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Abstract

In the field of particle accelerator physics, one of the main topics of research is the de-
velopment of high-performance electron sources. A significant class of materials for this
purpose are (multi-)alkali antimonides, which are very promising due to their beneficial
electronic and optical properties, especially their low bandgap and electron negativity,

which allow emission in the visible and near-infrared region.

While there have already been extensive experimental studies in this field, the devel-
opment of the next generation of photocathode materials is hindered by the still limited
understanding of their fundamental properties on a microscopic level. The aim of this
work is to help fill this void with a series of studies based on first principle methods.
Based on density functional theory, we use a high-throughput approach to calculate the
enrgetic stability as well as the basic electronic properties of a multitude of alkali anti-
monide crystals. Employing the GW approximation and the Bethe-Salpeter equation, we

then proceed to calculate the optical properties of experimentally relevant stable crystals.

One major challenge is to link the microscopic electronic properties calculated with theo-
retical methods to the macroscopic observables measured in the experiment. To this end,
we present a theoretical framework to calculate the quantum efficiency of semiconduct-
ing photocathodes through an implementation of the three-step model of photoemission
based on the results from many-body perturbation theory. Contrary to previous imple-
mentation of the three-step model, this approach allows us to overcome the limitations
of density functional theory by directly including quasiparticle and excitonic effects that
are intrinsic to the photoexcitation process. In our approach, the quantum efficiency is
derived by combining the optical absorption from the Bethe-Salpeter equation with an

emission probability defined through the properties of the contributing excitons.

To validate this model, we compare its results against experimental measurements for
various representative alkali antimonides crystals and demonstrate a very good agree-
ment between experiment and our theoretical representation. Minor disagreements are
found close to the photoemission threshold and can be attributed to neglecting surface
roughness and impurities in real samples. Post-processing these results in the framework
of classical Fresnel optics allows us to simulate thin films of finite thickness. With this
we can quantitatively predict the quantum efficiency of samples and find an impressive

agreement to experimental values.

Overall, this work offers deep and novel insights into the fundamental properties of alkali
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antimonides. Through the implementation of a parameter-free ab initio tool based on
Spicer’s three-step-model for photoemission, we can link the calculated microscopic prop-
erties to macroscopic observables. The results allow us to better understand the physics
behind the measured spectral response for photocathode materials and provide a pathway

for the rational design of the next-generation of electron sources.
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Abstract Deutsch

Von zentraler Bedeutung im Gebiet der Beschleunigerphysik ist die Entwicklung von leis-
tungsfihigen Elektronenquellen. Fiir diesen Zweck sind (Multi-)Alkali-Antimonide eine
vielversprechende Gruppe von Materialien, da sie giinstige elektronische und optische
Eigenschaften aufweisen, insbesondere eine niedrige Bandliicke und Elektronegativitat,

welche Elektronenemission fiir Licht im sichtbaren und Nahinfrarot-Bereich ermdoglichen.

Trotz des Vorhandenseins umfangreicher experimentieller Studien wird die weitere En-
twicklung von Materialien fiir Photokathoden durch ein eingeschranktes Verstandnis ihrer
Eigenschaften auf dem mikroskopischen Level gehemmt. Ziel dieser Arbeit ist es, diese
Liicke durch eine Reihe von Studien basierend auf ab initio Methoden zu fiillen. Mit einem
High-Throughput-Screening basierend auf der Dichtefunktionaltheorie berechnen wir die
Stabilitat sowie die grundlegenden elektronischen Eigenschaften einer Vielzahl von Alkali-
Antimoniden. Danach nutzen wir die GW-Naherung sowie die Bethe-Salpeter-Gleichung,
um die optischen Eigenschaften praktisch relevanter und energetisch stabiler Kristalle zu

berechnen.

Eine wesentliche Herausforderung ist es, die mikroskopischen elektronischen Eigenschaften,
welche wir mit unseren theoretischen Methoden berechnen, mit den makroskopischen
Groflen, die im Experiment gemessen werden, zu verkniipfen. Um dies zu erreichen, stellen
wir ein theoretisches Modell vor, mit dem wir die Quanteneffizienz von halbleitenden
Photokathoden bestimmen konnen. Es kombiniert Spicers Drei-Stufen-Modell der Pho-
toemission mit Ergebnissen basierend auf der Vielteilchen-Stérungstheorie (Many-Body
Perturbation Theory). Damit geht es insbesondere tiber frithere Implementierungen, die
auf die Dichtefunktionaltheorie beschrankt waren, hinaus und beschreibt auch Vielteilch-
eneffekte, die ein essenzieller Bestandteil der Photoemission sind. Unser Ansatz beruht
darauf, die Quanteneffizienz als Kombination der durch die Bethe-Salpeter-Gleichung bes-
timmten optischen Absorption und einer mit den Eigenschaften der angeregten Elektronen

berechneten Emissionswahrscheinlichkeit zu bestimmen.

Zur Validierung vergleichen wir die mit unserem Modell erzielten Ergebnisse mit experi-
mentiellen Datensétzen und zeigen eine sehr gute Ubereinstimmung zwischen Theorie und
Experiment fiir mehrere reprasentative Alkali-Antimonide. Abweichungen existieren nahe
der Photoemissionsschwelle und lassen sich auf Oberflacheneffekte und Verunreinigungen,
die im Modell nicht beriicksichtigt werden, zuriickfithren. Ein weiteres Post-Processing
der Ergebnisse basierend auf klassischer Fresneloptik erlaubt es uns, Filme einer endlichen,

diinnen Dicke zu simulieren. Damit ist es moglich, die Quanteneffizienz realer Photokath-
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oden quantitativ vorherzusagen. Eine exzellente Ubereinstimmung mit experimentiellen

Werten wird festgestellt.

Insgesamt bietet diese Arbeit tiefgehende und neuartige Einblicke in die grundlegen-
den Eigenschaften von Alkali-Antimoniden. Mit der Formulierung und Umsetzung eines
parameterfreien ab initio Modells basierend auf Spicers Drei-Stufen-Modell fiir Photoe-
mission konnen wir mikroskopische Eigenschaften mit den makroskopischen experimen-
tiellen Observablen verkniipfen. Unsere Ergebnisse bieten ein besseres Verstandnis der
physikalischen Griinde fiir die gemessene Quanteneffizienz von Photokathoden bei ver-
schiedenen Wellenldngen und 6ffnen damit den Weg fiir eine sinnvoll gerichtete Weiteren-

twicklung von Photokathoden als Elektronenquellen.
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Constants and Abbreviations

e elementary charge

m, electron mass

h Planck constant

h reduced Planck constant

€p vacuum permittivity

o vacuum magnetic permeability

c speed of light

Equations in Chap. 2 (Theoretical Background) are formulated in atomic units with &, e,

Me, 4mey set to one.

BSE Bethe-Salpeter equation

BZ Brillouin zone

CBm conduction band minimum

DFT density functional theory

GGA generalized gradient approximation
IQPA independent quasi-particle approximation
KS Kohn-Sham

LCAQO linear combination of atomic orbitals
MBPT many-body perturbation theory
MTE mean transverse energy

PDOS projected density of states

SCF self-consistent field

VBM valence band maximum

QE quantum efficiency

QP quasi-particle
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1 Introduction

One of the most powerful tools in the experimental research and characterization of ma-
terials in the modern ages is the use of controlled electron beams. From the very first
scanning electron microscopes developed in the middle of the 20th century [7] to mod-
ern techniques and devices like x-ray free electron lasers [8] and ultrafast electron mi-
croscopes [9, 10] operating on the femtosecond scale, we have seen a massive leap in
experimental capabilities [11]. Crucial to these state-of-the-art methods is the availability
of high brightness electron beams from particle accelerators [12]. The design of particle
accelerators is clearly a very complex topic and an ongoing field of research. In this work

we focus on the arguably most important part of it, the initial electron source [13].

The initial electron beam is generated through a photocathode, a material that absorbs
light and emits free electrons. The mechanism behind this is the photoelectric effect,
which was already observed in the late 19th century [14]. When a material is irradiated,
electrons are dislodged and emitted from it, provided they receive an energy sufficient to
overcome their binding energy. Notably, the energy transferred to the electrons depends
on the frequency of the incoming light, not its intensity. For light of low frequency, no
emission will take place, no matter how high the intensity of the light source is. In partic-
ular, this experimentally shown fact goes against the classical picture of a electromagnetic
wave that continuously transfers energy to electrons and shows the quantization of light,

as suggested by A. Einstein [15].

In state-of-the-art particle accelerators, a photocathode will be placed in an electron
‘gun’, where it is irradiated through a laser with a certain wavelength and band width.
This produces a stream of free electrons via photoemission, which are then accelerated and
focused through an initial electric field in order to be released into the subsequent part of
the accelerator. The resulting electron beam can be further accelerated and focused until
it reaches the desired specifications. In general, the final beam should be focused in space
with a low transverse momentum, show a low energy range, and have a high brightness.
The way to accomplish this is part of the development of particle accelerators and highly
related to the design of suitable superconducting radio frequency (SRF) cavities contain-
ing the electromagnetic fields in the accelerator. However, the possible enhancement of
the initial beam in the accelerator is not easy and limited by practical constraints like
the length of linear accelerators. Therefore, it is crucial that already the initial beam
provided by the photcathode in the electron gun is of high quality. Driven by this need,
the development of photocathodes that can provide such beams has been an ongoing topic

of research for many decades. Besides the experimental growth of actual samples, there
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is a general need for understanding of the exact physics of the photocathode materials.

There are multiple distinct qualities that are desirable for photocathodes, depending
on the exact setup the cathode is to be employed in [13, 16]. One main quantity is
the quantum efficiency (QE). It is defined as the ratio of outgoing electrons to incoming
photons [17]. A high quantum efficiency is very positive, as it means that a lower laser
intensity is required to produce the desired amount of electrons. In addition to saving
power, this makes it easier to control the experimental setup as possible heating or ma-
terial degradation due to the laser is reduced. The quantum efficiency depends on the
wavelength of the used laser. A material’s quantum efficiency as function of the photon

wavelength is called its spectral response and the focus of this work.

To illustrate this concept, the measured spectral response of four photocathode mate-

rials from the literature is shown in Fig. 1.
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Figure 1: Measured spectral response of four alkali antimonides. Figure taken from [18].

Relevant quantities related to the spectral response are the energy of the photoemission
onset as well as the maximum yield that is reached. As seen in Fig. 1, they can vary
greatly depending on the photocathode material. Furthermore, the slope of the spectral
response is not necessarily monotonic and local maxima can appear, as visible in Fig. 1

for NayKSbCs.
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Another key parameter is the mean transverse energy (MTE), which, as the name sug-
gests, describes how far the electron beam is spread out transverse to its direction in

terms of momentum. It is directly related to the emittance e:

MTE

MeC?

- (1)

€=0zy

In Eq. 1, 0,, describes the spot size of the laser on the photocathode surface, while m,
and c¢ are natural constants. A lower MTE is preferable in order to have a focused beam.
It is also possible to reduce the spread of the beam later in the accelerator, but this is
not trivial to implement. In this work, we are going to assume that the initial beam is
sufficiently focused to neglect its transverse spread when calculating the photoemissive

yield, and not cover the MTE explicitly.

Considering now the possible materials for photocathodes, we can distinguish between
two classes, semiconductors and metals. For a long time, research has focused on metals,
which are generally quite robust and offer long operational lifetimes [19] even without an
ultra-high vacuum. However, metallic photocathodes have some serious downsides. They
significantly heat up during absorption, which is generally not desirable, absorb in the
ultraviolet region, which often needs a power conversion, and tend to have a rather high
transverse emittance [13]. Furthermore, the quantum efficiency of metallic photocathodes
tends to be rather low [20, 21] due to their high reflectivity and a low escape depth of the

excited electrons [22].

Semiconducting photocathodes have, in a way, the opposite properties. They are much
more fragile than metals and tend to degrade quickly. In addition to a limited operational
lifetime [23], the photocathodes need to be kept in a vacuum to avoid contamination [13].
Furthermore, they usually need to be grown on a substrate. On the other hand, they
heat up much less than metals due to their semiconducting character [24, 25| and usually
have higher quantum efficiencies, reaching 5 - 10 % and beyond [23, 26, 27]. In particular,
semiconductors tend to show a high quantum efficiency for light in the visible region, close
to the wavelength of typical lasers [23]. With the advance of experimental techniques,
semiconducting photocathodes have grown more popular, as the lack of robustness can

be remediated by carefully controlling their working conditions.

Among the semiconducting materials, (multi-)alkali antimonides have come into the lime-
light [28, 29, 30]. They tend to have small band gaps and low electron affinities, allowing

for photoemission in the visible and close to infrared region. While alkali antimonides
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have been studied experimentally since the middle of the 20th century [18, 31], their de-
velopment has seen a significant boost recently with the increased usage of semiconductors

instead of metals as photocathodes, as mentioned above.

When considering the experimental side of photocathode research, one key field is the
experimental procedure to grow samples. Photocathodes are grown on a substrate, which
provides the structural base for the cathode itself. Common materials for this are molyb-
denum (Mo), used for example at Helmholtz-Zentrum Berlin (HZB) [32], and niobium
(Nb) [33, 34]. Also more complex compounds containing more than one atomic species
can be employed, for example SrTiO3 [35]. Important is mainly that the substrate can
withstand the required experimental conditions during operation, in particular the heat
and flow of electrons. A substrate with a lattice that matches that of the planned photo-
cathode can be beneficial for growing a clean crystal. On the substrate, the photocathode
is then grown by depositing its planned constituents, usually by evaporating the atomic
materials and then depositing them via dispensers. The constituents can be deposited
all at the same time (co-deposition) [36, 37] or sequentially [23, 38]. This process tends
to create polycrystalline phases. Through heating, a recrystallization can be induced in
order to generate more pure crystals and reduce defects. Finding a good recipe for the
combination of flux from the dispenser and heating is an ongoing area of research. In
order to understand what is taking place during the growth process, it makes sense to
continuously measure the quantum efficiency, which will reveal changes in the compo-
sition of the sample. As mentioned above, an ultra-high vacuum has to be maintained
constantly in order to avoid the immediate degradation of the photocathode. Another
state-of-the art method is epitaxial growth, which is challenging but can generate ultra-

thin (quasi-)epitaxial films that are close to ideal crystals [35].

After the growth of the sample, the spectral response can be measured. For this, a
light source that can switch through different wavelengths is required. The photocurrent
produced by the cathode is measured with a picoammeter, which can (for example) be
connected to a positively biased copper wire in order to collect all electrons [39]. Knowing
the photocurrent /. as well as the optical power P, and wavelength A of the light source,
the QE at this wavelength can then be calculated with Eq. 2 [17].

I.hc

QF = P e’ 2)

With the advancement of experimental materials research, increasingly in-depth studies of

samples are possible, investigating complex topics like the effects of different growth proce-
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dures or the interaction between photocathode material and substrate in heterostructures.
In recent years, a vast amount of experimental data has been collected by many groups
around the world by growing photocathode samples and measuring their properties, in
particular the quantum efficiency. In order to systematically improve the growth recipes,
a good understanding of the fundamental physics taking place in even the most complex
compounds is necessary. On the one hand, experimental measurements need to be un-
derstood by connecting features in the spectral response to the fundamental electronic
properties of the photoacthode materials. On the other hand, a general understanding of
beneficial features in photocathode compounds is needed in order to systematically target

structures that are expected to show a high quantum efficiency.

However, there are practical issues when collecting data from real-life samples. First
of all, reproducibility is often an issue [23], as the exact control over growth parameters
like the flux of the dispensers, the temperature, and the vacuum level can be limited.
Furthermore, samples are often polycrystalline [29] and show surface roughness and im-
purities [40]. These effects make it difficult to fully understand which physical effects lead

to the final measured spectral response.

In order to untangle the role of the different fundamental properties of photocathode
materials, first principles methods have grown increasingly important [41, 42]. They offer
direct insight into the electronic and optical properties of single crystals on a microscopic
level, circumventing the limitations of polycrystalline experimental samples. Additionally,
the increase of computational power allows us to run theoretical calculations on a level
that was not yet available in the previous century. On the one hand, basic methods such
as density functional theory are now very inexpensive compared to the available resources,
allowing us to run a large number of calculations for different materials. On the other
hand, more advanced and expensive methods such as the GyW, approach and the Bethe
Salpeter equation become more accessible and can be used to go beyond the properties
provided by density functional theory. This advance offers us unprecedented possibilities

to calculate and predict the properties of materials with ab initio methods.

In general, ab initio calculations for crystals yield results on the level of the unit cell
that is being simulated. When calculating, for instance, the electronic and optical prop-
erties of a photocathode material, these would usually be calculated for a single unit cell
in the bulk of the material. However, for the photoemission process the bulk properties
are not the only part that is significant. Another crucial part is the final emission through
the surface, for which the surface properties of the crystal become relevant. They can be

accessed by simulating larger cells that contain entire surface facets [4]. Ultimately, we
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wish to make a direct comparison between theoretical predictions and the macroscopic
quantities measured in the experiment, namely the spectral response. For this, we need a
complete model of the photoemission process, which connects the microscopic properties
calculated for the bulk as well as the surface properties and allows us to predict the final

photoemissive yield.

Our general understanding of the photoemission process is based on the three-step-model
originally developed by Berglund and Spicer [43]. It divides the photoemission process

into three main subsequent steps, which are visualized in Fig. 2.

hw Emission (lll)
Surface
Scattering
(1)
_____ ? olbo e‘
Excitation (I) Bulk

Figure 2: Sketch of the three sequential processes in the three-step model.

First, a photon enters the material and excites an electron in the bulk from a valence band
(VB) to a conduction band (CB) (I). The excited electron is then transported to the sur-
face, possibly undergoing scattering events (II). Finally, it has to overcome the surface in
order to be emitted into the vacuum (III). While these three steps are straightforward, the
detailed description of the physics on each level is unsurprisingly quite complex. Various
implementations of the three-step-model are already available in the literature, mostly
on a semi-empirical level. However, previous works [44, 45, 46] have been based only
on density functional theory, treating electrons as single particles and their interactions

through a mean-field approach.

