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Abstract

Multi-alkali antimonide photocathodes can have high quantum efficiency similar to UV-
sensitive Cs,Te photocathodes, but with the advantages of photoemission sensitivity in
the green wavelength and a significant reduction in the mean transverse energy of the
photoelectrons. To explore their feasibility for use in a high-gradient RF gun, DESY
collaborated with INFN LASA to develop multi-alkali photocathode materials. This
dissertation provides detailed insights into the fabrication recipes of various alkali an-
timonide photocathodes, including K-Cs-Sb, Na-K-Sb, and Na-K-Sb-Cs photocathodes,
all of which were grown on a Mo substrate. This thesis also provides information regard-
ing film thickness, substrate temperature, deposition rate, and their possible effects on
the photocathode’s properties. In addition, the influence of temperature on the cathode
degradation is also summarized. Moreover, this report presents a summary of the test
results obtained from the K-Cs-Sb cathodes inside the high-gradient RF gun at PITZ.
Furthermore, within the framework of density functional theory (DFT), the disserta-
tion explores the electronic and optical properties of materials like K3Sb, K,CsSb, and
Na,KSb. The optical properties, including the dielectric function, reflectivity, refractive
index, and extinction coefficient, were evaluated. The correlation between the simulated
and measured optical properties, such as reflectivity, provides a more efficient strategy
for rationalizing and understanding the properties of photoemissive materials. This fur-
ther helps to improve the cathode recipe. This dissertation also outlines such correlations
between experimental and simulation results for the aforementioned photoemissive films.
This study represents a step forward in the development of multi-alkali photocathodes
for high-charge RF photoinjector applications, providing a valuable characterization of

K-Cs-Sb photocathode performance.
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Zusammenfassung

Multi-Alkali-Antimonid-Photokathoden konnen eine hohe Quanteneffizienz dhnlich wie
UV-empfindliche Cs;Te-Photokathoden haben, jedoch mit den Vorteilen einer Photoe-
missionsempfindlichkeit im griinen Wellenldngenbereich und einer signifikanten Reduk-
tion der mittleren transversalen Energie der Photoelektronen. Um ihre Machbarkeit fiir
den Einsatz in einer Hochgradienten-RF-Kanone zu untersuchen, arbeitete DESY zu-
sammen mit INFN LASA bewertet, um Multialkali-Photokathodenmaterialien zu ent-
wickeln. Diese Dissertation bietet detaillierte Einblicke in die Herstellungsrezepte ver-
schiedener Alkali-Antimonid-Photokathoden, einschlieflich K-Cs-Sb, Na-K-Sb und Na-
K-Sb-Cs Photokathoden, die alle auf einem Mo-Substrat gewachsen sind. Diese Arbeit
liefert auch Informationen iiber die Filmdicke, die Substrattemperatur, die Abscheidera-
te und deren mogliche Auswirkungen auf die Eigenschaften der Photokathode. Dariiber
hinaus wird auch der Einfluss der Temperatur auf die Verschlechterung der Kathoden-
eigenschaften zusammengefasst. Ferner priasentiert dieser Bericht eine Zusammenfassung
der Testergebnisse, die mit den KCsSb-Kathoden in der Hochgradienten-RF-Kanone bei
PITZ erhalten wurden.

Dariiber hinaus untersucht die Dissertation im Rahmen der Dichtefunktionaltheo-
rie (DFT) die elektronischen und optischen Eigenschaften von Materialien wie K3Sb,
K5,CsSb und Nay; KSb. Die optischen Eigenschaften, einschlieBlich der dielektrischen Funk-
tion, Reflexivitit, Brechungsindex und Extinktionskoeffizient, wurden bewertet. Die Kor-
relation zwischen den simulierten und gemessenen optischen Eigenschaften, wie der Re-
flexivitit, bietet eine effizientere Strategie zur Bewertung und zum Verstéindnis der Ei-
genschaften von photoemissiven Materialien. Dies trigt weiterhin zur Verbesserung der

Ablauf bei der Herstellung von Methoden bei. Diese Dissertation skizziert auch Korrela-



tionen zwischen experimentellen und Simulationsergebnissen fiir die genannten photoe-
missiven Filme. Diese Studie stellt einen Fortschritt in der Entwicklung von Multialkali-
Photokathoden fiir Hochladungs-RF-Photoinjektoranwendungen dar und liefert eine wert-

volle Charakterisierung der Leistung von K-Cs-Sb-Photokathoden.
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Chapter 1
Introduction

Since the dawn of human civilization, there has been an unending quest for powerful and
dependable light sources. These sources have played a vital role in enhancing our com-
fort, ensuring safety, facilitating hunting, enabling learning, and serving numerous other
purposes. As technology progressed, a multitude of light sources were developed, each
with its unique properties and applications. These sources have empowered us to illu-
minate objects, revealing intricate details that were once unobservable. In its most fun-
damental sense, a light source can be defined as an emitter of electromagnetic radiation
possessing specific properties. This radiation, in the form of photons, carries energy and
enables us to perceive and explore our surroundings. One way to characterize a photon
beam is through its brilliance, which encapsulates the intensity and quality of the emitted
light. Brilliant beams hold immense potential for scientific research, technological ad-
vancements, and various practical applications. In the realm of light sources, the broadest
spectrum of photon beam properties is covered by accelerator-based facilities such as
synchrotron light sources and free electron lasers (FELs) [1]. In accelerator-driven light
sources, electron beams moving with relativistic speed produce photon beams under the
influence of external magnetic fields. The quality of these photon beams is directly in-
fluenced by the properties of the electron beams, with brightness being a key factor in
determining their characteristics. Within this context, the properties of the photocathode
hold significant importance as they directly impact the initial brightness of the electron

beam. Photocathodes are surfaces specifically designed to convert incoming photons into



streams of electrons using the phenomenon known as the photoelectric effect. These
photocathodes serve as the primary source of electrons for generating high-brightness
electron beams. Their properties such as quantum efficiency, material composition, and
electron emission characteristics have a direct influence on the brightness and quality of
the electron beam, which, in turn, affects the quality of the final photon beam. Therefore,

photocathodes serve as essential components for electron sources in free electron lasers.

Free electron lasers such as the European XFEL generate intense and ultrashort pulses
of photon radiation with a dedicated pulse structure [2]. In order to achieve the desired
beam quality, developing a sophisticated photocathode laser system and optimizing the
photocathode setup play a significant role. Furthermore, the selection of an appropriate
cathode type is a key issue to further progress in photoinjector improvement since it de-
fines the complexity of the photocathode laser system and sets a limit in the achievable

beam quality.

In the initial development days of linear accelerators, several metal cathodes, such as
Cu, Ag, Mg, etc., were used. However, due to the high reflectivity and shallow escape
depth, these metal photocathodes usually give a poor quantum efficiency (QE) (<1%) [3].
Moreover, to achieve the desired short radiation pulses and extract the required charge
from these low QE photocathodes, photocathode laser systems typically operate in the
ultraviolet (UV) wavelengths. Typically, the required UV laser light is generated by con-
verting the third or fourth harmonic of the fundamental laser light (IR). The conversion
efficiency across multiple stages is inherently low, requiring high initial laser powers.
Additionally, the complexity of this laser system typically leads to increased operational
costs [4,5]. In contrast, semiconductor-based photocathodes generally offer a high QE
(>1%) [3] and the capability to produce high-charge electron beams. Furthermore, some
semiconductor photocathodes can operate in the visible wavelengths, eliminating the need
for complex UV laser systems. These advantages in terms of efficiency, flexibility, and
reduced operational complexity have made semiconductor-based photocathodes the pre-

ferred choice for generating high-brightness electron beams in modern FEL accelerators.

The Photo Injector Test facility located at the DESY Zeuthen site, known as PITZ,

focuses specifically on the development and optimization of high-brightness electron
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sources used for free-electron lasers (FELs), such as FLASH and European XFEL [6].
The UV-sensitive Csy Te photocathode is currently employed in the operation of the PITZ
photoinjector system. The primary objective of this Ph.D. thesis is to explore and evaluate
a novel photocathode material capable of withstanding continuous-wave (CW) operation.
The objective is to address the future upgrade of the European XFEL facility, specifically
aiming to achieve highest possible beam quality in order to allow lasing at shortest wave-
length and continuous MHz extraction of electron bunches in the photoinjector system.
These requirements pose a challenge to the laser operation in terms of average power that
can hardly be realized with the current UV laser system in combination with the currently
used, UV-sensitive Cs; Te photocathodes. Multi-alkali antimonide photocathodes provide
a similar high quantum efficiency to UV-sensitive Cs,Te photocathodes while offering
the benefits of photoemission sensitivity in the green wavelength and a notable reduction
in the mean transverse energy of photoelectrons. Operating with cathodes in the green
wavelengths eases the burden on the laser drive system, eliminating the need for a fourth
harmonic of the initial infrared (IR) wavelength. Nevertheless, these alkali antimonide
compounds require a better vacuum quality (i.e., 10~!! mbar) range than Cs,Te (i.e.,
10719 mbar) to limit QE degradation [7].

These multi-alkali photocathodes have been successfully demonstrated in various DC
and CW guns operating at a lower gradient (below 20 MV/m) [8,9]. The parameters, such
as quantum efficiency and thermal emittance, have shown great promise. However, in or-
der to enhance the brightness of the electron beam in next-generation CW guns for various
applications, higher accelerating gradients at the cathode (30-40 MV/m) are required. As
aresult, our ongoing research primarily focuses on the development of multi-alkali photo-
cathode materials and their feasibility assessment for high-gradient operation in the PITZ

radio frequency (RF) gun.

The proposed study is based upon the development of multi-alkali photocathode ma-
terials such as K,CsSb, Nay;KSb(Cs), etc., which are particularly sensitive to the green
wavelength of light [3]. The primary development of this photocathode material takes
place in collaboration with the partner institute, Istituto Nazionale di Fisica Nucleare -

Laboratorio Acceleratori e Superconduttivita Applicata (INFN LASA), which is situated

3



in Milan. INFN LASA has a long-standing experience with the study and growth of photo
emissive materials since the 90s [10], and Cs, Te photocathodes produced at INFN LASA
are regularly used at different facilities such as FLASH, European XFEL, and PITZ for
years.

The objective of the research plan is to develop multi-alkali photocathodes using the
sequential vapor deposition method on a molybdenum substrate. The main aim is to
achieve an optimized and reproducible recipe. Subsequently, the photocathodes are tested
in the PITZ RF gun, and the results in terms of QE, lifetime, and produced electron beam
quality are compared to the parameters of the currently used Cs,Te photocathodes.

Chapter 2 of this thesis provides an in-depth exploration of photocathode materi-
als, covering their fundamental characteristics and key features and a comprehensive
overview of the range of photocathode materials available. Chapter 3 provides a detailed
overview of two facilities, namely PITZ and INFN-LASA, offering insights into their
operations and functionalities. In Chapter 4, a detailed examination of different cathode
growth recipes is presented, which were derived from both the “R&D" and “Production”
systems. Additionally, this chapter includes an analysis of the experimental outcomes
associated with these recipes, including the test results obtained at the PITZ RF gun.
Chapter 5 presents detailed simulation results obtained through the application of Den-
sity Function Theory (DFT) to analyze the properties of alkali antimonide compounds.
Chapter 6 encompasses the interpretation of experimental results through the compari-
son of simulation and experimental outcomes. Chapter 7 contains the conclusion and
outlook for future research directions. Appendices A-H, the list of references, and the

acknowledgments conclude this thesis.



Chapter 2

Overview of Photocathode Material

2.1 Electron Source

For accelerator applications, it normally needs a source of free electrons, which are usu-
ally generated by being loosened from their binding affinity with atoms. Fundamentally,
there are various ways to produce electrons, but among them, thermionic emission and
photoemission are considered to be effective processes for this application. Both of these

processes are briefly described in the section below.

2.1.1 Thermionic Emission

The term ‘thermionic’ is derived from ‘thermal’ and ‘ion’. As the name suggests, in
thermionic emission, cathodes are heated to a temperature that provides electrons with
sufficient energy to escape from the atoms. The liberation of electrons depends primarily
not only on the external thermal energy but also on the Fermi energy level of the cathode
material. The emission of current from the cathode material is usually understood by

Richardson-Dushman equation [11],
) —eo
Jo=AgT e *" 2.1)

Where Jj is the emission current density( A/mm?), Ay is the Richardson-Dusman con-
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stant, the theoretical value is 1.20173x10° A/msz, k is Boltzmann constant ( 8.6 x 10°
eV/ K), T is the temperature of metal (K), e is the charge of the electron (1.602x10™ 190,
and ¢ is the work function of the material (eV). From the above equation, it is articulated
that to achieve higher emission, it is mainly relative to the temperature, work function
of the material, and cathode surface area. For accelerator applications, the cathode must
meet these requirements and also exhibit low volatility at high temperatures. Gener-
ally, Lanthanum hexaboride (LaBg) is used as a thermionic source for these applications,
with a work function ranging from 2.66 eV to 2.87 eV and an operating temperature of
1700K [12]. Additionally, Cerium hexaboride (CeByg) is also used as a cathode material
for these high-temperature applications [13].

The main advantage of this type of source is that it does not require a sophisticated and
complex laser drive system for the emission process. However, there are several draw-
backs, such as in the presence of back bombardment electrons, the cathode temperature
and current density primarily increase, which causes an adverse effect on the cathode’s
lifetime. The phenomenon of back bombardment is defined as the process where the
residual gas inside the RF gun is usually ionized by the extracted electron beam and typi-
cally moves backward towards the cathode, which could affect the lifetime and QE of the
photocathode [14]. Also, in this process, it is hard to produce the short bunch length with

an adjustable bunch structure, which is demanded from the various accelerators.

2.1.2 Photoemission

The phenomenon of the photoelectric effect was first observed by physicist Heinrich
Hertz in 1887 [15, 16]. He used a spark gap to detect the presence of electromagnetic
waves; later, he modified this experiment by enclosing the apparatus in a box made of
different materials and found that the change in spark length varied with the materials
used. Afterward, these experiments were developed into the visible spectrum by Elster
and Geitel in 1889 with the use of alkali metals [17]. In 1902 Lenard observed that the
kinetic energy of emitted electrons increases with respect to the frequency of radiation
used [18,19]. A few years later, in 1905, Einstein came up with a resolution, where he

explained the quantum mechanical aspect of the photoelectric effect [20], for which he

6



got the Nobel Prize in 1921 [21]. The photoelectric effect is attributed to the photoelec-
trons being emitted into the vacuum level from a material when electromagnetic radiation
hits the material and causes the excitation of the electrons to the conduction band. It is
defined by Equation 2.2 [20],

Ex=hv—¢ (2.2)

Where Ej is the maximum Kkinetic energy released by the emitted electron, 4 is the
Planck constant (6.626x1073* J.s), v is the frequency of the light, ¢ is the work function
of the material. From the equation, it is articulated that the number of emitted electrons
depends on the frequency of the absorbed photons, which must be sufficient to overcome
the material’s work function, and on the number of photons absorbed.

A similar principle is used in the photocathode RF gun. Photocathodes are used as
electron sources, which are usually unified with an RF gun. A pulsed laser light which
is synchronized with the phase of the RF system, primarily hits the cathode surface and
emits the photo electrons. Immediately following their emission, in order to control the
charge distribution and bunch length, these photoelectrons are accelerated by a high gra-
dient electromagnetic field within the RF gun.

Photoemission provides an efficient alternative source in terms of beam quality and
emittance compared to thermionic emission [22]. There are various types of photocath-
odes available, but among them, K,CsSb, Cs;Te, Cs3Sb, and GaAs are quite popular due
to their acceptable lifetime and intrinsic emittance. However, there is a window available
for further development, particularly a better understanding of the physical properties of
these photocathodes is required in order to improve the electron emission for high average

flux FEL and high current collider applications.

