Richardson equation [1, 2]. However, the search for materials with a low work
function had started since the very beginning of the 20th century. Wehnelt
reported on the emission enhancement of platinum by coating it with BaO
and CaO layers in 1904 [4, 5]. His observation gave rise to oxide cathodes
that could operate at lower temperatures and demonstrate higher current
densities than refractory metals. These cathodes revolutionized cathode-ray-
tube (CRT) technologies, and are still the cathode of choice in these devices
today [5, 6].

The investigations of Lang and Kohn provide our current understanding of
the work function and its characteristics. They employed density-functional-
theory (DFT) to calculate the surface states and charge density at several
metal surfaces [7, 8|. Their pioneering work explained not only the anisotropic
nature of the work function, but also provided the basis for the qualitative
work-function calculations performed today. Recent calculations explain
the work function enhancement in oxide cathodes by the modification of
the surface dipoles induced by the dielectric layer [9, 10, 11]. Interestingly,
these calculations suggest that just one monolayer of a dielectric coating can

drastically increase or decrease the work function of metals.
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The work function is not limited to vacuum electronics in today’s science.
This energy barrier is an essential material property for various applications,
such as catalytic processes [12], solid-state devices[13], and thermionic energy
converters [3, 14, 15, 16]. For instance, the work function determines the
efficiency of thermionic energy converters, and the Schottky barrier height at
the interface of a metal-semiconductor junction, e.g., in photovoltaic devices.
Hence, materials with optimized work functions are needed to further enhance
these processes and devices.

The recent advances in deposition techniques and heteroepitaxy open new
opportunities for materials and compounds with “tailored” and optimized work
functions. Deposition techniques such as pulsed laser deposition (PLD) can be
used with atomic precision to obtain heterostructures with new functionalities
at surfaces or interfaces. Susaki et al., have shown that the deposition of a
single unit cell of MgO on an Nb:SrTiO3 substrate reduces the work function
by about 0.8 eV [17]. This tailoring of the work function has also been recently
employed for adjusting the Schottky barrier height at the interfaces of oxide
heterostructures [18].

This thesis investigates the work function of transition metal oxides (TMO)
and explores the tunability of their work function by heteroepitaxy. This
investigation is important because the work function of these materials has not
yet been extensively explored. Moreover, correlated materials, such as many of
the ABQOj3 perovskites and their heterostructures, demonstrate unique physical
properties that are promising for future electronic devices [19, 20, 21, 22].

This investigation is pursued using epitaxially grown SrRuQOg thin films
as a model material. These films are grown by PLD on Nb:SrTiO3 substrates.
The tunability of its work function is explored by capping layers of Sr'TiOs,
BaTiOgs, or BaZrO3 with thickness of one-unit-cell, all grown epitaxially.
These capping layers are chosen to substitute the atomic layers on the surface,
i.e., exchanging the A-atom and B-atom separately in this ABOj perovskite.
Additionally, the effect of a polar capping layer is investigated using a one-
unit-cell thick layer of LaAlOgs, i.e., the fourth employed layer throughout
this work. These investigations can provide an understanding of the complex

science at the surface, as well as at the interface of these materials.



The measurements presented in this thesis are performed in-situ in a
custom-built ultra-high-vacuum system, which is based on the concept of
thermoelectronic converters [3, 23]. These converters realize the space-charge
free transport of electrons, and demonstrate the characteristics of an ideal vac-
uum diode. Consequently, the energy levels are well defined, which allows the
extraction of work-function values from their current-voltage characteristics.
Hence, the measurements are performed on large surface areas and at elevated
temperatures, i.e., at the operating condition of thermionic devices. The
in-situ determination of the work function is vital in this work, as impurities
and contaminants on the surface will modify the surface dipoles and deceive

the experimental findings.

Outline

Chapter 2 addresses two central parts of this thesis. First, it provides a detailed
description of the work function and discusses how a dielectric coating can
alter it. Second, it examines and formulates the current-voltage characteristics
of thermoelectronic converters, and shows how work-function values can be
extracted from them. The chapter closes by demonstrating a measurement
example of a material having two different work functions.

The experimental bases and technical descriptions of the techniques per-
formed in this thesis are discussed in Ch. 3. This chapter provides an overview
of the epitaxial growth system and the techniques used for sample fabrication.
Further, it demonstrates the measurement apparatus and its components, and
presents its characteristics. This chapter closes by reporting proof-of-concept
measurements performed on a series of blind tests, which demonstrate a
measurement accuracy of <100 meV.

Chapter 4 presents the experimental findings on novel material systems.
These start with LaBg thin films prepared by PLD and continue with the
ABOj3 perovskites and their fabricated heterostructures. The results show
that a single monolayer of a dielectric can either increase or decrease work
functions. Moreover, they suggest that other mechanisms, such as surface

relaxation or distortion may alter work functions by up to 1eV. These
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results are in good agreement with model calculations and demonstrate the
complexity of the work function in TMO.

Chapter 5 investigates the photon induced thermionic emission (PITE) of
carbon-nanotube forests. First, their emission characteristics are examined,
and possible reasons for the observed current decay of these devices are
provided. Moreover, it illustrates the compatibility of PITE with the concept
of thermoelectronic converters for space-charge suppression. This chapter
closes with an outlook on solar PITE devices and discusses the challenges to
realize such converters.

Chapter 6 provides a summary and conclusion of the experimental findings.



Chapter 2

Background Knowledge and

Measurement Concept

This chapter focuses on the definition of the work function, how a coating
layer can alter it, and moreover discusses the complexity of this material
property in transition metal oxides. This discussion is highly influenced
by the book of Holzl and Schulte [24] that provides a detailed look at this
matter. The second section focuses on the measurement concept and the
I( V) characteristics of thermoelectronic converters, and demonstrates how
work function values can be extracted from these characteristics. At the end,
an example measurement is provided for the work-function determination of

a platinum coating on a bulk molybdenum sample.
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2.1 Work Function

The physics of electron emission is governed by the fundamental material
property, the work function. This material property is usually oversimplified
and defined as “The minimum energy required to extract one electron from
the electrochemical potential of a material, to the vacuum level.”[24, 25]
The energy of the vacuum level (Ey,.) is defined as the energy of an electron
at rest, at a distance where the image charge of the bulk is negligible. However,
this distance needs to be small such that the surface energy barriers (Egyf) of
the different crystal facets can be distinguished (see Ch.2 in Ref. [24]). The
definition of the work function mentioned above seems to be insufficient to
explain the observed anisotropic characteristics of the work function [24, 26].

Throughout this thesis, the work function is specified in the following manner:

The energy required to remove one electron with an energy of
the electrochemical potential, through a well-defined and uniform

surface to the vacuum level.

This definition of the work function emphasizes that the work function of a
material highly depends on the surface from which an electron is removed.
This anisotropy results from the possibly different surface dipoles emerging
at the different crystal facets as the atomic distances change in different
crystal orientations (see Fig.2.1b). Moreover, this definition differentiates
the contribution of the bulk properties (electrochemical potential, ), with
the surface energies (FEgy) resulting from the surface dipoles. Thus, the work

function should be considered in the following way:

CDWF = Evac - (Esurf + ,ae)7 (21>

where F,. is the vacuum level potential, Eg,¢ the surface potentials at a
specific surface, and ji. the contribution of p. to the work function. Figure 2.1a
illustrates the potential levels in a solid for an electron leaving the bulk.

The electric dipoles resulting from the image charge at the different crystal
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facets can drastically change Fg,t and thus the work function of a material.
Nieuwenhuys et al. have investigated the various facets of platinum and report
on a work function anisotropy of more than 0.5eV [27]. Table2.1 compares
some of the reported work function values for the different crystal facets of

platinum found in the literature.

The dipole layers on the surface of a metal can be modified to alter
and tune its work function. Indeed, it has been reported that dielectric
coatings can change the electron emission behavior of metals. The change
of the work function in oxide coated, or impregnated cathodes have been
investigated since the early studies of thermionic emission, as J. P. Blewett
reviewed the effect of BaO and SrO coatings on tungsten in 1939 [35]. Recently,
it has been reported that the combination of BaO with Sc,O3 can reduce
the work function of tungsten (P " ~ 4.55¢V, [33]) to values as low
as 1.32eV in a dispenser cathode [11]. Separately, current densities as high
as 1 Acm 2 at a temperature of about 1290 K have been reported for such
cathodes [36]. Although most reports are focused on work function reduction,

not all dielectric layers would necessarily reduce the work function of a metal.

a) b)
Surface @@
" Bulk | Vacuum (o]
_______________ |._ Evac
| IEsurf
3 - £ I ——-2 Dy
o Iﬂe |_
e T, A——— | ————————— EFermi
| g

Position (x)

Figure 2.1: Schematic of a) energy levels close to the metal surface for defining the
work function after Ref.[28], and b) different facets of a single crystal metal after
Ref. [26]. The anisotropy of the work function results from the different surface
dipoles emerging on the different crystal facets that consequently alter Fg,.¢ and

result in a different work function. Note that in panel a) pe = Epermi.
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Table 2.1: Some of the reported work function values of several facets of
platinum crystals and polycrystalline samples.

Crystal orientation PhLle Measurement method Ref.
(eV)

(111) 5.93 Field emission [27]

6.08 £0.15 Photoemission [29]

5.69 Model calculation [30]

(100) 5.84 Field emission [27]

5.824+0.15 Photoemission [29]

5.66 Model calculation [30]

(110) 5.35 £+ 0.05 Field emission [31]

5.26 Model calculation [30]

(320) 5.22 Field emission [27]

(331) 5.12 Field emission [27]

Polycrystalline 5.32 Photoemission [27]

5.64 Photoemission [32]

5.65 Photoemission [33]

5.8 Thermionic [34]
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Density functional theory (DFT) model calculations suggest that a single
monolayer of TiO, can increase the work function of Mo (100) by about
0.76 eV [9]. Model calculations explain the change of the work function by
a dielectric coating by the change of the surface dipoles that consequently
alters Fg.¢ of the metal. This change can result from the charge transfer
at the interface (¢°7), electrostatic compressive effects (¢©°™P), and surface
relaxations of both the metal and the dielectric (¢). Thus, the work function

change of a metal by a dielectric coating can be written as [10]:

ADywp = AT + AP + AR, (2.2)

A schematic visualization of the effects of A¢“T and A¢®°™ induced by
a dielectric layer on the work function of a metal is illustrated in Fig. 2.2.
Although the discussion here is mainly focused on the surface properties, this
outcome has also been reported for Schottky barrier heights, as the barrier
height is increased by the insertion of a polar dielectric layer at the interface
of a metal-insulator junction [18]. The work function of pure metals has been
extensively investigated in the past, and the effects of dielectric coatings have
been widely reported. For novel materials, work functions have only been

explored marginally, however.

The work function of correlated material systems such as the transition-
metal oxides (TMO) and heterostructures have not been adequately studied,
according to the literature. According to model calculations for the cubic
perovskites (ABOj3) [37, 38], these materials offer a broad range of work
function values. Figure 2.3a shows a sketch of a cubic ABOj3 perovskite unit
cell. Considering a (001) crystal direction, these compounds consist of stacked
layers of an AO, and BO, oxide layers, in which A and B are both metal ions.
The last oxide layer on the surface defines the termination of the material
that can alter both the surface and the interface properties of these materials
and their heterostructures, respectively [17, 39]. These calculations suggest
that in a BOs terminated crystal just by altering the transition metal on the

B site, the work function can drastically change. For example, by exchanging
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a)
i i
<G —>
o ) e - =
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(+) & 5
b)
Aol < 0 AolEa >
A w 'y
== \<§ 5 ~ = X g
AI=IEN ) IR
Position (x) Position (x)

Figure 2.2: Schematic showing how a dielectric layer can affect the work function
of a metal (®Yst!). Panel a) shows two different cases for the charge transfer
in a metal-dielectric junction. Depending on the density-of-states and the band-
alignments of the dielectric and metal, the charge transfer results in a modified
surface dipole at the metal surface that modifies Fg,+ and consequently ‘D%%tal.
The electric dipole (f, shown in green) on the left reduces @%eﬁal, and on the right
increases it. Panel b) shows how @%‘f}al changes depending on the interface distance
between a metal and a dielectric coating layer. Left, the dielectric layer compresses
the electron density profile (n(x), red line) at the metal surface (AP < 0). On
the right side, the large interface distance extends n(x) that results in a larger
surface dipole (A®Msta! > 0). For instance, the calculated charge transfer for BaO
and MgO on Au is found to be similar, but their interface distance with Au results
in 2.59 A and 2.73 A, respectively [10]. Consequently, A@AW“F is computed to be
—2.8¢eV for the BaO, and —1.6eV for the MgO capping layers, respectively [9, 10].

The “+” sign represents the image charge. Figures from Ref. [10] with permission.
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the Ti atom with Ru in SrBOs3;, the work function increases by about 0.5eV
(see Fig.2.3b). Moreover, the work functions of these materials strongly
depend on their termination. Interestingly, these calculation imply that all
AO-terminated perovskites lead to a lower work function when compared to
their BOs-terminated surface. This difference might result from the fact that
the AO layer on top acts similar to a dielectric coating layer as previously
discussed, and has been so far experimentally observed for SrTiOs [17].
Figure 2.3b presents the results of the model calculations of Z. Zhong and P.

Hansmann for SrB0O3; materials.
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a)
A atom
Oxygen
b
) Sr 03
B: Transition Metal
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Figure 2.3: a) Schematic of a cubic ABOg perovskite unit cell. The A-atom is
located at the corners and the B-atom is at the center. The oxygen atoms form
an octahedron enclosing the transition metal at the center. The atomic sizes and
distances are arbitrary and do not represent physical values. b) DFT calculations
of the work function for strontium based perovskites, SrBOg3 (001), reproduced
from Ref.[37] with permission. The panels compare the various work function
values for the different 3d-metal atoms (left), and 4d-metals (right). The data
points in orange are computed values for the BOy termination, and in blue for the

SrO termination.
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2.2 Measurement Concept and Data
Analysis Method

The work function measurements in this work have been conducted using a
thermoelectronic converter [3] by the retarding potential method [24, 40, 41].
In this method, the sample material is used as collector (anode) in a vacuum
diode or triode and its work function is determined with respect to the work
function of the emitter, or an additional reference material. In the following
discussion, we examine this method by the I( V') characteristics of an ideal
space-charge free vacuum diode, based on Ref.[1, 14, 40, 41]. Hence, we
assume an infinite wide planes for the emitter and collector and that the
electrons are ballistically transported to the collector material without their
energy being altered. In this ideal case, phenomena such as the reflection
of the electrons from the collector surface, or electron emission from the
collector (back emission) are neglected. Afterwards, the discussion is extended
to thermoelectronic converters, as these devices realize space-charge free
conditions. This section closes with the demonstration of a measurement
example, in which the investigated sample has two different work functions.