In this work, we are going to present an implementation of the three-step-model based
on many-body perturbation theory as well as the work that led up to it. With this we

go beyond previous schemes as we directly include electron-electron and electron-hole
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correlations in a many-body picture. We start by giving a overview over the theoretical
background of the computational methods we employ, covering density functional theory
as well as many-body perturbation theory (Chap. 2). In this chapter we also cover a brief
overview of other photoemission models and implementations. Afterwards, we present
in two chapters the computational data that has been collected in preparation for the
creation of our model. In Chap. 3 we present data calculated through a high-throughput
workflow based on density functional theory. Chapter 4 covers the calculation of elec-
tronic and optical properties from many-body perturbation theory for selected important
crystals. In both parts we focus on alkali antimonides, as this is the class of materials
that is most relevant in current research. Finally, in Chap. 5 we present our full scheme
for the implementation of the three-step-model and use it to calculate the quantum ef-
ficiency / spectral response for various crystals based on the results previously collected

from many-body perturbation theory.
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2 Theoretical Background

This section aims to give an overview over our toolset based on density functional theory
and many-body perturbation-theory, which we can use to calculate the electronic and
optical properties of molecules and crystals. In this section, all equations are going to be

formulated in atomic units with h, e, m., 4mey set to one for improved readability.

2.1 The Many-body Problem

In the framework of quantum mechanics, the quantum state of a system is described by its
wavefunction. All properties of the system are determined from the wavefunction, which
can include any number n of particles. The wavefunction follows the time-dependent

Schrodinger equation [47, 48]:
od S 3 .
zh%ﬂ’(rl,..,rn,t» =H|¥(ri,..,r,t)), (3)

with the Hamiltonian H of the (non-relativistic) many-body system and the wavefunc-
tion |W(r1,..,7,,t)). The Hamiltonian consists of the kinetic energy operator T and the

potential V:

n

. .. 1 .
H=> T+ V(. ,r,.t) = Z(—2m_)v§ + V(r, .., 7, ). (4)

%

The Laplace operator V? is applied to the spatial coordinates 7; of the particle with index
1 and mass m;, with m; = 1 for electrons in atomic units. If the potential and therefore
also the Hamiltonian is time-independent, Eq. 3 can be separated into a time-dependent
and a time-independent part with the ansatz [ (rq, .., 75, 1)) = |V(r1, .., 7)) T(t), leading
to the solution T'(t) = a - e~ with a constant a and the time-independent Schrodinger
equation

HIU(r,..,1)) = E|U(A,..,7)). (5)

Relevant for real physical quantities is the probability density |® (77, .., 7, t)|?. It depends
only on |¥(r1,..,7,)), while T'(¢) is a phase factor without further relevance for stationary
states. Therefore, it is sufficient to solve the time-independent version of the Schrodinger
equation in Eq. 5 by determining the eigenvalues and eigenvectors of H. This holds for

any amount n of particles.

An exact analytical solution of the Schrodinger equation is possible for a single particle
(n = 1) in simple potentials such as a potential well or a harmonic potential, and for more

than one particle in special cases [49]. In particular, an analytical solution is available for
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the hydrogen atom and was already discussed in the original work by Schrodinger [47].
This is possible by reducing the two-body problem of electron and proton to a one-body
problem for an electron with a reduced mass moving around a fixed proton. However,
analytical solutions are no longer possible for more complicated systems consisting of mul-
tiple interacting particle. This is made evident by the fact that already for the Helium

atom no exact solution is available anymore.

For systems consisting of multiple atoms, we can use the Born-Oppenheimer approxi-
mation [50]. In this approximation, we assume the nuclei to have fixed position, because
their mass is much larger than that of the electrons. We then seek a solution of Eq. 5 for
a system of n electrons. As an exact analytical solution is not possible, other methods
are needed in order to access |W(rq,..,7,)) and the properties of the many-body system.
The goal is to do this ab initio, fully from fundamental principles and without the need

for empirical parameters.

At the heart of ab initio methods is the variational principle. It is known that the energy
of a physical system is always minimized for the real wavefunction |¥). If we create a trial
wavefunction |U’); then its energy can never be lower than that of the real wavefunction,
(U|H|W) = E < E' = (V| H|¥). While we do not know the real energy F, we know
that £’ is an upper limit for it. We can now make numerous small variations to |¥’) in

order to minimize its energy and to find the best possible approximation to | V).

Multiple approaches that use the variational method to determine a good approxima-
tion for the wavefunction and its energy are available in the literature. An early ab initio
method was presented by D. R. Hartree already in 1928 [51] and was later developed
into the Hartree-Fock method [52, 53]. In this work, we use a different approach, namely
density functional theory (DFT).

2.2 Density Functional Theory

Density functional theory offers a theoretical framework to transform the problem of
solving the Schrodinger equation for a system of n interacting electrons to solving n
Schrodinger-like equations for non-interacting particles. It is based on the two Hohenberg-
Kohn Theorems [54], which show that (i) the potential V' (7) is a unique (except for a con-
stant) functional of the electron probability density p() = |¥(7)|* in the ground-state.
Since the potential determines the Hamiltonian, the full many-particle ground-state is
a unique functional of the density. Second, (ii) the variational principle applies also to

the density and the ground-state energy is minimized for the exact density, just as it is
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minimized for the exact wavefunction. In particular, it follows from the first Hohenberg-
Kohn Theorem that it is not necessary to determine the exact wavefunction |W(7)), the

ground-state density p(7) is sufficient.

The fact that only the density p(7) is required motivates the Kohn-Sham (KS) ap-
proach [55], where we consider a fictitious system of n non-interacting single-electron
wavefunctions ¢;(r) (Kohn-Sham wavefunctions) with the same total density as the real

wavefunction W(7) containing n electrons:
(WA = p(F) =D lo;(7). (6)
j=1

The Kohn-Sham wavefunctions follow the Schrodinger-like Kohn-Sham equations

AENETAENY (7)

The single electrons described by the Kohn-Sham wavefunctions do not explicitly inter-
act with each other. Instead, the interaction is included in an effective potential in the
Kohn-Sham Hamiltonian h =  + eg. From Eq. 6 and the first Hohenberg-Kohn Theo-
rem, it follows that all physical properties of the many-electron system can be determined
by solving the Kohn-Sham equations and finding the eigenvectors ¢;. Up to this point,
DFT is an exact theory. However, an exact expression for the effective potential in the

KS-Hamiltonian is not known and approximations need to be made.

We can split the KS-Hamiltonian as following:
ho=t+ G =t + Dogt + Dp + e (8)

This includes the kinetic energy operator ¢ = —%62, the effects of an external potential
Uext, the classical interaction between electrons via the Hartree potential vy as well as all
interactions between the electrons that go beyond the classical picture with the exchange-
correlation potential 0.. The first two terms of the potential are known: In the absence of

an additional external electric field, Uex; can be described by only the Coulomb potential

of the nuclei, Doy (7) = 3, =2, with the electric charges Q; and the nuclear positions ;.

|F—ai|?

This assumes that we are using the Born-Oppenheimer approximation with completely

localized nuclei. Similarly, the Hartree potential vy corresponds to the Coulomb interac-

tion between the electrons distributed according to the density p(7): ou(7) = [, |§(i_2|df’ :

Finally, 0. includes the exchange and correlation interactions between electrons, go-
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ing beyond the classical picture. The exchange interaction follows from the required
symmetry of the many-electron wavefunction. The electrons are identical particles with
half-integer spin (fermions) and must have a fully antisymmetric wavefunction. As stated
by the Pauli-principle, two identical fermions in the same position can never be in the
same quantum state in order to maintain the required antisymmetry of the wavefunction.
This implies that additional energy is required if two particles show a significant spatial
overlap, as one of the particles is pushed into a higher energetic state (Pauli repulsion).
This repulsive character is to be described through the exchange interaction in vy.. The
second part, the electronic correlation, is a correction to the Hartree potential describing
the Coulomb interaction between the electrons. As the Hartree potential is calculated
through a mean-field approach with the charge density and not the actual position of the
electron, it overestimates the electronic repulsion. If the position of one electron was to
be determined through a measurement, this would lead to an instantaneous deformation
of the wavefunction of all other electrons to a new, energetically more beneficial state.
This correlation leads to a lower overall energy of the system and also needs to be covered

through v,..

As stated before there, is no exact mathematical expression for the exchange-correlation
potential v,.. In particular, the exchange and correlation effects on one electron de-
pend on the electronic densities in the entire rest of the system system and are therefore
intrinsically non-local. Thus, it is necessary to find a useful and physically justified ap-

proximation for v,. that can be used in practical calculations.

Different approaches are available in the literature, with their performance depending
on the system they are applied to. In general, we can rank the available approximations
based on their increasing computational cost, commonly referred to as Jacob’s Ladder [56]
after the staircase to heaven from the bible. The most basic level is a functional based
only on the local density in the local density approximation (LDA). In this case, the
exchange-correlation energy associated with the Kohn-Sham wavefunction with index j

can be calculated as
DA = (| oD |6;) = / 165 (F) 2 B (p(7)) o)

The concrete dependence Ei.(p(7)) can be approximated by treating the elctron density
pointwise as a homogeneous electron gas. Under this assumption, the exchange energy

1/3 For the corre-

density can be determined analytically [57], it is proportional to p(7)
lation energy, exact expressions can be found in the low and high density limit [58, 59].

Beyond these limits, a parametrized expression can be formulated [58], fitting the param-
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eters to numerical stochastic data [60].

The approximation as a homogenous electron gas is reasonable for slowly varying densi-
ties, but ignores effects from the non-uniformity of the density. The next step is therefore
to include further terms that account for the possible inhomogeneity of the system [61, 62].
This leads to the generalized gradient approximation (GGA), where the functional de-
pends on the local electron density as well as its derivative as a measure of the density’s
non-uniformity [63, 64]. Analogous to above, the exchange-correlation energy can then

be formulated as

€958 _ / 165 Exe (o), V p(7)dF (10)

One of the most popular GGA functionals is the Perdew-Burke-Ernzerhof (PBE) func-
tional [65], which yields good results for a wide range of systems without using empirical
parameters. Another possible approach is the creation of a semi-empirical functional with
parameters that are fitted to known energies. Further derivatives can be included, lead-
ing to the class of Meta-GGA functionals. While the inclusion of more terms leads to
an increase in computational cost going from LDA to Meta-GGA, it also increases the

computational accuracy.

In order to obtain a more complete picture, also non-local effects can be covered through
an exchange energy calculated with the Hartree-Fock method [66]. The Hartree-Fock ex-
act exchange can then be combined with the exchange and correlation energies calculated
with lower level approximations to formulate so called hybrid functionals:

ewbrid — g L (1 —a)e, + e, (11)
with the Hartree-Fock exchange €/l as well as the exchange €, and correlation e, from an
existing functional and a constant a. Examples of hybrid functionals are PBEO [67] based
on PBE with a = 717 B3LYP [68, 69], and its further development CAM-B3LYP [70].
PBEQO is non-empirical, while BSLYP uses an empirical parametrization. A major down-
side of all hybrid functionals is a large jump in computational cost due to the non-locality

of the calculation of the exact exchange.

With one of the available approximations for the exchange-correlation potential, it is
then possible to solve the KS-equations numerically. For this purpose, we employ an it-
erative self-consistent-field (SCF) method, as the Hamiltonian h depends on the density,
which itself is to be calculated through the KS-equations. This approach is illustrated in
Fig. 3.
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Figure 3: SCF-loop to calculate the Kohn-Sham wavefunctions ¢;(7) through an iterative
approach.

For the numerical calculation of the wavefunctions ¢;(7), they are devolved into a set

of M basis functions x,(7):
M
(7)) = Z CjaXa(T) (12)
a=1

Computationally, ¢;(7) can then be determined by calculating the coefficients ¢;, for the
basis functions. The mapping between ¢; and the linear combination of basis functions
is exact for a complete basis set, which requires an infinite set of basis functions. If the

basis set is finite, Eq. 12 is to be understood as an approximation.

The creation of suitable basis sets has been an ongoing area of computational research
since the emergence of the first DFT codes. On the one hand, a basis set needs to allow
an accurate description of the wavefunction ¢;(7). On the other hand, computational
calculations need to remain cost effective, therefore a small amount of basis functions and

a quick convergence of calculations are beneficial.

One common approach to the creation of basis sets is the use of atomic orbitals cen-

tered at the nuclei. The wavefunction is then described as a linear combination of atomic
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orbitals (LCAO). Nowadays, the functions that are usually employed for this purpose are
Gaussian type orbitals (GTOs) [71]. They have the form

ebe (g g o) = lezylyzlze_g(x2+y2+22)’ (13)

with integers [, l,, [, a positive width ¢, and a normalization factor N. Another possible
type of functions are Slater type orbitals (STOs) [72]. For computational purposes, the
basis functions can be build by contracting multiple "primitive’ Gaussian type orbitals
into one function. This improves computational efficiency and allows the construction of
functions that are particularly suited for a certain class of system by choosing appropriate

coefficients for the combination.

By design, the LCAO approach works best for systems where the electron density is
localized around the nuclei and indeed resembles atomic orbitals. This is not always the
case. For larger systems and especially solids an accurate description is required also in
regions further away from the atomic cores. For this, we can use basis functions based on
plane waves, x(7) e The plane waves are used up to a certain wavevector or energy

cutoff that is to be converged.

It is also possible to mix atomic orbitals and plane waves by discriminating between
spheres close to atoms, where orbital-based basis sets are used, and the room in-between,
where plane-waves are sufficient. This leads to the class of linearized augmented-plane-
wave (LAPW) basis sets.

Finally, it is not always necessary to explicitly treat all electrons in the system through
the Kohn-Sham equations. For larger systems, we observe that there is usually a set of
core electrons around atoms, which show no significant changes compared to the orbitals
of the single atoms. We can therefore decide to not explicitly include these core electrons
in our calculations. Instead, they are treated through a pseudopotential approximation,
which mimics their effect on the rest of the system. In order to do this, a parametrization
of the short-range and long-range effects of the core electrons is created in the form of a
potential. The most popular and successful formulation that is available today is the one
by Goedecker, Teter, and Hutter (GTH) [73, 74]. The parameters, which are individual to
the used exchange-correlation functional, are then fitted to the results from an all-electron

calculation [75].
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2.3 Calculating Properties of Crystals

In this work, we are interested in the properties of larger crystals. While it is not possible
to simulate an entire macroscopic crystal with DFT due to the large number of atoms,
this is not necessary either. A defining feature of crystals is their periodicity. There is a
crystal lattice defined by its lattice vectors as well as the atoms located on it, which in
turn create a periodic potential. As finite crystals are much larger than the atomic scale

on which we are operating, we can assume an infinite periodicity in all directions.

The physics behind electrons in such a crystal lattice have been analyzed by F. Bloch
already in 1929 [76]. In particular, Bloch’s theorem states that if there is a periodic po-
tential V(7) = V(7 + R) with the periodicity R, then the solutions of the Schrodinger
equation take the form

() = (7). (14)

with the condition that ug(7) = ug (7 + R). This means that the wavefunction can be
disassembled into two parts. First, a plane wave eiF™ with the wavevector l;, which serves
as a phase factor in W;(7). This phase modulation can be understood as that of a free
particle with an identical wavevector k. Analogous to the momentum of the free parti-
cle, we can understand hk as the crystal momentum of the state. The second part is a
function ug(7) with the same periodicity as the potential. This function depends on the
wavevector k and is not unique, as multiple functions can fulfill the periodicity condition.
In fact, there is an infinite number of stationary solutions V() (Bloch functions) for the

Schrodinger equation in such a periodic crystal.

From the periodicity condition for wg(7) it is obvious that also the density of the so-
lutions is periodic, |Wg(7)]* = |Uz(7 + R)|2. Therefore, it is sufficient to analyze the
properties of crystals in their periodic building block, the unit cell. For computational
purposes it is generally most efficient to use the smallest possible unit cell, the primitive
cell. Larger cells can be reduced to the primitive cell by using the symmetries inherent
to the respective system. Mathematically, the available symmetry operations can be de-
scribed through point groups. A point group combined with the lattice type defines a

space group, which fully describes the symmetry of a given crystal.

Stationary states in a crystal depend on both the location 7 in real space as well as
the wavevector k. Therefore, we analyze their properties not only in real space but also
in E—space. The l;—space is commonly referred to as reciprocal space and can be accessed
through a Fourier transformation. We can also Fourier transform the crystal’s lattice vec-

tors in order to generate a reciprocal lattice. Importantly, the periodicity of the potential
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in real space also leads to a periodicity in k-space in the sense that Ui (7) = Vg, a(r) for
any G that is a combination or multiple of the reciprocal lattice vectors. Because of the
periodicity, it is sufficient to consider wavevectors k in the range —|b;|/2 < k; < +b;]/2,
with j = {1,2,3}, the reciprocal lattice vectors b_} and the components k; of k. This
defines the primitive Wigner—Seitz cell or first Brillouin zone. For crystals with higher
symmetries, the first Brillouin zone can be reduced further without loss of generality into

the smallest unique part, the irreducible Brillouin zone.

When calculating the properties of a crystal with density functional theory (or any other
method), it is important to consider that the quantities that are calculate depend on the
wavevector k. In a periodic crystal, the KS-states ¢; are now the E—dependent gbj,; with
KS-energies €5 When we are interested in the overall properties of a crystal, e.g. the to-
tal energy, we would in principle need to integrate over the full range of possible k-vectors.
As this is practically not feasible, we instead sample over a number of discrete E—points.
Various sampling schemes are available [77, 78], with the Monkhorst-Pack scheme [79]
being commonly used today. It generates a grid of N; x Ny x N3 points that are spread

out equally along the reciprocal lattice vectors b;:

S o/mj—1 1
— j — 5 —
knl,nz,ng = Z (TJ - §> bju (15)
7=1

with n; = {1,.., N;}. The exact dimensions N; x Ny x N3 that are required have to be
determined for every material individually through convergence tests. Commonly used
grids range from 4 x 4 x 4 to 10 x 10 x 10 k-points. Generally, a larger cell vector in
real space corresponds to a smaller vector in reciprocal space and fewer points that are

required in that direction.