2.2 Photocathode Properties

The inherent properties of photocathodes usually play a vital role relating to the perfor-
mance of photoinjectors [23]. Some of the crucial properties, such as quantum efficiency
and its spectral response, intrinsic emittance, response time, mean transverse energy, and

lifetime, are considered to be most relevant in order to improve the beam quality and
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function of the photoinjector system. The selection of the photocathode usually depends
upon the specific requirement and application of the electron beam. Some of the above-

described properties are abbreviated in this section.

2.2.1 Quantum Efficiency

The Quantum efficiency (QE) of a photocathode can be defined as the ratio of the number

of emitted electrons to the number of incident photons as defined in Equation 2.3,

number of emitted electrons
= — (2.3)
number of incident photons

In general, the quantum efficiency is a very significant parameter due to it includes
many characteristics of photocathode material in one number, such as optical charac-
teristics (reflectance and absorption), electron transport characteristics ( scattering effect
and mean free path), and surface energy barrier characteristics (work function, etc.). In

practice, the actual QE is defined as shown in Equation 2.4,

QE _ Ine[hc
lePnet

(2.4)

Where I is the net incident photocurrent (A) (lnet = Ilotalincident - ldark), 7 1S the
Plank’s constant (6.626 x 1073* J.s), ¢ is the speed of light ( 2.998 x 108 m/s), A is the
wavelength of incident light (nm), e is the electron charge (1.6 x 10~ C), and Py rep-
resents the net incident power applied on the surface (W) (Paet = Potalincident - Poackground)-

By incorporating the values of 4, ¢, and e, Equation 2.4 can be simplified as follows:

1240 X Ineq

OF = =5 2.5)

The QE usually depends on the photocathode material. The QE of metal photocath-
odes typically remains lower in comparison to that of semiconductor-based photocath-
odes. This is due to the better electron transport mechanism in the semiconductor mate-

rial, as will be discussed later in this section (Section 2.3.1.1).

8



2.2.2 Spectral Response

The spectral response of photocathode material is defined as the sensitivity of the pho-
tocathode material at a different wavelength. In other words, it can be described as the
measured QE of the photocathode material as a function of the incident photon’s wave-
length. The spectral response curve of photocathode material usually plays a very sig-
nificant role since it provides much vital information about the material, such as work
function, quantum efficiency, band structure, etc. Additionally, the spectral response can
reveal important information about the aging behavior of a sample, including surface
contamination, segregation, or oxidation.

The threshold of the spectral response curve at the short wavelength side is generally
called the short wavelength limit, and it is usually determined by the optical properties of
the viewport material used in the deposition system. Materials such as sapphire, N-BK7,
quartz, etc. are commonly employed as viewports and can impose this limit due to their
inherent optical characteristics. Likewise, the threshold of the spectral response curve at
the longer wavelength side is called cut-off. This cut-off is specific to the photocathode
material and can provide an estimate of the material’s work function. By analyzing the
position of the cut-off, one can gain insights into the energy required to liberate electrons
from the material’s surface, which is directly related to the work function of the photo-
cathode material. The wide range between short and longer wavelengths is called the

spectral response range.

2.2.3 Spectral Reflectivity

Reflectivity is a quantitative measure of how much light or other electromagnetic radiation
is reflected by a surface. It is defined as the ratio of the reflected power to the incident

power on a surface, as shown in Equation 2.6 [24],

Rnet

net

R(%) =

x 100 (2.6)

where Ry represents net reflected power by the surface (Rpet = Riotal reflected = Rbackground)

and P represents net incident power applied on the surface (Pret = Fotal incident = Poackground)-
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Spectral reflectivity is defined as the reflectivity of the photocathode surface across
different wavelengths. In essence, it explains how the reflectivity of the photocathode ma-
terial varies as a function of the wavelength of the incident photons. Spectral reflectivity
provides critical insights into the electronic and optical characteristics of photocathode
materials. It offers crucial insights into how light interacts with the material, revealing
valuable details about its energy band structure, electronic transitions, and optical char-

acteristics.

2.2.4 Intrinsic Emittance

Emittance is the property of a particle beam that characterizes its phase space volume
and, consequently, its beam quality; it is the area or volume in the phase space of the
particles [25]. An electron beam is defined as a collection of emitted electrons that are
traveling together with similar energy and direction, and its motion can be defined by
six degrees of freedom in space, namely the position (X,y,z) and momentum (py, py, p;)
in cartesian coordinate. As the magnitude of emittance could be reduced, the overall
beam quality will also be improved since it follows the relationship between the beam’s
brightness and emittance, as shown in Equation 2.7 [26].
Ne

B=— 2.7
Snxgnygnz

Where B is the brightness of the beam, N, is the number of electrons per bunch,
En,»EnysEn, is the normalized emittance in the X, y, and z planes. Normalized emittance is
an important measure as it quantifies the spread of electron beam momenta and positions

in phase space, factoring in relativistic adjustments [3].

Low emittance refers to a reduced beam size in phase space in which all the particles
have the same momentum and position, which is essential for an efficient accelerator
operation. In practice, the total emittance is determined by a combination of components
of RF-induced emittance (€,f), space charge emittance (&), and thermal emittance (&y,)

as shown in Equation 2.8 [27].
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Eotal = \/grf2 + 8sc2 + gth2 (2.8)

The RF-induced emittance (&) predominantly originates from the radio frequency
fields within the RF gun, whereas space-charge-induced emittance (&) arises from the
repulsive interactions among electrons in the beam [28]. Thermal emittance (&) arises
from the intrinsic motion of excited electrons within the cathode material, contributing to
the spread of the initial electron velocities as they leave the cathode and influencing the
overall beam quality and emittance [28]. Thermal emittance is commonly attributed to
intrinsic emittance and usually determines the lower limit of normalized emittance of the
electron beam in the accelerator system [6]. The thermal emittance can be determined by
Equation 2.9 [29].

hv —¢

3mc?

&p = Oy (2.9)

Where o, represents the laser spot size, Av the photon energy, ¢ the work function
of the material, and mc? the electron rest mass. A thorough discussion regarding thermal

emittance can be found in the upcoming section (2.3.1.4) of this chapter.

2.2.5 Response Time

Response time is the time taken between absorption of the light pulse and photoemission.
The response time of a photocathode material mainly depends on both photon absorption
length and the mean free path of the excited electrons [23]. Therefore, the response time
may vary with respect to photon energy for a particular material. Usually, metal-based
photocathodes have a very short response time (order of sub-picosecond/femtosecond)
because the mean free path of excited electrons is relatively short compared to that in
semiconductor materials [3]. In metals, the generation of electrons primarily occurs near
the surface of the cathode. As a result, the excited electrons do not have to travel far
before being emitted. This short distance allows for rapid electron emission, contributing
to the short response time of metal-based photocathodes.

On the other hand, in semiconductor photocathodes, the transport of excited electrons
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to the surface involves electron-phonon scattering. This scattering process introduces ad-
ditional interactions with lattice vibrations (phonons), leading to a longer response time
compared to metals. The electron-phonon scattering delays the emission process, result-
ing in response times typically on the order of picoseconds for semiconductor photocath-
odes [30].

The response time is a significant parameter in order to produce a very short electron
pulse and for the temporal shaping of laser pulses to achieve a high-brightness electron

beams.

2.2.6 Lifetime

Lifetime can be defined as the time taken for the QE of a photocathode to reach é of its
initial value [31]. In other words, it can be defined as how long the QE of a photocathode

outstays. It can be attributed to a mathematical term, as shown in Equation 2.10 [32].

OE(r) = QF(ty)exp (= ) (2.10)

Where QE (fy) represents the initial quantum efficiency at time 7. The term exp(=!)
represents the decay factor, where 7 is the characteristic decay time.

Several factors, such as vacuum conditions, partial pressure of contaminating gases
(i.e., oxidizers), cathode heating, possible surface coating evaporation, etc., affect the
lifetime of photocathodes. Usually, if the vacuum condition in the electron gun is poor,
then the photocathode surface may be contaminated by the residual gas inside the gun,
which can alleviate the emissivity of the cathode. Apart from that, during operation, a
subsequent back bombardment in the electron gun can also do surface damage to the
photocathode. However, the necessary lifetime will certainly depend on applications, and

a longer period will be better in any case.

2.2.7 Dark Current

Dark current is another important parameter for a photocathode. The field-emitted elec-

trons are the significant source of the dark current in RF guns [33,34], which parasitically
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absorb radio frequency energy (in RF cavities) and cause noise in the instrument, radia-
tion issue, etc. The origin of the dark current basically derived from mainly two sources,
such as gun body or gun cavity, and from the photocathode itself [35]. The primary part of
the source of dark current from the cathode could vary from photocathode to photocath-
ode. This effect can be reduced by applying surface cleaning and polishing techniques to

the photocathode to reduce surface roughness and improve cleanliness [36, 37].

2.3 Photocathode Theory

When studying solids, it is often useful to classify them into different groups based on
their electrical conductivity, which leads to the categorization of conductors, insulators,
and semiconductors. Band theory is a framework in solid-state physics that helps to
understand and explain the differences between metals, semiconductors, and insulators.
Therefore it is briefly summarized in this section.

In a metallic crystal, the outermost electrons of each atom are able to move freely
throughout the entire crystal. This creates a "sea" of delocalized electrons that surround
the positively charged atomic nuclei in a lattice structure [38]. The free electron model
is a simplified theoretical model that assumes that the electrons in a metal are completely
free to move around in the presence of an external electric field without any interactions
with the ionic lattice of the metal. However, the nearly free electron model considers
this interaction between the electrons and the lattice. In this theory, the energy levels of
the electrons in a metal are described by energy bands, which result from the periodic
potential created by the regular arrangement of metal ions in the crystal lattice. Within
each energy band, the electrons are delocalized and can move freely throughout the crys-
tal. The dispersion relation for a free electron relates the energy E of an electron to its
momentum Kk can be defined as [38],

R p?
E(k):W:% (2.11)

Where £ is the reduced plank’s constant, k is the wave vector which equals to 27”’ and

m is the mass of the electron. The form of relationship between E and k, as mentioned in
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Figure 2.1: (a) [llustrates Energy (E) Vs. Wave vector (k) for a free electron, (b) illustrates
a plot of Energy (E) Vs. Wave vector (k) for an electron in a monoatomic linear lattice of
lattice constant a [39].

Equation 2.11, is parabolic. The parabolic form arises due to the quadratic dependence

of energy on momentum, as it is shown in Fig. 2.1.

For a free electron in a perfectly periodic crystal lattice, there are no restrictions on
the allowed values of the electron’s momentum, k. Therefore, the energy of the electron,
E(k), is continuous over all values of k, as illustrated in Fig. 2.1a [39]. However, if an
electron is confined within a potential well, the electron’s allowed momentum values, k,
are restricted by the boundary conditions of the well. Specifically, the electron’s wave
function must go to zero at the edges of the well (shown in Fig. 2.1b), which leads to the
condition that k must be equal to an integer multiple of 7 divided by the length of the

well, L. That is, k = nz/L, where n is an integer.

The shaded line in Fig. 2.1b shows that there are energy values that electrons in the
solid can not occupy, usually called forbidden bands or popularly known as “energy gap”.
The region representing allowed states in Fig. 2.1b is generally known as energy bands.

Although the free electron model leads us to understand the solid in terms of energy

bands, it does not much enlighten the wavefunction of the electrons. The tight-binding
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model is a theoretical framework that provides insight into what happens when a large
number of atoms (initially at an infinite distance apart) come closer together to form
a solid. This can be further understood, for example, in the physical vapor deposition
method (described in the following chapters), as the vaporized gas starts to condense
onto a substrate to form a thin layer of solid material. In the condensation process, as
the atoms get closer to each other, the wavefunction of their electrons starts to overlap.
Consequently, the discrete levels of each isolated atom split into a vast number of energy
levels forming a band of levels [40]. Usually, these energy bands are more closely spaced
and considered a continuum of energy levels, as shown in Fig. 2.2. The size of these bands
may differ, and the number of states within each band is generally equal to the number of
atoms forming the solid multiplied by the number of energy levels in the corresponding

original subshell of an isolated atom [40].

..... -

o Separation r

Figure 2.2: The right part of the diagram shows that the electron’s energy is separate
when the atoms are a long distance apart. A solid forms when the atoms are a distance rg
apart and the band structure of the solid is shown on the left side of the plot [40].

The wave functions of electrons in the outermost electron shells (also known as

valance shells) usually can overlap more with neighboring atoms than the electrons closer
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to the nucleus. This is because the wave functions of electrons closer to the nucleus are
more localized and tightly bound to their respective atoms. The electrons in the outermost
shell, called the valence shell, have higher energy levels and are more loosely tied to the
nucleus. This results in the density of states being broader for the outer bands compared to
those closer to the nucleus. In the case of metal, any electrons within this valence shell are
usually no longer bound to their atoms but are relatively free to move throughout the solid
and can participate in conduction. As a result, the outermost energy bands of the indi-
vidual atoms merge into a continuous band called the valence band, as shown in Fig. 2.3.
The valence electrons from each atom in a metal contribute to the formation of the con-
duction band. The conduction band is a range of energy levels that corresponds to the
available energy states for the valence electrons to occupy when they gain sufficient en-
ergy to move away from their parent atoms. In metals, the valence band is either not fully
occupied with electrons or the filled valence band overlaps with the empty conduction
band. In general, both states can occur simultaneously, and the electrons can therefore
move inside the partially filled valence band or inside the two overlapping bands. Which
enables metals to conduct electricity efficiently. In metal, there is no gap between the
valance and conduction bands.

Whereas in semiconductors, the valence and conduction bands are separated by a
relatively small energy gap called the “band gap". At low temperatures, the valence band
is usually fully occupied, and the conduction band is empty. However, with increased
temperature or other external influences, electrons can acquire enough energy to jump
across the band gap and move into the conduction band. This process, called excitation,
allows semiconductors to conduct electricity.

In the insulator case, the band gap is usually very large compared to the semiconduc-
tors. The valence band is fully occupied, and the conduction band is significantly higher
in energy, making it difficult for electrons to bridge the gap and enter the conduction
band. As a result, insulators have very limited electrical conductivity. Fig. 2.4 shows the
simplified version of the energy band structure of metal, semiconductor, and insulator.

Photocathode materials usually fall into two categories, including metals and semi-

conductors photocathode. Spicer’s three-step model of photoemission is generally used
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Figure 2.4: Illustrates energy band diagram for (a) Insulator, (b) Semiconductor, and (c)
Metal

to understand the photo emission mechanism of metal and semiconductor-based photo-
cathodes [41]. The model was developed in 1950, and it describes the photo-emission
process by relying on material work function, electron scattering lengths, and dielectric

function variables for fitting experimental data. The following part of this section presents
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a detailed explanation of the photoemission mechanism using the three-step photoemis-

sion model.

2.3.1 Photoemission Model

2.3.1.1 Three-step Photoemission

A simple three-step photoemission model was first proposed by William Spicer to de-
scribe the photoemission process in both metal and semiconductor materials [41]. The
central assumption of this model is that the photoemission process consists of three main
independent steps: (i) excitation of an electron after photon absorption, (ii) transport of
the excited electrons to the surface, and (iii) the emission of the electron to vacuum. The
probability for each step is considered in this section below, as described by D.Dowell [3].
Figure 2.5 illustrates the three steps involved in the photoemission process of semicon-

ductor photocathode materials.
(i) Absorption and Excitation

The first step of this model accounts for two processes. Firstly, the probability of in-
cident light that is transmitted through the material is taken into account. The probability
transmission 7'(v) depends upon the material’s reflectivity R(v) and can be determined
by using Equation 2.12.