The characteristics of thermionic-based devices are dictated by the emission
properties of their emitter. Thermionic emission is a process in which the
electrons are thermally excited to overcome the emitter work function barrier
at the surface. The Richardson-Dushman equation defines the saturation

current density of a thermionic emitter as [42, 43]:

Pem
kB Tem

) (2.3)

Jem = ARD : Tezm . eXp(_
where Ty, is the temperature of the emitter, kg the Boltzmann constant, ¢epn,
the emitter work function in electron volts, and Agp the Richardson constant
which equals:
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with h being the Planck constant, m, the electron mass, and e the electric
charge. Equation 2.3 results from the fact that at elevated temperatures the
Fermi distribution function can be approximated by Boltzmann statistics.
Thus, the current will increase exponentially as either the work function of
the emitter decreases or the temperature rises. In numerous reports, the
pre-exponential factor has been found to vary from the derived Richardson
constant and correction factors have been suggested to be included in Eq. 2.3 [1,
40]. This deviation is attributed to a non-uniform metal surface, and the
applied electric fields to obtain a saturation current [1]. Shelton suggested that
these deviations originate from the measurement geometry used to determine
the emission constants [44]. Anywise, the emission constants of the emitter
remain the essential characteristics of a thermionic device, as they determine
the operating temperature and the saturation current. Similar to Eq. 2.3,
the current of the collector depends on its work function, but additionally
on the applied collector potential (eV;;). The collector current in an ideal,
space-charge free vacuum diode with a uniform emitter and collector surface

can be characterized as [14, 41]:

O : ¢em < 6‘/;:1 + ¢cl
Ja = ACl ' Te2m - €Xp (_%) : (bem <eVa+ (bcl < (bem =+ (bcl (25>
‘]:gf : 6‘/::1 + ¢cl < ¢em

where ¢ is the collector work function and eV the potential applied to the
collector both in electron volts, A, a geometrical factor of the collector with
the same unit as Arp, and J32* the effective saturation current density of the
emitter. If the barrier at the collector is so high, that the emitted electrons
do not find available states, no current will flow into the collector (retarding
regime). As the applied potential starts to align the vacuum levels of the
emitter and collector, the current increases exponentially (accelerating regime),
and saturates when these energy levels have been fully aligned (saturation
regime). Figure2.4 illustrates the different cases of Eq.2.5 in an ideal space-

charge free vacuum diode. Note that in Eq. 2.5 high potentials that could lead
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in other emission types, such as Schottky or field emission behavior of the
emitter are neglected. Thus, the potential required for aligning the vacuum
levels of the emitter and collector corresponds to the work function difference
of these materials. Nevertheless, in thermionic-based energy converters, this
potential is referred as the maximum output voltage (€Vigaqd = @em — Pa1) [23].

As a result, the work function of the collector can be determined by the
electric potential needed to obtain a saturation current from an emitter with
a known work function. The onset potential at which the collector current
starts to increase exponentially or enters the saturation regime is found not
to be as sharp as Eq. 2.5 suggests. This uncertainty results from the tail of
the Fermi function at elevated temperatures that results in a not well-defined
energy of the emitted electrons. Additionally, if the surface of the emitter or
collector is not uniform and well defined, this transition point would become
even more unclear. For example, at high emitter temperatures the work
functions of the different facets of a polycrystalline silver sample might be
indistinguishable as a collector, as the anisotropy of the (100) and (110) facets
is 80 meV [45]. Consequently, Eq.2.5 can be extended to the case in which
the collector surface has different work functions, i.e., materials or facets
where the band alignment for each material occurs at a separate collector
voltage (eVs). Based on the previous discussion, the collector current can
be generalized for a collector consisting of a surface with n different work

functions by:

¢il + €V<I§

T ) (2.6)

n

J = Z A T2 -exp (—

i=1

where eV is the minimum potential required for the band alignment of the
area proportional to A; of the collector surface, with a work function of ¢,.
Indeed Eq. 2.6 requires that the work function differences of the collector
lie sufficiently far apart from each other, such that the previously discussed
uncertainty of the experiments is less than the work function differences.
Since the work function measurements are performed on large surface areas,
this allows one to determine the surface potentials of the entire surface

qualitatively. So far, the discussion was based on an ideal vacuum diode, with
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Figure 2.4: Schematic visualization of the different cases of Eq. 2.5, for an ideal,
space-charge free vacuum diode assuming @em > ¢¢1. In panel (a) The potential
applied to the collector does not allow a current to flow and the device is in
the retarding regime (Jg = 0). From panel (a) to (b), the current increases
exponentially as the vacuum levels align at eV = A¢, and (c) saturates afterwards.

In all panels, the emitter is kept on the reference potential (eVey, = Ground).
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the energy of the electrons being not altered. However, in experiments, such
a condition is hardly achieved as sub-1 pm distance between the electrodes is

required for a space-charge free emission [46, 47].

Thermoelectronic converters are a particular case of vacuum triodes, in
which the space charge is suppressed and the energy of the emitted and
arriving electrons are similar. In these devices, thermally excited electrons
are accelerated by a positively charged grid to move to the collector surface.
Furthermore, a magnetic field is applied perpendicular to the emission surface
that reduces the electron absorption by the grid and keeps them on straight
trajectories. Therefore, the accelerated electrons will decelerate after passing
through the grid and reach their initial energy. Figure 2.5 shows the schematic
band-diagram of thermoelectronic converters. As a consequence, the space
charge is suppressed, and ideally, the electrons arrive with the same energy as
they were emitted at the collector surface. Hence, the current-voltage charac-
teristics of these devices follow the ideal case of a vacuum diode described so
far, but by considering the electron absorption of the grid. Similar to Eq. 2.6,
the emitter current in a thermoelectronic converter with a uniform emitter

and grid surfaces can be written in the following way:
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with JI__ being the effective saturation current density of the collector or
grid, ¢g the grid work function in electron volts, and eV, the minimum grid
potential needed to suppress the space-charge and align its vacuum level
with respect to the emitter. Here again, potentials that could lead to other
emission types are neglected. Thus, the different work functions of a collector

surface can be measured in these devices, similar to an ideal vacuum diode.

It follows from Eq.2.6 and 2.7 that a reference material with a known
work function can be incorporated on the collector surface for calibrating

the measurements. Hence, by using such a technique the unknown part of
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the collector work function can be determined from the potential difference
between the band-alignment voltages of the known and unknown parts of
the collector (eVag). This method is advantageous as it does not rely on the
emitter characteristics and can be used independently. In the discussion below,
we will demonstrate an experiment for the work function determination of an
evaporated platinum thin film independently from the emitter characteristics.
This thin film is evaporated on a bulk molybdenum sample and is partially

covering its surface.

Evac Evac
Pel
Pom )
Hel
ie Va
Hem -

Emitter Collector

Figure 2.5: Sketch of the working principle of thermoelectronic converters. The
emitted electrons are accelerated towards the collector (blue) by the grid. After
the electrons pass through the grid, they are decelerated and reach their initial
energy at the surface of the collector. The green line depicts the potential line of

the electrons.

Figure 2.6 shows the I, (V) curves of a polycrystalline molybdenum
sample, with its surface being partially coated with platinum. Here, the
collector current exhibits the previously discussed behavior, from the retarding
regime to the saturation regime by varying the applied potential with respect
to the emitter. However, the accelerating regime consists of two independent
parts, as the logarithmic and the differential conductance plots indicate
(Fig.2.6b and2.6¢c). The difference of the potential needed for the band
alignments of these two materials (eVag), can either be extracted from a
linear approximation of the Log-plot, or by the peak analysis of the dI /dV

curve. In this example, both methods exhibit the same result, indicating a
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work function difference of eVag = 0.65eV between the molybdenum and
the platinum coating of the collector surface. As the work function of this
particular molybdenum sample was determined to be 4.59 eV (see Sec. 3.3), the
work function measurement of this platinum coating results in ®4i = 5.24eV.
This value is in good agreement with the reported values for polycrystalline
platinum (see table2.1).

As shown above, the work function differences between the various collector
materials (eVag) follow from both the logarithmic plot and the differential-
conductance analysis to the same value. Although in both methods their
differences coincide, the individual values for the band alignment of each
material (eVg), are underestimated from the peak of the d/ /d V¢ curve. As
discussed before, this is because of the unsharp transition from the accelerating
regime to the saturation regime. As the linear approximation of the logarith-
mic plot considers such a transition, it is used for work function determinations
concerning an emitter with a known work function (eVap = ¢em — Pa).!

Such a calibration technique can be essential, as the effective work function
of the emitter might deviate from its actual value in experiments due to space-
charge effects, or change over time as the emitting material degrades at
the elevated temperatures. Furthermore, this method provides additional
information for characterizing materials, whose work function has not been
reported in the literature so far. In this work, a platinum stripe is evaporated
in-situ on the surface of the samples to have a reference material for the work
function determination of such materials. The noble properties of platinum,
such as being chemically resistant, having a high melting temperature, and
more importantly not forming an oxide layer are essential properties that
make it a useful reference material. Additionally, the work function of the
different facets of platinum are widely investigated, which makes it a reliable

reference material to verify the outcome of the experiments.

!The band-alignment voltage can also be determined from the dI /dV ¢ curves, by
eVo = xc + w, with z. being the position of the peak, which is also the lower limit of
the work function. Consequently, z. + % is the upper limit. However, this method is
not actively practiced in this thesis.
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Figure 2.6: Work function determination of an in-situ evaporated platinum thin
film, partially covering a polycrystalline molybdenum bulk sample (@%% =4.59eV,
see Sec. 3.3). Panel a) shows the obtained I (V) curve that follows Eq. 2.5, with
the different regimes being labeled. The band-alignment voltage difference from
both b) the logarithmic-plot and ¢) the differential conductance plot of the I (V)

curve results in 0.65eV. Emitter and grid currents are not shown for clarity.



Chapter

Design of the Experimental Setup

and System Characteristics

This chapter provides a brief overview of the epitaxial system and the thin
film deposition technique used in this work, followed by a more in-detail
look at the custom-built measurement apparatus which was designed and
constructed to carry out the experimental goals. The measurement apparatus
is based on the concept of thermoelectronic conversion [3, 23] and optimized
for precise work function measurements performed in-situ. A full description
of the complete technical details is beyond the scope of this writing, and
here we mainly address the most important aspects of the design. These
aspects are the concept of in-situ sample loading while ensuring a parallel
plane configuration, the design of the sample holder, the magnetic yoke,
and the heating mechanism which has achieved temperatures of more than
1950 K. Special care was taken to make the system compatible with photon
enhanced and photon induced thermionic emission, the latter of which will
be demonstrated separately in Ch.5. This chapter closes on reporting three

blind tests performed as proof of concept measurements.
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Chapter 3. Ezperimental setup and system characteristics
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Figure 3.1: Split photograph of the measure-

ment apparatus built for the work function mea-
surements. On the left page, the measurement
system is shown and the vacuum suitcase for the
in-situ sample transport on the right page. The

different components are labeled in Fig. 3.4.
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3.1 Epitaxial Growth System

The samples investigated in this work were prepared and fabricated using an
advanced epitaxial machine consisting of multiple fabrication and processing
units. The primary units employed here include two pulsed laser deposition
(PLD) systems, a sputtering system, and an electron beam evaporator. Fig-
ure 3.2a shows a rendered CAD model of the epitaxial system from above,
with the corresponding units highlighted in red. In this system, all processing
units are connected to each other by vacuum tunnels equipped with multiple
ion pumps from Agilent Technologies [48], maintaining a pressure better than
3 x 10 ®mbar in every section. Substrates are prepared and installed in
gloveboxes containing nitrogen gas, nominally free from water and oxygen,
and loaded directly into the epitaxial system. The epitaxial growth is per-
formed by PLD as laser pulses with an energy of more than 1Jcm 2 ablate
a stoichiometric target material. This ablation process results in a plasma
plume with the target material being partially ionized. The ablated species
hit a heated substrate, and consequently epitaxially align themselves if the
growth conditions are satisfied. Figure 3.2b shows an image of a pulsed laser
deposition process.

During the ablation the growth and surface reconstructions are monitored
by an integrated high-pressure reflection high-energy electron diffraction
(RHEED) system. This tool consists of an electron source, a high-potential
grid system for accelerating the electrons, and an electron-optic system for
adjusting the electron beam. The resulting electron beam is focused onto
the substrate surface with an incident angle typically below 5°, such that
the electrons scatter from the topmost layer(s) of the surface. This grazing
incident angle is crucial for obtaining atomically sensitive measurements of
the surface. Figure 3.2b shows the locations of the sample, the RHEED gun
and the camera during a high-temperature deposition. The RHEED system
used in this work operates at an accelerating voltage of 30 kV with a nominal

incident angle of about 3° with respect to the substrate surface.
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Figure 3.2: a) Rendered CAD model of the epitaxial growth system used for
sample fabrication with the relevant units highlighted in red. The epitaxial growth
is performed by pulsed laser deposition, platinum stripes are deposited by the
electron beam evaporator. After fabrication, the samples are loaded into the
vacuum suitcase and transported to the measurement apparatus. Image courtesy of
Manfred Schmidt and Ingo Hagel. b) Photograph of a high-temperature deposition
of LaAlOg on a SrTiO3 substrate. (1) shows the position of the RHEED gun at an
angle of <3° with respect to the substrate surface, (2) the plasma plume during
the ablation, (3) the sample glowing at a temperature of more than 1000 °C and

(4) the position of the phosphorous screen. Image courtesy of Ali Teker.
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The scattered electrons from the surface need to satisty the diffraction
condition [49]:

K —ky=G (3.1)

where k' and EO are the diffracted and incident wave vectors respectively, and
G is the reciprocal lattice vector. As shown in figure 3.3b, when the diffraction
conditions are satisfied, the diffraction spots can be seen on a phosphorous
screen. Based on the step-density model [50, 51], when the deposition begins
the surface becomes rough as the arriving atoms start to align themselves
through nucleation and island-formation processes. As a consequence, the
scattering becomes more diffusive and the intensities of the diffraction spots
decay. As soon as the quantity of arriving material is sufficient and the ionized
species have epitaxially aligned themselves, the growth of the first atomic
layer is supposedly complete. As a result, the intensities of the diffraction
spots start to rise again as the diffraction conditions are once again met. This
process repeats for the growth of every unit cell and results in oscillations of
the recorded intensities with each oscillation indicating the successful growth
of one unit cell. Figure 3.3a shows the RHEED oscillations during the growth
of SrRuO3 on a Nb:SrTiO3 (0.5 wt.%) substrate at an oxygen background

pressure of 0.1 mbar.

The growth of oxides typically requires an oxygen atmosphere to prevent
oxygen reduction of the arriving species, as well as of the heated oxide
substrate. On the other hand, the electron source of a RHEED system
requires low pressures for operation. These two different pressure regimes are
realized by a differential pumping system [52] consisting of two turbomolecular
pumps between the electron source and the deposition chamber. By this, the
pressure of the RHEED system is secured in the lower 10" mbar, while the

deposition can be carried out at pressures exceeding 0.1 mbar.