In addition to calculating overall properties such as the total energy, we define the den-
sity of states (DOS) at an energy F as the number of possible states per volume in the
infinitesimal energy range E + dE. It can be further untangles by projecting the density
of states on the orbitals of the different atoms in order to quantify their individual con-
tribution, leading to the projected density of states (PDOS).

Finally, it is possible to calculate the electronic band structure as an overview of the elec-
tronic structure of a material. For a fixed 7, all energies €5 together form the band with
band number j. We define a one-dimensional k-path, which includes the high-symmetry
points, through the multi-dimensional Brillouin zone and calculate the eigenvalues on a

finite number of points on that path. The band structure is divided in the occupied va-
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lence region as well as the unoccupied conduction region. For semiconductors, valence
region and conduction region are clearly separated through a direct or indirect band gap,

while the bands overlap for metals.

2.4 The Self-Energy Correction - Hedin’s Equations and GV,
Method

A fundamental constraint of DFT is the fact that it is a ground-state theory. All proper-
ties are based on the density of the KS-wavefunctions in the ground-state of the system.
If the state of a system is modified, for example through the excitation of an electron,
this changes the overall density of the many-electron system and therefore affects also
the other electrons. This effect implies a certain self-energy possessed by every electron
based on its influence on the overall system. However, this interaction inherent to every
excitation is not covered by DFT at all. Therefore, a self-energy correction to the energies
calculated from DFT is necessary in order to quantitatively predict accurate energies for

the unoccupied orbitals and the band gap.

In order to calculate the self-energy, we turn to Hedin’s equations [80], which are a set of

five equations connected to each other in a self-consistent pentagon.

P = —1iGGT

Figure 4: Hedin’s pentagon connects the self-energy 32, the single-particle Green’s function
G, the screened Coulomb potential W, the vertex function I', and the polarization operator
P with each other. G refers to the non-interacting single-particle Green’s function and
V' to the Coulomb potential.



Page 31 of 113

Relevant for us is the expression for the self-energy,
¥ =iGWT. (16)

The vertex I' depends on the derivative of the self-energy with respect to the Green’s
function
= l—l—(s—EGGF. (17)
0G
To move forward, we write ¥ as a series and assume that it is sufficient to consider the
lowest order term,

2 = iGW — GWGWG + ... ~ iGW. (18)

This is referred to as the GW-approximation.

In principle, Hedin’s equations allow the calculation of G and W in a self-consistent
manner. However, in this work we are instead going to use the computationally less ex-
pensive single-shot GyW, approach to calculate 3 based on the results from DFT. This
is entirely justified, as benchmarks have shown that the increase in computational cost

for self-consistent GW calculations does not lead to a corresponding increase in accu-
racy [81, 82].

Using DFT results as starting point, it is possible to obtain the non-interacting single-
particle Green’s function Gy from the KS states. The screened Coulomb potential is
calculated as Wy = e v, with the frequency-dependent dielectric function of the material
¢! and the bare Coulomb potential v,. The full equation for the electronic self-energy
then takes the form

N w) = i /Go(r, w4 W Wo(r, ', W) dw'. (19)
With the calculated self-energies from Eq. (19) it is possible to 'correct’” the KS-energies
from Eq. (7). To this end, we calculate the quasi-particle (QP) energies with the linearized
QP equation [83] as
e = € + Z;[RE;(e;) — v, (20)

J J

with a renormalization factor Z; to account for the energy-dependence of the self-energy.
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2.5 Calculating Optical Properties - The Bethe-Salpeter Equa-
tion

Based on the electronic structure of a material calculated either from DFT or with the
GoWp-method on top of DF'T results, it is already possible to estimate the possible optical
transitions and their respective energies. However, the electronic structure contains no
information on electron-hole interactions, which means that we are limited to an indepen-
dent particle approximation (IPA) or independent quasi-particle approximation (IQPA)
with the GoWjy-correction. In order to accurately compute optical properties, it is neces-
sary to go beyond this picture and include electron-hole interactions, as they not only shift
the energies of the optical transition but may also give rise to completely new excitation

that are not available in a single-particle picture.

The electron-hole interactions can be described through the Bethe-Salpeter equation
(BSE) [84], which is a formalism to compute bound two-particle states [85]. In this case,
we use it to describe bound electron-hole pairs (excitons). The BSE can be expressed as

an effective eigenvalue problem for a two-particle Hamiltonian,
HPSE A% = B [A4Y) (21)

delivering eigenvalues E* and eigenvectors |A*) upon diagonalization. The results of the
Bethe-Salpeter equation allow us to access optical properties through the eigenvalues and

eigenvectors.

The Hamiltonian in Eq. (21) can be split into three terms:
HPSE — frdiee 4 o< 4 F°, (22)

The diagonal term H%¢ describes vertical electronic transitions and corresponds to the
single-particle picture in the IQPA, while the other terms cover effects beyond the IQPA.
The exchange term H * multiplied by 2 due to spin-degeneracy, accounts for the repulsive
exchange interaction between the fermionic electron-hole pairs, and the direct term He

describes the attractive electron-hole Coulomb interaction.

The BSE can be solved efficiently by adopting a suitable two-particle basis split be-
tween excitation (resonant part) and deexcitation (anti-resonant part) [86]. The coupling
between resonant and anti-resonant part is usually neglected (Tamm-Dancoff approxima-

tion) because it does not have a large impact on the results [86].
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The solution of the BSE provides information on the energies of the possible optical
excitations through the eigenvalues E* as well as on the properties of the created excitons
through the eigenvectors |A*). In particular, it is possible to formulate the imaginary
part of the macroscopic dielectric function, which corresponds to the optical absorption

spectrum, as a sum of Lorentzian functions centered around the eigenvalues,

Sen ocz/\:|t,\]2 ((W—EI;Q)Q—i—W)' (23)

Eq. 23 includes the energies E) of the single excitations as well as their transition coeffi-
cients t,, which are calculated from the results of the BSE as a sum of dipole-transition
matrix elements weighted by the associated eigenvectors. The value of the broadening
I' is arbitrary. The full function Se€,; includes positive Lorentzian functions to describe

excitations as well as negative functions that describe deexcitations:

e I I
ta|? — 24
wm;| A ((w—EA)2+F2 (w+EA)2+P2)’ (24)

with the volume 2 of the unit cell [87].

%GM =

2.6 Computational Tools and Parameters

In order to execute the calculations outlined above, we used already established codes.

The pure DFT calculations in Chap. 3 were performed with the code CP2K [88]. In
the framework of this code, atomic cores are represented through pseudpotentials instead
of being treated explicitly. We used the Godecker—Teter—Hutter (GTH) pseudopoten-
tials [89] in combination with the MOLOPT basis sets [90] DZVP-MOLOPT-SR-GTH (low
level calculations) and TZV2P-MOLOPT-SR-GTH (high level calculations) based on Gaus-
sian functions. As functional we used r2SCAN [91], which has already been shown to
offer a good combination of accuracy and manageable computational cost for alkali based
crystals [92]. Detailed computational parameters were converged through the workflow

presented in that chapter.

For the DFT 4+ MBPT calculations in Chap. 4 and 5, we used the code exciting [87, 93].
Contrary to CP2K, it employs an all-electron full-potential formalism. The basis is a mix
of linearized augmented plane waves and local orbitals, with the boundary defined by the
Muffin-tin radii of 2.0 bohr for alkali atoms and 2.2 bohr for antimony atoms. As the DF'T
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results in this part form merely the starting point for further calculations, it is sufficient
to use the PBE-sol functional [94]. In the GoW, part, the dielectric screening is calcu-
lated in the random-phase approximation (RPA). The BSE calculations are performed in
the Tamm-Dancoff approximation and the static screening is also calculated in the RPA.
The number of empty states included in the various steps as well as the local-field cutoff
and k-meshes were carefully converged manually. In all cases we use 200 empty states
to calculate the GoWy-screening, 100 empty states to calculate the BSE-screening, and a
local field cutoff of 1.5 Ha in the BSE. Detailed k-meshes of the single steps are reported
in the appendix, part A.

2.7 Existing Photoemission Models from the Literature

Over decades of photocathode research there has always been the drive to understand
the experimental data through theoretical models and simulations. The first fundamen-
tal phenomenological frameworks were developed in the 50s and 60s [31, 43, 95] and
laid the foundation on which many more models were developed. The initial works fea-
tured a semi-empirical approach, where analytical expressions for the photoemissive yield
were derived with free parameters to be fitted to the experimental data. Generally, a
simplified electronic structure of the photocathode materials was assumed, as more com-
plicated cases could not be covered. The advance of computational methods like DF'T
has allowed for the implementation of more advanced schemes with impressive predictive
power (35, 44, 45].

As anticipated in the introduction, we base our conceptualization of the photoemission
process on the three-step model or Berglund-Spicer model of photoemission. It was origi-
nally established by W. E. Spicer’s pioneering work on photoemission in alkali antimonides
in 1958 [31] and theoretically developed in a work of Berglund and Spicer published in
1964 [43]. In this model, we think of photoemission as a process consisting of three rele-
vant sequential steps. First, photoexcitation in the crystal generates exited electrons (I).
Second, the motion of these electrons through the crystal and all events that take place
during it (II), and finally the escape of the electrons through the surface into the vacuum
(III).

In the original work by Spicer, key parameters were fitted to the collected experimen-
tal data. This approach has, generally speaking, been quite successful, in particular for

polycrystalline photocathodes. However, with the advance of experimental growth tech-
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niques improvement is required also for the theoretical methods in order to properly cover
the physics of more complicated systems like thin-film heterostructures. Nowadays, many
models are integrated into ab initio workflows, using results from first principles to predict
the photoemissive yield. This allows a screening of different materials and in particular

also the analysis of the effects of specific structural or chemical modifications.

Among the more recent works is a workflow published by Antoniuk et al. in 2020 [45],
which is based on the electronic structure of materials calculated with DFT. It uses Fermi’s
golden rule and the possible Bloch states from the electronic structure to determine the
probabilities of photoexcitation in the crystal and photoemission into the vacuum. This
ultimately leads to the intrinsic emittance of the compound, with scattering during trans-

port being neglected.

Another DFT-based scheme was proposed by Saha et al. in 2023 [46] based on the
density of states of the materials. The occupation probability in the density of states is
treated through a Fermi-Dirac distribution, leading to an excitation probability that is
assumed to be the product of occupied states at an initial energy and unoccupied states at
the target energy. Again, transport is not treated explicitly and the emission probability
is assumed to be directly proportional to the kinetic excess energy after overcoming the

surface.

Common to these methods relying on DFT is that they have to simplify how they treat
interactions between particles. As DFT is a ground-state theory, electron-electron and
electron-hole correlations are not included. Instead, the electrons are approximated as
independent particles whose interactions are covered only by a mean-field approach. A
common issue with this is that band gaps have to be artificially corrected to match the
experimental values, as seen for example in the mentioned paper by Antoniuk et al. [45].
More importantly, photoexcitation is evidently a process that goes beyond the ground-

state. To fully describe it, a many-body picture is required.

Before moving on to our own work, we give a short breakdown of other models from
the recent literature. These are mainly aiming at metal photocathodes, while our own

model will be designed for semiconducting materials.

Jensen et al. presented a time-dependent model in 2006 [96], which takes into account
thermal propagation due to laser heating. It cover various material and laser parame-
ters. This model was originally designed for metals only, but expanded in a follow-up in

2008 [97] to cover semiconductors, being successfully applied to Cs3Sb and CsKsSb.
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The Dowell-Schmerge Model [98, 99] is another framework specifically for metal photo-
cathode. A Fermi-Dirac distribution is used for the electrons and expressions are derived

for quantum efficiency and emittance.

Finally, there is the 1-step model [100], which treats photoemission in metals as a single
process. Optical transitions are again treated through Fermi’s golden rule. With this, the
quantum efficiency is calculated, allowing different polarizations and angles of the incom-

ing beam. In this model, scattering is incorporated by using an effective scattering length.

While the preceding works have not been unsuccessful, we wish to go beyond the picture
of DFT and instead use the methods from many-body theory presented in the previous
subchapters, namely GoW, and BSE. With this, we are able to accurately cover the elec-
tronic and optical properties of even the most complex materials. In particular, our model
should be able to produce good predictions for the photoemissive yield without the need

for empirical parameters or adjustments.
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3 High-Throughput Studies for Alkali Antimonide
Binary Crystals

After reviewing the available background and literature, we are now going to present
our own work on photocathode materials. Before developing the desired implementation
of the three-step-model, we start by collecting more data on alkali antimonides through
preliminary ab wnitio studies. In this section, we analyze binary alkali antimonide crys-
tals via a high-throughput screening based on DFT, focusing on Na and K as cations. A
corresponding study with Cs is already available in the literature [101]. These binary crys-
tals are relevant for the purpose of understanding intermediate, meta-stable, and possible
polycrystalline phases that can appear during the crystal growth process. By performing
automated DFT calculations for hundreds of compounds, we want to understand which
stoichiometries and crystal arrangements are energetically favored. For stable crystals we
proceed with a further analysis of their electronic properties, in particular their band struc-
tures and projected density of states. At this point, we are going to perform calculations
with ground-state DF'T in order to assess the basic properties of a large number of binary
alkali antimonides without excessive computational cost. This part lays the groundwork
for our further studies. For the execution of the high-throughput calculations we use the
in-house library aim?dat [102] based on AiiDA [103, 104].

3.1 Initial Structure Pool and aim?dat Library

The first preliminary step is the creation of an initial structure pool containing the crystals
that are going to be analyzed. This can be accomplished by mining data from established
computational databases. In this work we drew crystal structures from both Materials
Project (MP) [105, 106] and the Open Quantum Materials Database (OQMD) [107, 108].
As we want to analyze the properties of K-Sb and Na-Sb binary crystals, we create two
pools, one with all crystals containing K and Sb and one with all crystals containing Na
and Sb. As we are drawing structures from two separate databases, this approach leads
to many duplicates in the structure pool. To be computationally efficient, these need to

be filtered out before running any calculations.

While the exact technical definition of what constitutes a duplicate is not as straight-
forwards as it may seem, this problem has been encountered and solved before. In the
F-fingerprint method [109, 110], an abstract crystal fingerprint space is created. Every
crystal structure is connected with a vector in this multidimensional space, the ’finger-
print’. The elements of this vector are defined through the pairwise partial radial distri-

bution function of atomic pairs in the crystal structure. Each structure can be described
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uniquely by a fingerprint vector, which is unaffected by changes to the coordinate sys-
tem, rotations, and reflections. The distance between the vectors in this multidimensional
space can be quantified through their cosine distance (or alternatively the Minkowski dis-
tance). By design, a short distance in the fingerprint space corresponds to a similarity
in structure. Thus, we can transform all crystal structures in the pool into the finger-

print space and easily filter out duplicates, as their structural similarities are evident there.

The next issue which arises is, that the number of distinct crystal structures is rather
small after filtering. Each structure pool consists of only around 50 binary crystals. In
order to address this, we download additional crystals with similar elements and then
substitute them with K / Na and Sb. We can consider Na and Li for substitution with
K, K and Li for substitution with Na, and As and Bi for substitution with Sb. From
this extended structure pool duplicates are again removed. In this case, a harsher filter
based on composition and space group is applied. After this procedure, the final initial
structure pool consists of 166 crystals for K-Sb, among them 91 binary phases and 147
crystals for Na-Sb, among them 79 binary phases. The properties of the crystals in the

structure pool are then calculated through a workflow that is visualized in Fig. 5.

Structure pool K-Sb / Na-Sb Preliminary calculations Structural properties

0QMD and MP databases Primitive structure, k-path, Optimized geometry
scf parameters

Additional structures via \

elemental substitution Energetic properties

Geometry Optimization

Computational parameters / Formation energy
resources Cell optimization
Stability

CP2K code, managed with Total energy

Electronic properties

AiiDA
For stable
; systems
R2SCAN functional 4 / Band gap

Calculate further properties

Basis set, energy cutoff, ... Gap type

Band structure / PDOS

Character of bands

Input DFT Calculations Output

Figure 5: The computational workflow used in this section. From a group of initial struc-
tures and input parameters, a series of DF'T calculations is run to determine structural,
energetic, and electronic properties.
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In addition to the initial structures, various computational parameters and resources have
to be chosen before starting to run calculations. All results in this chapter were calculated
with the code CP2K [88] and the functional r2SCAN [91]. With this "input’ we then embark
on a series of DFT calculations. For these calculations, the crystal structures are reduced
to their primitive unit cell. This can be done with the tool seekpath [111], which in turn
is based on the spglib [112] library. In addition to providing the primitive cell, seekpath
identifies the space group of the crystal and determines a suitable k-path through the

Brillouin zone for later band structure calculations.

As first step, a set of preliminary DFT calculations is run in order to determine suit-
able parameters for the 'real’ calculations, as tight as necessary for convergence. Then
the initial crystal geometries are optimized with the chosen set of parameters. While the
imported structures were already pre-optimized, repeating the optimization ensures that
all crystals are optimized with the same set of computational parameters, which are also
usually on a higher level than what was available before. To save computational resources,
the cell optimization is split into two subsequent steps, a first one with course parameters
and another one with tighter parameters to reach the final converged structure. These
cell optimizations were done for all crystals in the two initial structure pools. In addition
to the optimized geometry, this yields the total energy of the crystal unit cell. The total
energy determines the energetic properties of the compounds and allows us to filter out all
crystals that are not stable. This will be discussed in more detail in the next subchapter.
The workflow then continues with only the stable crystals and includes the calculation of
further electronic properties for the stable compounds, namely band structures and the
projected density of states. All of the output can then be analyzed to better understand

the properties of this class of materials.