T(v)=1-R(v) (2.12)

Once the photon is absorbed, then in the second process, the probability of exciting
an electron from the initial state energy, Ey, to an excited state with energy, £ = Ey +
hv, is considered. Step one is primarily the same for both metallic and semiconductor

photocathodes.
(ii) Transport

Step 2 of this model calculates the probability of the photoexcited electron that is
transported to the material’s surface while retaining sufficient energy to escape into the

vacuum. During transportation, the electron encounters different scattering processes.
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Here the photon absorption length, A, is compared to the electron scattering length, 4.,
to determine the fraction of electrons lost that is due to the scattering events. The electron
scattering length is a measure of electron travel through the material before it collides
with another electron. Whereas the photon absorption length is a measure of how far a
photon can travel through the material before it is absorbed by an electron.

In the case of metal, the transportation process is mainly dictated by the electron-
electron (e-e) scattering events, and a single scattering phenomenon is considered to be
a loss mechanism. The electron-phonon (e-p) scattering does not play a significant role
in changing an electron’s energy distribution in the case of metal. Whereas for semi-
conductor cases, electron-electron (e-e) scattering is commonly forbidden, and mostly
electron-phonon (e-p) scattering dominates in this step.

In semiconductors, band gaps are crucial as they prevent unproductive absorption of
light by not allowing any electrons to be excited into the bandgap, which is caused by
the absence of available states for the electron to occupy. Only photons with energies
greater than bandgap can be absorbed and create free charge carriers. The lack of avail-
able electronic states in the bandgap can significantly impact electron-electron scattering
processes. If the final energy state of the electron falls into the bandgap, then there are no
available states for the electron to occupy, and the scattering process is forbidden. This
leads to a suppression of electron-electron scattering in the bandgap region, which can
have significant consequences for the transport properties of the semiconductor material.
As a consequence, the electron scattering length (A,) could be larger than the photon ab-
sorption length (4,) and all the photo-excited electrons could reach the material’s surface
without experiencing significant energy loss. This makes the QE of the semiconductor

larger than the metal.
(iii) Electron Escape

In step 3, the objective is to calculate the probability that the photoexcited electron
will move in the correct direction to have enough energy to overcome the potential barrier
and escape from the material’s surface. In order to escape, the direction of motion of a
photoexcited electron must exist within a cone, which is derived from the conservation of

energy and momentum in the photoemission process and can be defined as [29],
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E+hv

(2.13)

€08 O0x =

Equation 2.13 elucidates the opening angle of the escape cone, where 6,,,, represents
the maximum angle of the escape cone containing the trajectories of all the electrons, E
is the fermi energy level, ¢ represents the work function, and E represents the electron’s
energy. In Equation 2.13, the term, E + hv , represents the total energy of the electrons
(after absorbing a photon), and the term, Er + ¢, represents the energy of the vacuum
state [29]. In order to escape, the photo-excited electron that approaches the material’s
surface should have enough momentum normal to the barrier, and this leads to the maxi-
mum escape angle by which the photo-excited electrons (with energy E) can escape from
the surface, as defined in Equation 2.13. In general, if the electron’s energy is very high,
it will have a wider emission cone, while if the energy is low, then a narrow escape cone
is expected. Similarly, if the material’s work function is high, then the escape cone will
be narrower; while the work function is low, the emission cone will be wider. Usually,
only a small fraction of the photoexcited electrons whose trajectory falls within the cone

will actually escape from the material’s surface.
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Figure 2.5: Schematic overview of the photoemission process of semiconductor photo-
cathodes. The main physical mechanism that happened in bulk (bottom, blue), on the
surface (middle, green), and in the vacuum (top, white) are sketched in the boxes. The
three steps of photoemission are also illustrated.
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2.3.1.2 Yield and Quantum Efficiency in the Three-step Model

In the first step of the three-step model, it is considered that the photo-excitation process
is usually governed by the absorption coefficient, o (hv), of the material. The intensity of

light, I(x,hv), inside the material at a distance x from the surface is given by [41],

I(x,hv) = Io(hv)[1 — R(hv)]e~ V) (2.14)

Where Iy(hv), represents the intensity of incident light of photon energy Av, R(hv)
is the reflectivity of light from the solid surface, and ot (hv) represents the absorption
coefficient of the material. The amount of absorbed intensity of light within a thin slab of

a thickness of dx (as shown in Fig. 2.6a) can be expressed as follows,

dI(x) = (1 —R)Ipe *")*qdx (2.15)

Once the electron gets excited by absorbing the photon, then in the second and third
steps, some of the photoexcited electrons will travel to the material’s surface and escape
to the vacuum. The contribution of dI(x) to the photoemission yield from excitation is

given by,

dI(x) = Pog(hv,x,dx)Pr(hv,x)Pg(hv) (2.16)

Where Poy(hv,x,dx), represents the probability of exciting electrons in the slab be-

tween x and x + dx above vacuum level, is given by

Poo(hv,x,dx) = apg(hv)I(x)dx = opg(hv)IH(1 — R)e” “dx (2.17)

For this model, it uses the two components of the absorption coefficient, i.e., ar =
opg + o, where o7 is the total absorption coefficient, opg refers to the part of absorp-
tion where the electrons are excited above the vacuum level, and o, refers to the part
of absorption that doesn’t contribute to the yield (see [41]). Since opg accounts for the

absorption where electrons are excited above the vacuum level, it is used in Equation
2.17.
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Figure 2.6: (a) illustrates the slab of a thickness of dx that contributes to the photoemis-
sion yield from the excitation of electrons, and (b) illustrates the energy levels assumed in
Spicer’s three-step model. apg represents the part of absorption where the electrons are
excited above the vacuum level and have a possibility to escape. o, represents the part of
absorption that doesn’t contribute to the yield. E, represents the band gap of the material,
and E, represents the electron affinity of the material. The figure in plot b represents
an idealized case that ignores the shape of energy bands as determined by the density of
states. Both figures are adapted from reference [41].

In Equation 2.16, Pr(hv,x) refers to the probability that electrons travel to the ma-
terial’s surface (travel distance x, as shown in Fig. 2.6a) without undergoing electron-
electron scattering that would reduce their energy below the vacuum level. Pg(hV) rep-
resents the probability that the electron’s momentum vector points in the right direction,
specifically having a component normal to the surface that is large enough to overcome
the surface barrier.

Because the probability of scattering is proportional to the electron’s traveled distance,
so Pr can be expressed as follows,

Pr(x,hv) = ¢ T (2.18)

Where L(hv) is the average electron-electron scattering length. Then by putting the

value of Ppy (hv,x,dx) and Pr(x,hv), Equation 2.16 can be written as,
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dI(x) = Ip(1 — R)appe” “ e~ L Pg(hv)dx (2.19)

Then the total electron yield I(hv) is given by,

I(hv) = /0 T aI) (2.20)
1(hv) = Io(1 = R)—22E_py (hv) 2.21)
o+ L

The Quantum efficiency (QF) can be defined as the number of electrons released per

absorbed photon and can be expressed as follows [41],

I(hV) ﬂPE
QE(hv) = =(1-R)-& (2.22)
Ip 1+ Lf“

where L, is the absorption length and is defined as L,(hv) = , % is the ratio of

1
o(hv)
the absorption length to the electron scattering length, % is the ratio of electrons that get
excited above the vacuum level. From Equation 2.22, it can be observed that two terms,
1.e., % and ‘%E , can influence the QE of a material. The ratio % increases monotonically
as the excitation energy hv increases and can be maximized by lowering the vacuum
level towards the conduction band minimum (i.e., reducing the electron affinity E,, see
Fig. 2.6b). Material that exhibits a higher QE often the % value lies between 0.1 and 1,
and for negative electron affinity photocathodes, this value could be close to 1.

In the denominator of Equation 2.22, the % ratio defines the spatial region where pho-
toexcited electrons may contribute to the photoemission yield. If L, is larger compared to
the escape distance, then few electrons will escape from the material’s surface, and as a
consequence, the QE of the photocathode will be low. The electron scattering length can
be as low as 0.1 nm for metal due to pronounced electron-electron scattering. Whereas
in semiconductors, the LT“ ratio could be close to unity in the visible or infrared spectrum.
This makes the QE of the semiconductor larger compared to the metal. The value Pg
usually depends upon the incident photon energy (2Vv) and increases monotonically with

hv. Typically, the value of P in semiconductors is around 0.5 while metals tend to have
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0.1 [41].

When electron-electron scattering is pronounced, the direction of the momentum vec-
tor of the excited electron is crucial. When an excited electron interacts with other elec-
trons through electron-electron scattering, its energy may be reduced to below the vacuum
level. However, only those electrons that reach the surface without scattering can be emit-
ted. As discussed in the Section 2.3.1.1, to escape, a photoexcited electron’s direction
of motion should exist within a cone, and in the electron-electron scattering-dominated
scenarios, a narrow escape cone is expected. By considering the dependency of opening
angle (0) and apg on the electron’s energy before emission, we can get a more quantita-
tive expression for QE. The term % in Equation 2.22 can be determined by integrating
over the energy range in the valance band, which contributes to the photoemission yield.

Then the term %PE in Equation 2.22 can be determined (for metal) as [29],

Ey Omax
OpE Py — Ef+¢—hv fO dOdE (2 23)
== :
o JE,—m Jo dOdE
[E dE ['——d(cos @)

Ef+¢—hv (Ef+9)

OPE V @&y
- Phe=—p 1 (2.24)

Ej;_hvdE J-,d(cos0)

Q Eq+hv
PEp _ Lf

a BT T ony

E E
1y Erte o [Eit9 (2.25)
Ef+hV Ef+hv
E 2
1_ | Erte (2.26)
Ef+hv

By putting the value afff in Equation 2.22, The expression for QE for metal can be

2
E
1— ﬂ (2.27)
Ef+hv

In the semiconductor case, the electron-electron scattering process is suppressed mainly

o E 2hv

written as [29],

(I—R) Ef+hv

Eetal =
Q etal 1+ Lfa Yhv

in the "magic window energy" level (discussed in the following section); therefore, dur-
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ing the emission process, the electron-phonon scattering primarily dominated. The energy
loss due to electron-phonon scattering is less compared to the electron-electron scattering
process, resulting in a higher probability of electron emission. Therefore, the probability
of emission,i.e., P, may be approximated by a step function for efficient semiconductor

photocathodes [41]. In that case, Equation 2.27 can be written as,

1 —R (hv —E; —E,)
14 L hv

(2.28)

QEsemicond uctor —

The term (hv — E; — E,) in Equation 2.28 represents the excess energy available for

the emitted electron, and the QE is proportional to this term.

2.3.1.3 Electron Scattering Mechanism and its Effect on Photoemission Efficiency

In general, as described above, there are two types of inelastic scattering mechanisms,
i.e., (1) electron-electron and (2) electron-phonon (lattice) scattering, that can affect the
photoemission efficiency. As noted in the previous section, the energy loss per collision is
generally significantly lower in electron-phonon scattering compared to electron-electron
scattering. These scattering events can alter the direction of electrons during photoemis-
sion. In the electron-phonon scattering case, it redirects the disoriented electrons in such
a way (i.e., perpendicular to the surface) that they can escape from the material’s sur-
face [41]. This effect will only be helpful in increasing the photoemission efficiency if
the electron-electron scattering can be neglected.

As shown in Fig. 2.7, primary electrons can lose significant energy in a metal through
single electron-electron scattering events. During these events, a primary electron may
transfer some of its energy to other electrons, thereby creating secondary electrons. Near
the threshold, these secondary electrons are subject to strong Coulombic interactions with
other electrons in the material. This interaction can cause the secondary electrons to
lose energy rapidly, preventing them from escaping the material’s surface. Consequently,
neither the primary nor the secondary electrons are likely to escape from the material’s
surface, resulting in a typically short escape depth in metals.

In the semiconductor case, the electron-electron scattering process is suppressed mainly
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Figure 2.7: illustrates the comparison of the electron-electron scattering mechanism be-
tween (a) metal and (b) semiconductor. V.B. and C.B. refer to the valance band and
conduction band, respectively. Adapted from reference [41].

in the “magic window energy" level (Emw), where Eyae < Emw < Evewm + 2E, [41]. In
the “magic window" energy range of a semiconductor, the energy of the excited electron
is typically too low to excite an electron from the valence band to the conduction band
through electron-electron scattering. This is because the energy of the excited electron
in the “magic window" is close to the bandgap energy, and the energy required to excite
an electron from the valence band to the conduction band is typically greater than the
bandgap energy. As a consequence, in the “magic window" energy range, there are typi-
cally no available states for scattering to occur, and the energy of the excited electron is
too low to raise a scattering partner from the valence band to the conduction band. This
contributes to the suppression of electron-electron scattering in this energy range and al-
lows the excited electron to travel further in the conduction band without losing energy

through scattering events.

From the above discussion, we understand that the requirement for an efficient pho-
tocathode, the Pr and O‘fff should be large, whereas the value of % should be small. In
semiconductors, this can be achieved if the electron affinity (E,) is smaller than the band

gap (E,). This is because if electron affinity is smaller than the band gap, then in that case,
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the electron has a higher probability of escaping into the vacuum. On the other hand, if
the electron affinity is greater than the bandgap, then the electron raised to the conduction
band either has sufficient energy to escape to the vacuum or will raise a second electron
from the valance band to the conduction band. In the second case, as we know, neither of
the electrons has sufficient energy to escape into the vacuum. Therefore, semiconductors
having E,:E, ratio greater than unity tend to have a higher quantum yield compared to

those semiconductor photocathodes having E,<E,.

2.3.1.4 Transverse Emittance in the Three-step Model

The rms transverse emittance (&) of a beam of charged particles can be expressed in terms

of the transverse momentum (p,) and position (x) distributions of the particles as [3],

d
£ =/ () (¥2) - (xx)?, where ¥’ = d—;‘ - % (2.29)

The term (x'*) and (x?) represent the mean square of the momentum and position
distribution, respectively, and (xx')? represents the correlation between the momentum
and position distribution. The first term in Equation 2.29, i.e., (x?)(x’ 2), generally gives
information regarding the geometric size of the beam, and the second term, i.e., (xx/ >2,
represents the shape of the beam. In Equation 2.29, p, and p, are the components of the

particle’s momentum in the transverse and longitudinal directions, respectively.

If electrons are rapidly accelerated from rest, their longitudinal momentum (p;) can
quickly reach relativistic values, where p, = Bymc. Here, m represents the rest mass of
the electron, c is the speed of light in a vacuum, f is the ratio of the electron’s velocity

to the speed of light, and 7 is the Lorentz factor, defined as y = \/II—T Accordingly,

Equation 2.29 can be rewritten as follows [3]:

V@ pd) — (ps?) (2.30)

If there is no cross-correlation between the transverse momentum and the position

(location of emission), then the normalized emittance can be expressed as:
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Where o, represents the rms spot size and 6, represents the dimensionless rms trans-

verse momentum.

Then the variance of transverse momentum can be calculated from the three-step pho-

toemission method and can be expressed as [29],

2> JEprg-wdE[L = fin(E+hv)] fin(E) fclosemax(E)d(Cos 0) 5" d® (px)

o =
() (mc)zfgjc-i-(p—hvdE[l_fFD(E+hv)]fFD(E)fclosemax(E)d<COS9) ;" dd
(2.32)

Here in Equation 2.32, the Fermi-Dirac function, frp(E) , represents the density of
initial states, and the term [1 — frp(E + hv)] represents the density of the excited states.
As described earlier in this section, 2.3.1.1, to escape from the material’s surface, the
photo-excited electrons must have sufficient momentum normal to the surface to over-
come the potential barrier. The maximum angle at which a photoelectron can escape is
already described in Equation 2.13. The x component of the momentum can be defined
as [29],

px = /2m(E + hv)sin 6 cos P (2.33)

By putting the value py, and replacing the Fermi-Dirac distributions with Heaviside

step functions, Equation 2.32 can be written as [29],

o, 7= 2 S 6 B Jog g, A(c080) J§7 d®(E + hv) sin? 6 cos> @
pr) = 2 E 1 2
(mc) fEferd)fhv dE fcos Omax d(COS 9) fO g do

(2.34)

Equation 2.34 can be further simplified and can be expressed for the rms of the trans-

verse momentum given by [29],
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hv — ¢
Op =\ 3o (2.35)

Then the expression for the normalized emittance for metal is given by

hv — ¢

gnmetal = chpx = Ox 3m02

(2.36)

The term hv — ¢ in Equation 2.36 is generally called the excess energy of the electron
in the vacuum.