The electron beam evaporator is another important unit of the epitaxial
system (see Fig. 3.2a). This unit was used for the deposition of platinum stripes
after the epitaxial growthn . The stripes are defined by shadow masks. As

discussed in the previous chapter, this reference material is used for the work
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Figure 3.3: Growth monitoring during pulsed laser deposition by high-pressure, re-
flection high-energy electron diffraction (RHEED). The low incident-angle electrons
scattered from the surface of the substrate create a diffraction pattern depicted by a
phosphorous screen (b and c). The intensities of the diffraction spots are monitored
during the growth. c¢) As the surface becomes rough during the deposition, the
intensities start to decay, and b) increase again as soon as the diffraction conditions
are established again (see text). Every oscillation indicates the completion of one

unit cell. The oscillations presented here have been measured during the growth of
SrRuOgz on a Nb:SrTiO3 (0.5wt. %) substrate at a pressure of 0.1 mbar.

function measurements of materials for which no literature values are available.
Platinum was chosen due to its inert and high-temperature properties and
availability as a source in the evaporator unit. Since the different units of
the epitaxial system are connected with vacuum tunnels with pressures of
<3 x 10 ®mbar, this evaporation is an in-situ deposition. The thickness of
these stripes is about 50 nm, evaporated at an acceleration voltage of 8kV
and a current of >250mA. Eventually, the samples are transferred to the
vacuum suitcase and consequently transported to the measurement apparatus.

During the sample fabrication and transport process the samples are either
in a controlled atmosphere for deposition or a clean vacuum environment with
a base pressure better than 5 x 10~ ® mbar. Hence, the in-situ measurements

are conducted with as little contaminants on the sample surfaces as possible.
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3.2 The Measurement System

and system characteristics

For the work function measurements, an ultra-high vacuum measurement
apparatus was designed and constructed to perform precise measurements
under operating conditions of a thermoelectronic energy converter. The
technical drawings were done using the PT'C Creo Elements Modeling [53]
software. The apparatus is a thermoelectronic converter with the emitter and
grid embedded in the instrument. The samples fabricated in the previously
discussed epitaxial system are loaded in-situ and used as the collector. The
work function of these in-situ loaded materials is investigated by the method
discussed in chapter 2.2. The following discussion provides technical details
and describes the concepts and conponents developed in this work. These
include the heating mechanism of the emitter, the sample holder of the

collector, and the thermoelectronic components.

Vacuum chamber and components

Figure 3.4 shows a rendered CAD model of the measurement apparatus
designed in this work with connected vacuum suitcase. The design of the
chamber is based on a molecular beam epitaxy system and consists of 8 ports
for effusion sources, a 2°-off port for a RHEED gun with a 2 cm shifted port
for the phosphorous screen and a DN400 CF port for a cooling shroud. The
chamber was built by VAb GmbH [54] and is made from stainless steel. The
surface of the chamber was blasted with glass beads and annealed at 300 °C
to be free from contaminants and to obtain a low magnetic permeability.
The vacuum chamber is evacuated using a turbomolecular pump in com-
bination with a Roots pump. Moreover, the apparatus is equipped with
a mass spectrometer to detect possible contaminants and to monitor the
residual gases during the experiments. The magnetic yoke is mounted on a
linear feedthrough so that the experiments can also be conducted without a
magnetic field. Furthermore, this movement allows the temperature of the

collector to be measured by a pyrometer.
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Figure 3.4: Rendered CAD model of the measurement apparatus and its compo-

nents. The vacuum suitcase is connected to the chamber via a load-lock chamber,
which separates the sample location and the measurement apparatus with two gate
valves (shown in black). A wobble stick is used to rotate and align the samples
before inserting them into the measurement stage. The measurement components,
except for the magnetic yoke, are located on a DN250 CF flange on the bottom
(highlighted in yellow). These components are shown in Fig.3.5. The center of
this flange coincides with the center of the samples, enabling a centered optical
path for the experiments (shown in red). This path can be used for temperature

measurements by a pyrometer.
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The experimental design is based on a three stacked-parallel plane con-
figuration and the movable magnetic yoke. Each plane consist of a base

metal-sheet as shown in Fig. 3.5:

e Fixed emitter plane: In this plane, the emitter and the grid are in
fixed positions on the metal sheet. The base plate is water cooled as
the emitter is heated by the thermal radiation of a resistive heater. The

metal sheet of this plane is shown in red in Fig. 3.5.

e Movable collector plane: This plane consists of an electrically iso-
lated stage, where the sample holder is loaded from the vacuum shuttle.

This stage is shown in blue in Fig. 3.5.

e Movable plane: The metal sheet of this plane shifts the collector plane
into the measurement position by a linear shifter. This plane is designed
to hold a resistive heater, light emitting diode or liquid nitrogen cooling

for the collector. This plane is labeled in Fig. 3.5.

The base metal-sheets of each plane were ordered from WHS GmbH [55] and
made from molybdenum to withstand the high temperatures required for the
measurements. In the next section, an overview is given about the different

components that are crucial for this work.

Heating method and spacing of components

The emitter is heated by the thermal radiation of a resistive heater made
from tantalum. Tantalum foils were chosen due to their availability down
to a thickness of 5 um, their high melting temperature, mechanical stability
after cooling down and because they have a vapor pressure comparable to
tungsten. However, at elevated temperatures some evaporation of the filament
is inevitable. Due to this, the high work function emitter used in this work was
chosen from the same material, to reduce contamination. The temperature of
the emitter is measured by a type-C thermocouple, touching the back side of it.
The emitter temperature is regulated by a Eurotherm 3504 PID controller [56]

that adjusts the current-source unit of the resistive heater. Before every
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Figure 3.5: Rendered CAD models of the measurement planes. The emitter and
grid are located and fixed onto the emitter plane, which is water cooled. The
in-situ transported samples are loaded onto the collector stage, which is electrically
isolated from collector plane. The movable plane takes the collector plane into the
measurement position by a linear shifter, shown in green in Fig.3.2. The inset
below depicts the arrangement of the planes for loading samples on the left, and

the measurement position where the planes are contracted on the right.

measurement, the contact of the thermocouple wires to the emitter is checked

using a multimeter.

The distance between the emitter-grid-collector is constant and determined
by the thickness of the spacers used in between of them. These spacers are
made from pyrolytic boron nitride films, grown by chemical vapor deposition
with a thickness of 250 pm, and ordered from CVT GmbH [57]. The advantage
of these films is that they are capable of withstanding temperatures up to

1500 K without decomposing [58], are chemically resistant [59], mechanically
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flexible, machinable, and have a moderate in-plane and a low out-of-plane
thermal conductivity [60]. Nevertheless, these films have a high optical
transparency in the near infrared regime [61, 62|, allowing the heat radiation
to pass through them. The emission area is defined by a circular hole on
the spacer between the emitter and grid, that has a diameter of 7mm. The
distance between the grid and collector is determined similarly, but the spacers

are fixed on the sample holder.

Design of the sample holder

The design of the sample holder is a crucial point in this work, due to tempera-
ture and electrical requirements, and due to the mechanical limitations during
the in-situ transport process. It needs to be capable of handling high temper-
atures during the depositions that are performed in an oxygen environment,
and must be a good electrical conductor for the electrical measurements. The
latter requirement results from the fact that the sample holder is the actual
electrical contact to the samples for the electrical measurements. Therefore,
a sample holder was designed and made from Haynes® 25 metal alloy [63] to
meet the high-temperature requirements, and coated with 500 nm of platinum
to prevent it from oxidizing during the growth and ensuring a good electrical

contact.

The transport process of the samples from the PLD chambers to the other
sections of the epitaxial system (Fig. 3.2) inevitably involves a flip mechanism
that orients the surface of the samples facing downwards. Due to this, the
samples were mechanically fixed to the sample holder by boron nitride films
of the same thickness as the spacer used for the emitter and grid. With this,
the distance between the collector and grid is the same as the emitter to
the grid, and the samples are kept in place during transport. Furthermore,
this mechanical stabilization was designed such that the surface area of the
samples were not hindered for monitoring the epitaxial growth by RHEED.
Thus, the sample holder allows a glancing incident angle for the electron beam,
with a +45° rotation of the holder in the XY-plane for RHEED alignments.
Figure 3.6 shows rendered CAD models of the sample holder with the boron
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nitride spacers.

Before each deposition and measurement, the spacers are cleaned and
etched in a diluted aqua regia solution (HCI:HNOj, molar ratio of 3:1) in
an ultrasonic bath at 40°C and afterward rinsed with deionized water. The
surface of the holder is subsequently coated with 100 nm of platinum to ensure
a good electrical conductivity. The design of the sample holder stage itself
(Fig. 3.6¢) is inspired by the Kelvin clamp mechanism [64], which allows a
+2° tilt option of the individual stages supporting the sample holder on the
collector plane. By this, the sample holder can align itself parallel to the
fixed emitter plane when the sample holder is placed into the measurement

position (see Fig. 3.5).

Magnetic yoke and grid

The key thermoelectronic components are the magnetic yoke and the laser-cut
metal grids. The magnetic yoke is made from pure iron with a galvanic coating
of gold to protect it from oxidation. The field is generated by stacked NdFeB
permanent magnets ordered from IBS Magnets [65], each with a nominal
strength of 1Tesla. The dimensions of the yoke were optimized by finite
element method simulations of the magnetic field using FEMM [66] in order
to ensure a homogeneous field at the center of the grid over the entire emission
area. The result of these simulations is shown in Fig.3.7a. The magnetic
field at the center of the grid was measured to be 280 mT to 300mT and
reasonably homogeneous, in agreement with the simulation results.

By embedded water pipes the magnetic yoke is cooled. Heatshields made of
tantalum sheets protect the stacked magnets from the thermal radiation (not
shown here). A type-C thermocouple continuously monitors the temperature
of the magnets. As a result, the temperature did not exceed 35 °C.

The grids used in this work are laser cut tungsten and tantalum foils, as
presented in Fig.3.7c-d. The tungsten grid is made with a large mesh size of
about of about 1 mm, suitable for photon-induced thermionic emission exper-
iments, because laser light can be focused through its holes as demonstrated

in chapter 5. Nevertheless, this grid was also used for the proof-of-concept
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a) b)
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Figure 3.6: Rendered CAD model of the sample holder showing a) the possibility
of rotation in the XY-plane for RHEED alignments, and b) grazing incident angles
of the electron beam of the RHEED. Panel c¢) Shows the flexibility of the collector
stage for ensuring a parallel configuration at the measurement position. The
diameter of the sample holder is 60 mm, optimized for samples with dimensions of
10mm x 10mm x 0.5 mm. The yellow highlighted areas are a visual representation

of the discussed angles.

measurements discussed in the next section and demonstrated reliable results.
The tantalum grid was designed during this work to optimize the homogene-
ity of the electrostatic field, and also to improve the thermal shielding of
the collector from the filament radiation, passing through the boron nitride

spacers.
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Figure 3.7: Thermoelectronic components used in this thesis. Panel a) Shows

the simulation of the magnetic field using FEMM [66], next to b) a photograph

of the magnetic yoke. The yoke is coated with a thin layer of gold to prevent

oxidation, and has cooling-water pipes embedded. ¢) Optical microscope image

of the tungsten grid with a large mesh size of ~1.65 mm used for photon-induced

thermionic emissions and d) SEM image of laser-cut tantalum grid with a fine mesh

size of ~240 pm.
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Electrical diagram

The diagram of the electric circuits used for the experiments is shown in
Fig. 3.8. The source measure units (SMUs) are all Keithley 2602B series [67].
These devices offer the specifications required for the experiments, such as a
relatively high resolution in the nA regime, and fast voltage measurements
with 1V resolution. These devices communicate through Ethernet protocols,
which is advantageous as compared to the historical GBIP communication
protocol. By taking advantage of the 4-wire-mode settings, the potential
drop due to the wiring resistance is measured and compensated by the SMUs
for both the grid and the collector. However, the wiring resistance was
measured to be less than 5€) for the collector and below 22 for the grid.
Therefore, considering the currents used in the experiments, the potential
drop due to the wiring resistance is negligible as it is below the resolution
of the measurement apparatus. Nevertheless, these contacts can be used
alternatively to control in-situ the functionality of the electrical contacts to
the grid and collector without opening the chamber, and in the case of a
broken contact, a backup-contact will be available.

The voltage-sweep measurements are carried out in the following order:

e first the emitter is set to the reference potential, and a constant voltage

is applied to the grid,
e the voltage of the collector is applied (or changed), and then

e the current values of the emitter (/ey), grid (/g ), and collector (/)

are recorded.

For data acquisition, a software program was developed using the Na-
tional Instruments LabView . This software is capable of recording the
measurement data, monitoring the system pressure, the temperatures of the
different parts of the apparatus, and communicates with the PID controller

to regulate the emitter temperature.
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Figure 3.8: Sketch of the electrical wiring diagram of the measurements. A thin
tantalum foil is used as a resistive heater, while a type-C thermocouple measures
the temperature of the emitter. This temperature is adjusted using a PID controller,
which regulates the current of the resistive heater. The voltage of the emitter is set
to the reference potential (Vo = 0V), and the grid and collector voltage is applied
in a 4-wire mode for accuracy and monitoring the functionality of the contacts.
The electrical isolation of the cables inside the vacuum chamber is accomplished by
aluminum oxide ceramic tubes, beads, and washers. The green spiral-lines are a

schematic representation of the emission current.
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3.2.1 System characteristics

Residual gas spectrum

Since the experiments are highly sensitive to surface contaminants, special care
has been taken to establish and maintain a clean measurement environment.
The chamber is equipped with a large area tantalum heater to anneal the
system components inside the system. However, some contaminants could
not be removed by this heating procedure. Therefor an argon-oxygen plasma
was ignited to remove them [68]. As a result, contaminants were removed to a
large extent, and by a sufficiently long pumping period, base pressures as low
as 3 x 10~ mbar were obtained. Figure 3.9 shows a residual mass spectrum

of the measurement apparatus.

10710
. P=4.6 x 10~° mbar
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Figure 3.9: Mass spectrum of the measurement apparatus in an idle state (room
temperature), after a long pumping period. The majority of the residual gas
belongs to water (HoO= 18u, OH= 17u,...). This is due to the fact that the
chamber is not baked out and the pre-vacuum pump line is typically at a pressure
of 1 x 10 ' mbar. The coexistence of the carbon dioxide and monoxide (COg=
44 u, CO= 28 u) peaks indicates a possible virtual leak in the system. The low base
pressure and the mass spectrum indicate a clean environment for the purpose of

this work.
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Emitter characteristics

As mentioned earlier, the emitter is heated by the thermal radiation of a resis-
tive heater, while emission currents are recorded using a source measurement
unit. By optimizing the shape of the filament, its angle, and most importantly
its distance to the emitter!, temperatures above 1950 K were achieved. The
temperature of the emitter is described as a function of the input power of

the filament (Py) by the following equation:

Py = CoT + Oy Tom + Cs. (3.2)

The first term is due to radiation, and the second term due to thermal
conductivity. This behavior is illustrated in Fig. 3.10a. However, note that
the temperature is measured on the backside of the emitter and does not
correspond to the temperature of the surface. Thus, the temperature of the
emitter surface is expected to be lower than the actual measured value.
Since the temperature and the emission current of the emitter can be
precisely measured, the emitter work function can be determined in-situ
by the Richardson-Dushman equation (see Eq.2.3). Figure 3.10b shows the
work function measurement of a tantalum emitter by this method. This
measurement was performed in a standard thermionic approach, without
applying a magnetic field. For the space-charge suppression, a potential of
40V was applied to the grid to accelerate and attract the electrons, while the
collector voltage was set to —10V to ensure that the grid absorbs all electrons.
From the fit of Eq.2.3 to the total emission current, the work function
of tantalum was determined to be 4.28 eV, with a Richardson constant of
154 AK 2 cm 2 (see Fig. 3.10b). These values are in good agreement with the

reported values for tantalum (see table3.1).