As mentioned before, the outlined calculations were managed with the library aim?dat,
which in the original form that was used in this work was designed and implemented
by H.-D. Safinick. It allows us to manage and execute the hundreds of DFT calculation
needed for the crystals in the structure pool, which would hardly be feasible by hand. In
addition to automatically generating the input files for the calculations with CP2K, the
AiiDA toolkit provides an interface to automatically interact with computer clusters and
to submit jobs there. In particular, it allows the implementation of workflows of sequen-
tial calculations, where the next job is launched once the previous one is completed. This
aligns with the requirements of the planned high-throughput study and allows schemes
like the cell optimization in two steps with coarse and tight parameters, which would be

very tedious to setup and execute manually. Furthermore, AiiDA provides a data storage
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system, in which all generated data and metadata is saved in data nodes. These nodes are
connected through a web of data provenance, which allows it to extract all the (meta-)data
connected with a certain process or calculation without problems. With this system, it is
straightforward to share complete datasets with all their computational parameters also

with people that are completely unaffiliated with the original calculations.

3.2 Energetic Stability

The first important result from the high-throughput workflow is the formation energy of
the considered crystals, which will provide us with information on the stability of the
compounds. For a crystal X,Sb, with X = (K, Na) it is defined as

1

Eform(XzSby) = Tty

(E(X,Sb,) — 2E(X) — yE(Sb)). (25)

E(X,Sb,) is the total energy of the K,Sb, or Na,Sb, system, while E(K), E(Na), and
E(Sb) are the energies per atom of the most stable elemental phase for each atomic

species. In all cases, x and y refer to the number of atoms of the respective atomic species

1
T+y

energy per atom for comparison between unit cells with a different total number of atoms.

in the unit cell. The pre-factor is necessary to normalize the formation energy to an

The formation energy of a crystal is required to be negative in order for it to form,
otherwise it would be more energetically favorable for separate elemental phases to coex-
ist. However, a negative formation energy does not necessarily imply that a compound
is stable, as there might be other possible crystals at the same stoichiometry that are
energetically more favorable, or it might be favorable for a crystal to split between more
than one crystalline phase. The subset of crystals that are stable is given by the convex
hull in a phase diagram and the crystals that are directly on it. With it, we can define
the stability of a crystal as the distance between the formation energy of this crystal and

the convex hull. For fully stable crystal, it is 0 (eV / atom).

The formation energies that were calculated for the K-Sb and Na-Sb binary crystals are
shown together with the convex hull in phase diagrams in Fig. 6 (a) and (b), respectively.
They show the stability of the possible compounds at varying relative content of the alkali

species. Different crystal symmetries are indicated with different symbols.
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Figure 6: Phase diagrams for (a) K-Sb and (b) Na-Sb crystals. The formation energy
per atom is given as a function of the ratio xk (xn.) of K (Na) atoms in the crystal. By
definition, the formation energy of the most stable elemental phases is set to zero. The
convex hull is indicated with a solid line.

In both cases, there is a large number of crystals on or in close vicinity of the convex
hull. Especially at x = 0.5 and x = 0.75, corresponding to alkali:antimonide ratios of 1:1
and 3:1, there are many different possible systems with varying symmetry and formation
energy in both the K-Sb and Na-Sb phase diagrams. However, it is important to remember
that the number of analyzed compounds at a certain stoichiometry is directly dependent
on how many crystal are available in the used databases. We can assume that there is a
strong bias towards the 1:1 and 3:1 ratios as they are usually targeted experimentally and

have been analyzed in previous works. A more complete study over all ratios would be
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possible by generating and analyzing a large number of random crystal structures, going
beyond the data that is currently available online. An efficient implementation of such an
approach is possible by identifying promising structures through machine learning [113].

However, this goes beyond the scope of the presented work.

Looking at Fig. 6 in more detail, we find remarkable differences between the phase dia-
grams of the K-Sb and Na-Sb crystals. As visible in panel (a) for K-Sb, for a low ratio
of potassium there are a few monoclinic and orthorhombic crystals very close or on the
convex hull between xx = 0.17 and xx = 0.4. After this a plateau appears between 0.5
and 0.75 with a large number of crystals, many of them close to the convex hull. Above
xg = 0.75, a few more structures have been calculated, but they are not predicted to be
stable. The Na-Sb crystals in panel (b) show a similar picture, with many data points mir-
roring the structures of K-Sb. Also here there are multiple monoclinic and orthorhombic
crystals close to the convex hull between xy, = 0.17 and xy, = 0.4. Above that we find
again a multitude of polymorphs very close to the convex hull, mainly with monoclinic,
triclinic and hexagonal lattices up to xy, = 0.75, followed by a few unstable compounds

at higher sodium ratios.

Significant differences are notable when considering the overall shape of the convex hull.
In the phase diagram for K-Sb in part (a), the global minimum is at the ratio xx = 0.56
for the monoclinic crystal K5Sbhy. Around it, the convex hull forms the mentioned plateau
between xx = 0.5 and xx = 0.75. For Na-Sb in part (b) on the other hand, the global
minimum is at xy, = 0.75 with a hexagonal NasgSb crystal. Instead of a plateau, the
formation energies around the minimum decrease and then increase more rapidly. Apart
from the shape of the convex hull, it is also visible that for the K-Sb binaries there are
many compounds almost directly on the convex hull for ratios apart from 1:1 and 3:1,
while for Na-Sb many crystals are a bit above the convex hull and therefore predicted to

be not completely stable.

Overall, the large number of crystals on the convex hull shows that it is indeed likely
for polycrystalline phases to form, as there is a large number of possible stable com-
pounds. This is especially true for the K-Sb crystals with their plateau in energy between
alkali:antimonide ratios of 1:1 and 3:1. According to our results, it is also possible for
separate exceptionally Sh-rich phases to form, as stable compounds exist in this region.
On the other hand, special Sh-poor phases beyond the 3:1 ratio are not possible. Ulti-
mately, the large number of crystals identified as stable shows in turn the importance of

this study to understand their properties.
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After identifying the energetic properties of the alkali antimonide crystals, we now want to
understand which electronic properties can appear at the different alkali:antimony ratios.
For this, we are going to limit our study on the stable compounds that can appear in
experimental photocathodes. We consider crystals to be stable when they are within 50
meV from the convex hull, which accounts mainly for the thermal energy at room tem-
perature. With this threshold, there is a multitude of different K-Sb crystals included,
while for Na-Sb many compounds are slightly above the 50 meV barrier. For the following
study, we focus on the electronic properties of six K-Sb and six Na-Sb crystals that can
be seen as representative of different alkali-antimony ratios. The chosen structures are
visualized in Fig. 7. We start with one example of an antimony-rich system in each case,
which is monoclinic KySb, for K-Sb and orthorhombic Na,Sbyy for Na-Sb. Afterwards,
we consider the equistoichiometric case with two different crystals, one with a small and
one with a large unit cell: monoclinic KySby and KgSbg as well as triclinic NasSbhy and
monoclinic NagSbg. Additionally, there is the monoclinic K5Shy crystal close to the 1:1
ration, which we analyze exclusively for K-Sb because it corresponds to the global mini-
mum there. Finally, we take a look at the experimentally very relevant 3:1 ratio, where
we consider largely identical cubic and hexagonal crystals for K3Sb and NagSh as well as

another different cubic phase for Na-Sb with distinct properties.
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Figure 7: Chosen stable structures with (a) K-Sb and (b) Na-Sb composition. Na atoms
are depicted in purple, K in yellow, and Sb in bronze. The coordinate system is indicated
by the colored arrows.
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3.3 Electronic Properties from DFT
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Figure 8: Band structures and PDOS of selected stable K-Sb binaries. The energy scale
is aligned to be zero at the valence band maximum for semiconductors and the Fermi
energy for metals.

For the selected exemplary crystals shown in Fig. 7, we calculate and plot the band

structures as well as the PDOS in order to gain valuable insights into their electronic

properties. The first example is the Sb-rich monoclinic K3Sby shown in Fig. 8(a). It
has a band structure with the VBM at the high-symmetry point A and the CBm at the
high-symmetry point Y. The indirect band gap between these points is 0.43 eV, while the
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smallest direct gap is 0.73 eV and not located at a high-symmetry point. From the PDOS
it is visible that both the occupied and the unoccupied bands are dominated by contribu-
tions from Sb states, which is expected for an Sb-rich crystal. In particular, the top of the
valence region and the bottom the conduction region consist solely of Sb states, showing
that the low fundamental gap stems from a transition between Sb orbitals. Interestingly,
the level of dispersion of the bands varies a lot between the different regions in the Bril-
louin Zone, as visible in the plot. For example we see almost a plateau for the highest
occupied and lowest unoccupied band on the path from Y5 to I' to M, highlighting their
non-dispersive character in this region. Meanwhile, the VBM-1 is strongly dispersive in
the same region. On the path from I' to C, on the other hand, all bands both occupied

and unoccupied show a highly dispersive character.

Next, we take a look at the electronic structure of the crystals with equal potassium
and antimony content. In Fig. 8(b), there is the band structure and PDOS of a metallic
crystal, monoclinic KoSby. The band structure is characterized by highly dispersive bands
crossing the Fermi energy. Notably, the PDOS shows that the occupied bands as well as
the unoccupied bands at low energy (up to about 2 eV) are characterized by contributions
from Sb states, while K states become dominant at higher energies. The other crystal that
we analyze at this ratio is monoclinic KgSbg with a larger unit cell of 16 atoms in Fig. 8(c).
It has a large number of bands due to the larger number of atoms in the unit cell. Many
of the bands become pairwise degenerate in certain regions of the Brillouin Zone, while
being distinct in others. In the occupied region, most bands show a very low dispersion,
which is characteristic of Sb p-orbitals and corresponds to the large influence of Sb states
visible in the PDOS for the valence region. In the lower conduction region, Sb states are
also dominant, but there is an additional significant contribution from K states. This
correspond to the higher band dispersion in this energy region and the hinted parabolic
shape of the CBm, which usually is a sign of the s-orbitals of potassium. Overall, we can
also assume that the large number of atoms and core electrons reduces the dispersion of
the bands compared to the KoShy crystal with a much smaller unit cell. Quantitatively,
the KgSbg crystal is a semiconductor with an indirect gap of 0.88 eV between Y; and T,
while the direct gap is only about 10 meV smaller than the indirect band gap due to the
low dispersion of the VBM. The comparison between these two materials shows how two
crystals, even though they have the same composition and symmetry group, can yield

significantly different electronic properties.

Moving on to panel (d) of Fig. 8, we see the results for the interesting and energeti-
cally very favorable monoclinic crystal K5;Sby. It is a semiconductor with a very small
indirect band gap of 0.25 eV. The VBM is located at the point V', while the CBm is at X.
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The band structure is a mix of bands with low dispersion, for example the VBM-6, which
is almost entirely flat, with a few bands that are more dispersive. A striking feature are
pseudo-parabolic states in the lower conduction bands, which show local minima at I'.
These can again be connected with K s-orbitals, as supported by the fact that K and Sb
states contribute almost equally to the DOS at the bottom of the conduction region. The

top of the valence region, on the other hand, is again dominated by Sb states.

Finally, there is the important and experimentally observed 3:1 ratio. For this ratio,
we show the electronic structure of the calculated cubic phase in panel (e) and of the
hexagonal phase in panel (f) of Fig. 8. The band structures are unsurprisingly very simi-
lar and show the typical features of these alkali antimonides. The highest occupied band
shows almost no dispersion over the entire Brillouin Zone and has the VBM at I'. It con-
sists of Sb p-states partially hybridized with states from K. The lowest unoccupied band
on the other hand is highly dispersive with a parabolic shape and the CBm also at I'. Its
character stems from s-states of potassium. This overall character is largely identical for
both crystals. The main difference is that the hexagonal phase contains double the atoms
in its unit cell due to the lower symmetry, which leads to a larger number of distinct bands
in the electronic structure. Also the absolute value of the band gap changes, it is 1.3 eV

for the cubic phase and 0.8 eV for the hexagonal phase, which is a significant reduction.

Overall, we find numerous similarities between the electronic structures of the consid-
ered K-Sb crystals. With the exceptions of the very Sb-rich phase K5Sb, and the metallic
crystal, the transition through the band gap is characterized by a top of the valence region
that is strongly influenced by Sb states, hybridized with a varying degree of K states. The
bottom of the conduction region shows a stronger influence of K states, which manifests
itself mainly through the parabolic and pseudo-parabolic bands in the electronic struc-
ture. These highly dispersive bands are also responsible for the fact that all the analyzed
K-Sb crystals show very low band gaps, which remain below 1 eV with the exception of
cubic K3Sb.
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Next, we are going to consider the electronic structure of the Na-Sb crystals shown in

Fig. 9 in order to assess how the different alkali species changes the electronic properties.
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Figure 9: Band structures and PDOS of selected stable Na-Sb binaries. The energy scale
is aligned to be zero at the valence band maximum for semiconductors and the Fermi

energy for metals.
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Starting again with an Sb-rich compound, the band structure of orthorhombic Na5Sbyy is
shown in Fig. 9(a). This also serves as an example for a crystal with a very large number
of atoms in its unit cell, 56 in total. The large number of atoms leads to a very dense
band structure with many distinct bands, even though some become pairwise degenerate
in certain parts of the Brillouin Zone also here. As seen previously for KgSbg, the large
unit cell gives rise to a low band dispersion throughout the entire Brillouin zone. Nev-
ertheless, the material has a clearly defined band gap with a direct gap of 0.96 eV at I'.
A pseudo-parabolic shape of the band structure is visible for both the VBM and CBm.
From the PDOS, it is evident that the bands are completely dominated by contributions

from antimony states, as expected for a crystal with a much larger ratio of Sb than Na.

Next, we consider again the case of equal alkali and antimony concentration with two
different examples. Similar to the metallic monoclinic KyShs, the electronic structure of
triclinic NagSbhsy in Fig. 9(b) is characterized by strongly dispersive bands over the entire
Brillouin Zone. Contrary to KoSby, where K states became prevalent at higher energies,
the PDOS of NaySb, is dominated by Sb states over the entire shown energy range. For
practical purposes more relevant is the electronic structure of monoclinic NagShg in panel
(c). This crystal is directly related to the KgSbg crystal discussed above and their band
structure is similar. Again, there is a large number of bands, which are distinct in certain
regions of the Brillouin Zone and degenerate in other. An example for this are the lowest
two unoccupied bands, which 'merge’ on the path from A via F and Z to C5. This com-
pound is an indirect band gap semiconductor with a fundamental gap of 0.63 eV and a
direct gap of 0.81 eV. The VBM appears between Cy and Y,, while the CBm is located
between Y5 and I'. The smallest direct gap is also at a point between Y5 and I". Notably,
the dispersion of the bands is slightly larger than for the related KgSbg crystal and there
are fewer flat parts of the band structure. This can be related to the fact that sodium is

a lighter atom than potassium and possesses fewer core electrons to 'stabilize’ the energy

of the bands.

In this case, we are going to omit the 5:4 ratio and instead start our discussion of the
3:1 alkali:antimony ratio with another metal. This material, with its electronic structure
shown in Fig. 9(d), is a metallic crystal with cubic symmetry. It is characterized by highly
dispersive bands crossing the Fermi energy. In this case, most of the bands have a clear
parabolic shape, much more so than for NaySh, discussed above. This is related to the
stronger influence of Na states visible in the PDOS. The shown electronic structures of
the other analyzed phases of NagSbh in Fig. 9(e) and (f), on the other hand, closely re-
semble that of the K3Sb crystals with the same symmetries. The cubic NagSb crystal has
a direct band gap at [' of 1.14 eV and again shows the parabolic band structure at the
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CBm associated with an alkali s-orbital. Contrary to the analyzed K3Sb, we see another
local minimum at almost the same energy at the high-symmetry point X, only 32 meV
above the CBm. The VBM at I' remains rather flat, but does show a larger dispersion
than for the related K-Sb crystal. A similar behavior is visible for the electronic structure
of the hexagonal crystal in (f), where all the bands show a higher dispersion than for the
hexagonal KgShy crystal. This crystal also has a direct band gap at I', which in this case
is 1.0 eV large.

Altogether, the electronic structures of the Na-Sb crystals show significant similarities
to that of the respective K-Sb crystals. Again, we find the characteristic parabolic states
associated with alkali metals in the lower conduction region. The upper valence region
remains generally rather flat, but shows a clearly higher dispersion than for the related
K-Sb compounds. This can be rationalized through the fact that sodium is a significantly
lighter atom than potassium. Also for the Na-Sb crystals band gaps are rather small and

remain at around 1 eV.

After taking a detailed look at the electronic structure of specific representative struc-
tures, we will now move back to the larger picture by analyzing the overall trends of
the electronic structure of these materials. While the details of the band structures are
difficult to compare automatically in a high-throughput framework, we can make a direct
comparison between the calculated band gaps. We will compare both the quantitative
value of the gap as well its qualitative nature by discriminating between direct and indi-
rect band gaps as well as metals. The results of this analysis are shown in Fig. 10 as a
function of the relative alkali content for the stable crystals that were calculated in the

workflow.
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Figure 10: Calculated band gaps of stable (a) K-Sb and (b) Na-Sb binary crystals as a
function of the alkali ratio xx (xna). We distinguish between direct and indirect band
gaps through red triangles and blue circles. Metals are plotted as green diamonds.