Several assumptions are considered when the expression is made for the normalized
emittance in Equation 2.36. Such as in this case, the initial state electrons are assumed
to be in an s-wave state (has zero orbital angular momentum) with an energy distribution
given by the Fermi-Dirac function. This s-wave assumption leads to a simple isotropic
angular distribution of the electron. However, in general, the electron density of states is
more complicated; higher angular momentum states such as d- and p-wave are associated
with the density of states. The d- and p-wave states have directional dependence and are
not spherically symmetric, leading to anisotropic angular distributions.

In the semiconductor case, one must consider two emission types separately, i.e.,
prompt and delayed emission. In prompt emission, the electron undergoes no scattering
interactions, and the emittance is typically determined by the electron’s excess energy in

the vacuum. It can be expressed as [42],

Eexcess, semiconductor — hv — (Eg + Ea) (2~37)

Then Equation 2.36 (normalized emittance) can be written for the semiconductor as,

hv —(E; +E
8nsemiconductor = GXGPX = Gx\/ :§Mi2 a) (238)
Equation 2.38 can also be written as,
MTE
8"lsemiconductor = chpx = Ox W (239)

Where MTE represents the average transverse kinetic energy of the photo-emitted
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electron. In the simplest model, where it is assumed that the photoelectrons are distributed
uniformly with the kinetic energy between hv — (Eg + E,) and 0, then MTE can be defined

as,

3

In delayed photoemission, the excited electrons have sufficient time to equilibrate

MTE =

(2.40)

with the lattice before they are emitted into the vacuum. In this case, the excited electrons
have sufficient time to scatter with the lattice phonons and reach thermal equilibrium with
the ambient temperature before they are emitted into the vacuum. This emission type usu-
ally happens in negative electron (NEA) cathodes; for example, Cs:GaAs photocathode.
Since the electrons are thermally equilibrated, therefore the expression for the normalized

emittance can be written as [42],

[kpT
8nNEA—semiconductor = Ox mcz (241)

The following part of this chapter presents an overview of several photocathode ma-

terials (mainly metal and semiconductor) and their characteristics.

2.4 Different Photocathode Materials: A Review

2.4.1 Metal Photo Cathodes

Due to having a long operational lifetime and being easy to produce and handle, metal
photocathodes are often a primary choice for low average current photoinjector applica-
tions. These kinds of cathodes are more robust against degradation compared to semi-
conductor photocathodes. Also, they can withstand higher electric surface fields as well
as higher temperatures in RF accelerators. Other advantages include having a short re-
sponse time (less than picoseconds) and minimum vacuum requirement during the op-
erations [43]. However, the limiting factor that restricts its use primarily to applications
involving intermediate average currents is the low quantum efficiency, which remains low

even in the UV wavelengths. As described in the previous section, these types of cath-
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odes typically exhibit high reflectivity in the visible range (including the near-infrared and
near-ultraviolet spectra). As a consequence, the photon absorption process (i.e., the first
step photoemission process) could not happen efficiently. Moreover, the motion of the
photoexcited electrons will be encountered by electron-electron scattering events, which
may cause a significant decrease in the final energy of the electron. Therefore, this may
decrease the escape probability of an electron moving outside the surface barrier [41].

In metal, the surface barrier generally refers to the work function ¢ (minimum energy
required to remove the electron from a solid to a point in the vacuum immediately outside
the solid surface). In Table 2.1, the properties of several metallic photocathodes are listed.

Copper is an attractive choice as a photocathode, as it is more robust and insensitive
to air. However, it has the lowest QE compared to other materials. From the QE point of
view, Barium has a better spectral response ( 0.1% at 337 nm) [43], but it is less robust
compared to other materials (it can not withstand a high electric field). Magnesium has
a relatively high work function of 3.66 eV but still has a respectable QE (i.e., 0.06 % at
266 nm) making it a reliable photocathode material [43].

In order to increase the QE of metal photocathodes, several attempts, such as the de-
position of a thin layer on top of the photocathode (to decrease the effective work function
of the composite structure), have been carried out [44]. For example, in recent years, to
improve the QE of the Copper photocathode, a thin layer of MgO has been deposited on
the top [44], and as a consequence, a significant improvement in the photocathode’s QE

(an increase of more than an order of magnitude) has been noticed.

2.4.2 Semiconductor Photocathodes

Semiconductor photocathodes provide a great advantage for generating high average cur-
rent due to their high quantum efficiency in the UV or visible spectral ranges. Due to low
reflectivity, the possibility of the absorption of photon energy is quite high compared to
metal photocathodes. As a result, the conversion of photon energy to electron energy is
more efficient, provided the photon energy is higher than the band gap.

In the semiconductor case, the second step of the photoemission process is usually

dominated by electron-phonon scattering compared to electron-electron scattering. As
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Metals Work function (eV) QE (%) A (nm) Operational lifetime Vacuum (mbar) Res. time Ref.

Cu 4.3-4.7 0.014 266 Very long 1077 < ps [43]
Mg 3.66 0.06 266 > 5000 h 1077 < ps [43]
Y 2.9 0.05 266 Long <1077 < ps [43]
Sm 2.7 0.07 266 Long <1077 < ps [43]
Ba 2.5 0.10 337 Short-long <1077 <ps [43]
Nb 4 0.01 266 - - - [45]
Ca 2.9 0.05 248 - - - [45]

Table 2.1: Overview of several metal photocathodes

described in the previous section (Section 2.3.1.3, page 25), the energy loss per electron-
phonon scattering is much smaller than the electron-electron scattering. Therefore, the
probability of an electron reaching the surface is much higher in semiconductor photo-
cathodes than in metal photocathodes. However, the operational lifetime is comparatively
shorter for semiconductor photocathodes than for metal ones. Another disadvantage is
semiconductor photocathodes have high sensitivity to contamination by O,, CO,, and
H,O0, etc [46]. Therefore, semiconductor photocathodes require more stringent vacuum
conditions (i.e., < 10~ mbar), a UHV condition is usually required for these cathodes’
fabrication, transportation, and operation.

Semiconductor photocathodes are mainly divided into two types, i.e., (1) Positive
Electron Affinity cathodes (PEA) and (2) Negative Electron Affinity cathodes (NEA).
The major difference between the two types is the position of the vacuum level (Ey,¢), as
depicted in Fig. 2.8. For PEA cathodes, the vacuum level lies above the conduction band

minimum (CBM), whereas for NEA cathodes, the vacuum level usually lies below the
CBM.

Since the vacuum level lies below the conduction band minimum for NEA photo-
cathodes, the escape probability of an electron into the vacuum level is usually higher.
GaAs is a typical example of NEA photocathodes. The surface of NEA photocathodes is

generally prepared by creating a surface dipole by adding a monolayer of electropositive
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Figure 2.8: Comparative illustration of the energy band diagram of (a) PEA and (b) NEA
photocathodes. Band gap (E,) is defined as the energy difference between the conduction
band minimum (Ecgym) and the valance band maximum (Eygwm), 1.€., Eg = Ecpm - EveMm.
Electron affinity is defined as the difference between the energy of the vacuum level and
the conduction band minimum.

elements on it, such as Cs or a combination of Cs and O. This monolayer creates a surface
dipole, which functions as an electron donor to the underlying semiconductor material.
As a result, the surface acquires a positive charge, effectively reducing the electron affin-
ity to nearly zero. Therefore, the NEA photocathode’s QE is usually higher (> 20% at
UV wavelengths). However, these cathodes tend to have a longer response time (tens of
ps) and high sensitivities under a radio frequency (RF) environment [47].

As it is named a positive electron affinity (PEA) semiconductor, the vacuum level typ-
ically lies above the conduction band minimum, as depicted in Figure 2.8a. Therefore,
in order to escape into the vacuum, the electrons must have higher energy than the con-
duction band minimum energy. Additionally, in order to acquire sufficient momentum to
escape, electrons typically exit through an escape cone (as described in Section 2.3.1.1,
pages 19-20). Several types of PEA semiconductors commonly used as photocathodes
include alkali tellurides (such as cesium telluride), alkali halides (such as cesium iodide),
and alkali antimonides (such as cesium antimonide, cesium potassium antimonide, and

sodium potassium antimonide, etc.).
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In the alkali telluride family, cesium telluride (Cs,Te) photocathodes are the most
popular and widely used for the accelerator application due to their high QE (a typical
QE of > 10% in UV wavelengths), relatively low emittance, longer operational lifetime,
fast response time, and robustness in the high-gradient environment [48—52]. This pho-
tocathode is used as an electron source in many user facilities like FLASH (DESY), Eu-
ropean XFEL (Germany), LCLS-II (SLAC, USA) and, in many accelerators around the
world [53]. Since this cathode is sensitive to the UV range, photocathode laser systems
are more demanding as it is necessary to go to the third or fourth harmonic from the fun-
damental infrared laser light (IR). As described in Chapter 1, the conversion efficiency
over several stages is usually very small, which requires high initial laser powers [4].
Furthermore, this kind of laser system is generally very complex, which increases the

operation cost [5].

Alkali halides photocathodes, such as cesium iodide, are relatively robust and have a
reasonable QE in the deep UV wavelengths. However, the typical band gap of cesium
iodide is around 6.3 eV, which means it requires vacuum ultraviolet (VUV) radiation
with corresponding energy levels for efficient photoemission [54]. Furthermore, the high
photoemission threshold forces the use of the fifth harmonic of an Nd: YLF laser. As dis-
cussed above, such laser systems are usually very complex and can increase operational
costs. In addition, this photocathode experienced some kind of charge saturation effect

while used inside the RF gun [55].

Compared to the above two cathode families, alkali antimonide photocathodes have
an advantage for their high sensitivity in the visible range spectrum, which reduces the
burden on the laser drive system by requiring only second harmonic conversion. More-
over, as described in Section 2.3.1.4, the mean transverse energy (MTE) of the photo-
emitted electrons from the cathode is typically proportional to one-third of the excess
energy (Equation 2.40) [29]. Furthermore, the intrinsic emittance of semiconductor pho-
tocathodes is proportional to the square root of the MTE value (Equation 2.39). Given
that alkali antimonide photocathodes primarily operate at visible wavelengths closer to
their photoemission threshold, it is reasonable to expect a lower MTE and, consequently,

reduced intrinsic emittance [42]. This expectation arises due to the lower amount of ex-
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cess energy present at these wavelengths. In addition, these photocathodes exhibit a high
QE (up to 10% in the visible wavelength range), prompt response time, and low thermal
emittance, making them a promising candidate for generating a high-brightness beam for
light source applications [8, 56-58]. However, due to the high sensitivity towards con-
tamination, the usual operation lifetime of these cathodes is comparatively shorter [57].
There are several photocathodes from the alkali antimonide family, including K,CsSb,
Cs3Sb, Napy KSb, and Na; KSb(Cs), are extensively studied and investigated for accelera-

tor applications. A brief description of these cathodes is discussed below in this section.

Cs3Sb (cesium antimonide) is a well-known photocathode with a high quantum effi-
ciency of up to approximately 10% in the visible spectrum. This cathode is easier to grow
compared to K,CsSb or Nay;KSb photocathodes. Typically, the sequential evaporation
method or co-evaporation method can be employed for its production. In the sequen-
tial evaporation method, Cs and Sb layers are deposited sequentially onto the substrate.
During the sequential deposition process, it is common to maintain the substrate temper-
ature at a relatively high value, typically higher than 120°C [30]. Alternatively, in the
co-evaporation method, Cs and Sb are simultaneously evaporated onto the substrate [59].
However, it is important to note that Cs3Sb photocathodes are more sensitive to oxidation
compared to K,CsSb photocathodes [60]. The presence of atmospheric oxygen can read-
ily react with Cs3Sb, leading to surface oxidation and degradation of the photocathode’s

performance [58, 60].

The Nay KSb and Na; KSb(Cs) compounds were initially discovered by Sommer [61].
These photocathodes can withstand a comparatively higher temperature than other pho-
tocathode materials in the alkali antimonide family [62—-64]. This thermal stability is
advantageous in applications where higher operating temperatures are required. These
photocathodes also have a good QE ( up to 6 % in the green wavelengths) and compara-
tively low emittance [63,64]. However, the fabrication procedures are relatively complex
compared to other photocathode materials. In addition, like other alkali antimonide pho-
tocathode materials, these photocathodes are also sensitive to oxidation. They can readily
react with atmospheric oxygen, leading to surface oxidation and degradation of their per-

formance. [65].
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The K,CsSb (potassium cesium antimonide) compound was first discovered by Som-
mer [66], and nowadays, it is commonly produced using both sequential and co-evaporation
methods [67-69]. A sequential deposition involves depositing individual antimony, potas-
sium, and cesium layers onto a substrate (such as molybdenum, copper, stainless steel,
etc.). During the deposition process, it is common to maintain the substrate temperature
at a relatively high value, typically higher than 80 °C [56, 67, 68]. On the other hand,
co-evaporation involves either the simultaneous evaporation of potassium, cesium, and
antimony from separate sources onto the substrate [69] or the simultaneous evaporation
of potassium and cesium after an initial Sb deposition [70], forming the K;CsSb com-
pound. Nevertheless, alkali antimonide compounds need a better vacuum quality (i.e.,

10~ "'mbar) range than Cs,Te (i.e.,10719 mbar) to limit QE degradation [71].

The utilization of these alkali-antimonide photocathodes has so far successfully been
demonstrated in various DC and continuous wave (CW) guns, particularly at low gra-
dients (<20 MV/m) [8,9, 30, 63,72] and the parameters like QE and thermal emittance
are found to be very promising. However, as described in Chapter 1, for next-generation
CW guns and applications that demand even higher cathode gradients in the range of 30-
40 MV/m, further advancements are necessary to enhance the brightness of the electron
beam. Therefore, our current research domain is primarily centered around developing
the multi-alkali photocathode materials and exploring their feasibility for high-gradient
operation at the PITZ RF gun for a future upgrade of the European XFEL facility. In the
alkali antimonide family, the K-Cs-Sb compound was selected, as it is more well-studied
in terms of growth procedures, electronic structure, and behavior inside the photoinjector
environments than the other photocathodes in this family. In addition, by considering the
comparatively higher thermal stability properties, we also studied the Na-K-Sb-Cs pho-
tocathode compound as a potential alternative to the K-Cs-Sb photocathode. The primary
goal is to produce a reliable and reproducible recipe for these selected photocathodes in
our preparation system. This involves optimizing the growth procedures and deposition
parameters to consistently produce high-quality photocathodes with desired properties.
Once a reliable recipe is established, the next step is to test the feasibility of these pho-

tocathodes in the RF photoinjector environment at PITZ. Testing the feasibility includes
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assessing important parameters such as quantum efficiency, thermal emittance, stability,

and response time at various gun gradients.

In Table 2.2, an overview of the properties of several semiconductor photocathodes is

presented.

Cathode type Material E.+E, (eV) QE (%) A (nm) Operational lifetime Vacuum (mbar) Res. time Ref.