IThe distance between the foil and the emitter is important due to view factor, discussed
in detail in reference [69].
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Table 3.1: Comparison of the thermionic constants of tantalum.
Pl Arp Method Crystal Ref.
(eV) (KQLCIHQ) Orientation
4.284+0.04 154+ 37 Thermionic Polycrystalline This work
4.16-4.24 122 Retarding field 100 [70]
4.35 120 Thermionic 211 [44]
4.25 - Retarding field 211 (70%) [34]
a) b)
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Figure 3.10: Temperature and electron emission characteristics of a tantalum

emitter. a) The measured emitter temperature follows nominally Eq. 3.2, which

is represented by the dashed line. b) The total emission current of the tantalum

emitter as a function of temperature. The fit to the Richardson equation (dashed
line, see Eq.2.3) yields in a work function of 4.28 +0.04eV and a Richardson
constant of 154 AK 2 cm 2.
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3.2.2 Space-charge suppression in thermoelectronic

converters

The measurement concept described in Sec. 2.2 is based on the assumption
of a space-charge free transport of the emitted electrons to the collector
surface. In a thermoelectronic converter, the space-charge is suppressed by a
positively-charged grid that accelerates the electrons towards the surface of
the collector. The applied magnetic field keeps the electrons on nominally
straight trajectories [3]. The measurement apparatus built in this work
demonstrates the characteristics of a thermoelectronic converter, as Fig. 3.11
illustrates. Here, the grid voltage is kept constant at Vi = 15V and the
magnetic field is switched (i.e., enabled/disabled). As discussed in Sec. 2.2,
by applying the magnetic field, the collector current increases exponentially
and becomes constant after the vacuum levels have aligned. Moreover, the
total current arriving at the collector exceeds 80% of the total emitted current
at moderate grid voltages. Similar behavior has been demonstrated by
S. Meir [3]. Thus, Fig.3.11 demonstrates that the designed apparatus meets
the fundamental characteristics of a thermoelectronic converter. However,
this apparatus is not optimized for efficient energy conversion, but rather
precise (V') characterization of its components, such as the collector. This
is demonstrated and discussed in the next section by a series of “blind tests,”

which provided the proof-of-concept measurements.

1.0 Figure 3.11: Space-charge
Ver =j5V suppression in the designed

- Bon thermoelectronic converter at

o B off Tem = 1500K. By applying a

magnetic field, the current in-

creases exponentially and satu-

Iy /(e + Igr)

rates afterward. The collector in

0 -
L I B
0 4 8 12 (0.1 wt. %) single crystal sample,

Collector Voltage (V) after several hours.

this experiment is a Nb:SrTiOg
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3.3 Proof-of-concept and Blind Tests

Three “blind test” measurements verified the measurement concept, the anal-
ysis method, and the precision of the measurements. For these measurements,
samples which were unknown to the author were prepared and provided for
work function characterization. As literature values for the work function of
these materials are widely available, the outcome of these experiments could
be used to asses the measurement concept. Two of the samples were elemental
metals while one was an oxide heterostructure deposited and fabricated by
pulsed laser deposition. In the following discussion, these measurements are

presented.

3.3.1 Test one

The first sample of this series was a metal. It was cleaned using acetone,
isopropanol and deionized water in an ultrasonic bath for 10 minutes in every
step. Furthermore, the sample was annealed at a nominal temperature of
450°C at a pressure of 5 x 10~ 8 mbar and subsequently transported to the
measurement apparatus using the UHV suitcase. Before the measurement,
the work function of the emitter was measured by the Richardson method,
and found to be 3.22eV. This change of the emitter work function was due
to measurements carried out beforehand, where the samples were not stable
at elevated temperatures and contaminated the surface of the emitter.

The I(V') curves obtained for this sample are shown in Fig.3.12 at an
emitter temperature of 1475 K and a grid voltage of 28 V. For this sample,
no reference material was used for calibration and the work function was
directly estimated in reference to the emitter. The linear approximation of the
logarithmic plot of the current as a function of collector voltage indicates that
the band alignment occurs at eV =1.37eV above the vacuum level of the
emitter. In addition, the full width at half maximum (FWHM) of d, /dV
is about +0.23 eV, which hints at a polycrystalline sample. Because the work
function of the emitter was determined to be 3.22¢eV, the work function of

this sample results in 4.59¢eV.
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Figure 3.12: a) I(V) curve of “Blind Test 1”7 at Tey = 1475 K and Vi, = 28€V.
b) From the log-analysis the band alignment takes place at eVg = 1.37eV. The
work function of the emitter was determined to be 3.22eV by the Richardson
method. Thus, the work function of this sample is measured to be 4.59¢eV. c¢) The
large FWHM of the dI /dV curve is £0.23 eV that suggests a polycrystalline

sample.

It was then revealed that the sample was a pure piece of molybdenum.
The work function of molybdenum is reported to be 4.55¢V for the (111),
and 4.53eV for the (100) orientation [33]. Moreover, for a polycrystalline
molybdenum sample, the reported value is found to be 4.6 eV [33], in excellent

agreement with the value measured here.
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3.3.2 Test two

The second sample investigated in this series was fabricated by pulsed laser
deposition. The sample was handed over in its sample holder inside the
epitaxial system (see Fig. 3.2), ready to be transported to the measurement
apparatus. As discussed in chapter 2.2, in this experiment we took advantage
of a platinum stripe as a reference material deposited in-situ by electron beam

evaporation.

Figure 3.13 summarizes the measurement results for this sample. Un-
fortunately, the sample was not stable at the measurement conditions and
began to contaminate the system at the emitter surface. Figure 3.14 shows
the residual mass spectrum of some selected elements and the pressure of
the chamber during the measurements. Due to the strong outgassing of the
sample, the pressure exceeded 7.5 x 10~ " mbar during the experiments. Due
to this unstable behavior, the work function of the emitter varied drastically
as the band-alignment position of the platinum stripe at +0.16 eV reveals.
Hence, the work function of this sample can only be estimated from the

reference platinum stripe.

The work function of polycrystalline platinum on molybdenum resulted
in &% = 5.24¢eV, as demonstrated in chapter 2.2. Furthermore, the band-
alignment voltage of the actual sample occurs at about —0.27eV, where,
interestingly, the converter produces power. Based on these, the work function
of this sample is estimated to be 4.8eV. However, since the source of the
contamination is unknown, the obtained value must be considered with
care. The contamination might originate from the sample itself, due to
decomposition during the measurements, or from a contaminated sample
holder. In addition, the contaminants might form a residue on the reference
platinum stripe and alter its work function. Thus the reported value here is

not conclusive.

It was revealed that the sample was a SrVOg thin film, deposited on an
undoped SrTiOj3 substrate. This substrate was annealed at a temperature
of >1300°C in UHV environment to obtain an oxygen-deficient, and hence

conductive, substrate. It appears that the high-temperature treatment of the
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Figure 3.13: a) I(V) curve of “Blind Test 2” at Tem = 1350 K and Vg = 35€V.
From b) the d/. /dV analysis and c) the logarithmic plot, the band alignment
position for the sample and the platinum differ by eVVas = 0.43eV. However, the
sample was not stable under the measurement conditions and eVg varied rapidly

over time, in addition to the substantial reduction of the current (see text).
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Figure 3.14: Mass spectrum of selected compounds and elements plotted alongside
pressure during “Blind Test 2”. After the very first voltage sweeps, the residual
gas spectrum shows an increase of many contaminants while the pressure reaches
8 x 10~ mbar during the measurements. Typical pressures during an experiment
is below 1 x 10~ " mbar for a clean sample, where most of the increase is due to

water.

substrate caused strong contamination during the fabrication process. The
contamination might occur from the sample holder itself, which inevitably
heats up to extreme temperatures during this process. Unfortunately, no
experimental values are currently available for SrVO; thin films to either

confirm or dispute the outcome of this experiment.



3.3. Proof-of-concept and blind tests o1

3.3.3 Test three

The sample of the third “blind test” was a pure metal, like the first one.
The sample was delivered clean and in a glove box atmosphere, and no
additional cleaning procedures were taken. Still, the sample was annealed in
UHV conditions at a nominal temperature of 450 °C for more than 30 min. A
platinum stripe was subsequently deposited for calibration purposes.

Before the measurements, the emitter was annealed for several hours at
temperatures exceeding 1550 K to clean the emitter as well as the grid from
the contamination of the previous measurement. After this annealing process,
the work function of the emitter was determined by a 100 nm thick platinum
coated sample to be 4.65eV, which is about 1.5eV higher when compared
to “Blind Test 17 (see Fig.3.12). Although the system could not be fully
recovered, it exhibited a stable behavior to proceed with the next test.

The measurement results of “Blind Test 3”7 are presented in Fig. 3.15. All
measurement curves indicate that the work function of the sample and the
platinum stripe are identical within the resolution limit of the measurement
system. Thus, the work function of this sample is estimated directly from the
emitter work function. The (V') curve presents a smooth behavior, and the
differential conductance plot shows no additional peak as well. The linear fits
to the logarithmic plot of the I (V) curves estimates the band-alignment
position at +0.68eV. Moreover, the large FWHM of the dI,/dV plot
indicates a polycrystalline sample. Based on these, the work function of
“Blind Test 3” is estimated to be ~5.33 eV, assuming a constant and stable
work function of the emitter throughout the course of the measurement.

It was revealed that the sample was pure platinum, in agreement with
the results obtained here. The work function of platinum is reported to vary
from 5.12eV for the (311) orientation to 5.93eV for the (111) orientation
(see table2.1). Nonetheless, the obtained value is in good agreement with the
value obtained for a platinum thin film on a molybdenum sample in this work
(5.24 eV, see Ch.2.2), and in excellent agreement with the reported value for
bulk polycrystalline samples by Nieuwenhuys et al. (5.32¢eV) [27].
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Figure 3.15: Measurement results of “Blind Test 3”7 at To, = 1450K and
Ver = 35V. a) The I(V) curve shows no additional rise within the sweep range.
b) The band alignment voltage is estimated from the logarithmic plot of the current,
at eVp = 0.68eV. By bearing into account the work function of the emitter to be
4.65€eV (see text), the work function of the sample is estimated to be eV = 5.33eV.
c) the dI. /dV curve also does not indicate a difference between the sample and
the platinum stripe within the measurement resolution of this experiment. The
large FWHM of the dI /dV is £0.18 eV that indicates a polycrystalline sample.
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3.4 Summary of Blind Tests and

measurement accuracy of the apparatus

The results of the bind test are compiled in table3.2. The values obtained
for “Blind Test 17 and “Blind Test 3” are in good agreement with reported
values for polycrystalline samples. However, such values highly depend on
the sample preparation methods. The outcome of “Blind Test 2”7 remains
unclear as no experimental values are available for SrVOj3 thin films, nor for
its uniquely prepared substrate. The system contaminations resulting from
“Blind Test 27, emphasize the sensitivity of the measurements, in that they
require careful sample preparation.

Moreover, these results indicate that the resolution of the experiments
is influenced by the anisotropy of collector material, as previously discussed
in chapter 1.2. This influence is evident by comparing the full width at
half maximum (FWHM) of the peaks in dI, /dV plots of the different
measurements. For instance, the FWHM of the polycrystalline sample “Blind
Test 1”7 is two times larger than the one of the single crystal sample of the
second test. Thus, these measurements can provide qualitative information
about the sample structure and homogeneity.

In summary, the results obtained are in good agreement with the reported
literature values and show that the designed measurement system and pro-
cedure allow for precise work function measurements. The accuracy of the

measurements much depends on the anisotropy of the emitter, in addition to

Table 3.2: Summary of blind tests.

Blind Test Material OWF Reported value Orientation Ref.
No. (eV) (eV)
1 Mo 4.59 + 0.06 4.6 Polycrys. [33]
2 SrVOsz  4.80 4+ 0.06 none (001) -
3 Pt 5.33 = 0.09 5.3 - 5.64 Polycrys. See

table 2.1
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the intrinsic uncertainty resulting from the tail of the Fermi-Dirac distribution
at elevated temperatures, and the geometry of the grid. However, with the
configuration used in this work, the measurement accuracy is expected to
be better than 100 meV. This accuracy is also supported by measurements

performed on LaBg and SrTiO3 samples discussed in the next chapter.



Chapter

Work Function Measurements of Novel

Materials

This chapter reports on the in-situ work-function measurements of polycrys-
talline LaBg thin films, single crystal Nb:SrTiO3 (0.1 wt. %), and SrRuOj3
thin films and the heterostructures fabricated to explore the tunability of
the work function of STRuOs3. The measurements of LaBg thin films and
Nb:SrTiO3 have been conducted with a plane tantalum emitter and a grid
with a mesh size of wg, ~ 1.65 mm (see Fig. 3.7¢), and their work functions
are determined with respect to the work function of the emitter. However, for
the measurements of STRuO; thin films and the heterostructures an in-situ
deposited platinum stripe is used to improve the measurement accuracy and
to further calibrating the measurements, as discussed in Sec.2.2. These mea-
surements were conducted with a low work function emitter and a grid with
a fine mesh size of wg, ~ 240 pm (see Fig. 3.7d). The materials investigated
in this chapter have been prepared and fabricated using the epitaxial system
discussed in Ch. 3, with their growth parameters summarized in table4.1.
The summary at the end of this chapter focuses mainly on the results from
the transition metal oxides and their heterostructures, as these demonstrate

unique and previously unexplored properties.

25
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4.1 LaBg Thin Films

Introduction

Hexaboride materials demonstrate unique physical properties, such as a
Kondo insulating behavior in the case of SmBg [71], ferromagnetism in doped
CaBg and SrBg [72, 73], and have a relatively low work function in almost all
different compositions. Rare-earth hexaborides, such as LaBg, are widely used
as thermionic and field-emission electron sources. The intrinsically low work
function of LaBg, together with its high-temperature stability at the surface,
outperform the thermionic properties of all other rare-earth hexaborides [74].
Doping can further reduce the work function of LaBg, such as by samarium
that is reported to reduce the work function to 1.67¢V [75]. Furthermore,
it has been reported that Lag3;BaggBg has a thermionic work function of
about 1eV [76, 77]. Yet, this is disputable when compared to the data of

Table 4.1: PLD parameters of the thin films fabricated in this work. All tran-
sition metal oxides were deposited in an oxygen partial pressure of 0.1 mbar.
The deposition of LaBg thin films was carried-out at ~1 x 10~7 mbar.