Starting again with the K based crystals in panel (a), clear trends can be identified. The
crystals with a low ratio of potassium show indirect band gaps ranging from 0.4 to 1.2 eV.
For the crystals with a high ratio of K on the other hand, we find direct band gaps which
also tend to be larger, ranging 0.8 to 1.3 eV. For crystals with similar K and Sb content
the situation is not as clear. There are three crystals at xxg = 0.5 with similar direct
band gaps of around 0.8 to 0.9 eV. However, we also find multiple crystals with very low
indirect gaps of 0.3 eV and 0.5 eV at close to equiatomic ratio, as well as multiple metallic

structures.
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Similarly, there are clear trends for the stable Na-Sb crystals shown in Fig. 10(b), even
though the number of analyzed stable crystals is not as large for these compounds. In
the Na-poor region of the plot, crystals with small indirect band gaps ranging from 0.1
to 1.0 eV appear. For Na-rich crystals, there are multiple structures at xy, = 0.75 with
direct gaps ranging from 0.9 eV to 2.4 eV. Between these parts there are various metallic

compounds as well as an equiatomic structure with an indirect band gap of 0.6 eV.

In summary, we have used a high-throughput workflow based on DFT to analyze the
energetic stability as well as the electronic properties of binary crystals composed of K
/ Na and Sb. We generated an initial structure pool based on the materials available
on computational databases, for which we then calculated the formation energies after a
structural relaxation. With this, we could plot the convex hull and rank the stability of
the various structures based on their distance to the convex hull. This analysis revealed
that there is indeed a large number of possible stable crystals, especially close to the ex-
perimentally important alkali:antimony ratios 1:1 and 3:1, motivating a further analysis
of the electronic properties of the stable crystals. A direct comparison between K-Sb and
Na-Sb crystals showed many similarities, as largely identical structures are energetically
favorable in both cases and show similar band structures with their (pseudo-)parabolic
bands associated with alkali metals. Differences appear for the dispersion of the bands
as well as the quantitative value of the band gaps, which are both higher for the Na-Sh
compounds. With this we have gained valuable insights into the fundamental properties
of many different crystals, including possible metastable and polycrystalline phases that
can form during the experimental growth process. Our high-throughput approach there-
fore allows us to characterize complex materials and is a first step towards understanding

their properties, without going beyond DFT at this point.
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4 Optical Properties of Alkali Antimonides

After the general overview of the properties of alkali antimonide crystals at various sto-
ichiometries in the previous chapter, we are now going to take a more in-depth look
at the electronic and optical properties of eight binary crystals from the previous high-
throughput study. Here, we focus on stable crystals at the important 3:1 and 1:1 al-
kali:antimony ratios and go beyond DFT by adding calculations with many-body pertur-
bation theory. The selected representative crystals are all semiconducting and are shown
in Fig. 11.
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Figure 11: Unit cells of the crystals analyzed in this chapter. The alkali species X = {Na,
K} are depicted in purple and Sb in bronze.

The structures at 3:1 stoichiometry correspond to the semiconducting cubic and hexagonal
phases analyzed already in the previous chapter. For the 1:1 ratio, the monoclinic phase
is supplemented with an orthorhombic crystal structure. In all cases, we analyze the
same structures for both K-Sb and Na-Sb in order to make a direct comparison. A
comparison of the properties associated with different lattice symmetries is necessary
because the different symmetries of the structures in Fig. 11 have indeed been shown to
appear experimentally for the class of alkali antimonides and are particularly relevant
when going to heavier alkali metals, especially cesium. In the early experimental studies
of Spicer, hexagonal phases appeared for K3Sb and NagSb, while Cs3Sb samples were
cubic [31]. For the 1:1 phases, KSb and NaSbh favor a monoclinic symmetry, as seen also
in the high-throughput study in the previous chapter, while an orthorhombic symmetry
is typical for CsSb. However, this separation is not strict and it has been shown that

monoclinic and orthorhombic phases can in fact coexist for CsSb [114].
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4.1 Electronic Properties from MBPT

As the first step of the analysis with MBPT, we are going to take another look at the
electronic structure of the considered compounds. In order to obtain quantitatively more
accurate results, we are going to perform another round of band structure calculations,
this time with the GoWg method. To build on the analysis in the previous chapter and
to show the concrete impact of the GoW correction, we are going to underlay the quasi-
particle band structure with the original results from DFT, as seen in Fig. 12 for the 3:1

ratio.
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Figure 12: Band structures with the direct overlay of results from DFT (gray) and GoW,
(red) for crystals with 3:1 alkali:antimony ratio. All results are aligned with the valence
band maximum set to 0 eV.

As visible in Fig. 12, the GoWj correction leads to an opening of the band gap without
significantly altering the overall slope or character of the bands. Due to the almost iden-
tical structures, the results are again very similar for the K-Sb and Na-Sb crystals. In
our analysis, we want to focus on the differences that originate from the different alkali
species and see how a light (Na) or heavy (K) alkali metal influences the QP band struc-
ture. This behavior can then be extrapolated on also other alkali antimonides such as

cesium antimonide.
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Taking now a more detailed look at the individual results, we start with the electronic
structure of the cubic crystals in Fig. 12 (a) and (b). The quasiparticle correction in-
creases the gap by about 0.6 eV for both K3Sb and NagSh, reaching 1.34 eV and 1.18 eV,
respectively. The overall dispersion of the bands remains unaffected by the self-energy
correction. However, there are minor differences in the detailed electronic structure at
various high-symmetry points. In the valence band region, we see especially for K3Sb how
the QP band structure shows a slightly higher dispersion than that from DF'T, broadening
this band region by a few tens of meV. This effect is less visible for NagSb with its already
higher band dispersion from DFT. Also in the unoccupied region we can see that the shift
from the self-energy correction is not completely rigid for the bands higher up in energy,
we see that the difference between DFT and QP bands tends to increase with increasing
distance from I'. This picture is largely identical for the hexagonal crystals with the same
stoichiometry, see Fig. 12 (c) and (d). Also here the self-energy correction opens the gap
by around 0.6 eV. With the smaller DFT gap, this amounts to 0.79 eV for KgSbhy and
1.01 eV for NagSb,. The overall band dispersion remains the same, but bands that are
not directly at the VBM or CBm are slightly shifted with respect to each other.
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Figure 13: Band structures with the direct overlay of results from DFT (gray) and GoW)
(red) for crystals with 1:1 alkali:antimony ratio. All results are aligned with the valence
band maximum set to 0 eV.
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Moving on the the 1:1 stoichiometry, the monoclinic crystals from the previous chapter
appear again in Fig. 13 (a) and (b) with their large number of bands, stemming from a
total of 16 atoms in the unit cell of these crystals. The band structures calculated with the
GoWyo-method show gaps of 1.29 eV (KgSbg) and 1.05 eV (NagSbg), which corresponds to
an increase of around 0.6 - 0.7 eV compared to the DFT results. Due to the low value of
the DF'T gaps, this change is quite significant. Similar to the 3:1 crystals, the dispersion
of the bands is slightly increased in the QP band structure. Finally, the electronic struc-
ture of the 'new’ orthorhombic phases is presented in Fig. 13, panel (c¢) and (d). Both
crystals show a direct band gap at I' of 1.23 eV (KgSbhg) and 0.90 eV (NagSbg), which is
around 0.1 eV lower than for the respective monoclinic phases. This minor, but notable,
decrease is related to the higher band dispersion of the orthorhombic crystals, which is
most evident for the highest occupied bands. As before, there is no qualitative difference
between the DFT and GoW, band structures.

In order to provide a better overview over the quantitative changes from the GoW cor-

rection, the numerical band gaps from both DFT and GoWj are compiled in Table 1.

Table 1: Comparison of DFT (PBE-sol functional) and QP gap. All values in eV.

Stoichiometry Symmetry EDFT  EQP

gap gap
K3Sbh cubic 0.73 1.34
KgShs hexagonal 0.40 0.79
KgSbg monoclinic 0.67 1.29
KgShg orthorhombic 0.61  1.23
NazSb cubic 0.52 1.18
NagSbs hexagonal 0.44 1.01
NagSbg monoclinic 0.38 1.05
NagSbg orthorhombic 0.45  0.90

While the self-energy correction leads to a significant opening of the gap on the magnitude
of 0.4 to 0.7 eV, the QP gaps remain rather low, below the range of visible light. Among
the chosen structures, the K-Sb crystals tend to have larger band gaps than the respective
Na-Sb crystals, although the difference is not large and may also be coincidental. From
the band structures we have seen that the gaps are direct for all compounds, with the
exception of monoclinic NagSbg, where the smallest direct gap is about 220 meV higher
than the smallest indirect gap. This is generally beneficial for optical transitions and

therefore a high quantum efficiency.



Page 56 of 113

4.2 Optical Properties from MBPT

In the next step, we are interested in the optical absorption of the considered crystals
at different wavelengths, which we access by calculating the optical absorption spectra
with the BSE. First, we will take a detailed look at the results for the 3:1 stoichiometry.
The main parameters that we wish to understand are the influence of the alkali species
as well as the difference between cubic and hexagonal crystal symmetry. To this end, we
are going to make a direct comparison between the optical spectra for the four crystals

in our study plotted in Fig. 14.
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Figure 14: Optical spectra of the cubic crystals (a) K3Sb and (b) NasSbh, as well as of the
hexagonal crystals (c) KgSbe and (d) NagSbe. Plotted are results calculated from the full
BSE (solid line) as well as in the IQPA (shaded area). In-plane (||) and out-of-plane (L)
components are plotted separately for the hexagonal crystals. In all cases, a Lorentzian
broadening of 100 meV is applied. A vertical bar marks the QP gap and the first three
peaks are indicates as P1 - P3.

For all crystals, we plot both the result from the full BSE as well as from the indepen-
dent quasiparticle approximation (IQPA) in order to assess the difference between them,
which corresponds to the influence of excitonic effects. For the hexagonal crystals, the
independent in-plane (||) and out-of-plane (L) components can be plotted separately. Ad-
ditionally, the first three peaks are marked as P1, P2 and P3, respectively, and will be

analyzed further.

Starting with the cubic crystals in Fig. 14(a) and (b), we can see an absorption onset
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in the near-infrared region, as expected from the low quasiparticle gap in their band
structures. The first excitation (P1) is located at 1.23 eV for K3Sb and 1.11 eV for
NagSb. The second peak (P2) appears around 0.5 eV higher in energy for both materials.
It is significantly larger, especially for K3Sb, where it has about three times the oscillator
strength of P1. Then at around 2.3 eV we find the third and most intense peak P3. After
P3, the spectrum enters a continuum. For K3Sb, this continuum of excitations remains
nearly as intense as P3, while for NagSbh we see a significant drop in oscillator strength
between 3.2 and 4.0 eV.

By comparing the spectrum calculated with the full BSE with that from the IQPA,
we can assess the effect of electron-hole correlations. Most obvious is that the inclusion
of the electron-hole correlation shifts the entire spectrum to lower energies due to the
electron-hole Coulomb attraction, which is significantly larger than the repulsion from
the exchange interaction. This shift in energy between BSE and IQPA can be interpreted
as the excitonic binding energy. It varies between the different parts of the spectrum, as
the influence of excitonic effects is individual to each excitation. From the plotted spectra
it is evident that there is overall a larger shift in energy due to excitonic effects for K3Sb
than for NagSb. Quantitatively, the exciton binding energy of the first three peaks for
K3Sb is 0.12 eV for P1, 0.19 eV for P2 and 0.19 eV for P3. For NagSb the values are 0.07
eV for P1, 0.11 eV for P2 and 0.13 eV for P3. At higher energies, also the qualitative

shape of the spectrum changes with the inclusion of many-body effects.
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Figure 15: Excitonic weights projected on the band structure of the peaks (a) P1 and (b)
P3 of K5Sb, as well as of (¢) P1(L) and (d) P3(||) of K¢Sba.
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To further understand the character of the features in the optical spectrum, we take a
detailed look at the excitons in the marked peaks. For this purpose, we plot the excitonic
weights projected on the band structure in Fig. 15. They show visually where the exciton

is located in k-space.

In this case, the character of P1 and P2 is almost identical and plotted in Fig. 15(a).
It shows a direct transition at I' from VBM to CBm, which corresponds to an excitation
from an Sb p-orbital to an s-orbital of the respective alkali species. This implies that
the excitation leads to a delocalized Wannier exciton in real space, while in k-space the
exciton is strongly localized. This characterization is the same for both K3Sb and NagSh.
Due to the strong dispersion of the parabolic CBm, this transition can give rise to mul-
tiple peaks at different energies, namely P1 and P2 with approximately 0.5 eV difference

in between.

The third peak P3, on the other hand, has a different excitonic character, as shown
in Fig. 15(b). It consists of various transitions spread out over a large part of the Bril-
louin Zone, mainly around the high-symmetry points I' and X and the path in between.
Multiple occupied bands but only the lowest unoccupied band contribute. The large num-
ber of different transitions is in line with the large oscillator strength of P3. Contrary to

P1 / P2, we expect this exciton to be more localized in real space.

We now compare the findings above with these of the related hexagonal crystals with
chemical formula KgSbs and NagSh,. As anticipated, the lower symmetry group leads to
two distinct optical components, in-plane (||) and out-of-plane (L). They are plotted in
red and blue in Fig. 15(c) and (d). Corresponding to the lower quasi-particle gap com-
pared to their cubic counterparts, the hexagonal crystals have a lower optical absorption
onset, 0.68 eV for KgSby and 0.92 eV for NagSbs. Notably, the component in which
the very first peak appears is different between these two materials, for KgShy it is the
out-of-plane component (P1,) and for NagSb, the in-plane component (P1j). Another
interesting difference between the two spectra is the energy separation between the peaks
from the in-plane and out-of-plane component. It is visibly much larger for NagSby than
for KgShy. For example, the first peak shows a separation of 70 meV between P1, and
P1 for K¢Sby, while it is 260 meV for NagSby. Also qualitatively, there is a significant
difference. In the case of KgShs, the two distinct spectra have an almost identical slope,
with differences only in the magnitude and exact location of the peaks. For NagSb,y, on
the other hand, there are fundamental differences between the two plotted spectra at

energies above 2 eV.
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Again, the difference between the spectra from the full BSE and in the IQPA yields
the exciton binding energy. Similar to the cubic structures, the binding energy is slightly
higher for the K-based crystal than for the Na-based crystal. For example, for K¢Sby the
first peak is shifted by about 110 meV in energy in both P1, and P1;, while the corre-
sponding shift for NagSby is only 90 meV. For the further peaks the difference in energy
due to excitonic effects is similar, about 140 meV for P2, and P2 and 190 meV for P3,
and P3j. In the case of NagSby, the inclusion of electron-hole effects also significantly

changes the oscillator strength, especially in the region between 2 and 3 eV.

As before, we turn to the excitonic weights to better understand the character of the
peaks. They are plotted in Fig. 15(c) and (d) for the hexagonal crystals. As visible in
the figure, the excitonic weights of the hexagonal crystals are extremely similar to that of
the cubic ones. The first two peaks (Fig. 15(c)) correspond to a direct transition between
VBM and CBm at I'. This describes again a transition from an Sb p-orbital to an alkali
s-orbital which is highly localized in k-space, delocalized in real space and can occur with
different energies due to the high dispersion of the parabolic CBm. This characterization
is independent of the polarization of the incoming light. The third peak (Fig. 15(d)),
on the other hand, corresponds to excitons that are broadly delocalized in k-space and

localized in real space.

After understanding the character of the optical spectra for the relatively simple materials
with 3:1 alakli:antimony ratio, we now turn to the crystals with the equal 1:1 ratio. Due to
the lower symmetry group of the monoclinic and orthorhombic structures analyzed here,
there are three distinct optical components corresponding to the on-diagonal elements
of the dielectric tensor. The monoclinic crystals show additional non-zero off-diagonal
components. As the independent elements are not targeted individually in practice, we
average over the on-diagonal elements in order to simplify the analysis. The averaged

optical spectra are then plotted in Fig. 16.
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Figure 16: Optical spectra of monoclinic (a) KgSbg and (b) NagSbs, as well as of or-
thorhombic (c) KgSbg and (d) NagSbg. Plotted are results calculated from the full BSE
(solid line) as well as in the IQPA (shaded area). In all cases, the plotted results are the av-
erage of all on-diagonal components of the macroscopic dielectric tensor and a Lorentzian
broadening of 100 meV is applied. A vertical bar marks the QP gap. Exemplary peaks
are indicated as A, B & C for further analysis and the very first excitation is labeled as
El.

Due to the large number of bands and the high density of states close to the gap, as
seen in the electronic structure, the optical spectra in Fig. 16 show a large number of
excitations close together in energy. This leads to spectra that are rather broad and have
peaks that are less clearly defined compared to the crystals with 3:1 ratio. For this reason,
we mark interesting peaks with letters in this plot, as they do not correspond to peak 1
- 3. However, the optical absorption onset is again at around 1 eV for all compounds,

corresponding to the similarly low band gap.

We now take a more detailed look at the individual spectra, starting with monoclinic
KgSbg in Fig. 16(a). At lower energies, there are two clearly distinct peaks, A at 1.33 eV
and C at 2.0 eV. Between them are many smaller excitations that are not individually
visible. One of them is marked as B at 1.82 eV. We also mark the lowest energy excitation
as E1, but it does not show any significant oscillator strength associated with it. This is
likely due to the fact that VBM and CBm have a similar character, stemming both from
Sb p-orbitals. Again, we compare the result from the BSE to that in the IQPA. As it
is difficult to clearly define individual peaks in these spectra, we cannot clearly quantify

the exciton binding energy as difference between the energy in the BSE and the IQPA
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here. However, we can see qualitatively that the major peaks A and C are significantly
redshifted by the inclusion of excitonic effects. They also appear sharper and more narrow

in the BSE spectrum compared to the results in the independent particle picture.

In this case we do see a major difference between the results for the K-based and Na-
based alkali antimonides. The spectrum of monoclinic NagSbg plotted in Fig. 16(b) barely
shows any individual peaks at all. Furthermore, the inclusion of excitonic effects leads
to a smaller shift in energy compared to KgSbg, amounting to only a few tens of meV.
The lowest-energy excitation E1 is again very weak and located at 0.98 eV. Features are
marked at 1.28 eV (A), 1.63 eV (B), and 2.31 eV (C).