PEA Cs,Te 35 >10 254 Long <1071 ~200fs [51,52,73]
Csl 6.4 <5 209 Long <10™* - [55,74]
Cs3Sb 1.9 <10 532 Short <107 ~ ps [30,58]
Na,KSb 2 ~2 515 - <107 ~ps  [63,75,76]
Na,KSb(Cs) 1.5 ~4 515 - <107 - [77,78]
K,CsSb 1.9 5-10 515 Short-long <107 ~100fs [72,79,80]

NEA GaAs(Cs,0) 1 5-10 532 Short <10 ~ps [47,81-83]

Table 2.2: Overview of several semiconductor photocathodes

37



Chapter 3

Facility Overview

3.1 Overview of the Photoinjector Test facility at DESY
in Zeuthen (PITZ)

The Photo Injector Test facility at DESY, Zeuthen site (PITZ), is primarily dedicated
to developing and optimizing high-brightness electron sources for free-electron lasers
(FELs) such as FLASH and European XFEL [6]. The research activities at PITZ encom-
pass experimental benchmarking of injector simulations, the development of laser pulse
shaping methods, modeling of the photoemission process in high gradient RF guns [84],
next-generation long-pulsed electron gun development [85], and various applications of
high brightness electron photoinjectors. These applications include investigating plasma
wakefield acceleration [86, 87], electron diffraction experiments [88], and accelerator-
based generation of THz radiation [89,90]. An R&D platform dedicated to electron radi-
ation therapy and radiation biology is currently being established at PITZ [91].

An overall schematic layout of the facility is shown in Fig.3.1. The electron bunches
are generated in a 1.6-cell photocathode radio frequency (RF) gun. This RF gun operates
at a resonant frequency of 1.3 GHz with a high accelerator gradient at the cathode of up to
60 MV/m. The PITZ photoinjector system is being operated with a UV-sensitive Cs,Te
photocathode. The other main components illustrated in Fig.3.1 are the Low-Energy Dis-

persive Arm (LEDA), the Cut-Disk Structure (CDS) booster, Emittance Measurement
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Figure 3.1: Schematic layout of the PITZ beamline. The beam is generated in the gun
(top left) and travels from left to right.

System (EMSY) stations, the High-Energy Dispersive Arm (HEDA1), the transverse de-
flecting structure (TDS), and the phase space tomography (PST) module. Besides the
main components, several additional instruments are installed for detailed control and
diagnostics of the electron beam; Faraday cups are used for charge and dark current mea-
surements, integrated current transformers are used for non-destructive charge measure-
ments, and several magnets (steerers, dipoles, quadrupoles) and screen stations are used
for steering, focusing, and imaging of the beam.

In the gun, UV laser pulses are directed onto the photocathode to generate electron
bunches through the photoelectric effect. The RF pulses accelerate the electron bunches to
a nominal momentum of 6.5 MeV/c in the RF gun and further boost them up to 25 MeV/c
after passing through the booster cavity. Momentum distribution measurements of the
electron bunches are obtained using the energy spectrometers LEDA and HEDAT1. The
TDS is employed to provide the electron bunch with a vertical, time dependant kick, al-
lowing for temporal profile measurements. In addition, a phase space tomography (PST)
module is installed with matching quadrupole magnets, a FODO section of quadrupole
magnets, and screen stations. The main purpose of this section is to reconstruct the trans-
verse phase space. A bunch compression chicane is added in the beamline to increase the
beam current, enabling more powerful THz radiation output in the subsequent undulator.
It also enables the investigation of seeding methods for the THz generation [92]. In tun-
nel 2, as illustrated in Fig.3.1, a dedicated beamline is used for both THz and radiation
biology experiments, respectively [91,92]. More details on the PITZ accelerator can be
found in [6]. Some relevant components mentioned above related to the thesis topic are

described in the section below.
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3.1.1 Photocathode Laser System

At PITZ, two photocathode laser systems are available to produce electron beams by
illuminating the photocathode surface. Both laser systems are located in the same laser
room, and they utilize a common laser beam line that extends approximately 35 meters
from the laser room to the photocathode system. This configuration enables seamless
switching between the two lasers by introducing a mirror into the laser beamline. The
Max-Born Institute, Berlin, designed, built, and developed the first photocathode laser
system at PITZ [93,94]. An overview of the MBI photocathode laser system is illustrated
in Fig.3.2. The fundamental laser oscillator consists of an Yb:YAG infrared (IR) laser
operating at a wavelength of 1030 nm with a 54 MHz oscillator frequency. The pulses
produced by this oscillator have a duration of 1 ps. These pulses are then divided into
to beam paths and can be utilized for cross-correlation purposes or directed to the pulse
shaper for further manipulation. The laser pulse shaper allows for the manipulation of the
temporal profile of the laser pulse. It comprises a collection of 13 birefringent crystals and
is utilized to modify the initial short Gaussian-shaped pulses produced by the oscillator.
The pulse shaper enables the transformation of the pulse shape into a comb-like or a
flat-top profile of length up to ~25 ps, offering versatility in pulse characteristics [95].
Alternatively, it is possible to bypass the pulse shaper to maintain the short Gaussian
temporal distribution of the laser pulses, with a duration as low as 1.5 ps. After this stage,
the laser pulse power undergoes amplification through two successive amplifier stages.
Thereafter, the wavelength is converted using a Lithium triborate (LBO) crystal, resulting
in a wavelength of 515 nm. Finally, a f-Barium Borate (BBO) crystal is used to further
convert the wavelength to 257.5 nm.

The MBI laser system has the capability to generate UV laser pulses with energies of
up to 2 uJ. These pulses are organized into trains containing a maximum of 800 pulses
at a pulse repetition rate of 1 MHz and a train repetition rate of 10 Hz. The pulse energy
can be reduced by employing an attenuator consisting of a half-wave plate mounted on a
rotational stage and a birefringent crystal. Then, the laser is focused onto an adjustable
iris known as the beam shaping aperture (BSA) [96,97]. The laser at the BSA is imaged

onto the cathode, enabling the remote adjustment of the laser size at the cathode. The
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Figure 3.2: Layout of the MBI photocathode laser system. Adapted from [94]

magnification of the imaging optics between the MBI laser exit and the BSA is carefully
selected to ensure that the laser beam size is larger than the BSA itself. Consequently,
when the BSA is predominantly illuminated, only the central portion of the transverse
laser pulse distribution is imaged onto the photocathode. This produces circular laser
profiles characterized by a transverse flat-top distribution. However, the magnification of
the laser beamline can be adjusted to allow for a greater portion of the transverse Gaussian
laser profiles to pass through the BSA. This results in the profiles being selectively clipped
at different radii, offering versatility in the spatial distribution of the laser pulses on the
photocathode.

The laser system is also equipped with other various diagnostic devices. The opti-
cal sampling system (OSS) performs cross-correlation between the short infrared (IR)
laser pulses from the oscillator and the shaped ultraviolet (UV) pulses, enabling precise
measurements of the temporal laser profile. A UV energy meter is utilized to accurately
gauge the laser pulse energy, while a photodiode serves to monitor the laser pulse energy
throughout the train of laser profiles.

The PITZ facility has a second photocathode laser system powered by a commercially
available front-end laser known as PHAROS, which has a power output of 20 W [98]. One

noteworthy aspect of this system is its ability to shape laser pulses in three dimensions,
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achieved through the utilization of spatial light modulators (SLMs) [99]. Here, the grating
is used to disperse the chirped laser pulse onto the spatial light modulator (SLM). On the
SLM, the laser pulse is represented by a mask that exhibits a relationship between its
frequency and its position in the transverse direction. At the polarizing beam splitter,
only components with a specific polarization are extracted, allowing the shape of the
output pulse to be altered by adjusting the modulation on the SLM. Since the SLM is
programmable, it becomes possible to achieve arbitrary pulse shapes within one of the
space-frequency planes. The beam transport from the laser table to the photocathode

follows the identical path as that of the MBI laser system.

3.1.2 RF Photoelectron Gun

To obtain a high-brightness electron beam, a significant emission of electrons is neces-
sary from the cathode. The extracted electrons exhibit repulsive forces among themselves
due to space charge, resulting in divergence and expansion of the extracted bunch in both
transverse and longitudinal directions. In order to mitigate the deterioration of beam qual-
ity caused by intense space charge forces, the beam must undergo rapid acceleration to
reach relativistic energies. As a result, the photocathode is positioned within an electron
gun, which accelerates the electrons with an RF electric field. As the electrons rapidly
attain relativistic energies (achieved by high accelerating fields at the cathode), the contri-
bution of space charge to the bunch emittance decreases. Solenoid-focusing magnets are
strategically positioned around the electron gun to focus the diverging bunches; see Fig.
3.3. This arrangement serves the purpose of focusing the bunches and compensating for
the emittance growth caused by the varying rotation of longitudinal bunch slices in the
transverse phase space during acceleration [100]. The primary solenoid magnet, known
as the main solenoid magnet, plays a crucial role in beam focusing. On the other hand,
the bucking solenoid serves the purpose of counteracting the magnetic field generated by
the main solenoid on the cathode surface. This compensation is essential to prevent any
magnetic field from adversely affecting the beam quality at the cathode.

The gun can operate at a frequency of 10 Hz, with an RF pulse length of up to 650
us” [101]. A maximum RF power of 6.5 MW is delivered to the cavity during each RF
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pulse, resulting in an electric field strength of 60 MV/m. Some important parameters

associated with the RF gun are summarized in Table 3.1.

Bucking solenoid rf gun: Main solenoid,
1.3 GHz, normal By max = 0.2T
= . max -
conducting,
standing wave,
1.6-cell cavity

Cathode laser
pulse
257 nm

Photocathode
(CszTe)

Vacuum
mirror

coupler

Electron bunch
p.= 6.7MeV/c

waveguides

Figure 3.3: Schematic layout of the PITZ photoelectron gun. Adapted from [102].

Table 3.1: Some important parameters of the PITZ RF gun

Parameter Value
Operating RF frequency 1.300 GHz
Peak power of RF pulse 6.5 MW
Maximum operating RF pulse length 650 us”
RF pulse repetition rate 10 Hz
Maximum accelerating gradient ~ 60 MV/m
Maximum momentum gain ~ T MeV/c

*Additionally, further development of the RF gun has been realized, allowing an RF pulse length of up to
1 ms [103-105]. However, since these developments do not have a direct impact on the results of this
thesis, they are not further elaborated in the dissertation.
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3.1.3 Components of Electron Beam Diagnostics

3.1.3.1 Charge Measurement Devices

At PITZ, two different types of charge-measuring devices are used: Faraday cups (FCs)
and integrating current transformers (ICTs).

A Faraday cup is a specially designed copper block that serves the purpose of collect-
ing electrons upon impact. The collected electrons on the block generate a corresponding
electric current. Within the PITZ beamline, two Faraday cups, namely LOW.FC1 and
LOW.FC2, are positioned between the RF gun and the CDS booster. These Faraday cups
are specifically suitable for measuring low charges.

An integrating current transformer (ICT) is a charge measurement device that oper-
ates based on the principle of electromagnetic induction. Within the PITZ beamline, ICTs
(from Bergoz Instrumentation [106]) are installed in the straight section. LOW.ICT]1 is
employed to measure the bunch charge of the beam exiting from the RF gun, HIGH1.ICT1
measures the bunch charge of the beam exiting from the CDS booster, and HIGH2.ICT1
measures the bunch charge at the end of the beamline. The primary use of ICTs is to mea-

sure bunch charges exceeding 0.1 nC, offering a non-destructive measurement approach.

3.1.3.2 Screen Stations

Multiple screen stations are positioned along the beamline to assess the transverse dis-
tribution of the electron beam at various locations. The beam profile is converted into
a light signal through the scintillation of the screen material. The emitted light is cap-
tured and focused onto a CCD camera chip for imaging. In the scintillator screens, the
generation of light occurs through the following mechanism: as the particle beam passes
through the scintillator, energy is lost due to inelastic scattering. This energy excites the
scintillating molecules, which subsequently emit light during the relaxation process. The
resulting intensity distribution of the emitted light reflects the local density of the bunch
charge [107].

At PITZ, both inorganic powder screens containing cerium-doped ytterbium aluminum

garnet (YAG) and cerium-doped lutetium yttrium orthosilicate (LYSO) are employed

44



[108]. For beam profile measurements with low charge density, such as low bunch charge,
LYSO screens are favored over YAG screens. This preference stems from the fact that
LYSO screens are composed of a 500 um-thick LY SO crystal, exhibiting a light yield ap-
proximately 70 times higher than the YAG screen [108]. The screens are equipped with
actuators that enable their movement into and out of the beamline. Most of the screen
stations at PITZ are equipped with multiple movable lenses. However, only one lens is
employed at a given time to capture the image of the screen and project it onto the CCD
camera chip. A 12-bit CCD Prosilica GC 1350 camera (from Allied Vision Technolo-
gies GmbH) is used at all screen stations [109]. This camera is equipped with an array

consisting of 1360 x 1024 pixels, with each pixel measuring 4.65 um X 4.65 um in size.

3.1.3.3 Emittance Measurement System (EMSY5s)

There are three Emittance Measurement Systems (EMSYSs) installed along the PITZ
beamline. By utilizing the single-slit scan technique, these components enable the mea-
surement of transverse emittance. The slit stations are equipped with vertical and hori-
zontal actuators that are precisely controlled using stepper motors. These actuators hold
tungsten slit masks with a thickness of 1 mm [110]. Although the thickness is inadequate
to completely obstruct the electron beam, it effectively induces a pronounced scattering
effect. Once the electron beam travels a short distance beyond the slit mask, the scattered
electrons uniformly contribute to the beam images observed on the screen. The thick-
ness of the slit mask was optimized, as a thinner slit mask would minimize scattering
but increase the background on the observation screen. On the other hand, a thicker slit
mask would decrease the angular acceptance of the slits, leading to a further reduction
in the signal-to-noise ratio [110]. In order to maximize the number of electrons that pass
through the slit mask, the yaw and pitch angles of the entire station can be adjusted within
a milliradian range [110].

At PITZ, each EMSY station is equipped with two slit masks, one with a width of
10 pm and another with a width of 50 um. The narrower slit enables the measurement
of projected emittance with enhanced resolution and lower passed charge, effectively

minimizing the passed beamlets and reducing systematic errors. Conversely, the wider slit
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allows for greater transmission of electrons, resulting in a higher signal-to-noise ratio on
the observation screen. This reduces systematic errors arising from low signal strength,
particularly when dealing with beams of low charge [111]. Information regarding the
principle and procedure used for emittance measurements can be found in references
[112] and [113].

3.2 Overview of Photocathode Laboratory at INFN-LASA
in Milan

Since the 1990s, LASA has been actively engaged in researching and advancing photoe-
missive materials, specifically antimony and tellurium compounds combined with alkali
metals. These materials are used as high-brilliance electron sources in RF guns. In 1998,
the first phase of production for Cs,Te photocathodes was explicitly done for the TESLA
Test Facility (TTF) RF gun situated at DESY-Hamburg. Since the year 2000, the pro-
duction of Cs,Te photocathodes has been carried out for the PITZ facility too [114]. So
far, a total number of 150 photocathodes have been successfully manufactured and used
in different facilities such as FLASH, PITZ, and LBNL, etc. As discussed in Chapter 1,
DESY collaborated with INFN-LASA to facilitate the development of alkali antimonide
photocathodes. The primary objective was to assess their viability in a high-gradient en-
vironment at the PITZ RF gun, with the intention of potentially incorporating them into

a future upgrade of the European XFEL facility.