Material Substrate  Laser Fluence Temperature(®
(Jem?) (°C)

LaBg Ta (polyecr.) 3.5 450

SrRuO; Nb:SrTiO;® 1.2 610

Mono-Capping layer

SrTiOs Nb:SrTiO5® 2 720
BaTiOs Nb:SrTiO5® 2 720
BaZrOs Nb:SrTiO5® 2 720
LaAlOs Nb:SrTiO5® 1.6 720

(a) Temperature values are nominal due to different emissivities.
(b) Single crystal, (001) orientation, Nb dopant concentration of 0.5 wt.%.
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Futamoto [74], who also investigated the effect of Ba doping with a different

concentration and reports on a work function of 2.99 4+ 0.03eV.

Results

Figure4.1 shows the results obtained for the LaBg thin films prepared in
this work. The emitter used in this experiment was a polycrystalline Ta
metal emitter with a measured work function of 4.28eV, as discussed in
Sec.3.2.1. The I(V) curves indicate the occurrence of two band alignments
during the voltage sweeps. From the logarithmic plot of the I (V) curve
(Fig. 4.1b), the first band-alignment happens at eV@ = —1.52eV and the
second at eVZ = 0.54eV, which yields two work functions of 2.76eV and
4.82¢eV, respectively. Although the range where the first band-alignment
takes place and the corresponding ®wr are in the expected range, the origin
of the second current rise is not understood.

The work function resulting from the second band alignment does not
correspond to pure lanthanum (®%%, = 3.3 ¢V, [33]), and hardly matches the
reported value for polycrystalline boron (®% = 4.45¢eV, [33]). However, as
work function values for boron are not widely reported in the literature, a
conclusive statement is not possible. Another possible explanation for this
band alignment is the rise of the collector potential, as the total potential
of the collector (eVg + ¢¢) becomes comparable to the work function of the
tungsten grid (GLoy™ W ~ 4.55€eV, [33]). As a result, more electrons would
be attracted away from the grid, that could be additionally enhanced by the
large mesh size (see Fig.3.7c). However, more investigations are required for
a conclusive statement.

Considering the above, the work function of LaBg thin films prepared in
this work is found to be 2.76 eV. The crystal orientation of these thin films
was determined by X-ray diffraction measurements. These measurements
indicate a dominant (110) orientation, with (211) admixtures, as shown in
Fig.4.2. The intensity of the (211) peak is remarkably high when compared
to the (110) peak by considering the structure factor of the compound. The

work function of these two facets of LaBg are found to be similar in the
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Figure 4.1: Measurement results of a LaBg thin film at Ty = 1475 K and
Ve = 35V. a) Grid and collector current as a function of the collector voltage.
b) The logarithmic plot of I.; (V) for band-alignment voltage (eVg) determination.
The band-alignments takes place at eV} = —1.52eV and eV?{, = 0.54¢V. In this

experiment a Ta emitter is used with ®wr = 4.28 V.

experiments of H. Liu et al. (ACD%?)*@H) < 50meV) [78].

Table 4.2 compares the obtained value with the reported ones found in
the literature for the (110) and (211) orientations. The value obtained
here is a good agreement with the literature. Nevertheless, this value is
independently confirmed by the Richardson method by using these films as
thermionic emitters. These measurements will be presented in the Ph.D.

thesis of R. Wanke.
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Figure 4.2: Grazing incidence diffractogram of a LaBg thin film grown by PLD on
a polycrystalline Ta substrate. The peaks at 26 = 30.5° and 20 = 54° correspond
to the (110) and (211) orientations of LaBg, respectively (highlighted in blue).
The peak corresponding to the (100) orientation would be expected at 20 = 21.4°
(highlighted in yellow). The origin of the peak at 20 = 48.9° is unknown. The
obtained diffractogram might not be conclusive as surface oxidation and the
formation of LagOsg is likely due to the volatile nature of lanthanum and the

deposition technique used for the growth [79].

Table 4.2: Comparison of work function values of LaBg obtained in this
work with reported values found in literature.

dade (eV) Method Ref. Orientation

2.76 Retarding field This work (110) & (211)
2.68 Thermionic [80] (110)

2.5 UPS [81]

2.73 Thermionic - Schottky emission [78]

2.94 Model calculation [82]

2.72 Thermionic - Schottky emission (78] (211)

2.8 Model calculation [82]

2.54 Model calculation [78]
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4.2 Nb:SrTiO;3 (0.1 wt. %)

Introduction

SrTiO3 is one of the most studied perovskites. This wide band-gap insu-
lator demonstrates unique physical properties, such as superconductivity
at 300 mK [83], and a two-dimensional electron system at its interface with
LaAlOs [39] that is also a band insulator. Besides, SrTiO3 has a lattice
constant of 3.90 A at room temperature that makes it a preferred substrate
material for oxide electronics. This compound can be doped by metals such as
niobium (Nb) or lanthanum (La) to obtain semi-metallic properties [84]. Here,
we investigate the work function of a Nb:SrTiO3 (0.1 wt. %) single crystal,
with a (001) orientation. This investigation is essential since SrTiOj is the
substrate of choice throughout this work. Furthermore, the results serve as
a calibration measurement as the work function of this material is already

reported in the literature.

Results

The single crystal Nb:SrTiO3 (001) samples used in this work were etched
with a buffered hydrofluoric (HF) acid solution to obtain a TiO, terminated
surface [85]. The procedure used in this work is discussed in detail in Ref. [21].
Figure4.3 shows a typical AFM image of a Nb:SrTiO3 sample after this
etching procedure. Before the work function measurements, the sample was
annealed in the epitaxial system to ensure a clean surface, and afterwards
transported in-situ to the measurement apparatus.

Annealing was done in an oxygen background pressure of pOs =~ 0.1 mbar,
at a nominal temperature of 800 °C. During this process, the surface quality
of the sample was monitored by RHEED. After 30 min the intensities of the
diffraction spots saturated. The pressure during the entire sample transport
process did not exceed 3 x 10~® mbar for this sample.

The I( V) curve of a single crystal Nb:SrTiO3 (001) sample with a nominal

dopant concentration of 0.1 wt. % is presented in Figure 4.4. From the logarith-
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Figure 4.3: Typical AFM image of a single crystal Nb:SrTiO3 (0.5 wt. %), with
a (001) orientation after the etching procedure. This procedure is performed to

obtain an atomically flat TiO2 termination on the surface.

mic plot, the band alignment voltage is estimated to occur at eVg = +0.13eV.
By taking into account the work function of the Ta emitter used for this
measurement (Gfd, = 4.28 eV, see Fig. 3.10), the work function of Nb:SrTiO3
(0.1 wt. %) is determined to be 4.41¢eV in this work.

Susaki et al. [17] have investigated the work function of Nb:SrTiOj3 in-situ
by Kelvin probe measurements. Their measurements indicate that the work
function of Sr'TiO3 depends on the oxygen background pressure used during
the annealing procedure. This dependency is shown in Fig. 4.4c. Additionally,
they report on the value of the SrO-termination of SrTiO3 that has a work
function of about 2.4eV. Furthermore, model calculations done by Zhong
and Hansmann [37] predict similar values for both terminations of SrTiOs3,
4.48 eV for the TiOy and 1.92eV for the SrO termination. Considering these,
the value obtained here agrees well with both the model calculations and the

in-situ Kelvin probe measurements.
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Figure 4.4: Work-function results of a TiOs-terminated Nb:SrTiO3 (0.1 wt. %)
sample at Tep, = 1475 K and Vg = 15 V. Panel a) shows the I( V') curves obtained
by varying the collector voltage. Panel b)shows the logarithmic plot of I as

a function of V.

The band alignment is found to occur at eV = +0.13eV

corresponding to a work function of 4.41eV (®13 = 4.28eV, see Fig. 3.10). Panel

c) illustrates the Kelvin probe measurements of Susaki et al. for a TiOa-terminated

Nb:SrTiO3, annealed at different oxygen partial pressures. Figure reproduced with

permission.
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4.3 SrRuOj;

Introduction

SrRuOj is a correlated material system with unique physical properties. It
is highly metallic and has a lattice constant well-matching SrTiO3. Due
to these properties STRuQOj is frequently used as contact electrode in oxide
electronics [84, 86]. Hence, investigating SrRuOj for its work function, next
to its high-temperature properties in reducing conditions are essential tasks.
The growth dynamics of SrRuO3 on SrTiO3 by PLD has been widely discussed
as STRuOj is highly sensitive to the growth conditions [87]. Figure 3.3 shows
the RHEED oscillations obtained for SrRuOs in a layer-by-layer growth
mode. The measurements presented below are conducted on a sample with a

thickness of ~24 unit cells unit cells.

Results

As mentioned at the beginning of this chapter, the in-situ work function
measurements of the StTRuOj thin films are performed with a low work-
function emitter and a grid with a fine mesh size (wg, = 240 pum, see Fig. 3.7d).
The measurements described in the following have been performed at different
temperatures starting from Ty, = 1100K to Ty, = 1220K to examine the
behavior of these thin films at different temperatures. Moreover, by this
temperature rise the effective work function of the emitter can directly be
measured and used for the work function determination of the reference
platinum stripe.

Figure 4.5 compares two of the obtained I( V') curves, one at Ty, = 1110K
from the initial measurements and the other at T.,, = 1050 K that is the
last measurement after cooling the emitter from 1220 K. The I (V) curves
indicate the coexistence of two work functions arising from the platinum
reference material and the SrRuOjs thin film, evident from their relative
current amplitudes. Surprisingly, it was found that with time and by increas-

ing temperature, the band-alignment positions (eVs) for both the reference
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Figure 4.5: Example of two I(V) curves obtained for a 24 unit cell SrTRuOj3
sample grown on a Nb:SrTiO3 (0.5wt. %) substrate. The measurement on top is
performed after ~100 min, and the one on the bottom after ~330 min after cooling
down the emitter from T¢, = 1220K. In both measurements Vg = 35V. The

temperature of the collector is measured by pyrometer to be <570 K
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platinum stripe and the one of StRuOj; varied. The difference between the
band-alignment voltage of the platinum reference material and the StTRuOs;
thin film (eVag 19%) is found to be 0.78 ¢V initially and increases gradually
to 1.62eV even after cooling the emitter to 1050 K. A summary of this change
is shown in Fig.4.6. The temperature of the SrRuO3 thin films was measured
using a pyrometer as Ty < 570 K at the end of the measurements. However,
this is considered to be the upper limit of T, as the error resulting from
thermal radiations of the filament is inevitable. The reason for the variation
of the band-alignment voltages is unclear, but we will discuss below possible
effects that might influence this work-function reduction.

One possible scenario explaining the observed drift is the evaporation of
contaminants from the surface, that alter the surface dipoles. However, this
large and gradual change of the work function cannot be explained by this
effect. This is reasoned by the relatively constant and small FWHM of the
SrRuOj3 peaks in the obtained dI. /dV curves (see Fig.4.5).

Another explanation might be the evaporation of RuO, that would result
in a termination switch, e.g., from RuO, to SrO or vice versa. However,
no evidence of this is observed in the residual mass spectrum during the
experiments, as shown in Fig.4.7. Moreover, this change would neither be
gradual nor constant over the entire sample surface. Also, the plateau at
Tom = 1110 K where the band-alignment difference is comparatively constant
over several measurements cannot be explained by the change of surface
termination (see Fig.4.6). Besides, AFM images of the measured samples are
identical to fabricated samples and no change of the surface morphology is
observed, as shown in Fig.4.18b. Furthermore, surface reconstructions are
unlikely as well as the temperature needed for such processes are relatively
high, and would even less likely take place over the entire emission area at
once (Aey > 38 mm?), considering the nonuniform temperature profile of the
collector.

A more likely explanation is surface relaxation mechanism, considering
the thermochemical properties of RuO,. Model calculations performed by
Z. Zhong and P. Hansmann [37] suggest that these mechanisms have a large

impact on the work function of transition metal oxides and can indeed change
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Figure 4.6: Evolution of the band-alignment voltage difference (eVag) during
the measurements of a STRuOs thin film with the reference platinum stripe as a

function of time and increasing Tep,. In all measurements Vy = 35V.

it by about 1eV. Indeed, this process could take place gradually over time
and depends on temperature and time. Additionally, considering the reducing
conditions in our measurements, this mechanism might be even enhanced.
Considering these, we try to provide an absolute value for both the platinum

reference stripe and the SrRuOj3 thin films below.

As the temperature of the emitter increases during the experiments in
well-defined steps, its effective work function can be determined by the
Richardson method, as shown in Fig.4.8. The work function of the emit-
ter is found to be 2.73 £ 0.02eV with a remarkably small Richardson con-
stant of Agp = 1.34 AK 2cm 2. Note that this estimation stems from
the narrow temperature range and moderate voltages used during the ex-
periments. Thus, we refer to this as an effective work function value of
the emitter (¢¢I). As discussed in Sec.2.2, the absolute values are deter-

i

mined from the ¢S and the relative band-alignment position of the refer-

em

ence material. The eV{® is estimated from the repeating measurements at
Tom = 1110K to be eV = 2.90 & 0.01 eV, that corresponds to a work func-
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Figure 4.7: Residual mass spectrum during the measurement period of a StTRuOj;

thin film. No sign of the evaporation of RuOy or SrO is observed.

tion of ®L% =5.63 £0.03eV. In these experiments, we only consider the
error margin for determining eV and ignore the effects of height adjustments
during the experiments that alters all eV3. The uncertainty in the determi-
nation of the individual peak positions in each measurement (d/. /dVq) is
typically below 5meV and is thus neglected. Thus we estimate here only the
shift of eV in the individual measurements as our error margin.

For SrRuQO3, there are two ways to determine the absolute value of its work
function: a) To estimate it relative to the platinum peak, and b) to estimate it
directly from the emitter work function. Considering the previously discussed
eVas S0 that ranges from 0.78¢eV to 1.62eV, the work function of this
SrRuOg thin film is 4.85 4+ 0.03 eV, reducing over time and with temperature
to 4.01 £0.03eV. A direct estimate of its work function from ¢¢ results in

@%{,%“03 = 5.07 £ 0.02eV that reduces gradually to 4.03 £ 0.02eV over time.

However, the direct estimation is disputable because the height adjustments
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of the collector during the experiments alter the eV values but not ¢¢T. Thus,
we only consider the (ID\S{,I;“% values that are calibrated using the reference
platinum stripe.

Table 4.3 compares the obtained results with the one found in literature.
Experimental values for the work function of SrRuOj3 are not widely reported
at the time of this thesis. The value obtained here is close to the exper-
imental results of Fang etal. (5.2eV) [88] and the model calculations of
Jacobs etal. (5.16eV)[38], and in good agreement with the value of Zhong
and Hansmann [37] (4.88eV) for the RuOs termination of SrRuOj. This
general agreement with the model calculations suggest a BOs termination
for these STRuOj thin films. This is surprising as it contradicts the RHEED
analysis by Rijnders et al. that predict a SrO-termination for STRuOj3 thin
films fabricated by PLD [87]. This information about the termination of these
SrRuOj3 thin films is helpful to explore tunability of its work function by the

various capping layers, as presented in the next section.
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Table 4.3: Comparison of the reported work function values of (001) StRuO3
with values obtained in this work.