For the orthorhombic crystals we find a picture similar to that of the monoclinic struc-
tures. The optical spectrum of orthorhombic KgSbg shown in Fig. 16(c) is characterized by
an initial peak A at 1.03 eV followed by numerous minor excitations and then the global
maximum C at 2.15 eV, as also seen for the monoclinic lattice with the same stoichiom-
etry. The intermediate feature B is marked at 1.44 eV. In this case the absorption onset
and lowest energy excitation E1 coincides with A. Again, there is a significant redshift of
the spectrum from including excitonic effects. Also qualitatively, the oscillator strength
gets redistributed by including electron-hole correlations compared to the independent

particle spectrum. This is particularly evident at peak C and its neighboring shoulder.

Contrary to monoclinic NagSbg, the spectrum of orthorhombic NagSbg in panel (d) shows
numerous distinct peaks, even though it remains overall rather broad. The first peak (A)
is located at 0.84 eV, close to the very first (dark) excitation E1 at 0.81 eV. Another
peak is centered at 1.63 eV (B) and we find the global maximum of the spectrum at 2.43
eV (C). Similar to monoclinic NagSbg, the difference between BSE and IQPA spectra
is rather small, with only minor qualitative differences and a small shift towards lower

energies.

Again, we plot the excitonic weights to better understand the character of the peaks.
Due to the large number of excitations in these spectra, we plot only a few exemplary

cases in Fig. 17.
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Figure 17: Excitonic weights projected on the band structure for exemplary excitons in
the peaks A (a), B (b), and C (c) of monoclinic KgSbhg, as well as in A (d), B (e), and C
(f) of orthorhombic KgSbs.

In the upper part of Fig. 17, we show exemplary excitonic weights associated with the
peaks A, B and C of the monoclinic crystals (panel (a) - (c)), while the plots in the lower
half are associated with the peaks A, B and C of the orthorhombic crystals (panel (d) -
(f)). The plots in the figure are for the KgSbhg compounds, but the qualitative picture is

similar for the NagShg crystals because of their similar electronic structure.

The electronic structure of these materials with its multitude of bands gives rise to a
similarly complex distribution of the excitonic weights. The first exciton shown in Fig. 17
(a) (peak A) is located close to the VBM and the CBm and already slightly spread out
in the Brillouin Zone. It is about 100 meV higher in energy than the direct VBM to
CBm transition, which would correspond to the very first excitation E1. The excitations
higher up in energy get progressively more spread out over the Brillouin Zone and include
multiple bands. In panel (b) there is an exciton with transitions from multiple occupied
bands targeting the lowest unoccupied band, while in panel (c¢) an exciton with transitions

from a total of four occupied bands to the lowest four unoccupied bands is shown.

The excitons plotted for the orthorhombic structures similarly get more complex for higher

energies. One major difference is that peak A with the excitonic weights shown in Fig. 17
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(d) originates from the direct VBM to CBm transition and is equivalent to the lowest
energy excitation E1. Peak B (Fig. 17 (e)) consists of transitions from the two highest
occupied bands to the two lowest unoccupied bands and is located close to but not exactly
at I' in the Brillouin Zone. Peak C (Fig. 17 (f)), on the other hand, is spread out through
most of the Brillouin Zone and has contributions from multiple occupied and unoccupied
bands.

In summary, in this chapter we have investigated the fundamental properties of eight
binary K-Sb and Na-Sb crystals with many-body perturbation theory, focusing on the
3:1 and 1:1 alkali:antimony ratio. From the QP band structures, we have understood the
electronic properties of these materials and in particular found direct band gaps between
0.8 and 1.3 eV for all crystals save monoclinic NagShg. Qualitatively, the electronic QP
structure is the same as the DFT band structure, with rather flat bands on the top of
the valence region and the characteristic parabolic shape of the bands at the bottom of
the conduction region. Band dispersion is slightly increased in the GoW, band structure,
which is particularly visible for the K-Sb crystals with their low dispersion in the DFT
band structure. Corresponding to the small band gaps, the calculated spectra show opti-
cal absorption onsets in the near infrared region, which is beneficial for the use with lasers
of corresponding low energy. The optical spectra are qualitatively similar for compounds
with the same stoichiometry but different crystal symmetry, which originates from the
similarity in the electronic structure. The character of the peaks in the optical spectra is
revealed by their excitonic weights which we can project on the band structure. An in-
teresting fact seen from this analysis is how similar transitions in the electronic structure,
e. g. the VBM to CBm transition for the cubic and hexagonal crystals, can give rise to
multiple distinct peaks at clearly different energies in the optical spectrum. An overall
trend we found is that excitonic effects have a significantly larger impact for the K-Sb
materials compared to the Na-Sb crystals. The redshift in energy is larger for the former,
exceeding a binding energy of 100 meV for the single excitons, and also the qualitative
differences between BSE and IQPA spectra are larger. This behavior can be rationalized
through the electronic structure. For the Na-Sb compounds with their strongly dispersive
bands especially in the upper valence region, the excitons tend to be more localized in
k-space compared to the K-Sb crystals. In real space, they are more delocalized, which
can also be related again to the lighter Na atoms. Therefore, they are rather loosely bond
and show limited excitonic effects and binding energies. For K-Sb on the other hand,
the flat valence bands lead to a higher delocalization in k-space while the electron-hole
pairs are closer together in real space. This leads to a tighter binding with higher exciton

binding energies and excitonic effects.
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5 Implementation of the Three-Step-Model from MBPT

In the previous two chapters, we have calculated and analyzed the fundamental prop-
erties of various alakli-antimonides, going beyond the intrinsic limitations of standard
DFT by including quasiparticle and excitonic effects via the GW approximation and the
Bethe-Salpeter equation. However, our calculations provide us only with the microscopic
properties of these materials. To efficiently advance the development of photocathodes
as electron sources, we need to make a connection to the macroscopic observables that
can be measured in the experiment for real-life photocathodes. To this end, we develop
and present a parameter-free scheme to use the results of many-body perturbation theory
in the framework of the three-step model for photoemission to predict the macroscopic

quantum efficiency of semiconducting materials.
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Figure 18: Schematic overview of the computational steps in our implementation of the
three-step model. Through colored blocks, we divide the scheme between DFT calcula-
tions of the ground-state properties (gray), MBPT runs (GoW,+BSE) to access excited
state properties (blue), and final post-processing to compute the photoemission yield
(green). A sketch of the three steps of photoemission is included as an inset.
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5.1 Model Creation

As previously discussed, the three-step model seeks to describe the photoemission pro-
cess through the three steps of Excitation (I), Scattering (II) and Emission (III). Our
implementation of this model is realized through a set of post-processing routines for the
results from DFT and many-body perturbation theory. A visualization of the sequence

of calculations is shown in Fig. 18.

The first part, placed in the gray box, is a series of DFT calculations to relax the initial
crystal structure and then run a final high-level DFT calculation to compute the ground-
state properties of the crystal. This corresponds to what was done in our high-throughput
study for a large number of crystals in Chap. 3. On top of these results, excited state
properties are calculated with GoW, and BSE. Relevant for our model are the optical
properties, which are the optical spectrum and the excitonic weights of the single peaks
in it. These steps, shown in the blue box, correspond to the calculations presented in
Chap. 4 for binary crystals. Finally, the green box is the post-processing part, which will
be developed and presented in this chapter. By calculating probabilities of successfully
‘passing’ every step of the photoemission process, we seek to obtain ultimately the pho-

toemissive yield / quantum efficiency.

We will illustrate this at the example of hexagonal K3Sb, which was discussed in the

previous chapter.

Step 1: Photoexcitation The first necessary quantity is the probability of photoexci-
ation, Prxcitation(w). It is defined as the probability that an incoming photon with energy
hw leads to an optical excitation in the crystal and creates an excited electron in the
conduction band. In other words, Pgxcitation(w) is the ratio between incoming photons
and excited electrons created in the crystal, irrespective of whether they are emitted or

not.

The imaginary part of the macroscopic dielectric function obtained from the BSE is known
(Eq. 24) as

%EM =

4Ax? I I
ta|? — 26
WFQEA] A ((w—EA)QjLF? (w+E,\)2+F2)’ (26)
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featuring excitations and deexcitations with the Lorentzian broadening I". F\ and t, are
energies and transition coefficients of the single excitons, and € is the volume of the unit
cell. The quantity ey, describes the probability of excitation and is therefore directly
proportional to the required Pgycitation- 1t iS possible to obtain a qualitatively accurate

result for Pgyeitation Dy directly using e, for it and normalizing the global maximum to 1.

How to quantitatively predict Pgycitation Without the need for normalization will be dis-

cussed later.

As we have seen in the previous chapter, Sey, is a tensor and can have multiple distinct
components. Similar to what was previously shown for the monoclinic and orthorhombic
crystals, we will average over the different on-diagonal components, as they will usually
not be individually targeted in the experiment. Off-diagonal contributions are assumed

to be negligible. With this, we mathematically define the excitation probability as

Jef (w)

max,, [Jey,t (w)]

(27)

PExcitation (Cd) ==

This quantity is shown for hexagonal K3Sb in Fig. 19.
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Figure 19: Optical absorption averaged over all on-diagonal components for hexagonal
K3Sb and normalized to 1 at the maximum in the shown energy range.
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In the plot in Fig. 19 there are multiple clearly defined peaks, with the first one be-
ing at around 0.7 eV. As seen in Chap. 4, the initial two peaks are made up of transition
from the VBM to the CBm, while excitations higher up in energy include further bands.
However, in this chapter we are interested in the absorption at higher energies, starting
from about 2.5 - 3.0 €V, as the excited electrons from excitations at lower energies will not
be able to overcome the work function and be emitted. Therefore, the most important
features we note here are the peaks at 3.1 and 3.7 eV, as well as the qualitative fact that

the optical absorption decreases for photon energies above 4.0 eV.

Step 2: Electron Transport and Scattering The second step of the three-step
model is the transport of the excited electrons to the surface, during which scattering
events can occur. However, as our model is created for semiconductors, electron-electron
scattering is negligible (contrary to metals). The relevant scattering mechanism that re-
mains is electron-phonon scattering, which leads to only small band renormalizations (&
100 meV) [115]. In order to focus on the effects that have a larger quantitative impact
and to keep computational costs manageable, we do not explicitly include scattering and
assume that all scattering events are fully elastic. With this approximation we expect
that our model overestimates the final QE, as we ignore possible electron loses during
transport. However, this effect is expected to be small, especially if the described photo-
cathodes are thin-films where the distance from the bulk to the surface remains on the

order of nanometers.

If a complete quantitative description of the transport process was to be wanted, this
could be accomplished via Monte-Carlo simulations [115, 116, 117] at significantly in-
creased cost and effort. Alternatively, available values from the literature for the mean
free path or the attenuation length can be used to estimate how significant or insignificant

scattering events are.

Step 3: Emission Probability The final step describes the electron overcoming the
surface and being emitted into the vacuum. The probability for this is Pgmission(w), Which
is the fraction of excited electrons leaving the photocathode. This quantity still carries a
dependence on the energy of the incoming photon hAw, as the needed information is the

likelihood that an excited electron created by a photon of this energy gets emitted.

In a simple approximation, ignoring complex effects like surface roughness and surface

defects, we can treat overcoming the surface as overcoming a potential barrier. If we
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assume a step function as idealized potential, the transmission probability is

44/E(E—Vy)
werETe r B2V

T(E) = (28)
0 for £ < Vj,

with E being the energy of the electron and Vj the vacuum potential. In this work, we
will match Vy to the experimental value available through the work function from the
measured data. This allows a direct comparison with the experimental spectra. For a

full ab initio appraoch, it is also possible to compute V; with a surface slab calculation [4].

To illustrate the character of the transmission function T'(E), we plot it for hexago-
nal K3Sb in Fig. 20. In this plot, the vacuum potential Vj = 2.9 eV is matched to the
experimental onset [31]. We can clearly see the steep onset at 1 and the asymptotic

increase towards a probability of 1 at higher energies.
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Figure 20: Probability of emission depending on the energy of an excited electron for a
potential step of 2.9 eV.

With the function T'(E), a description of the emission probability depending on the elec-
tron energy F is available. In the next step, it is necessary to connect this probability to
the photon energy hw. To this end, we define the energy distribution function Dy(E) of
the excited electron generated from the excitation with index A. It describes the prob-
ability of finding the electron generated by excitation number A\ at the energy E. This

information is taken from the excitonic weights resulting from the BSE. It can be extracted
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by summing over all the k-resolved electron weights which target unoccupied bands:

TLCBmax

DA(E)= > Y wii(E—c%). (29)

C=TNCBm E

This sum runs from the lowest conduction band to the highest band included in the
BSE. Practically, we use DFT energies shifted with a scissor operator that corresponds
to the QP-correction to the fundamental gap in our workflow. The computational imple-

mentation of the calculation of the energy distribution is outlined in the appendix, part B.

An exemplary distribution D,(F) is shown in Fig. 21. It belongs to an excitation at
3.6 eV in hexagonal K3Sb and shows that the energy of this exciton is spread out mainly

between 2.9 and 3.4 eV. We can see the discrete, d-function character of the distribution.
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Figure 21: Exemplary energy distribution of an excited electron at 3.6 eV.

As the energy distribution D,(E) for every possible excited electron with index A is now
available, the transmission probability T'(F) can be used to assign an absolute probability

of emission Py to every single excitation:

Emission

Emax
Pision = / T(E)D(E)dE. (30)

EcBm
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The integration boundaries in Eq. 30 correspond to the energy range associated with
the unoccupied bands included in the BSE.

To proceed from this quantity to the overall emission probability Pgmission(w) depend-
ing on w, it is necessary to determine the contribution of the A-th exciton to the full

optical spectrum.

If the full spectrum is given by S(w) = ey (w) as defined in Eq. 26, then the con-

tribution of a single excitation is given by

An? r? r?
S\w) = Trglt ((w “E)ZA2 (Wt By o r?) (31)

By definition S(w) = )", Sx(w). We now introduce py(w) as the probability of targeting
the excitation with index A if an optical excitation takes place at w. It is given by the
fraction of S(w) stemming from Sy (w):

Summing over all possible excitations weighted by their contribution to the full optical

spectrum then yields the overall emission probability:
PEmission (w) = ZPA (w)Pé\mission‘ <33)
A

This probability is the fraction of excited electrons that get emitted into the vacuum.
In other words, it is the probability that an emitted electron is created if a photon has

already been absorbed

Again, this quantity is plotted in Fig. 22 for the example of hexagonal K3Sb. This plot
shows, similar to the basic transmission probability for the potential barrier in Fig. 20, a
sharp onset at 2.9 eV and then a nearly monotonic increase which eventually slows down

for higher energies above 4.0 eV.



Page 71 of 113

1.0

0.8

0.6

PEmission

0.4

0.2

0.0 ' ‘ ‘ :
2.0 25 3.0 3.5 4.0 45

Photon Energy [eV]

Figure 22: Calculated final emission probability by photon energy for hexagonal K3Sb.

By putting together the ingredients collected so far, it is possible compute the final photoe-

missive yield (QE) as the convolution of excitation probability and emission probability:
PYield (UJ) = PExcitation (W) : PEmission (W) (34)

The final qualitative Pyiqq(w) in Eq. 34 is the optical spectrum from the BSE modulated
by the probability that an electron excited by a photon with wavelength w is in fact emit-
ted through the surface.

At this point we are still at a qualitative description of the spectral response, as we
have normalized Pgycitation t0 1 at its maximum. A quantitative method will be discussed
later. First, we will test whether we can qualitatively match the experimentally measured
QE with our model.
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5.2 Model Validation - Binary Crystals

We will start by benchmarking the results from our model against experimental photoe-
mission data for the binary alkali antimonides K3Sb and NagSb, both with a hexagonal
lattice. At this point we make only a qualitative comparison and align the maximum of
the predicted QE to that of the experiment. Results for these two crystals are shown in

Fig. 23 together with experimental data taken from Spicer’s original work from 1958 [31].
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Figure 23: Results for binary crystals with K3Sb and NagSb composition, matched against
experimental data from Spicer [31]. The absolute value of the predicted QE is aligned to
the experimental data at the value indicated by the dotted bar. A Lorentzian broadening
of 100 meV is applied to the theoretical results.
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We start with K3Sb in Fig. 23(a), which was already used to illustrate the development
of the model in the previous section. As seen before, this material has an optical spec-
trum with multiple distinct peaks, in particular at 3.1 and 3.6 eV. In this plot, we see
how the spectrum is modulated by the emission probability to generate the plot of the
spectral response. There is a very steep initial increase at the onset of 2.9 eV, followed
by a smoother increase up to the maximum QE of 0.07 aligned to the experimental data.
Interestingly, the QE decreases again for higher energies above 4.0 eV. This is a result
of the fact that the main peaks in the optical absorption spectrum are at lower energies.
Comparing our theoretical prediction with the experimental dataset, we see a remarkable
agreement. In particular the decrease at higher energies is captured extremely well. On
the other hand, there is a notable difference between our theory and the experiment at
the onset, where our prediction shows a much sharper increase than the experimental
measurement. This can be attributed mainly to the description of the emission barrier as
a step function. Another point influencing the onset is the fact that Spicer’s samples were
significantly influenced by impurities [31, 118], which leads to a strong smearing at and
below the photoemission threshold. This effect does not appear in our calculations for an
ideal bulk crystal. Still, the overall agreement for this example is quite good. An explicit
treatment of possible impurities and surface defects could likely improve the agreement

at the onset, but is not trivial to implement.