3.2.1 “R&D” Preparation System

In order to establish a reproducible recipe for the production of alkali antimonide photo-
cathodes, the films are typically grown in the "R&D" preparation chamber at LASA. The
"R&D" preparation system was originally constructed in the year 1990. A detailed layout
of the "R&D" photocathode lab is illustrated in Fig. 3.4. The "R&D" preparation system
comprises two interconnected chambers used for the cathode preparation and storage of

samples (see Fig. 3.4a [115]). To transfer the cathode from the preparation chamber to a
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Figure 3.4: (a) Photograph of the front side of the R&D laboratory. In the picture (top
one), the main preparation chamber and other components are highlighted. Additionally,
a magnified version of the front viewport is included, offering a closer look at the interior
of the preparation chamber. This detailed view reveals specific components such as the
Mo substrate, alkali, and antimony sources, as well as other integral parts of the setup.
(b) illustrates the back side of the R&D laboratory where the pt-metal and TOF chamber
and other components are highlighted.

storage system, an all-metal bakeable load-lock is employed, equipped with a long linear
translator featuring a 600 mm stroke. The cathode storage chamber is effectively pumped
by using an ion pump and a getter cartridge [115]. The cathode preparation chamber is
consistently maintained at a base pressure ranging around 10~!'! mbar, achieved through
the utilization of eight SAES Getters NEG St707® modules and a 400 1/s ion pump. Each
NEG module (utilizing getter alloy ST707 [116]) exhibits a pumping speed of 560 1/s
for hydrogen (at room temperature) and 220 1/s for carbon monoxide (at room tempera-
ture) [115]. The preparation chamber (based on a 304 LN stainless steel cylinder having a
length of 750 mm and a diameter of 300 mm) was machined, welded, and cleaned follow-
ing CERN specifications [117]. The alkali metal and antimony sources are inserted into

the preparation system via a load lock mechanism. A schematic drawing of the "R&D"
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Figure 3.5: Schematic drawing of the "R&D" preparation system. Adapted from [115]

preparation system is s shown in Fig.3.5. A total of 9 sources (for multi-alkali prepara-
tion) are combined and installed on the source holder. Using a linear transfer mechanism,
the sources can be positioned in front of either the cathode (for deposition) or the quartz
microbalance (for calibration purposes). Additionally, this system is interconnected with
a u-metal shielded chamber that accommodates a Time-Of-Flight (TOF) spectrometer
employed for conducting thermal emittance measurements [118]. After the cathode is
placed within the storage chamber, it can be subsequently transferred to the TOF spec-
trometer. However, due to a technical problem, the TOF spectrometer is not used in this
study. For further information on the geometric and other specifications of the "R&D"

preparation system, refer to reference [115].
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The Mo sample in the "R&D" preparation system is mounted on a commercially man-
ufactured SH1 sample holder provided by Vacgen [119]. This sample holder is equipped
with an HST module designed to heat the sample up to 950 °C [119], and a thermo-
couple is attached to the sample holder to measure the temperature. During the alkali
antimonide deposition process, the Mo sample is subjected to controlled heating at a spe-
cific temperature while the alkali and antimonide compounds are sequentially evaporated
using dispensers. The process parameters, such as deposition rates, thickness, cathode
temperature, photocurrent, reflected power, etc., are precisely controlled by a LabVIEW
program. The evaporation rate is monitored using a microbalance, while the real-time
photocurrent and reflected power of the film are measured through the front viewport
(which is made of sapphire material). To obtain an accurate photocurrent reading, it is
necessary to subtract the dark current. This is achieved by utilizing a shutter to block the
laser beam in a programmed manner during the photocathode deposition (detailed dis-
cussion will be provided in the following chapter). For measuring the spectral response
of the photocathode, a Laser Drive Light Source (LDLS) system is employed, along with
a collection of specialized optical filters spanning a range of 239 nm to 690 nm. Addi-
tionally, to facilitate measurements across an even broader spectrum, a monochromator
is utilized. Furthermore, one Ar+ laser and three He-Ne lasers are employed to cover the
wavelength range from 457 nm to 633 nm.

The deposition process utilizes a custom-made source for antimony (Sb) and commer-
cially available dispensers for cesium (Cs), sodium (Na), and potassium (K) from SAES
Getters ® [116]. The desorption of gases from the dispenser during evaporation has been
minimized by the implementation of an appropriate conditioning procedure (details de-
scribed in Chapter 4). Due to better handling, the photoemissive materials are produced
on a simplified Mo substrate (see Fig. 3.4a) within the “R&D" preparation chamber (de-
tails described in Chapter 4).

3.2.2 ‘“‘Production” Preparation System

A new dedicated preparation system has been recently constructed to facilitate the depo-

sition of alkali antimonide films onto INFN Mo plugs for their testing in the PITZ RF
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gun [64, 120]. While this new system is primarily designed as a “production” unit to
supply cathodes to photoinjectors, it can also serve as a supportive system for R&D activ-
ities. It allows the production of cathodes using various recipes and techniques, including
the co-evaporation of alkali metals. A detailed picture of the new production preparation
system is illustrated in Fig. 3.6.

The new photocathode production system is a replica of the old production system that
has been operational at LASA since the 1990s to produce Cs,;Te photocathodes [121].
More details on the old preparation & transfer (“suitcase”) system can be found in the
reference [121]. However, this new preparation system incorporates an improved pump-
ing system, plug temperature reading system, and source holder. In order to meet the
required vacuum quality (base pressure 10! mbar) for the sensitive alkali antimonide
compounds, two SAES Getters NEXTorr® D2000-10 pumps are equipped with this sys-
tem. These pumps exhibit a pumping speed of 2000 I/s for hydrogen and 1100 1/s for
carbon monoxide [122].

Typically, for deposition, the Mo plug is transferred to the deposition area using a Lin-
ear Transfer Mechanism (LTM). Afterward, a second LTM translator is utilized to move
the cathode heater (i.e., a halogen lamp) along with a thermocouple to the rear hollow
portion of the Mo plug. Further details can be found in the provided reference [123].
When comparing the thermocouple positioned in the "R&D" system, which provides a
more accurate temperature reading (due to better contact with the sample holder) to the
thermocouple positioned in the rear of the Mo plug in the "Production” system. Further-
more, to improve the accuracy of temperature reading in the "Production” system, a new
plug temperature measuring system has been integrated into this setup. This system incor-
porates a thermocouple directly connected to the plug body, enabling direct temperature
measurement from the plug body itself. Similar to the "R&D" system, during the alkali
antimonide deposition process, the Mo plug undergoes controlled heating at a specific
temperature, while the alkali and antimonide compounds are sequentially evaporated us-
ing dispensers. A circular masking system is positioned in front of the cathode to define
the shape of the round active photoemissive layer and ensure its precise alignment with

the plug’s center. The film’s diameter is determined through this circular mask, currently

51



. ¥
Microbalance .,'

‘ y @. TR ] -
: i / New cathode

temperature
measuring

CF 40 side
view port

New cathode
temperature

Alkali metal [ measuring system
&Lantimony

sources are _ : " [y

placed in the 2 .E - & : _. Photocathode masking

source holder

SAES Getters
NexTORR pumps
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set at Smm. In the area between the sources and the masking, an anode is positioned in
front of the cathode (Fig. 3.6), allowing for the photocurrent measurement. This ultra-
high vacuum (UHV) preparation system is equipped with a large CF 100 front viewport
and two additional CF40 UV side viewports. These side viewports enable direct ob-
servation of the plug’s front surface while in the masking position. This configuration
facilitates optical measurements at a wider angle of 45°. The deposition of cathodes takes
place on custom-made INFN-style Mo plugs, which are transported within the system
using a carriage on a fixed rail. The transport boxes, commonly referred to as “suitcases",
which were used in the preparation system for Cs;Te can also be integrated into this
system [121].

For spectral response and reflectivity measurements, a Laser Drive Light Source (LDLS)
system, equipped with dedicated optical filters (239 nm to 690 nm) and a monochromator
(170 nm to 1200 nm), is used. Additionally, He-Ne laser options are available within the
543 to 633 nm range for measurement. Furthermore, this preparation system is equipped
with a multi-wavelength diagnostic system capable of measuring real-time photocurrent
and reflectivity across a range of wavelengths from 254 nm to 690 nm (detailed discussion
will be provided in the following chapter). The following chapter of this report offers an
extensive overview of various cathode growth recipes developed in both the “R&D" and

“Production" systems.
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Chapter 4

Photocathode Preparation and Test
Results of Multi-Alkali Photocathodes

4.1 Substrate Preparation

As mentioned in the previous chapter, photo-emissive materials were produced on a sim-
plified Mo substrate (depicted in Fig. 3.4a) in the “R&D” preparation chamber for ease
of handling. Whereas INFN-style standard Mo plugs (as shown in Fig. 4.1) are used as
a substrate in the new “Production” system in order to enable in-situ testing in the PITZ
RF gun. Both the simplified Mo substrate and Mo plugs are prepared from high-purity
molybdenum (99.95%) through machining. The "R&D" samples are obtained by cutting
thin slabs, while the Mo plugs are obtained by cutting them from a Mo rod (either sintered

or arc-cast), followed by shaping them to meet design specifications using a lathe or mill.

After machining, both types of Mo samples undergo Buffered Chemical Polishing to
eliminate residuals from the machining process [124]. To enhance its front surface quality
and reduce the roughness, the Mo samples undergo lapping procedures. These lapping
steps include the use of 6 um, 3 um, and 0.05 um diamond suspensions with a "diamond
embedded" disc, followed by successive clothes in three steps. Reflectivity measurements
of the Mo samples are taken at each step, with the final goal of reaching a reflectivity >

54% at A = 543 nm, relative to the theoretical value of 57% [125], which serves as the
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Figure 4.1: Photograph of polished standard Mo plugs that are used as substrate in the
production system for the deposition process.

standardization criterion.
Once the optical finishing is complete, the Mo samples are then thoroughly rinsed
with acetone and alcohol. Subsequently, it is stored in a nitrogen environment to preserve

its quality.

4.2 Photocathode Characterization

4.2.1 Photocurrent and Reflected Power Measurements

During the deposition of photocathodes, a He-Ne laser was usually utilized to measure
the real-time photocurrent and reflected power at 543 nm. For data standardization, the
photocurrent and reflected power data were later converted into quantum efficiency (QE)
and reflectivity, respectively, using Equations 2.5 and 2.6 during data analysis. This con-
version enables the correlation of physical film characteristics (such as thickness, deposi-
tion rate, and crystal structure) with their electronic and optical properties. The real-time

measurements provide insights into the photoemissive properties, reaction rate monitor-
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ing, and quality control. In addition, these real-time data are compared to evaluate various
optimization parameters (such as deposition rate, substrate temperature, and thickness) by
analyzing different photocathode films. This comparison across different photocathode
films is discussed in the latter part of this chapter.

Fig. 4.2a and Fig. 4.2b illustrate the photographs of the typical setup for measuring the
real-time photocurrent and reflected power during the deposition process at the "R&D"
and "Production" preparation systems. This setup consists of a He-Ne laser (543 nm),
an optical shutter (from Thor Labs), beam routing optics, a calibrated photodiode power
meter (from Ophir Optronics), a photocurrent pickup anode (see Fig. 3.4a & 3.6), and
a picoampere meter (Keithley 6517a model). The green light produced by the He-Ne
laser passes through various mirrors, focusing lenses, and an iris to be well collimated
before impinging on the cathode surface. The photoexcited electrons from the cathode
are collected by the anode, and the photocurrent is measured by the picoampere meter,
while the reflected light is measured using the photodiode. The optical shutter in this setup
is operated in a programmed manner during the deposition to facilitate measurements of
background reflected power, as well as dark current.

In addition, a multi-wavelength optical diagnostic setup (shown in Fig. 4.2c) is em-
ployed in the "Production” system to measure the real-time photocurrent and reflected
power at eight different wavelengths (between 254 nm and 690 nm) during the photocath-
ode deposition process (employed only for cathodes 137.1, 137.2, and 137.3, discussed
in the latter part of this chapter). This setup, which replaces the He-Ne laser with a
Laser-Driven Light Source (LDLS) system (from EQ-77 Energetiq), is similar to the pre-
viously described setup but includes a motorized filter wheel. The motorized filter wheel
can accommodate up to eight different optical filters, rotating in a programmed manner
during deposition to enable real-time monitoring of the photoemissive properties of the
deposited films. In this multi-wavelength optical setup, the white light generated by the
LDLS system passes through the filter wheel, then through the beam routing optics, and
is subsequently projected onto the cathode surface. The photocurrent and reflected power

(at eight different wavelengths) are then measured, similar to the previous setup.
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Figure 4.2: Photographs of the photocurrent and reflected power measurement setups in
the (a) "R&D" preparation system and (b) "Production” system. The He-Ne laser and op-
tical shutter are situated behind the photodiode in the "R&D" system, which is not shown
in Fig. 4.2a. Figure (c) depicts a multi-wavelength optical diagnostic setup, where a mo-
torized filter wheel containing 8 different optical filters is employed in the "Production”
system to facilitate real-time monitoring of photocurrent and reflected power at 8 differ-
ent wavelengths during deposition.

4.2.2 Spectral Response and Spectral Reflectivity Measurements

As discussed in Chapter 2 (Section 2.2.2), the spectral response of a photocathode mate-
rial refers to its quantum efficiency measured across incident photon wavelengths. This
spectral response curve is crucial as it provides important information about the material’s
work function, band structure, and quantum efficiency.

The spectral response is determined by measuring two key parameters: the net spec-
tral flux (light power) and the net photocurrent at different wavelengths. The net spec-

tral flux, denoted as Pyet(A), is calculated by subtracting the background light power
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Poackground (A ) from the total incident light power Pogal incident(A ). Similarly, the net pho-
tocurrent, Ier(A), is the difference between the total incident photocurrent Joa) incident (4 )
and the dark current Iy, (A). The spectral response measurements are usually recorded
after the deposition process.

In practical units, as stated in Section 2.2.1, the Quantum Efficiency (QE) is repre-

sented as,

1240 - (Itotal incident — Idark)
A- (Ptotal incident — Pbackground)

QFE (%) () = x 100 4.1)

where A is measured in nm.

When taking into account the correction factor 7(A4) based on the transmittance of
viewport material (such as sapphire or N-BK7 at that particular wavelength), QE can be
defined as,

1240- (I total incident — Idark) x 100
A (Ptotal incident — Pbackground) (T(A) / 100)

The uncertainty in the Quantum Efficiency, denoted as AQE, is determined using error

QE(%)(A) =

4.2)

propagation, resulting in the following equation:

B AL \>  [(APe\®  (AL\®  [AT\?
sortn = om (M) (4) L (YL (A1)

Statistical errors are typically below 0.4% for sets of 50 data points taken at each

wavelength across all wavelengths.

In our research, we also conducted spectral reflectivity measurements of the pho-
tocathode, which holds significant importance in understanding its electronic structure.
As described in the Section 2.2.3, optical measurements, including spectral reflectivity,
offer crucial insights into the interaction of light with the material and reveal valuable
information about its energy band structure, electronic transitions, and optical properties.
Therefore, along with the spectral response measurements, we simultaneously obtained
spectral reflectivity measurements after the deposition process. Later, we compare this

reflectivity data with the theoretical reflectivity (obtained from DFT simulation) values to
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gain a deeper understanding of the structure of the grown film, as discussed in Chapter 6.
In practical units, as stated in Section 2.2.3, the reflectivity is represented as,

Riotal — R roun
R(%)(A) _ ( total backgrou d) % 100 (4.4)

(Ptotal incident — Pbackground)

Where Ry represents the total reflected power and Rpackground represents the back-
ground reflected power. When taking into account the correction factor (7'(A) based
on the transmittance of viewport material (such as sapphire or N-BK7 at that particular

wavelength), Reflectivity R(A) can be defined as,

o (Rtotal - Rbackground) 100
R(%)(k) N (Ptotal incident — Pbackground) . (T(A«>/1OO)2 (4.5)

This correction factor takes into account the amount of light that is transmitted through
the sapphire (or N-BK7) material at the specific wavelength. The transmittance factor is
squared in the reflectivity equation (Equation 4.5) to account for the light’s bidirectional
journey through the viewport material, considering its passage both to and from the re-
flecting surface.

The uncertainty in the Reflectivity denoted as AR, is determined using error propaga-

tion, resulting in the following equation:

B ARnet \> (APt [AL\?  [AT\?
AR(M_W(RW) C(38=) 4 (32) 4 (40) ws

Just like the spectral response, the error calculation was performed at each wavelength

for sets of 50 data points, resulting in statistical errors that are typically below 0.5% across
all wavelengths.