PIRIOs (V) Method Termination Ref.

4.85 to 4.01 Retarding potential BO, This work
5.2 Electrical Unknown [88]
5.16 DFT model calculations BO, [38]
2.55 DFT model calculations AO [38]
4.88 DFT model calculations ~ BO,, Relaxed [37]
3.9 DFT model calculations BO,, Unrelaxed [37]
2.39 DFT model calculations  AO, Relaxed [37]
1.3 DFT model calculations ~AO, Unrelaxed [37]
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4.4 Work Function Tailoring by Monolayers

of Perovskites

Introduction

The tunability of the work function of SrRuQOg thin films are explored in this
section using several epitaxial capping-layers with a thickness of one-unit-cell.
All capping layers investigated here are insulators with a band gap of more
than 3eV and a lattice constant suitable for epitaxial growth on SrRuOs;.
The lattice constants of these perovskites are compared in table4.4. These
capping layers were chosen to substitute the atoms of the last unit cell on the
SrRuOg surface. Figure4.9 shows a schematic of the different heterostructures
examined in this section.

Considering the results of the previous section that hint to a BOs-
termination for the SrRuQOjs thin films, the SrTiOs; exchanges ruthenium
with titanium on the last layer, similar to the BaTiO3 capping layer. However,
the BaTiO3 capping layer additionally exchanges Sr with Ba at the interface.
This difference at the interface can provide an insight on interface effects,
e.g., charge transfer and compressibility on the surface dipoles (see Sec.2.1).

Moreover, the BaZrOs capping layer only changes the titanium with zirconium

Table 4.4: Room-temperature lattice constants and mismatches of the
capping layers used in this work. Data from Ref. [89]. Lattice mismatch is

calculated by w
SrRuO3
Material Lattice constant (A) Lattice mismatch
SrRuO; 3.93 .
SrTiOg 3.90 0.6 %
BaTiOg3 4.01 L7%
BaZrOg 4.19 6.6 %

LaAlOg3 3.77 4%
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on the last layer and provides a direct comparison to the BaTiO3 capping
layer. Finally, the effect of a polar capping layer is examined separately by
one unit cell of LaAlO3. This approach for work-function tuning is interesting
as polar interfaces and materials demonstrate unanticipated phenomenons.

The deposition parameter window of the capping layers was kept as close to
each other as possible (see table4.1). The oxygen background pressure during
the growth of SrRuOj thin films and all capping layers was kept the same
due to the sensitivity of STRuO3 on the variation of this parameter. Besides,
the deposition temperature of the capping layers was kept at 720°C. Only
the fluence of the ablation laser was tuned and optimized for their epitaxial
growth. By this approach, the deposition of the capping layers is performed
on nominally similar STRuQOj thin films to obtain qualitatively comparable
results. The transmission electron microscopy (TEM) images of these capping
layers show a sharp interface in these heterostructures (see Fig.4.10). All
capping layers are deposited on (001) StRuOj thin films with a thickness of
more than 20 unit cells. After the epitaxial growth of the heterostructures, a
platinum stripe is evaporated on them in-situ for calibrating the measurements
(see Sec.2.2).

The results in this section are split into two parts, based on the effect of
these monolayers on the work function of the SrRuOj5 thin films. First, result
from the SrTiO3 and BaTiO3 capping layer are presented which reduce the
work function. Afterward, the LaAlO3 and BaZrOs monolayers are presented

which increase it. These results are compared in the summary of this chapter.
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Figure 4.9: Sketch of the heterostructures investigated in this work. Bottom
shows a SrTiOgs substrate with a SrRuOg thin film on top. The various capping
layers shown above were chosen to exchange the A- or B-atom of the last layer. The
SrTiO3 capping layer exchanges the B-atom from Ru to Ti, keeping the strontium
unchanged. The BaTiOg capping layer swaps the A-atom from Sr to Ba as Ti is
unchanged in (a) and (b). Additionally, the B-atom is again altered from Ti to Zr
by the BaZrOs capping layer with Ba being the same A-atom in (b) and (c). The
effect of a polar capping layer is investigated separately by a LaAlOgs capping layer.

The atomic sizes and distances are arbitrary and do not represent physical values.
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Figure 4.10: HAADF-STEM images of the heterostructures investigated in
this work, illustrating sharp interfaces for the majority of the heterostructures.
Preliminary EELS and EDX analyses suggest a BOy termination for these capping
layers (not included here). Imaging performed by V. Srot form Stuttgart Center for
Electron Microscopy (StEM) using an JEOL ARM200F [90] at 200kV, equipped
with a cold field-emission gun and a DCOR probe Cs-corrector from CEOS [91].
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4.4.1 Results I:
BaTiO3 and SrTiO3 monolayers

Example measurement curves of the BaTiO3 and SrTiO3 capping layers are
shown in Fig.4.11 and 4.12. The I, (V) curves of these heterostructures
exhibit a third current rise, in addition to those resulting from the reference
platinum stripe and the primary sample. This additional feature results
in a peak on the shoulder of the main peak in the d/. /dV curves. The
origin of this peak is not understood, but their band-alignment voltages
(eVp) with respect to the reference platinum stripe (eV4'"®) suggests that they
result from an incomplete surface coverage, i.e., the STRuOj3 thin film. This
feature is surprising, as the TEM images suggest a sharp interface in these
heterostructures (see Fig.4.10).

The RHEED pattern obtained after deposition of these heterostructures is
shown in Fig.4.13. The pattern of the BaTiO3 capping layer suggests smooth
and homogeneous surface. However, the pattern of the SrTiO3 capping layer
hints to a 3-dimensional growth that could result in an incomplete surface
coverage. Nevertheless, a correlation between the number of laser ablation
pulses with the height of this shoulder-peak was observed. These results
indicate that the work function measurements can provide unique information
about the growth process in addition to RHEED monitoring.

Similar to the StRuOj3 thin films, the band-alignment voltage correspond-
ing to the heterostructures changed over time and with temperature, as shown
in Fig.4.14. This trend is also observed for the previously discussed shoulder
peak in the d/ /dVq curves (see Fig.4.11c and 4.12¢). The band-alignment
voltage difference between the reference platinum stripe and the primary peak
(eVELHet) increases from an initial value of 1.66eV to 2.2eV and from 1.9eV
to 2.1eV for the BaTiO3 and Sr'TiO3 capping layer, respectively. The band-
alignment voltages of the reference platinum stripe (eVg"®) is at 3.10 & 0.02eV
for the BaTiOg, and at 3.40 £ 0.07eV for the Sr'TiO3 capping layer.

The effective work function of the emitter is found to be 2.83 £ 0.02eV and
2.57 + 0.03 eV referring to the measurements of the BaTiO3 and the Sr'TiO3

capping layer, respectively. The work functions of the reference platinum
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Figure 4.11: Panel a) shows an I( V) curve of a SrRuQOj3 thin film with a 1uc
BaTiOj3 capping layer after 115 min at T¢,, = 1200 K, and panel b) the corresponding
dI. /dV curve. The measurement curves exhibit an additional current rise that
results in a peak on the shoulder of the dI /dV curves. Panel ¢) shows different
dI. /dV curves at different temperatures and time. The shoulder peak follows
the same trend as e VZEBTO Het and its band-alignment voltage changes over time

with temperature. In all measurements Vg = 35V.
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Figure 4.12: Panel a) shows an I( V') curve of 1 uc SrTiO3 monolayer on a StRuO3
thin film after 63min at Vg = 35V, and panel b) the corresponding d/dV
curve. The measurement curves exhibit an additional current rise that results in a
peak on the shoulder of the dI /dV curves. Panel ¢) shows different dl /dV
curves at different grid voltages and time. The shoulder peak follows the same
trend as e VRLSTO Het and its band-alignment voltage changes over time. In all

measurements Ty, = 1220 K.
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Figure 4.13: RHEED pattern after the deposition of a one unit cell thick layer of
a) BaTiO3 and b) SrTiO3 on a SrRuOg thin film.

stripe therefore result as 5.93 +0.04 eV and as 5.97 £ 0.10eV for the BaTiO;
and SrTiO3 measurements respectively. The large error margin results from
the shift of the peak corresponding to the reference platinum stripe in the
individual d7 /d V¢ curves (See Fig.4.14). The excellent agreement of O
in these heterostructures next-to its large value compared to the StRuO3 thin
film further suggest similar surface chemistry that would be an indication for

common BO, termination in these thin films.

The work function results of these heterostructures are abstracted in
table4.5. The work function measurements of the SrTiO3 capping layer
were obtained after an initial calibration procedure that took 20min at
Tom = 1220 K. Considering the time and temperature dependence of these
measurements, the upper value of its work function might be comparable to

the one of the BaTiO3 capping as the lower values are.

Table 4.5: Work function of a SrRuQOj thin films coated with one unit cell
of SrTiO3; and BaTiOs;.

Capping layer ~ ®Het (eV) Lt (eV) Error margin (meV)

BaTiOg 4.27 to 3.73 5.93 +40
Sr'Ti0; 4.07 to 3.87 5.97 £100
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Figure 4.14: Band-alignment voltages of the reference platinum stripe, shoulder
peak, and the heterostructure obtained from several measurement curves. Panel
a) shows the result for a BaTiOg3 capping layer on a SrRuOg thin film at different
temperatures and Vg = 35V. Panel b)shows the results for a SrTiOs capping
layer on a SrRuQOs thin film at different grid voltages and 1oy, = 1220 K. In panel
a) the sharp drop of the eVg values at ~23 min is due to height adjustments of the

collector that alter the eVg values.
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4.4.2 Results II:
LaAlO3; and BaZrOj3; monolayers

Example (V) curves of SrRuO3 thin films coated with a monolayer of
LaAlO3 and BaZrOjs are shown in Fig.4.15. The d/. /d V4 curves of these
heterostructures show only the occurrence of two band-alignments. No
additional feature such as a shoulder-peak is observed in these experiments.
This is surprising as the lattice mismatch of this capping layers with the
SrRuOj3 thin film is much larger that the previously investigated monolayers
(see table4.4).

Similar to all previously investigated TMO thin films, the band-alignment
voltages corresponding to the reference platinum stripe and these heterostruc-
tures are found to vary with time and temperature. Figure4.16 and 4.17
show this variation for the LaAlO3 and the BaZrOgs capping layers on a
SrRuOj thin film, respectively. However, for these two heterostructures the
eVp value corresponding to the reference platinum stripe (eVi') increases
drastically over time and with temperature. The reason for this increase is
not understood, but the large lattice mismatch of these capping layers might
have an effect on this behavior. Interestingly, it was found that by repeating
the measurements on the same samples after several days and keeping them

in UHV conditions, the variation of the eVZ* follows a similar trend.

Figure 4.16 shows the eV values obtained for a SrRuOj3 thin film coated
with a LaAlO3z monolayer for two separate measurement series. These two
measurement sets were obtained by repeating the measurement on the sample
with a cooling period of several days in between. In the first set, the band-
alignment voltage difference between the reference platinum stripe and the
heterostructure (eV A0 Het) increases over time and with temperature.
However, the rise of eV is found to be larger than the reduction of eVEAO Het,
After a period of about 125 min and at Ty, = 1150 K the eVg values dropped
suddenly and consequently the height of the collector had to be readjusted.
So far, the reason for this sudden change in the eV values is not understood.
By repeating the measurements eV and eVEA0 Het follow a similar trend and

their difference increases. Below we will determine the work function of this
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Figure 4.15: Example (V') curves of a) 1 uc thick LaAlO3 coated SrRuOgz thin
film at Tey = 1180K, and b)1uc thick BaZrOsz coated SrRuOs thin film at
Temn = 1140K. Their dI /d V¢ curves on the right show no indication of a

shoulder peak. Both measurements are performed with Vg = 35V.
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heterostructure in the first measurement series after the height adjustment
and consider a constant work function for the reference platinum stripe in all

measurements.

Within the first set of the measurement and after the height adjustment,

eVEELAO Het wag found to increase from an initial value of 0.98eV to 1.11eV.

eff
em

method and found to be ¢e, = 3.25 £ 0.03 eV in this experiment. From this

°f and the eV at 2.79 £ 0.02 eV after the height adjustment (see Fig. 4.16a),
it results in 6.04 + 0.05eV. Consequently, the work function of this het-
erostructure ranges from ®LAC Het = (5.06 £ 0.05) eV to (4.93 £ 0.05) eV. If
we further consider the same ®L. for the measurements before the height
adjustment and all eVEETAO Het yalues that range from 0.81eV to 1.11eV,
the ®LAC Het — (523 +0.05) eV to (4.93 £ 0.05) eV. Nevertheless, before the

height adjustments the band-alignment voltages of the reference platinum

The effective work function of the emitter (¢¢ ) is evaluated by the Richardson

stripe result in @yl > 6.7eV that is very unlikely.

The results of the BaZrOg3 capping layer show a similar behavior to the
LaAlO3 capping layer, as illustrated in Fig. 4.17. The eV} increases over time
and temperature, and stabilizes after cooling. The band-alignment voltage
for this capping layer significantly reduces however, after heating the emitter
to Tem = 1220 K. By repeating the measurements on the same sample after
keeping it in UHV conditions for several days, eV3® increases and stabilizes

VBZO Het immediately reduces by a similar amount compared to

shortly and e
its first measurement set (see Fig.4.17b). Hence, the work function reduction
of this heterostructure is also found to be reproducible, similar to the sample
with a LaAlO3 coating layer. Below, the work function of the BaZrOs capping
layer is determined for both measurement sets.

In the first measurement set of the BaZrOs capping layer, eVZ* varies from
2.46eV to 3.11eV and stabilizes afterwards at 2.85 £+ 0.02eV by cooling the
emitter (see Fig.4.17a). The band-alignment voltage of the heterostructure
(eVPZO Het) varies in these measurements from 1.36eV to 1.07 eV with time
and temperature. Thus, the eVEEBZOHe ranges from 0.81eV to 1.77eV
during the entire measurement period. The effective work function of the

emitter is determined by the Richardson method during the temperature rise
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Figure 4.16: Band-alignment voltages (eVg) corresponding to the reference
platinum stripe and 1 uc LaAlOg capping layer on a SrRuQOg thin film extracted
from several measurements at different temperatures. Panel a) shows the in-situ
results directly after the sample transport to the measurement system. The sharp
drop of the eVg values at =150 min is due to height adjustments that alters the
effective work function of the emitter. Panel b) shows the results by repeating
the experiments on the same sample after several days and keeping it in UHV

condition. All measurement are conducted with Vg = 35V.



4.4. WF tailoring by monolayers of LaAlO3 and BaZrOs 83

O Platinum ™ Tem
O BaZrOs capped SrRuO3

a)
1250
— 1200
— <
> ~
2 5
& — 1150 ~
®
— 1100
0 60 120 180 240 300 360
b)
o5 S 1250
] o QOO0 SslolClslels OOOOO
2 _| — 1200
~ . <
< 15 5
e " — 1150 K~
] 4
1
— 1100
0 50 100 150 200

Time (min)

Figure 4.17: Summary of the band-alignment voltage change during the mea-
surements of a STRuO3 thin film capped with 1uc if BaZrOs, in two sequential
measurements. Panel a) shows the obtained eVg values in the first set, and panel
b) by repeating the measurements of the same sample after several days (in-situ).