As second example we consider NagSb with the spectral response plotted in Fig. 23(b).
This material has a significantly lower peak QE of only 0.02 compared to K3Sb. For both
the experimental and the predicted data there is a similar monotonic increase from the
threshold around 3.6 €V to the global maximum at about 4.4 eV. Similar to the previous
example, the experimental QE at and below the onset is influenced by impurities [31, 118].
As no further features appear in the spectral response, the agreement between theory and
experiment is good but does not reveal much about the performance of the model in more

complicated cases.
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5.3 Model Validation - Ternary Crystals

After showing a good agreement between our model and Spicer’s measurements for K-Sb
and Na-Sb binary crystals, we will now turn to the ternary materials that are used nowa-
days in state-of-the-art photocathodes [12, 13, 28]. In this case we will use measurements
from Helmholtz-Zentrum Berlin (HZB) as benchmark.
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Figure 24: Results for ternary crystals with NagKSb and CsKsSb composition, matched
against experimental data from HZB [1]. The absolute value of the predicted QE is aligned
to the experimental data at the value indicated by the dotted bar. The theoretical results
are provided with a Lorentzian broadening of 100 meV (solid line) as well as with a double
broadening (2I") of 200 meV (dashed line).
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The theoretical prediction and experimental data for NasKSb and CsKsySb are shown in
Fig. 24. The spectral response of NayKSb in panel (a) starts at an onset of 2.0 eV. Above
this threshold the experimentally measured QE rises steadily towards a maximum of more
than 16% at 3.2 eV. There are very minor changes in the slope of the measured curve
around 2.5 eV and 3.0 eV which hint at underlying effects that are not fully resolved in
the experimental setup. The QE predicted from our model shows the same general trend
but provides multiple smaller peaks and features not seen in the experiment. These peaks
stem directly from the optical spectrum, while the calculated emission probability is con-
stantly high for most energies in the visible spectrum due to the low vacuum potential of
this material. While the experimental curve is much smoother, this is to be expected due
to the resolution of the measurement, which cannot resolve all minor peaks. In order to
make a more direct comparison, we provide an additional plot of the theoretical spectral
response with twice the ’standard’ broadening to better account for experimental effects
like the band width of the light source. With this additional broadening, all spectral
features are assimilated into a single monotonically increasing peak, matching well the
character of the experimental measurement. We do notice, however, that the features
are shifted by around 100 meV between measured and predicted spectral response. This
shift appears to be systematic over all energies. A possible reason for this is the numeric
inaccuracy of the GW / BSE calculations which is also on the order of 100 meV. Other
explanations are effects in the experiment itself that are not captured by our calculation
such as defects and polycrystallinity, or possibly the temperature of the sample. Apart
from the shift in energy, we are in good agreement with the experiment. This example
also demonstrates a major benefit of our theoretical work, as we can use the additional
information contained in the better resolved theoretical curve as a way to understand the

physical picture behind the spectral response.

As final example for the qualitative validation of the model in Fig. 24(b), we plot the
spectral response of CsKySb, one of the most popular multi-alkali antimonides used to-
day [12, 13, 23|. This material possesses a very large experimentally measured QE of more
than 30% at its maximum. In this case, clear features appear also in the experimental
measurement. There is a significant change in slope between 2.4 and 2.5 eV where the
increase in QE almost plateaus and we find that the global maximum at 3.2 eV is followed
by a sudden strong drop in QE afterwards. The same features appear in the theoretical
prediction. There also is a plateau after the initial increase, which is at almost the same
energy range, shifted only by a few tens of meV. Afterwards, we find a minimum at 2.6 eV
which is not resolved in the experiment and then the global maximum at 2.9 eV. Again,

we see a drop in QE when going to photon energies beyond that maximum. Notably, in



Page 76 of 113

this case also the plot with the increased broadening retains clear features like the plateau
around 2.5 eV, corresponding to the slope of the experimental spectral response. With
this, we can conclude that there is an excellent agreement between model and experiment
for this crystal, with the only major difference being an energy shift for the absolute max-
imum between both datasets. This can again be attributed to the lower accuracy of the
BSE at higher energies as there may be an influence of states higher up in the conduction
band that are not included in the solution of the BSE. Because of this, the predictive
accuracy is better in the energy region closer to the onset. Finally, the origin of the peaks
in the spectral response can be traced back to the optical spectrum from the BSE where
two peaks appear at 2.4 eV and 2.9 eV [119].

5.4 Quantitative Predictions for Cs3Sb

In the previous section we have shown that our model can deliver results which are qual-
itatively in agreement with the experiment. This is an excellent first step as it shows
the validity of the model and allows us to better resolve and understand the different
features in the spectral response. As the next step, we will expand our approach to cover
quantitative predictions of the QE. This is important in order to also make predictions

for materials where there is no clear experimental reference.

For this we consider the spectral response of cubic Cs3Sb, which is, and has been for several

decades, one of the most popular alkali antimonides used in photocathodes [12, 13, 120].

The scheme to make a full quantitative prediction is straightforward, as it is merely
necessary to replace the non-quantitative Pgycitation that was normalized to 1 with a quan-
titatively accurate PEXCitation. To this end, we consider the electric field E and the magnetic
field H in a film of finite thickness. They are described by Maxwell’s equations [121]. In

momentum space, the two relevant equations take the form

kKx (kx B+ %e(w)ﬁ ~0 (35)
and
H=—FkxE. (36)



Page 77 of 113

The dielectric tensor €(w) is available from the result of the BSE. We now consider an
electric field that propagates in z-direction with the wavevector k, with fixed components
k, and k,. Eq. 35 represents an eigenvalue problem for the electric field, which has non-
trivial solutions if its determinant is zero. The double cross product in Eq. 35 leads to a
4th degree polynominal (in k,) in the determinant, therefore there are four possible roots
k, that fullfill this condition. We can now formulate the electric field as a sum of four

terms:
4

E _ Z Aaﬁ06k$$+kyy+kz’02_wt. (37)

o=1
The four terms can be understood as two polarization of the electric field for two direc-
tions of motion. Each is connected with an amplitude A, and a polarization vector p,. As
€(w) is known, it is possible to calculate the polarizations p, as eigenvectors from Eq. 35.
Eq. 36 then yields the magnetic field, which will also have four magnetic polarizations
J»- Finally, the amplitude of the fields in the material can be connected to the initial
amplitude of the incoming field through the boundary conditions for the x and y com-
ponents of E and H at the interface between vacuum and material. This approach can
be expanded to multiple layers with different dielectric functions if needed. In that case,

boundary conditions are applied at every interface between layers.

With the outlined approach, we can obtain a full quantitative description of the elec-
tric and magnetic fields in a finite film of any thickness. For a macroscopic description,
we now wish to extract the Fresnel coefficients of the system. For this purpose, we can

calculate the time-averaged Poynting vector as

- 1 .
<SO'> = §|pa X QJ|- (38)
After summing over o, this leads to the transmittance, which is defined as

S_fsubstrate
T = M (39)

<‘Svacuum’>
Furthermore, we can also calculate the reflectance. As mentioned, the different compo-
nents for o = {1,..,4} correspond to waves with two different directions. If ¢ = {1,3}
correspond to fields propagating forwards into the substrate and o = {2,4} correspond

to fields propagating backwards, then the reflectance can be calculated as

R = |A\21acuum|2 + |Azacuum|2’ (40)
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assuming amplitudes that are normalized to a total of one.

A computational implementation of this framework was originally created by C. Vor-
werk as the Python package LayerOptics [122]. In addition to the thickness of the film,
the package allows us to specify the angle of incidence of the beam as well as the polaiza-
tion of the light. It also allows us to rotate the dielectric tensor to match a specific surface
orientations. In earlier works, the code was used to calculate changes in the absorbance
for different crystal planes [123] as well as for different polarizations of the incoming
light [124]. In this work, on the other hand, we are more interested in the absolute quan-
titative values for the absorption. For this purpose, LayerOptics was updated to support

the newest version of Python 3 and subsequently used to compute the Fresnel coefficients.

With the now accessible Fresnel coefficients, we define the new quantitative excitation

probability as

]SExcitation<w) =1- (R(w> + T(Cd)), (41)

with the calculated reflectance and transmittance R(w) and T'(w), respectively.

From this we derive the quantitative QE as
pYield<w) = pExcitation(w) : PEmission(w)- (42)

Going back to the concrete example of Cs3Sb, we calculate PYield(w) here for a film of
9 nm thickness, corresponding to a real ultra-thin sample grown at Cornell [30]. We
assume a beam with normal incidence for this calculation. The resulting quantitative
spectral response is plotted in Fig. 25 together with the qualitative prediction without
LayerOptics for comparison. Additionally, a total of four experimental datasets are

provided as benchmark.
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Figure 25: Results for cubic Cs3Sb, compared against experimental data from Spicer [31]
as well as measurements performed at HZB [125], Cornell University [30] and ASU [35].
The absolute value of the QE predicted with the non-quantitative model (Th. w. Im €y/)
is aligned to the experimental data at the value indicated by the dotted bar and includes
a Lorentzian broadening of 100 meV. A quantitative prediction for a 9 nm-thick thin film
calculated with LayerOptics is provided without manual alignment of the QE (Th. w.
LayerOptics).

For the presented experimental datasets we show data for samples ranging from the orig-
inal measurements by Spicer [31] to more recent results from Arizona State University
(ASU) [35], Cornell University [30] and HZB [125]. All the experimental datasets show
an overall similar behavior, but have differences in the details. Common to all samples
is a rather smooth onset around 2.0 eV, followed by a monotonic increase in QE. The
measurement from ASU terminates at 2.5 eV, while the other datasets show a similar
increase up to 2.7 eV. The sample from Cornell is characterized by a slightly steeper
increase after 2.3 eV, reaching a maximum QE of 13% at around 3.0 e¢V. The QE of the
samples from HZB and Spicer show a slower increase but reach higher global maxima of
17% at 2.95 eV and 14% at 3.5 eV, respectively. The differences between the experimental
samples can be related to different growth methods. The traditional co-deposited films
usually feature a ’knee’ around 2.1 eV followed by a defect-driven tail [126]. Modern

methods allow quasi-epitaxial (ultra-thin) films, which in the given datatsets are grown
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on SrTiO; (ASU) [35] or via deposition-recrystallization (HZB) [125]. The are closer to

ideal crystals and are characterized by a more gradual increase of the QE.

Comparing to these measurements the two theoretically predicted curves from our model,
we find again a significantly sharper onset than in the experiment. This has been seen
also for the previous examples and is mainly a result of neglecting the surface roughness,
as surface effects lead to very significant spatial variations in the work function of up to
0.4 eV [120]. A main difference between both theoretical plots is the absolute value of
the QE. The qualitative prediction without LayerOptics was aligned to the experimental
values between 2.5 and 2.7 eV, because the experimental datasets are close together in
that energy region. However, this choice is somewhat arbitrary. We can see that with
this alignment it overestimates the QE at lower energies (< 2.4 eV), while significantly
underestimating it at higher energies (> 2.7 V). The disagreement at higher energies can

again be assumed to be due to a low number of bands being included in the BSE.

The spectral response calculated with LayerOptics for the 9 nm film is overall higher,
reaching a maximum of about 14%. Interestingly, there is also a qualitative change com-
pared to the prediction based solely on the macroscopic dielectric function. While the
initial part of the curve shows a similar slope, we no longer find a large decrease of the QE
at higher energies after the treatment with LayerOptics. This significantly improves the
agreement with all experimental results. While our model still overestimates the QE in
the initial 2.2-2.7 eV energy range, the slope of the predicted QE follows that of the mea-
surement at Cornell closely. At higher energies the predicted profile is very close to that
measured by Spicer and also the absolute value of the QE from our model is very close to
that measured in the various experiments. This improvement provided by a macroscopic
treatment in the framework of the Fresnel equations shows that it is indeed important to
include macroscopic effect like interference and polarization-dependent reflectance within
the thin film.

With this final step in the development of our model, we have fulfilled our goal of bridging
the gap between the results from ab initio theory on a microscopic level and the macro-
scopic results from real samples in the experiment. With this, we can go beyond the
qualitative analysis of optical spectra done before and make quantitative predictions for
the QE fully from ab initio theory.
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5.5 Further Quantitative Predictions

After creating our photoemission model and validating it against experimental data, we

will now take a look at further quantitative effects that we can calculate.

Sticking to Cs3Sb for now, two quantities that are readily available are the reflectance and
transmittance calculated in the framework of Fresnel optics. They are plotted in Fig. 26

for the same 9 nm film that was analyzed before.
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Figure 26: Reflectance and transmittance calculated through LayerOptics in the frame-
work of Fresnel optics for a 9 nm film of cubic Cs3Sb

As seen in Fig. 26, the sum of both coefficients is 1 at low energies where no absorption
takes place. In the optically active region, the 'missing’ percentage is the absorption co-
efficient as defined in Eq. 41. The transmittance starts at almost 70 % and decreases to
roughly 50 %. This decrease is not monotonous, its slope reflects the peaks in the optical
absorption. Similarly, we see an analogous increase of the reflectance from 30 % to around
40 %.

While in the analysis done in the last chapter we focused on the final absorption only,

the individual coefficients for reflection and transmission become relevant when describing
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heterostructures and interfaces. Light that is transmitted through a photocathode onto
a reflective substrate can be reflected back into the cathode and get a second change for
absorption. This behavior can be further enhanced through additional layers. For exam-
ple, it has been shown that the QE of CsKySb, which was already analyzed above, can
be significantly increased by depositing it on a single-atomic boron nitride layer, which
in turn is on an optically reflective substrate [127]. Untangling the optical absorption
into the change in the single Fresnel coefficients is an important piece in the puzzle to

understand these complex systems.

Another aspect that is important for the comparison with experimental samples is the
effect of changes in the thickness of the film. As calculating the QE for samples of finite
thickness is merely a post-processing routine in our model, we can compute the spectral
response for films of varying thickness with negligible computational cost. Four examples,
ranging from 6 to 15 nm and including the previously shown 9 nm film, are presented
in Fig. 27. Experimentally grown Cs3Sb ultra-thin films are on the same order of thick-

ness, often ranging from 10 to 13 nm [30, 128] after the growth process and lower during it.

Cubic Cs,Sb
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Figure 27: Spectral response calculated for films of varying thickness for cubic Cs3Sb
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As expected, all curves shown in Fig. 27 feature the same slope and differ merely in
the absolute values of the quantum efficiency. The peak QE for the 15 nm film is around
20 %, which is twice as large as the maximum QE for the simulated 6 nm film. The
examples for 9 and 12 nm are in between, with detailed values for the initial maximum
at 2.9 eV reported in Table 2.

Table 2: QE at the initial maximum at 2.9 eV for slabs of different thickness.

Thickness [nm]  QEpax [

6 10.33
9 13.84
12 16.89
15 19.74

As seen from Table 2, the increase in QE is not completely linear, as the QE gained
per additional nm is slightly reduced for larger thicknesses. Nevertheless, the calculated
values are quite large and in particular also larger that the differences observed between
ultra-thin samples of different thickness in the experiment, where the QE barely increases
during the growth from 4 nm to 10 nm [30]. This discrepancy can be attributed to the
fact that we are not explicitly treating losses due to scattering, which would serve as
an additional dampening factor that grows larger for films of high thickness. Therefore,
the direct comparison between samples of different thickness offers an incomplete picture
in the current model and it is important to be aware that the predicted QE serves as
an upper limit. For larger films beyond the ultra-thin limit transport can become more
relevant, and in that case it may be necessary to return to the qualitative approach used
in the initial model validation. In that approach, the effects of scattering are included in
the alignment of the maxima between prediction and experiment, as long as the effects of

transport can be assumed to be approximately the same for all photon energies.

The large QE predicted without transport motivates a more quantitative estimate on
the effects of scattering. While an explicit Monte Carlo treatment goes beyond the cur-
rent scope of our work, the attenuation length L, of Cs3Sb has been determined to be
around 26 nm for low energy electrons in the literature [129]. Tt describes the exponential

~#/La for an amount of electrons traveling a distance z through the crystal.

decay x e
For a basic estimate independent of the wavelength of the beam we now assume that the
excited electrons are spread equally throughout the film with thickness zy. Under this

condition we can determine the percentage of electrons that are successfully transported
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to the surface with Eq. 43:

| L L
PTransport - / —eiZ/Ladz - __aei’ZO/La + _a. (43)
0

20 20 20
The probability calculated with Eq. 43 is a lower boundary as more electrons are excited
closer to the surface. However, a more exact description with the optical absorption length

would depend on the energy of the incoming photons.

We now calculate the estimated transport probability for the slabs with the different
thicknesses from Fig. 27. Analogous to Table 2, the transport adjusted QE of the first

maximum is reported in Table 3.

Table 3: Transport probability and adjusted QE at the initial maximum at 2.9 eV for
slabs of different thickness.

Thickness [nm]  Pryansport [%] QB 52P [%]

max1
6 89.3 9.22
9 84.5 11.70
12 80.1 13.53
15 76.0 15.00

As seen from the calculated values, the estimated losses during transport grow quickly
with increasing film thickness. For the originally considered 9 nm film, the calculated
upper limit of scattering losses is 15.5%, while it already exceeds 20% for films above

12 nm, which in turn leads to a depression of the QE.

We will now make a quantitative comparison with experimentally measured ultra-thin
Cs3Sb photocathodes grown on different substrates. Measured values taken from [128]
are listed in Table 4. The measurements were performed at 450 nm (~ 2.8 eV), slightly

below the predicted first theoretical maximum from Table 2 and 3.
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Table 4: Measured QE at a wavelength of 450 nm for Cs3Sb photocathodes with different
thickness and substrate. Values taken from [128], Fig.5(b).