Figure 4.3 illustrates the standard optical setup used for conducting spectral response
and spectral reflectivity measurements in the production system. Typically, this mea-
surement setup utilizes a monochromator along with an LDLS laser serving as the light
source. The LDLS system is equipped with a monochromator that covers a range of 170
nm to 1200 nm. As an alternative, it can also utilize a series of specialized optical filters,

which span a range from 239 nm to 690 nm. Additionally, one Ar* laser and three He-Ne
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Figure 4.3: Photograph of the measurement setups for spectral response and spectral
reflectivity in the “Production” system. The LDLS laser system is situated behind the
monochromator, which is not shown in Figure 4.3. A similar setup is used in the “R&D”
preparation system to conduct such measurements.

lasers, ranging from 457 nm to 633 nm, can be optionally used.

Similar to the real-time photocurrent and reflected power measurement setup de-
scribed in the previous section, for spectral response and spectral reflectivity measure-
ment, the white light generated by the LDLS system passes through the monochromator,
then through various beam routing optics, and is finally projected onto the cathode sur-
face. Subsequently, the photocurrent and reflected power are measured, as described in
the previous section. A similar setup is also employed in the "R&D" preparation system
for such measurements.

The front viewport window of the “R&D” chamber is composed of Sapphire material,
whereas the front viewport window of the “Production” chamber is made of N-BK7 mate-
rial. We have conducted transmittance (7'(A)) measurements for both viewport materials,
and the results are shown in Fig. 4.4. It is evident from the data that the transmittance

of N-BK7 material drops for A < 334 nm, while the transmittance of Sapphire material
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drops for A < 252 nm. As a consequence, in the production system, we are constrained
to perform spectral reflectivity measurements from A = 334 nm due to the limitations
imposed by the N-BK7 material’s transmission characteristics.
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8 80
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Figure 4.4: illustrates the transmittance (7'(A1)) of the different viewport material with
respect to different wavelengths.

4.2.3 Acquisition System

The acquisition system used in green cathode production is built on LabVIEW. This sys-
tem allows for the capture of reflected power and photocurrent precisely at a wavelength
of 543 nm during the deposition process in both the “R&D” and “Production” systems, in
addition to gathering all relevant parameters for cathode production. The system records
the total photocurrent and reflected power, and, as described in Section 4.2.1, to ensure
accuracy, the corresponding background signals are subtracted using the shutter. Further-
more, in the production system, while depositing cathodes 137.1, 137.2, and 137.3 (which
will be discussed in subsequent sections of this chapter), the LabVIEW program under-

goes slight customization compared to the standard version to capture reflected power
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Figure 4.5: illustrates the screenshot pictures of the acquisition panel captured during
the cathode deposition process in both (a) the “R&D” preparation system and (b) the
“Production” system.
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and photocurrent at eight different wavelengths using the motorized filter wheel. By
implementing this modification, the system becomes capable of collecting photocurrent
and reflected power data at up to 8 different wavelengths, facilitating the utilization of
multi-wavelength measurement techniques. Further details of this procedure will be dis-
cussed in subsequent sections of this chapter, and additional information can be found in
the reference [126]. Besides recording photocurrent and reflectivity data, the LabVIEW
acquisition system also logs other significant parameters such as plug temperature, thick-
ness measured by microbalance, pressures, etc. Figure 4.5 displays screenshot pictures of

the acquisition panel used in both the “R&D” and “Production” systems.

4.3 Experimental Results Obtained from the Cathodes
Produced in the “R&D” Preparation System

So far, a total number of 8 K-Cs-Sb, 2 Na-K-Sb-Cs, and 2 Na-K-Sb photocathodes have
been produced in the “R&D” preparation system. The following section of this chapter
provides a comprehensive analysis and discussion of the detailed results and outcomes de-
rived from those photocathodes. As discussed above, due to the better handling, the pho-
toemissive materials were produced on a simplified Mo substrate in the “R&D” prepara-
tion chamber. Before the deposition, each sample was heated up to 450 °C for at least one
hour to remove possible residuals from the surface. Note that all of the above-mentioned
photoemissive films were deposited on the same Mo substrate. Prior to every cathode
deposition, the previous film was destroyed by a heating cycle up to 450 °C, and the com-
plete removal was checked by QE and reflectivity measurements before starting with the
next film evaporation.

For the deposition process, a custom-made source was used for Sb, while commer-
cially available dispensers (by SAES) were utilized for Cs, Na, and K [127]. To achieve
a specific deposition rate (typically 1 nm/min) during cathode growth, each source was
calibrated before each cathode deposition. This calibration involved positioning the mi-
crobalance at the same location as the substrate. Once the desired deposition rate was

achieved, the microbalance was moved out of the axis, and the rate was continuously
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measured to have a cross-calibration that was used during the real evaporation process.
This calibration procedure was repeated before each growth process to ensure consistent
and accurate results.

In order to optimize and better understand the properties of the photoemissive films,
as described in the preceding section, we monitored the real-time optical spectra, en-
compassing photocurrent and reflected power, during the growth process at the green
wavelength (543 nm). Post-production, the grown film underwent comprehensive char-
acterization through spectral response and spectral reflectivity measurements across a
broader frequency range. Note that 514 nm is the available wavelength from the PITZ
photocathode drive laser, corresponding to the second harmonic of the fundamental laser

light.

4.3.1 Experimental Results Obtained from KCsSb Photocathodes

4.3.1.1 Fabrication Recipes

The fabrication process of alkali antimonide photocathodes involved a three-step sequen-
tial deposition procedure [128—130]. Initially, an Sb film was deposited on the substrate,
followed by the sequential evaporation of K until the photocurrent reached its maximum,
allowing K to react with the Sb film. Finally, Cs was evaporated onto the K-Sb film until
the photocurrent was close to saturation, forming a K-Cs-Sb compound.

It’s important to note that the final thickness of the resulting KCsSb film depends
on the initial Sb layer thickness. Therefore, to investigate the influence of different thick-
nesses on the cathode’s properties, we decided to grow two different Sb thickness families
(i.e., thin as 5 nm and thick as 10 nm), followed by K and Cs. Additionally, to study the
effects of different temperatures and deposition rates on the photocathode’s properties,
we employed varying setup temperatures and deposition rates during the cathode growth
process.

During deposition, a 543 nm He-Ne laser with 1.8 mW power was continuously illu-
minated onto the cathode’s surface to enable real-time measurement of photocurrent and

reflected power. A bias voltage of 250 V was applied between the anode and the sample
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to collect the photocurrent from the cathode. Figure 4.6 illustrates a detailed photocurrent
(at 543 nm) and reflected power (at 543 nm) history of a typical photocathode (KCsSb-7)
during the growth.
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Figure 4.6: Typical photocurrent and reflected power curve recorded during the cathode
deposition process. The variations in the reflected power demonstrate the reflectivity be-
havior throughout the growth. The plot is divided into three sections: section I illustrates
the deposition history of Sb, while sections II and III depict the deposition history of K
and Cs, respectively.

The key finding from this experiment emphasized the importance of better temper-
ature control and its influence on the overall properties of the cathode. Understanding
these variations will aid in optimizing growth recipes to enhance reproducibility. Fur-
ther details regarding the growth procedure at each deposition stage and the impact of
temperature and thickness variations on the photocathode’s properties for all cathodes are
presented in a subsequent section of this report.

As described earlier in the section, different thicknesses of Sb were initially evapo-
rated onto the Mo substrate. During the K deposition process, the evaporated K atoms
typically diffuse into the Sb film, leading to recrystallization into an alkali antimonide

structure, often with M3Sb stoichiometry, where M represents an alkali metal [131]. Sub-
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sequently, upon Cs addition, the alkali antimonide film potentially recrystallizes into the
cubic or hexagonal phase of the K,CsSb structure, as explained by Schubert et al. [67].
Based on the Sb evaporation, we classified our photocathodes into two types: thick
(with an Sb layer approximately 10 nm thick) and thin (with an Sb layer around 5 nm
thick). The growth parameters of the cathodes produced in the “R&D” system are sum-
marized in Table 4.1. Drawing from our experience with Cs,Te [73] and our current
work with K-Cs-Sb photocathodes, we observed that the ratio of evaporated thickness
(i.e., K/Sb and Cs/Sb for K-Cs-Sb material), as shown in Table 4.1 demonstrated high
reproducibility with their respective recipes. Therefore, this data serves as a valuable

addition to evaluating the film’s properties.

4.3.1.1.1 Mo Substrate

Conducting the reflectivity measurement of the Mo substrate is crucial as it allows us
to assess and compare it with the reflectivity of the grown films. This initial evaluation
serves as a reference point to validate and ensure the accuracy of our reflectivity measure-
ments for the thin films. By comparing the reflectivity of the Mo substrate with that of
the grown films, we can confidently attribute any observed variations or features (peaks)
in the reflectivity spectra to the properties of the thin films (Sb, KSb, KCsSb, etc.). This
essential step enables us to make meaningful and accurate analyses of the grown film’s
optical behavior and performance, ensuring the reliability of our results. Additionally, we
performed a comparison between our measured reflectivity data of the Mo substrate and
reference data from [125] (depicted in Fig. 4.7), which reveals a substantial agreement
between the data sets. This comparison validates the accuracy and precision of our reflec-
tivity measurement system while also confirming the quality of the Mo substrate used in
the experiment. Here, it is important to note that the measured spectral reflectivity of Mo
substrate used in both the “Production" and “R&D" systems was found to be similar and

reproducible.
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Table 4.1: Summary of cathode growth parameters and evaporated thicknesses of Sb, K, and Cs. All the thicknesses
were measured using a pre-calibrated quartz microbalance (QMB). In the table, AR (%) represents the percental changes
in the reflectivity after the respective K and Cs deposition.

Cathode | Sb(mm) | K(mm) | Cs@mm) | K/Sbratio | Cs/Sbratio | TSh-TK-TCs (°C) | QE (%) (515 nm) AR (%) AR (%)
after K (543 nm) | after Cs (543 nm)

KCsSb-4 5+£09 | 4101 | 106+05 8.2 21.2 90-90-90 5.4 47 37
KCsSb-6 5+£09 | 32+£01 | 117£05 6.4 234 90-120-90 5.8 485 36.6
KCsSb-7 5+£09 | 34+£05 | 121+05 6.8 24.2 90-120-110 6.6 48.33 38.7
KCsSb-8 509 | 43£05 | 31£05% 8.6 6.2% 90-130-120 8.8 61.19 46.6 *
KCsSb-3 | 10£0.9 | 6605 | 313+£09 6.6 313 60-60-60 ** 7.1 65.4 0
KCsSb-5 | 10£0.5 | 75201 | 31605 75 316 90-90-90 63 66.6 -7

zmwwzoe- 9+£0.5 | 46+0.1 - 5.1 - 90-120 03# 68.8 -

Note: * Due to some technical problem, the Cs deposition was not fully completed for the KCsSb-8 cathode. ** The substrate temperature was increased from 60 °C to 90 °C
during the Cs evaporation for the KCsSb-3 cathode, as reported in [130]; # QE is shown only for the K-Sb phase. Since the deposition procedure was similar up to K deposition
between the KCsSb and NaKSb(Cs) cathodes, the K-Sb phase data from the NaKSb(Cs)-2 cathode is included in this table.
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Figure 4.7: Comparison of the spectral reflectivity of Mo between our measurement and
the data from Palik [125]. Reflectivity measurements were conducted on the Mo substrate
that was used in both the "Production" and "R&D" systems, and we observed a similarity
in the spectral reflectivity for both cases. The reflectivity data depicted in the plot are
for the Mo substrate derived from the Mo plugs that were used within the "Production”
system.

Given the significant impact of sample roughness (o) on reflectivity, we estimate
the roughness of our Mo substrate by assuming bulk properties [125] and utilizing the
following Equation 4.7 [132]. In the past, a similar roughness estimation procedure was

carried out at INFN LASA and can be found in the reference [133].

R 4.7-cos(0)-c]?
R—O—exp [—[ 1 } ] 4.7

Here in Equation 4.7, R represents the measured reflectivity, Ry represents the refer-
ence reflectivity [125], 0 represents the angle of incidence, and ¢ represents the average

roughness.

Figure 4.8 illustrates the result of the fitting procedure, which determines a roughness

value of 9.26 nm for the Mo substrates.
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Figure 4.8: The calculated R/R value at 6 = 6° for Mo (yellow circles). The blue curve
represents the fit of the data using Equation 4.7

4.3.1.1.2 Sb Structure

Numerous studies have demonstrated that the evaporation of antimony (Sb) is a remark-
ably complex process, and its properties can significantly influence the performance of
the cathode [79, 134]. To investigate the effects of varying Sb thicknesses on the cath-
ode’s characteristics, we initiated the growth of the K-Cs-Sb photocathode by depositing
Sb layers of 5 nm and 10 nm onto the Mo substrate as the initial step. This section
presents the results obtained during the Sb deposition of some fully grown cathodes (i.e.,
KCsSb-4, 5, and 8).

While depositing Sb in the "R&D" preparation system, it was observed that for both
thin (Sb = 5 nm) and thick (Sb = 10 nm) Sb films, the reflectivity (at 543 nm) was de-
creased. However, in the case of thicker Sb films (Sb = 10 nm), a gradual increase in
reflectivity was observed after an initial decrease up to approximately 6 nm of evapo-
rated thickness (Fig. 4.9a). For a more comprehensive investigation of this behaviour, we
have grown Sb films with two varying thicknesses, 5 nm, and 15 nm, on the Mo substrate.

During this process, we tracked the real-time changes in the reflectivity (at 543 nm), as
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Figure 4.9: (a) Comparison of real-time reflectivity (at 543 nm) during different Sb de-
positions. In the plot, the real-time reflectivity history during the Sb deposition of some
fully grown cathodes (i.e., KCsSb - 4, 5, 8) is presented. The thicknesses in the plot are
the evaporated thickness of Sb. (b) Comparison of full spectral reflectivity between 5 nm
and 15 nm Sb films on Mo.
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illustrated in Figure 4.9a, and measured the full spectral reflectivity (from 254 nm to 1100
nm) at the end of the deposition, as displayed in Figure 4.9b.

It is important to mention that the deposition conditions (such as substrate tempera-
ture and deposition rate) remain similar across all Sb deposition processes. It is evident
that the reflectivity (at 543 nm) exhibited a similar rise after reaching a film thickness
of around 6 nm for the 15 nm Sb film (Fig. 4.9a). The consistent reproducibility of
this behaviour suggests that the film’s properties potentially changed around this partic-
ular thickness. Furthermore, the distinct behaviour of the full spectral reflectivity (from
254 nm to 1100 nm) between the Sb 5 and 15 nm films (as depicted in Figure 4.9b)
gives additional support to this hypothesis. This indicates that Sb films were likely in an
amorphous state during its initial stage and subsequently underwent a transition into a
crystalline structure as the film’s thickness exceeded approximately 6 nm. Several au-
thors have previously reported the presence of this transformation through the utilization
of various surface characterization techniques [79, 131, 135]. However, the specific value
of this transition thickness might vary, influenced by various factors such as substrate

type, substrate temperature, deposition rate, vacuum quality, and residual gases [79].
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4.3.1.1.3 K-Sb Structure

The substrate temperature was kept higher during the deposition of K in comparison to
Cs deposition due to the relatively lower vapor pressure of K. We generally stopped the
K deposition once the photocurrent reached its maximum, as depicted in Figure 4.6. Our
observations indicated that both the substrate temperatures and deposition rates played a
significant influence on the quantum efficiency (QE) for both thin and thick K-Sb films
during the growth. Generally, an elevated substrate temperature results in a more substan-
tial rise in the QE, as depicted in Figures 4.10a and 4.10b. Furthermore, we observed a
significant change in the slope of the real-time QE (at 543 nm) and reflectivity (at 543 nm)
curves after a certain evaporated thickness (labeled as the transition point), as illustrated
in Figure 4.10c and 4.10d. Indeed, the observed change in QE after a specific evaporated
thickness indicates the transition of K-Sb from the amorphous phase to the crystalline
phase [135]. Furthermore, we noted that these transition points from the amorphous to
crystalline phase depended on the substrate temperature and usually occurred at a reduced
amount of evaporated K with increasing substrate temperature, as illustrated in Figures
4.10a and 4.10b. This phenomenon could clearly be associated with an accelerated diffu-
sion process between Sb and K, attributed to the elevated temperature, thus initiating the
crystallization kinetics within the K-Sb film.