In all measurements Vg = 35V.
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to be 3.00 £0.02eV, and in the temperature drop to be 2.89 + 0.02eV in
this set. Considering these values and the eV2" from the last measurements
(2.84 £0.01eV, see Fig.4.17a), ®}f is found to be 5.79 + 0.06 eV for this
sample. Here, we have considered ¢ to be 2.95 + 0.06 eV for the entire mea-
surement period. Hence, the work function of this heterostructure (®L49 Het)
is found to vary from (4.98 £ 0.06) eV to (4.02 £ 0.06) ¢V over time and with
temperature.

In the second measurement set, the eVEIyBZOHel varies from 0.86eV
to 1.46eV and qulPt stabilized after T, = 1175K at 2.39 £0.01eV. The
effective work function of the emitter is found to be 3.00 £ 0.03 eV, similar to
the first measurement set. Hence, ®%%: = 5.39 4+ 0.04eV and ®L20 Het yaries
from 4.53 £ 0.04eV to 3.93 & 0.04 V.

The results of the LaAlO3 and BaZrOj capping layers on SRO thin films
are tabulated in table4.6. The comparison of the work function values of

the two sets of the BaZrOj3 capping layer show a decrease of ~0.45eV for

eff

o I these sequential

all work function values. The reproducibility of
experiments suggests that this change is due to the collector material and not
from the experimental alignment. Considering our experimental conditions
and the extensive measurement time, such an drop can be caused by various
effects, e.g., loss of oxygen or distortion of the heterostructure. The drop of
eVEEBZO Het  ~197 min could result from such effects that was not observed
in the second measurement set (see Fig4.17). Similar observations are reported
for the barrier height at the interface of SrTiO3 and BaTiO3 with platinum
upon annealing in vacuum [92]. However, more investigations are required

for a conclusive statement.
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Table 4.6: Work function values obtained for StRuO3 thin films coated with
a one-unit-cell thick layer of LaAlO3 or BaZrOs. The values in parentheses
have been obtained from the second set of the BaZrOs; measurements.

Capping layer Pt (eV) PLi. (eV)  Error margin (eV)
LaAlO; 5.21eV to 4.93eV 6.04eV +0.05
BaZrOs3 4.98eV to 4.02eV 5.79 +0.06

(4.53¢eV to 3.93eV)  (5.39) (£0.04)
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4.5 Summary

The results of the LaBg thin film and Nb:SrTiOs (0.1 wt. %) at the beginning
of this chapter demonstrate the high accuracy of the experimental set-up
and measurement concept established in this work. These results are in good
agreement with both the experimental values and model calculations found
in the literature. Thus, work function measurements by thermoelectronic
converters are accurate and can in-addition provide information about the
material properties at elevated temperatures.

The work function measurements of the investigated TMOs, i.e., STRuO3
thin films and the fabricated heterostructures exhibit a unique characteristic.
The results in this chapter illustrate that the work function of these thin films
reduces by increasing temperature. This behavior is surprising as the work
function of transition metals, e.g., Mo and Ni [93] or pure silicon [94] is reported
to increase with temperature. The results of the measurements suggest that
surface relaxation mechanisms cause this reduction. This understanding is
in agreement with the model calculation of Zhong et al. [37]. Moreover, the
final work function of ~4 eV obtained for the bare SrRuOj3 thin films suggests
that this material is a good candidate for cathode technology that could
also operate in poor vacuum conditions with an oxygen background pressure.
For instance, cathodes made of STRuOj3 could replace tungsten cathodes in
RHEED devices.

The key investigation of this thesis is the tailoring of TMO work functions
by epitaxial capping layers with a thickness of one-unit-cell. The results
in this chapter demonstrated that the work function of TMOs is tunable,
i.e., it can be reduced or increased by an appropriate capping layer. This
investigation was explored using SrRuQOj thin films as a model material
with several capping layers for tuning its work function. These results are
summarized in table4.7. For instance, the work function of STRuO3 (4.8€V)
can be tuned in a controlled manner to decrease to 4.3eV or increase to 5eV
by the deposition of a single unit cell of BaTiO3 and BaZrOg, respectively.
Such control of this essential material property enables the design of optimized

materials and devices, e.g., for the interfaces in oxide electrons or catalytic
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Table 4.7: Modified work function values of STRuOj thin films by depositing
monolayer of a perovskite on their surfaces. The values in the parenthesis
correspond to the lowest measured work function (unrelaxed).

Monolayer — @lleterostructure g Hatinum - Fppp. dwr change

(eV) (eV) (eV)

4.85 (4.01) 5.63 +0.03
BaTiOg 4.27 (3.73) 5.93 £0.04 —12 (=7)%
SrTiO3 4.07 (3.87) 5.97 +0.1  —16 (—3.5)%
) )
) )

[«)

LaAlOg3 5.21 (4.93 6.04 +0.05  +7.4 (+23)%
BaZrOs 4.98 (4.02 5.79 +0.06 +2.7 (+0.2)%

processes at surfaces. Moreover, these selected monolayers provide insight
into the electronic structure at the interface of TMO heterostructures and
their surface dipoles.

The deposition of the BaTiO3 and the SrTiO3 monolayers both reduce the
work function of SrRuQOj3 similarly, while the BaZrOj3 increases it. Because
BaTiO3z and SrTiOs share the same transition metal on their B-site, and the
BaTiO3 and BaZrOgz the same A-ion (see Fig. 4.9), the results suggest a BOs
termination for these heterostructures. This observation is in agreement with
the results of bare SrRuOj3 thin films that suggest a BO, termination for
this thin film. Furthermore, the model calculations of Zhong et al. predict
that the work function of STRuO3 will increase by deposition of a LaAlO;
capping layer only for RuO, termination. Hence, the work function of BO,
terminated perovskites is determined by the final atomic layer, i.e., the TiOs,
RuOg, or ZrOy layer. Up to now, the EELS and EDX analyses of the STEM
images are pending to confirm this termination of these heterostructures.

The substitution of Ba with Sr at the interface only changes the work
function by ~200meV. This difference may result from a variation of charge
transfer at the interfaces, variation of the interface distance, or strain of the
capping layer. These results provide unique information about the interface

of TMO-heterostructures that in combination with model calculations can
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provide a detailed description of these complex interfaces.

The change of the band-alignment voltage of the reference platinum stripe
during the measurements is not understood. Schafraneck et al. [92] have
investigated the interface between SrTiO3; and BaTiO3 with Pt and report
on a change of the barrier height upon annealing in a controlled atmosphere.
The effect of Schottky barriers on the work function measurements presented
in this work is unlikely, due to the small currents used in these experiments
and the relatively high voltages required for the band-alignment voltages [84].
More investigations are needed, however, to understand this behavior.

The work function of the evaporated reference platinum stripe is found to
be larger on the heterostructures than on the bare SrRuOj3 thin film. This
difference suggests that the 1uc capping layer alters the growth dynamics
of Pt and results in a crystal orientation that has work function >400 meV.
This observation was confirmed by the X-ray analyses that indicate a different
orientation for evaporated Pt on these heterostructures compared to the
bare SrRuQOj3 thin film. These results demonstrate the sensitivity of this
material property for device fabrication processes, and once again illustrate
the accuracy of the measurement system and concept developed in this work.

Another important aspect of this work is to explore the thermal stability
of TMOs at elevated temperatures and in the operating conditions of a
thermoelectronic converter. Figure 4.18 compares the surface morphology of
two SrRuQOj3 thin film samples after a relatively long measurement period at
Tom > 1475 K, and T¢,, < 1250 K under UHV conditions. The AFM image of
the sample exposed to high temperatures shows deformations and damages
on the surface. In this image no evidence of steps-and-terraces from the
Nb:SrTiO3 substrate is observed, and the surface indicates a unique grain
formation (see Fig.4.18a). Further investigations revealed that this change is
mainly due to thermal radiations of the filament escaping through the BN
spacers, rather than the radiation from the emitter’s surface. To overcome
this, major upgrades were performed on the measurement system to improve
the thermal-radiation shielding of the filament. Furthermore, a low work
function emitter was installed to reduce the operating temperature of the

system. These upgrades improved the stability of the SrTRuOj3 thin films and
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consequently their surface morphology exhibited the typical structure of a
SrRuOj thin film [87] after the measurements, as shown Fig.4.18b. Indeed,
all measurements of the bare SrRuQO3 thin films and the thin films coated with
a monolayer presented in this chapter were performed after these upgrades.
Figure 4.19 shows the AFM images of the monolayer heterostructures after

their work function measurements.
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Figure 4.18: AFM images of SrRuQO3 thin films after work function measurements.
Panel a) shows severe change of the morphology due to thermal radiation of the
filament (7.0 = 1550 K). Panel b) shows the preserved epitaxial structure of the
sample after reducing the thermal radiations of the filament (707%* = 1250K). The

thickness of these films are ~30uc and ~24 uc in panel a) and b), respectively.
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SrTiO3

Figure 4.19: AFM images of SrRuQOj3 thin films capped with 1uc of a perovskite
after their work function measurements. All investigated heterostructures well

endured the temperatures used during the experiment (7 = 1250 K).
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The appearance of a shoulder peak in the measurements of the BaTiO3
and Sr'TiO3 capping layers suggest an incomplete surface coverage in these
heterostructures. This result is surprising considering the small lattice mis-
match of these capping layers with StTRuO3, when compared to the LaAlO;
and BaZrOj capping layers (see table4.4). Besides, the STEM images show
sharp interfaces in these heterostructures (see Fig.4.10). Figure4.20 shows an
STEM image of several unit cells of BaTiO3 deposited on a StrRuOj3 thin film.
It appears that the growth of BaTiO3 on SrRuQOj3 follows an island growth
mode, such as Stranski-Krastanov, that is in agreement with our results for a
monolayer. This agreement between the work-function results and the STEM
images illustrate that work function measurements can provide qualitative
and detailed information about the surface structure that might be hardly

achieved by other characterization methods such as RHEED.

Nb:SrTiO3

10nm

Figure 4.20: Zoomed-out HAADF-STEM image of a BaTiO3-SrRuO3 Nb:SrTiO3
heterostucture. The surface morphology suggests an island growth mode for
the BaTiOgs capping layer on SrRuOj3 thin films (Stranski-Krastanov). Imaging
performed by V. Srot form Stuttgart Center for Electron Microscopy (StEM).
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Chapter

Photon Induced Thermionic Emission
of Carbon Nanotubes in a

Thermoelectronic Setup

The measurement system described in chapter 3.2 is designed to be compatible
with the latest developments, and state-of-the-art methods for thermionic emis-
sion. These include “Photon Enhanced Thermionic Emission” (PETE) [95],
and “Photon Induced Thermionic Emission” (PITE)[96]. This chapter re-
ports on Furthermore, it demonstrates the compatibility of PITE with the
concept of thermoelectronic conversion for space-charge suppression. These
investigations are essential for realizing solar energy converters based on
PITE.

The work presented here is done in collaboration with the research group
of Prof. A. Nojeh from the University of British Columbia (UBC) [97], who
provided the samples and the optical components. The experiments were

carried out along with one of their Ph.D. students at the time, Kevin Voon.

93
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5.1 Introduction

Carbon-nanotube (CNT) forests demonstrate new opportunities for energy
conversion by thermionic emission [98]. These highly dense packed and
vertically aligned CNTs have unique electrical [99] and thermal properties
[100, 101]. Additionally, these quantum materials demonstrate a “near per-
fect” absorption of light [102] that results in electron emission upon light

irradiation [96]. Figure 5.1 shows an SEM image of a CNT-forest sample.

Figure 5.1: False colored SEM image of a CNT-forest sample. All samples are
grown by chemical vapor deposition on doped silicon substrates and are nominally

identical. The sample fabrication procedure is described in Ref. [103].

The radiation of focused light on these perfect absorbers results in the
local heating of the CNTs that causes incandescence. The temperature of
these so-called “Heat traps” [96] is so high that electron emission through
thermionic emission occurs. Hence, this process is referred to as photon-
induced thermionic emission. This effect is observed on the side-walls as well
as on the surface of these materials. Figure 5.2 shows an incandescence spot
on the surface of a CNT-forest sample.

This direct conversion of light into electric current is promising for energy

conversion applications. Based on our observations, remarkably low light-
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intensities are required for inducing incandescence spots. For instance, we
have observed emission currents using a laser with a wavelength of 532 nm
at intensities as low as 60 mW. However, to realize such devices, two critical
issues need to be examined. These are the observed emission-current decay in
these devices [104, 105], and the space-charge problem that is inherited from

the thermionic process.

Figure 5.2: Photograph of an in-
candescence spot on a CNT-forest
sample generated by a focused
light source (A = 1064nm). The
laser beam irradiates the surfaces
after passing through a transpar-
ent conductive collector and the
grid meshes. The electrical con-
tacts for the grid and collector are
labeled (1) and (2), respectively.

The results in this chapter are presented in two separate sections to address
the problems mentioned above. First, the current decay of these devices is
investigated in a standard vacuum tube configuration. For this, their PITE
characteristics are studied by a positively charged grid and collector. Second,
we will apply a magnetic field and moderate grid voltages to suppress the
space-charge, similar to a thermoelectronic converter.

In the following measurements, all incandescence spots are induced on
the surface of the CNT-forests. Such a configuration is essential for practical
applications. For this purpose, the measurement system described in Sec. 3.2
is upgraded to be compatible with such measurements. These technical

descriptions are discussed in the section below.
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5.2 Experimental setup

A central part of the experiments is the magnetic yoke. This component
is designed with holes, with a diameter of 7mm at the center. By using
commercially available NdFeB ring magnets [65] on one side, the laser could
be aimed through their center to reach the surface of the CNTs. The magnetic
field simulations in Fig.5.3a show that the combination of ring magnets
together with block magnets facing each other on opposite sides results in
a homogeneous field. The strength of the field was measured using a Hall
sensor to be ~250 mT at the center of the grid, in good agreement with the
simulation results.

As mentioned earlier, the experiments are designed such that light is
perpendicular to the surface of the CNTs. For this, a tungsten grid with
a mesh size larger than 1mm (see Fig.3.7c) is used as well as an indium-
thin-oxide (ITO) coated quartz substrates which served as collector. This
transparent and conductive coating[106] allows light to pass through and
electrical measurements to be performed. A sketch of the experiments is
shown in Fig. 5.3b.

The electrical contact to the ITO is established mechanically by pressing it

b)

> ITO Coated
Quartz

BN Spacers

Doped
Silicon

Figure 5.3: Panel a) shows the magnetic field simulations done by Femm [66].
The magnetic field at the center is fairly homogeneous. Panel b) shows a sketch of
the designed experiments. Indium-tin-oxide coated quartz substrates are used as
collectors due to their optical (transparent) and electrical (conductive) properties.
In the sketch, the grid is represented by the dashed black line.
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onto a tantalum foil with a nominal thickness of 5um. The CNT samples are
loaded on the collector stage (see Fig. 3.5) and the sample holder establishes
the electrical contact.