Substrate ~ Thickness [nm] QE [%)]

SisN, 3.8 2.8
Si;N, 5.6 5.3
Si;N, 11.4 5.7
Gr/4H-SiC 2.4 2.4
Gr/4H-SiC 3.8 2.4
Gr/4H-SiC 47 45
Gr/4H-SiC 6.6 6.0
Gr/4H-SiC 9.5 11.0
Gr/4H-SiC 10.1 6.8
Gr/4H-SiC 11.9 6.8
3C-SiC 2.0 0.2
3C-SiC 46 2.0
3C-SiC 9.8 8.4
3C-SiC 10.2 4.6
3C-SiC 12.7 5.4
3C-SiC 13.6 3.8
3C-SiC 14.0 8.4

The experimental data in Table 4 shows a very high variance, making it difficult to
identify clear trends. The sample with the highest yield is the measured 9.5 nm film on
Gr/4H-SiC. Tt shows a QE of 11.0 %, which is in excellent agreement with the predicted
11.7 % for the 9 nm film, see Table 3. However, the other experimental data points are
below the theoretical prediction. While a larger thickness tends to lead to a higher QE in
the experiment, there are also outliers with significantly lower yield, e.g. the 13.6 nm film
on 3C-SiC. This underlines the importance of growing high quality samples and suggests
that the high QE predicted from our model can be reached in a best case scenario, but

this condition is difficult to archive and reproduce.
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Finally, we will consider the quantitative differences between the multiple distinct compo-
nents that appear for non-cubic crystals, as already anticipated in Chap. 4. In particular,
we have already shown the distinct in-plane and out-of-plane optical components for
hexagonal K3Sb and NagSb in Fig. 14. For the initial results shown in Fig. 23, this was
addressed by averaging over all on-diagonal components. While this approach is reason-
able for the comparison with experimental samples, we can also untangle the individual

components on the level of the macroscopic QE.

Experimentally, the targeting of individual optical components corresponds to using po-
larized light for illuminating the photocathode. Detailed experimental studies on the
influence of the polarization on the spectral response remain rare, which is likely due
to the fact that clean single-crystalline samples are required and the expectation that
other effects have a larger impact on the absolute value of the QE. We hope that the
availability of theoretical predictions from our model, as presented below, will also boost
the experimental research in this direction and support a more detailed understanding of
the spectral response for non-cubic crystals. One practical example for the importance
of the polarization is the use of photocathodes as Cherenkov detectors. Cherenkov light
is always polarized and extremely faint, which means that the correct calibration of the
detectors is very delicate and requires a good understanding of the effects of polarization
on the cathode [130, 131].

One study on the effects of different polarizations that is available in the literature was
performed by K. Matsuoka [132] for NaKCsSb photocathodes. In it, the spectral response
was measured for light with parallel and perpendicular polarization at different angles of
incidence. While the absolute QE of the samples in this work remains below 1 %, signif-
icant differences between the two directions of polarization were found, see [132] Fig. 6
and 7. This motivates a further study of the physical effects that take place. While in the
experimental measurement the largest differences appeared for an angle of incidence close
to 45 %, we will remain at an incidence normal to the surface in order to first understand

the most basic case and leave a possible expansion to all angles to a follow-up work.
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In this chapter we consider only hexagonal crystals. For these compounds the two indi-
vidual components can be targeted by varying the polarization of the incoming light as
illustrated in Fig. 28.

Figure 28: Coordinate system for a sample with a finite thickness in z-direction and a
surface in x,y-direction. Light propagates along the z-axis and has a polarization angle ¢.

The hexagonal crystal is rotated in such a way that there are distinct components in
both x and y-direction. The incoming beam remains normal to the surface and has a
polarization 0. At § = 0° we target the y-component, at 6 = 90° the x-component, and a

mixture of both for everything in between.

The resulting predicted spectral response for light of varying polarization is shown in
Fig. 29 for both hexagonal K3Sb and NagSb. We show results for polarizations of 0°, 90°,

and 45° as an intermediate step.
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Figure 29: Individual components of the spectral response targeted by varying the polar-
ization of the incoming light, for 9 nm thick films of hexagonal K3Sb (a) and NagSb (b).

In Fig. 29 (a), we see that there is indeed a significant difference between the two distinct
components of hexagonal K3Sb. The QE at a polarization of 90° is consistently higher
than at a polarization of 0°, with a maximum difference of around 2 % in the region
between 3.6 and 4.4 eV. This corresponds to the optical spectrum which was shown in

Fig. 14(c). Also there we found that the oscillator strength of the parallel component,
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which is targeted with a polarization of 90°, is consistently higher than that of the per-
pendicular component for energies above 3.2 eV. The perpendicular component leads to
more absorption at lower energies close to the optical absorption onset, but this is not
visible in Fig. 29 because the low energy peaks do not lead to emission. The exact reason
for the higher absorption of the parallel component is difficult to pinpoint due to the
large number of individual transitions that are contributing. In Fig. 14(c), it is visible
that this difference exists also in the IQPA spectrum and is therefore not a product of
excitonic effects but rather the fundamental electronic structure. From the PDOS of the
material [2](SM) it is known that the top of the valence region as well as the conduction
region are dominated by p- and d-states of K as well as p-states of Sb. Contrary to s-
states, these orbitals do not posses a spherical symmetry. Therefore, it is unsurprising that

transitions between them are strongly influenced by the polarization of the incoming light.

For hexagonal NasSh, on the other hand, we observe only minor differences in the slope
between the different polarization at around 4.0 eV. This originates from the fact that
the different optical components plotted in Fig. 14(d) are very close together between 4.2
and 5.0 eV. Relating this observation again to the PDOS of the crystal [2], we can assess
that s-orbitals are more prevalent in the density of states compared to hexagonal K3Sb,
leading to a lower difference between optical components. The major difference between

components at lower energies in Fig. 14(d) is instead a result of excitonic effects.

In order to expand on the analysis of the different optical components for hexagonal
crystals, we will take a look at further examples. For this, we turn to the Na-K-Sb com-
pounds with chemical formula (NaK);Sb. Among these, cubic NagKSb was already shown
on a qualitative level in Fig. 24(a). In this case, we are mainly interested in the possible
hexagonal crystals NasKSb and NaK,Sb, whose basic electronic and optical properties
have been analyzed in earlier works [5, 133]. In the same procedure as for K3Sb and
NagSbh, we use the polarization of the incoming light to switch between the two distinct
optical components. The resulting spectral response is shown in Fig. 30 together with the
results for the related cubic crystals. In the plotted results we assume a workfunction of
2.0 eV for all materials, which is the experimental value that was used for cubic NasKSh

in the earlier analysis.
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Figure 30: Individual components of the spectral response targeted by varying the polar-
ization of the incoming light, for 9 nm thick films of hexagonal NaK,Sb (a) and NasKSb
(¢). The calculated spectral response of 9 nm thick films of cubic NaKySb (b) and Na,KSb
(d) is shown as reference.

The spectra for the hexagonal crystals show interesting changes depending on the polar-
ization. For hexagonal NaK,Sb in Fig. 30(a), we again find the case that one component
(at 90° polarization) yields a higher QE over most of the plotted energy region. However,
the difference is not very large here, it remains well below 2 % for most photon energies.
The spectral response of hexagonal NasKSh, on the other hand, shows a different behav-
ior, as seen in panel (c) of the figure. Here, using light with a 0° polarization leads to a
QE that is higher at energies close to the onset compared to light with a 90° polarization.
However, around 2.7 eV the curves switch their order. Above this energy, the 90° polar-
ization provides a higher QE. The difference between the two optical components reaches

again around 2 %.
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Considering briefly the spectra of the cubic crystals, starting with cubic NaKySb plotted
in Fig. 30(b), we find clear distinct features. After the initial increase at the onset, the
QE plateaus between 2.1 and 2.3 eV. Afterwards, there is a significant peak at around
2.5 eV followed by a major decrease. The QE reaches a local minimum at slightly above
2.8 eV and increases again for higher energies. The result in Fig. 30(d) is strongly related
to the qualitative spectral response of the same compound shown in Fig. 24(a). Similar
to the case of Cs3Sb, it is visible here that the calculation of the macroscopic QE through
LayerOptics leads to a higher QE at larger photon energies compared to the spectrum

based solely on the macroscopic dielectric function.

Among the four phases shown in Fig. 30, cubic NagKSb is the only one for which clean
experimental samples without significant contributions from other phases are currently
available, as shown with one example during the model validation. It is also the com-
pound with the highest predicted peak QE, reaching almost 20 %. However, the high
QE of cubic NayKSb appears only for photon energies above 2.5 eV, below these values
the yield remains at less than 7 %. For practical applications, it can be beneficial to
operate closely to the photoemission threshold in order to keep the excess energy and
MTE of the emitted electrons low. In this case, hexagonal NasKSb may be superior to
the cubic phase, as it offers a higher QE in the region between 2.3 and 2.5 eV. If such a
hexagonal and single-crystalline phase of NayKSb can be grown, it should be irradiated
with polarized light as this can boost the QE by more than 1 % compared to unpolarized

light, according to our prediction.

The two NaK,Sb phases are constrained to a comparably low QE, especially hexagonal
NaKsSb remains at a maximum QE of 6 % for photon energies below 3 eV. Therefore, it is

generally advisable to focus on a 2:1 Na:K ratio when growing (NaK)3;Sb photocathodes.
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6 Conclusions and Outlook

In this work, we set out to create an implementation of the three-step model of photoemis-
sion based on the results of many-body perturbation theory. This is of major importance
in connecting theoretical results on the microscopic level with the macroscopic quantities

measured in the experiment.

While previous models based on density functional theory already exist, our approach
goes beyond the single-particle picture of previous works. Our methodology, as reviewed
in Chap. 2, is based on the GW approximation as well as the Bethe-Salpeter equation and
allows us to directly include quasiparticle and excitonic effects. This approach allows us
to integrate electron-electron as well as electron-hole correlations in a many-body picture

into the calculation of the quantum efficiency.

In preparation for the creation of our model, computational data was collected for a
multitude of alkali antimonides. As starting point, we reported the results of a high-
throughput study based on DFT for K-Sb and Na-Sb crystals. Starting from an initial
structure pool drawn from established databases, we first calculated the energetic prop-
erties of these compounds. With this we could generate a convex hull of stable crystals
and establish, as a first step, which crystal structures are stable at different K-Sb and
Na-Sb stoichiometries. For stable crystals, the electronic structure was calculated in order
to understand their fundamental properties. The high-throughput workflow used in this
chapter is a powerful tool to screen a large number of complex materials without having to
calculate any compound individually. This is especially important when comparing with
experimental samples that are not perfect single crystals, as a large amount of different
polycrystalline structures can form, including possible intermediate or metastable phases.
Our study offers an extensive overview on the properties of the possible phases, going

beyond the basic properties previously available in databases.

Complementing the high-throughput screening, we launched a deeper investigation into
the properties of eight binary K-Sb and Na-Sb crystals with 3:1 and 1:1 alkali:antimony
ratio and diverse lattice symmetries. For this part, we employed many-body perturba-
tion theory in order to calculate QP-gaps and optical spectra. We found low band gaps
close to 1 eV and a near-infrared absorption onset for all materials. By analyzing the
excitons making up the main peaks in the spectrum, we could obtain further information
about their character and distribution in k-space. This study provided us with valuable
insights into the fundamental optical properties of the considered materials at a high level

of theory, again going far beyond the information previously available in the literature
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especially for the crystals with a 1:1 stoichiometry.

After laying the groundwork by calculating sufficient results for the considered alkali
antimonides, we then proceeded to the photoemission model itself. The initial photoex-
citation is directly covered qualitatively by the results of the BSE. To determine the
probability of emission through the surface, a computational scheme was implemented to
extract the energy distribution of the photoexcited electrons. Overcoming the surface is
then approximated as overcoming a potential step. Scattering events during transport
are not treated explicitly in our model in order to focus on the effects that have a larger

quantitative impact.

To validate our model, we compared our results against experimental data for multi-
ple binary and ternary alkali antimonides and found an overall excellent agreement. The
predicted spectral response generally resolves more individual features than found in the
experiment, which is very good and allows us to better understand the origin of the mea-

sured data.

Through the Maxwell equations, we managed to connect the dielectric function with the
Fresnel coefficients of a finite layer. For the numerical post-processing an updated version
of the tool LayerOptics was used, leading ultimately to a quantitative prediction of the
quantum efficiency. As seen for the example of Cs3Sh, the predicted values are indeed
very close to experimental measurements. This shows that the framework of many-body
perturbation theory together with classical Fresnel optics is indeed suited to describe the
photoemission process. In particular, it includes many-body features like the electronic
self-energy (electron-electron interactions) as well as excitonic effects (electron-hole in-
teractions) that are intrinsic to the photoemission process and could not be captured by
previous approaches based solely on density functional theory. Among the more advanced
features we can predict with our model, we have seen how we can target the distinct in-

dividual components of non-cubic crystals.

Overall, we have fulfilled our goal of creating a many-body extension of the three-step
model for semiconductors. The suggested scheme allows us to bridge the gap between the
microscopic description of electronic and optical properties from theory and the macro-
scopic spectral response from experimental samples. With this, the presented work repre-
sents a significant milestone in the theoretical description of semiconducting photocathode
materials. On the one hand, our model allows us to understand the physical effects that
give rise to the measured experimental peaks in a many-body framework, offering a more

accurate description than previous models with their single-particle approach. On the
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other hand, the possibility of quantitative predictions opens the road for a future ab ini-
tio screening of possible photocathode materials in order to determine which compounds
would be candidates for further studies. In this regard, one major benefit of our model is
the fact that it can offer accurate quantitative predictions without the need for empirical

inputs such as experimental band gaps.

Looking at the experimental side, the better understanding of the spectral characteris-
tics of photoemission in alkali antimonide materials allows us to work towards improving
the design and optimization of the next generation of electron sources. The caveat is,
of course, that the connection between theory and experiment is only straightforward
for perfect single crystals. Thus, also refinements of the experimental growth of (quasi-

)epitaxial samples are needed.
When considering a future follow-up work, there are multiple possible avenues.

On the one hand, the model itself can still be expanded. In particular, the effects of
scattering need to be further quantified. We have seen with the calculated spectral re-
sponse of CszSb for films of different thickness that we tend to slightly overestimate the
quantum efficiency, especially its increase with growing thickness. Here, including losses
due to scattering would certainly improve the agreement with experimental measurements.
If we wish to simulate larger samples beyond the ultra-thin limit, transport also becomes
more relevant. This point could be addressed through incorporating results from Monte-
Carlo simulations in a future installment of the model. Another necessary aspect is the

calculation of phonon properties, which is also possible from first principles [134, 135, 136].

Another relevant and non-trivial point is the emission through the surface. The de-
scription used here with a potential barrier is clearly a major simplification. While it
provides reasonable results, the potential of real surfaces is much more complicated. In
particular, experimental samples usually also show a certain surface roughness combined
with possible defects or pollutants. While the explicit modeling of surfaces is not an
issue, the combination of all possible effects is not straightforward at all. However, this
point could be addressed with a high-throughput study of possible surface configurations,

similar to an existing work on the surfaces facets of cesium telluride [137].

On the other hand, there are also additional possibilities to use the model we designed.
In addition to the photocathode crystals themselves, we can proceed to explicitly model
heterostructures, combining cathode, substrate and possible residual layers. This allows

us to get even closer to the experiment, where some of the most promising samples utilize
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a combination of different layers.

Summing up, there are still many effects left to explore, but the creation and verification
of the model presented in this work is a major advancement in this field of research. It
opens the road for a further close collaboration between theory and experiment in order

to design the next-generation of advanced electron sources.
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Appendix

A - Computational Parameters

For plotting crystal structures, the visualization software VESTA [138] was used.

Band structure and PDOS plots in Chap. 3 were created through the workflow in aim?dat,
which uses matplotlib and plotly for visualization. All other plots were created with
MATLAB.

The k-meshes for the DFT and MBPT calculations are reported in Table 5.

Table 5: Meshes for the DFT and MBPT calculations.

Stoichiometry Symmetry DFT GoWy BSE

K3Sb / NagSb cubic 10x10x10 6x6x6 8x8x8
K3Sb / NagSb hexagonal 8 x 8 x 4 4x4x2 8x8x4
KSb / NaSb orthorhombic 8 x 8 x 4 4x4x2 6x6x3
KSb / NaSb monoclinic 8 x 8 x4 4x4x2 6x6x3
Cs3Sb cubic 10x10x 10 4x4x4 8x8x8
CsK3Shb cubic 10x10x 10 4x4x4 8x8x8
NaK,Sb / NayKSb  cubic 10x10x10 4x4x4 8x8x8
NaK,Sb / NayKSbh  hexagonal 10x10x10 4x4x2 8x8x4

B - Computational Calculation of the Energy Distribution

The energy distribution of the excited electron is calculated through a series of post-
processing scripts created for the output files of exciting neon. First, the energy eigen-
values on the mesh of the BSE calculation are extracted from the EIGVAL_SCR.OUT file.
This yields a vector of size n.y X ng, with the total number of bands included in the
calculation n,; and the total number of k-points njg. Since only the unoccupied states
participating in the BSE are required, all occupied states are discarded and a final vector

Enoce of the energy eigenvalues is formed.

The following transformations are applied to Fyunocc:
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1. The energies are shifted to set the VBM to zero: Funoce = Funoce — FvBM-
2. Energies are converted from Hartree to eV (1 Ha = 27.211386 V).

3. A scissor shift is applied to account for the difference between the QP and DFT
gaps: Eunocc = Eunocc + Escissor» with Escissor = EQP—gap - EDFT—gap-

Next, excitonic weights are read from the files

WEIGHTS BSE-singlet-TDA-BAR_SCRfull QMTO001_LAMBDAxxxxxx.0UT. These files provide
the contribution of each transition to a specific excitonic state with index A. Again, the
occupied band indices are discared and we construct a weight vector wynoec, which is of
the same size as the energy vector Eyocc and index-matched to it. For every index i, the
pair { Eunoce(?), Wunoce (1) } defines the energy and the corresponding excitonic weight of a

specific unoccupied state, associated with a known (but not relevant) k-point and band.

The energy distribution of an exciton is obtained by summing up all the excitonic weights
at the same energy. In this implementation, we defined a discrete energy grid with a res-
olution of 1 meV, ranging from 0.000 eV to 7.000 eV. Each energy Fynocc(7) is associated
with an energy step Egep(i) by conventional rounding of its value. We then process all
weights Wynoce (1), Summing the weights at the associated energy steps that were identified.
The total sum of the weights then correspond to the energy distribution D,(E) of the

electron associated with the exciton A:
D)\(E> = Z wunocc(i) : A<E - Eunocc(i>>7 (44)

where A represents the discretization onto the energy grid.
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