The optical setup is shown in Fig.5.4. The heat traps are caused using
two laser modules from Laserglow [107] with nominal wavelengths of 532nm
and 1064nm. The maximum output power of the lasers is ~150 mW and
~600 mW, respectively. It was found that their output power depends highly
on their battery level. Thus, the output power was measured before every
measurement using a bolometer from Thorlabs[108]. A variable ND filter is
positioned in front of the light source that adjusts the laser intensity (see
Fig.5.4). Afterwards, a lens with focal length of 30 cm and an optical stage

is used to focus and to align the laser beam.

[
<l Laser module

|

Variable ND Filter

Optical stage and Lens

N

Mass Spectrometer

Figure 5.4: Photograph of the measurement system with the optical components
for PITE. The components are installed on a DN63 CF flange, centered on the grid

position. The measurement system is described in Sec. 3.2.
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5.3 Results

5.3.1 PITE characteristics of CNT-forests

Emission behavior of incandescence spots at different laser intensities is shown
in Fig. 5.5. By increasing the laser intensity the total emission current increases
as a result of the higher temperatures of the heat traps. At all laser intensities,
the emission current tends to decay over time to lower, but relatively more
stable values. Similar behavior is reported in Ref. [96, 104, 105]. However, by
increasing the laser intensity from 350 mW to 450 mW, the increase of the
emission current is not as high as the rise from the previous increments of the

laser intensity. Furthermore, the current decay becomes more abrupt over

time.
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Figure 5.5: Electron emission current of CNTs induced by laser radiation of
several intensities (A = 1064 nm). For all investigated laser intensities the emission-
current decays over time. A similar behavior was observed by using the second laser
module (A = 532nm). All measurements have been conducted with Vg = 40V and
Ve = 30V. In each experiment, the focal point of the laser was adjusted to hit on
the sample on the edges to obtain several reproducible measurements on the same

sample.
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A possible contributing factor to the current decay could be the evaporation
and deformation of the nanotubes due to the high temperatures of the
incandescence spots. At high laser intensities, currents up to 8 nA are recorded.
Considering an effective heated area of 0.1 mm?, the work function of CNTs
(~4.5eV [109]), and the derived Richardson constant (120 A K2 cm2), this
current density corresponds to temperatures of >1900 K. Taking into account
the vapor-pressure diagram of carbon [110], these elevated temperatures would
cause damage to the CNTs.

The evaporation of the CNTs is observed in the residual mass spectrum
(RMS) of the chamber, as shown in Fig.5.6. The RMS shows an increase of
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Figure 5.6: Simultaneous measurement of the decay of the emission current and
the residual mass spectrum of the chamber. In the mass spectrum, ion currents
from carbon and its compounds rise at the same time an incandescence spot is

created. The infrared laser was operated with an output power of 500 mW.
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carbon and carbon-related compounds at the same time an incandescence
spot is created. During these measurements, the pressure of the chamber
reached >6 x 10~ ® mbar from an initial base pressure of <2 x 10 % mbar.
Additionally, SEM images of irradiated samples show a deformation of
the surface that could result from the high temperatures. This change of the
surface morphology is shown in Fig.5.7. The size of this area corresponds to
the expected spot size resulting from the optical alignments and components.

However, more investigations are required for a conclusive statement.

Figure 5.7: SEM image of a CNT-
forest sample after laser irradiation
(A = 532nm at 60mW). The defor-
mation highlighted in red may have

resulted from the heat traps.

5.3.2 PITE of CNT-forests

in a thermoelectronic setup

Figure 5.8 compares the emission current during collector voltage-sweeps with
and without applying a magnetic field. Here, the grid voltage is kept constant
at Vi = 20V for both cases. Without a magnetic field, the collector current
follows Child’s Law, demonstrating the space-charge reduction by the increase
of the collector voltage. In this case, even at V = 40V the current is not
saturated. However, after inserting the magnetic yoke, the current increases
exponentially as eV is reached and saturates afterward. This kind of increase
demonstrates the space-charge suppression to a large extent, as discussed in

section 2.2.
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The results shown in Fig. 5.8 demonstrate the compatibility of PITE with
the concept of the thermoelectronic converter. However, the voltages required
for band alignments (eVg) is found to be unexpectedly large and the reason
for it not understood. From the emitter side, a possible explanation might
be the Schottky barrier formed between the doped silicon substrate and the
nanotubes, next to the barrier between the substrate and sample holder. From
the collector side, the mechanical contact to the surface of the ITO coating
might be unstable, or may even have been damaged during the installation of
its electrical contacts.

Moreover, the thermal radiation of the heat traps (see Fig. 5.2) could dam-
age the ITO coating on the quartz substrate. The optical absorption coefficient
of ITO is reported to be at its highest in the near infrared regime [106].

Figure 5.9 compares the emission currents during voltage-sweeps of the

collector at different grid voltages. By increasing the grid voltage, the collector
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Figure 5.8: Proof of concept of the compatibility of the thermoelectronic converter
with PITE. Without a magnetic field and due to the space charge, I follows Childs
Law. By applying the magnetic field, the current increases exponentially as the
bands align (see text). The grid voltage has been set to Vi = 20V for both cases.
The FWHM of the dI. /dV curve is ~3.5V, possibly reflecting damages of the

collector and emitter.
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current (/) increases as a result of space-charge suppression. For V,, > 27.5V,
I decreases because the potential of the grid is then large enough to absorb
the electrons. This behavior is illustrated in Fig. 5.9b and also observed for
thermoelectronic converters [23]. The shift of the band-alignment position
(eVg) in every measurement supports the previous assumption of the change
or damage to the ITO coating on the collector surface. Furthermore, even
at Vg = 35V the band-alignment voltage is not significantly altered that
rules-out space-charge effects for the observed eV values. However, more

investigations are required for a conclusive statement.
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Figure 5.9: Panel a) shows the collector current as function of the collector
voltage at different grid voltages in a thermoelectronic configuration (E on). Each
measurement curve is obtained from a different incandescence spot on the same
sample. The large value of eVg and its shift in the different measurements is
not understood. Panel b) shows how the saturation current of the collector (I
maxX) varies with Vg,. At first, the grid voltage suppresses the space-charge and
consequently I increases with increasing Vg (1). After Vi > 27.5V, the collector
current decreases as the grid current tends to dominate (2). The laser used in these

experiments has a wavelength of A = 1064 nm and used at 500 mW.
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5.4 Summary and Outlook

While novel materials make new methods for electron emission feasible, the
space-charge remains the major problem for energy conversion applications by
thermionic emission. The results in this chapter demonstrate that the concept
of thermoelectronic converters is applicable to PITE, which could solve the
space-charge problem in these devices to a large extent. This compatibility
is realized by the combination of ring magnets and block magnets on the
magnetic yoke, together with a grid that has a large mesh size. The application
of a transparent and conductive substrate allows the incident laser light to
be perpendicular to the surface. Such a configuration is technologically
important for practical applications, as in this geometry the complete surface
area is available. Given the high current densities and the low light powers
required, these converters may be a good candidate for stand-alone solar
energy converters. In principle, these converters have the potential to compete
with photovoltaic solar cells. However, several issues need to be solved to
realize such converters.

The results in Sec. 5.3.2 suggest that the high temperatures of the heat
traps damage the CN'Ts that contributes to the current decay in these devices.
This could be improved by the evaporation of nanoparticles of a low work
function material on the CNT-forests. Such a coating would allow the emission
to start even at lower light power densities that could prevent the damage
of the samples. LaBg (Oy2h° = 2.4eV to 3eV) is a good candidate for this
purpose. Besides, some reports suggest that the adhesion of LaBg on carbon-
based materials tends to be stronger than on refractory metal substrates [111].
However, the effect of such coatings on the optical properties of the CNTs
needs to be examined.

Another unresolved issue is the large voltage required for the band align-
ment in the conducted experiments. For this purpose, the electrical contacts
between the nanotubes and the silicon substrate need to be studied. The
Schottky barrier resulting at the interface of the native oxide layer of the Si
substrate and the CN'Ts might affect the overall performance of these devices.

Options like in-situ deposition of the CN'Ts on an etched silicon substrate,
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or the in-situ deposition of silicon on a metallic substrate before the CVD
growth could improve the device performance.

However, even by solving the issues mentioned above, a low work function
collector material is still required to realize such energy converters. As-
suming the literature values for the work functions of carbon nanotubes
(PGNT ~ 4.5eV [109]) and ITO (®LL ~ 4.5eV [112]), the output voltage of
these devices is not sufficient for practical applications. As the results in
Sec. 4.4 show, the deposition of oxide monolayers (e.g., Y2O3 or BaO) on ITO
could be used to tune its work function and to improve the overall device
performance. Tuning the work function of ITO could have drastic impacts on
the performance of photovoltaic devices in addition to PITE devices.

Alternatively, novel transparent conductive materials with a low work
function could be employed as a collector. Recent reports suggest SrVO3 and
CaVOj3 outperforming the electrical properties of ITO and are transparent
for a wide range of wavelengths [113]. Moreover, model calculations predict a
work function of <2eV for a SrO terminated SrVOj; [37]. Such properties are

essential for realizing efficient energy converters.



Chapter

Summary

This thesis examines the work-function of novel material systems and illus-
trates how this essential material property can be tuned, and enhanced by
atomically thin layers. These investigations are carried out in-situ by using
state-of-the-art deposition techniques for heteroepitaxy and a custom-designed

ultra-high vacuum measurement system, presented in Ch. 3.

The designed measurement system is based on the concept of thermoelec-
tronic converters [3] that realize a space-charge free transport of thermally
emitted electrons in a vacuum triode. The I(V') characteristics of these
devices are described here based on an ideal vacuum diode, formulated in
Sec. 2.2. This formulation together with the employed data-analysis method
illustrates a measurement accuracy of <100 meV. This precision is confirmed
by the results of the “blind-tests” next to those of the LaBg thin films and
the single crystal Nb:SrTiO3 (0.1 wt. %) with a TiO, termination. The ma-
jor advantage of such measurements is that they are conducted over large
surface areas and provide unique qualitative information about the surface

composition, in addition to the temperature behavior of materials.

The focus of this thesis is the work function of the cubic ABOj3 per-
ovskites and their heterostructures. These materials offer a broad range
of functionalities, but their work functions are relatively unexplored up to

this point according to the literature. In Ch.4 the work functions of the
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ABOQs3 perovskites are examined using epitaxial StRuQOj3 thin films as a model
material, grown on Nb:SrTiO3 substrates. The results show that the work
function of StTRuO3 thin films reduces by >17 % at elevated temperatures over
time. These results suggest that surface relaxations and distortions cause this
change of the work function. This understanding is in agreement with the
model calculations performed by our collaborators Z. Zhong and P. Hansmann
137].

The key question that this thesis investigates is the tunability of the
work function of materials by heteroepitaxy. This tunability is explored using
one-unit-cell thick epitaxial monolayers of four different perovskites, deposited
on SrRuOj thin films. These monolayers are BaTiOz, SrTiOs, LaAlOs, and
BaZrOs. The deposition parameters of these capping layers were kept similar
as possible in order to obtain qualitatively comparable results. The oxygen
background pressure during the deposition of SrRuOj3 thin films and all
capping layers was kept the same due to the sensitivity of STRuO3 on the
variation of this parameter. The substrate temperature for the deposition of
the capping layers was also set the same, and only the fluence of the ablation
laser was optimized for their epitaxial growth. Hence, the deposition of the

capping layers was performed on nominally similar STRuQOj thin films.

The results obtained for the heterostructures show that the work function
of SrRuO3 is tunable, i.e., it decreases if BaTiO3z and SrTiO3 monolayers are
grown on its surface, and increases with BaZrOj3 and LaAlO3 monolayers.
The most significant change is observed for the LaAlO3 monolayer, which
increases the work function of SrRuO3 by +7.4 % for a relaxed surface, and
by +23 % for an unrelaxed surface. This outcome shows that heterostructures
with a tailored work function can be obtained in order to tune interfaces for
desired functionalities, as required in photovoltaics or surfaces for catalytic

purposes.

Furthermore, the results of the BaTiO3, Sr'TiO3, and BaZrO3z monolayers
on SrRuOj3 suggest a BOy termination in these heterostructures. BaTiO;
and SrTiO3 share the same transition metal on their B-site and both reduce

the work function of SrRuO3. However, BaZrO3 shares the same A-ion with
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BaTiOgs, but increases the work function of SrRuOgs. This observation is
in agreement with the results of bare SrRuOj3 thin films, which suggests a
BOs termination for these thin films. Therefore, the work function of ABOg3
perovskites and the modification of it strongly depends on the transition
metal of the last layer. So far, the STEM analyses of interfaces in these

heterostructures are ongoing to confirm this termination.

The measurements of the BaTiO3 and SrTiO3 monolayers on SrRuOg
thin films show an additional work function value that seems to result from
an incomplete surface coverage. This result is surprising as the obtained
RHEED pattern after the deposition of these materials suggests a relatively
smooth and homogeneous surface. Furthermore, the lattice mismatch of these
capping layers with StRuQOj is smaller than the LaAlO3 or BaZrOgs capping
layers, which did not show any additional work function. The STEM images
of several unit cells of BaTiO3 on SrRuOj3; suggest an island growth mode,
i.e., Stranski-Krastanov. Such a growth mode would result in an incomplete
surface coverage for a one-unit-cell thick capping layer. This agreement
between the work-function results and the STEM images illustrates that work
function measurements can provide qualitative and detailed information about
the surface structure, which may not be achieved by other characterization
methods such as RHEED.

The photon-induced thermionic emission (PITE) characteristics of carbon-
nanotube forests are investigated in Ch.5. The correlation between the
residual mass spectrum and the emission current suggests that the high
temperatures of the “heat-traps” cause the current decay problem in these
devices. These elevated temperatures result in the sublimation and degrada-
tion of carbon-nanotubes and consequently result in the decay of the emission
current. Moreover, this chapter reports on the compatibility of PITE with
the concept of thermoelectronic converters for space-charge suppression. This
investigation is essential as the space-charge in conventional PITE devices is

a major obstacle for realizing efficient energy converters.

In conclusion, the work function of perovskites are investigated in this

thesis, and it is demonstrated how this essential material property can be
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tailored using heteroepitaxy. The good agreement between the obtained
results and the recent model calculations in the literature shows that the
combination of atomically precise heteroepitaxy, in combination with the
computational capabilities available today, opens new opportunities for ma-
terials and compounds with a “tuned” or an “engineered” work function.
Still, more investigation is required to fully understand the characteristics
of the work function of transition metal oxides, such as their reduction at
elevated temperatures. Based on these results, surface-relaxation mechanisms
significantly alter the work function of perovskites; thus, it is intriguing to
investigate the effect of strain on the work function of these materials and
thin films.

Behind the progress which has here been briefly pointed out, lies the
work of many men. But we have seen that they all have one thing in

common. A “red thread” connects them - the glowing filament.

O. W. Richardson, 1929 [114].
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