Furthermore, upon comparing the real-time reflectivity (at 543 nm) observed during
the K deposition process on both thin and thick cathodes, it was discovered that the pat-
tern of the reflectivity curve is remarkably consistent and correlates with the material’s
thickness (Fig. 4.11). Additionally, the reflectivity patterns differ between the thin and
thick KSb films. This phenomenon is depicted in Figure 4.11 for both the "5 nm Sb" case
(Fig. 4.11a) and the "10 nm Sb" case (Fig. 4.11b), and also can be seen in plots 4.10c and
4.10d. The distinctive pattern in reflectivity, particularly during K deposition on thin and
thick cathodes, hints at a potential differentiation in crystal orientation between these two
types of cathodes. A detailed investigation and analysis will be provided in the subsequent

section of this chapter.
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Figure 4.10: Comparison of real-time QE evolution (at 543 nm) during K deposition. (a)
represent thin cathodes, and (b) represent thick cathodes. Since the deposition procedure

was similar until K, the K-Sb phase data is included from the NaKSb(Cs)-2 cathode in

plot b. The thicknesses presented in the plot represent the evaporated thickness of K.

Real-time QE (at 543 nm) and reflectivity (at 543 nm) history during K deposition are
shown for (c) a thin cathode (i.e., KCsSb-7) and (d) a thick cathode (i.e., KCsSb-5),

respectively.
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Figure 4.11: Comparison of real-time reflectivity (%) during the photocathode deposition
for both (a) thin cathodes (Sb = 5 nm) and (b) thick cathodes (Sb = 10 nm) at 543 nm.
The blue-colored box highlights the reflectivity during the deposition of potassium (K).
The reflectivity behaviour observed during the deposition of K for both thin and thick
cathodes suggests that the thickness of the Sb layer is the primary factor influencing
this behaviour. The two ‘K off’ annotations in Figure 4.11a stem from the fact that K
deposition was terminated at two distinct points of K thickness, as detailed in Table 4.1,
which can also be observed in Figure 4.10a.
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We also investigated the impact of varying deposition rates on the properties of the
K-Sb film. In the case of the KCSb-8 cathode, we maintained a deposition rate of 0.2 to
0.4 nm/min (compared with 1 nm/min before) during the K deposition. As a consequence
of modifying the deposition rate and introducing a marginal temperature increase (specif-
ically, 130°C), a noticeable enhancement of QE of roughly 1.2% at 543 nm was detected
for the K-Sb film (compared with the previously measured QEs of approximately 0.2%
at 543 nm) for this cathode. Figure 4.12a displays a comparison of the real-time QE
curve (vs. evaporated thickness) during the K deposition for all produced cathodes in the
“R&D” system. Following the approach employed in Sb studies, to investigate the repro-
ducibility of the higher QE associated with the lower deposition rate, we grew two thin
(Sb =5 nm) K-Sb films (KSb-1 and KSb-2) on the Mo substrate with varying deposition
rates. We adjusted the deposition rates to 0.6—1 nm/min for KSb-1 and 0.2-0.4 nm/min
for KSb-2; both grew at 130°C. Quantum efficiencies of about 0.3% for KSb-1 and 1%
for KSb-2 were noted at 543 nm. The spectral response and reflectivity data for these two
K-Sb films are presented in Figure 4.12b, illustrating the similar nature of the spectral be-
haviour (spectral response and reflectivity) for both cathodes. From the spectral response
curve, the photoemission threshold (E, + E,) can be determined as 2.08 eV in both cases.
The similarities in the spectral characteristics (reflectivity and spectral response) between
the two films imply the potential formation of a similar compound in both cases. The
specific mechanisms underlying this behaviour are not yet completely understood and
need further investigation. One potential interpretation is that the elevated substrate tem-
perature (130°C) could have increased the diffusive mobility of adsorbed molecules in
both cathodes. Whereas, a reduced deposition rate led to a decrease in the arrival rate
of the evaporated molecules (in the case of KSb-2). This, in turn, impacted the diffusive
mobility of the previously adsorbed molecules, allowing them additional time to organize
in a favored configuration [136]. This outcome can result in an enhanced material crys-
tallinity, thereby leading to a significant enhancement in the quantum efficiency observed

for the KSb-2 cathode.
Furthermore, we have conducted an examination of the "stopping potential vs. fre-

quency" characteristics of these two films. The stopping potential vs. frequency plot

shows how the stopping potential (or kinetic energy of emitted electrons) changes with
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varying wavelengths of incident light, providing valuable information about the energy
levels of electrons in the material and their interactions with photons. A comprehensive

discussion of these two films is elaborated in Appendix A.
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Figure 4.12: (a) Comparison of the real-time QE vs. evaporated thickness (at 543 nm)
measured during K deposition of all produced K-Sb films in the "R&D" preparation sys-
tem. (b) Spectral response and reflectivity measurements of KSb-1 and KSb-2 cathodes
taken after deposition.
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At the end of the K deposition, the film commonly exhibited a purple colour, resem-
bling the colour reported by Sommer [137]. The spectral response for all K-Sb films
produced within the "R&D" system is displayed in Figure 4.13a. The analysis of the
spectral response curve further facilitated the calculation of the (Eg; + E,) value for the
photocathode. This value signifies the threshold for photoemission in semiconductor pho-
toemitters. The QE’s dependence near the photon energy threshold can be understood by
utilizing Equation 4.8, which was documented by W. E. Spicer [75]:

or — G- (hv = (E;+ E))} “s)
(hv —(Eg+Eq))2+Yy

Where, hv represents the photon energy, E, + E, is the sum of energy gap and electron

affinity of the photocathode, and G(hV) is a function of the photon energy. The parameter
y can be calculated as y = (a + ) /C, where 8 and C are constants, and o represents the
absorption coefficient. By fitting Spicer’s model (Equation 4.8) to the experimental data
(illustrated in Figure 4.13b), we estimated that the photoemission threshold value for
the K-Sb film is 2.08 eV. This value closely aligns with findings from other literature
sources [75,79].
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Figure 4.13: (a) Spectral response of all produced K-Sb films in the "R&D" system.
The spectral response of thin and thick cathodes are highlighted in violet (with different
symbols) and light blue colors, respectively. Due to some technical problem, the spectral
response of K-Sb films of cathodes KCsSb-3 and KCsSb-7 has not been measured. (b)
Spectral response of K-Sb film (Sb = 5 nm) of cathode KCsSb-8 (blue markers). The red
curve is the fit of the experimental data with Equation 4.8.
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4.3.1.1.4 K-Cs-Sb Structure

Finally, the formation of a K-Cs-Sb compound was achieved by sequentially depositing
Cs onto the K-Sb films. Cesium was typically evaporated until the photocurrent was close
to the saturation level, as depicted in Figure 4.6. Given the consistent reproducibility of
the evaporated thickness ratio (i.e., K/Sb and Cs/Sb) with their definite recipes (shown
in Table 4.1), we also took into account the Cs/Sb ratio as a supplementary criterion to
end the Cs deposition. In this phase, we investigated the influence of substrate tempera-
ture and thickness, factors that could potentially affect the properties of the cathode. We
observed that the substrate temperature often had a notable influence over the intricate in-
terplay between the rate of compound formation and the displacement rate of pre-existing
elements on the substrate. Typically, the quantum efficiency (QE) showed a correlation
with the substrate temperature for all six cathodes, as depicted in Figures 4.14a and 4.14b.
However, in Figures 4.14a, the QE behavior varied between the KCsSb-4 and KCsSb-6
cathodes, despite being deposited at similar substrate temperatures. This difference can
be attributed to the fact that K deposition was carried out at different substrate tempera-
tures for these two cathodes: 120 °C for KCsSb-6 and 90 °C for KCsSb-4, as shown in
Table 4.1 and Fig. 4.10a. As explained by Schubert et al., the intermediate K-Sb com-
pound plays a crucial role in determining both the phase structure and QE of the KCsSb
compound [67]. It is therefore deduced that variations in the formation of the KSb com-
pound, driven by the different K deposition temperatures, may have led to the different
QE behaviors of the KCsSb-4 and KCsSb-6 cathodes during Cs deposition.

Upon analyzing the Cs/Sb ratio (i.e., evaporated thickness ratio) presented in Table
4.1, it becomes apparent that it generally depends on the initial Sb thickness. Our mea-
surements indicate that the ratio was higher in thick photocathodes compared to thin ones.
The real-time evolution of the reflectivity (at 543 nm) of all produced cathodes is depicted
in Figure 4.14c. As the Cs evaporation started, it was observed that the reflectivity de-
creased for both thin and thick cathodes. However, in the case of thick cathodes, the re-
flectivity again increased and stabilized close to the end of the evaporation. The observed
variation in such behavior suggested a complex and distinct interplay of stoichiometric

and chemical composition that potentially underwent changes during the growth of both
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typologies of cathodes. Alternatively, this dissimilarity could be attributed to the film

thicknesses of the K-Cs-Sb films, similar to findings observed in the case of Cs,Te [73].
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Figure 4.14: Comparison of real-time QE (at 543 nm) evolved during Cs deposition. (a)
represent thin cathodes, and (b) represent thick cathodes. Due to some technical problem,
the Cs deposition was not fully completed for the KCsSb-8 cathode; therefore, it is not

included in plot "a".

Red solid circles in plots "a" and "b" show the point where the

Cs source was turned off. (c) represents the changes in the real-time reflectivity (at 543
nm) during Cs deposition. The thicknesses shown in the plot represent the evaporated

thickness of Cs.
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At the end of the Cs evaporation (precisely: after turning off the Cs source), we ob-
served a sudden increase in the QE curve for each cathode, as illustrated in Figures 4.14a
and 4.14b. During this particular event, no substantial shifts were observed in the real-
time reflectivity. Certainly, such a fast QE response couldn’t have been attributed to a
modification in the compound’s bulk stoichiometry. This suggests that such an anomaly
might have originated from the subsurface region of the films. Typically, due to its com-
paratively lower melting point (28.44 °C) and high vapor pressure [138], a portion of the
Cs atoms that were deposited on the sample (where the temperature is around 90-110
°C) should have been prone to evaporate. A similar phenomenon of Cs atom loss due to
evaporation over the substrate temperature of 50 °C has been previously reported in the
case of K,CsSb and Cs3Sb photocathodes [139, 140]. As a consequence of such evapora-
tion, there is a possibility that a temperature-sensitive surface layer may have been formed
near the subsurface region of the films during the deposition. This, in turn, could have
established a balance between the adsorption (inward Cs being distributed and diffused)
and desorption (evaporated Cs from the surface) of cesium atoms near the surface. A
sudden decrease in the evaporation rate or any increase in the substrate temperature could
disrupt this equilibrium, and it would have impacted the emission barrier via electron
affinity; Figure 4.15 attempts to depict such a phenomenon. Table 4.2 displays the abso-
lute percentage of the QE increase after shutting down the Cs source of all cathodes. It is
evident that the rate of the QE increase could be related to the substrate temperature. For
example, in the case of the KCsSb-4, KCsSb-5, and KCsSb-6 cathodes, the percentage
of the QE increase was largely consistent and linked to the equivalent substrate tempera-
ture. Furthermore, it’s intriguing to observe that this sudden QE increase was primarily
correlated to the substrate temperature, irrespective of the evaporated thickness of KCsSb
(or Sb), as demonstrated (in Table 4.1) for the T = 90 °C case with the thin (KCsSb-4
and KCsSb-6) and thick (KCsSb-5) cathodes. For cathode KCsSb-7, the increase was
minimal (compared to other cathodes, i.e., 30 %) and could likely be associated with
the higher substrate temperature. One plausible interpretation is that due to the higher
substrate temperature (for KCsSb-7), the loss of Cs due to evaporation might have been

compensated by an improved diffusion rate, potentially resulting in a trade-off between
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the incoming and outgoing Cs atoms at the surface.

Incoming Cs

Evaporation

Evaporation

Diffusion

Figure 4.15: The schematic diagram depicts the competing processes of diffusion and
evaporation occurring during the deposition of Cs onto the K-Sb compound.

Table 4.2: Summary of the absolute % QE increase after turning off the Cs source and
corresponding substrate temperature. * The substrate temperature was increased from 60
°C to 90 °C during the Cs evaporation for the KCsSb-3 cathode, as reported in [130].

Cathode  Substrate temperature (°C) during Cs deposition % QE Increase

KCsSb-3 60 * 308 £ 0.02
KCsSb-4 90 57 £0.02
KCsSb-5 90 55 £0.02
KCsSb-6 90 63 £ 0.02
KCsSb-7 110 30 £0.02
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Figure 4.16 summarizes the spectral responses and reflectivity of all the cathodes
produced within the "R&D" preparation system. The spectral response exhibited a con-
sistent pattern across all cathodes. The maximum QE at 514 nm was recorded at 8.8%
for the KCsSb-8 cathode. A more comprehensive discussion and interpretation of the
spectral response curve are elaborated in Appendix A. However, the comparison of re-
flectivity revealed a disparity in the behavior at lower photon energies (from 2.28 eV
downwards, highlighted by red circles) between the thin and thick cathodes, as depicted
in Figure 4.16b. Furthermore, we detected two distinct reproducible colors of films: vio-
let and blue, which were linked to the thin and thick cathodes, respectively, as shown in
Figure 4.17.

In an effort to determine the photoemission threshold value, we fit Equation 4.8 to our
experimental spectral response data (illustrated in Figure 4.18). This procedure yielded a
range of values for E; + E,, which exhibited variation between 1.93 and 2 eV from cath-
ode to cathode. The values obtained through estimation exhibited notable resemblance to
those determined by other studies in the literature (i.e., Eg = 1.2 eV and E, = 0.7 eV, E,
+E,=19¢eV)[79].
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Figure 4.16: (a) Spectral response and (b) reflectivity of all K-Cs-Sb cathodes produced
in the "R&D" system. The spectral response and reflectivity of thin and thick cathodes
are highlighted in violet (with different symbols) and light blue (with different symbols)
colours, respectively. The red circles in plot "b" highlight the difference in the reflectivity
at low photon energy for thin and thick cathodes. Unfortunately, the reflectivity could
only be measured over an extended range (up to 1100 nm) for the KCsSb-8 (thin) cathode.
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(a)

Figure 4.17: Colors of photocathodes after the deposition (a) thin cathodes, and (b) thick
cathodes.
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Figure 4.18: Spectral response of KCsSb-7 (thin) cathode (blue markers). The red curve
is the fit of the experimental data with Equation 4.8.
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4.3.1.2 Effect of Heat Treatment

Concerning the KCsSb-3 cathode, approximately eleven days after its production, we
measured the spectral response and observed that the quantum efficiency at various wave-
lengths remained consistent compared to the measurement obtained one day after pro-
duction. This observation confirms that maintaining the QE of such a cathode within
the chamber is achievable through good vacuum conditions (approximately pressure =
5 x 107! mbar).

Thereafter, we elevated the substrate temperature of the KCsSb-3 cathode from room
temperature (23 °C) to 120 °C and detected a substantial rise in the photocurrent at 543
nm. Then, the sample was maintained at this temperature for a duration of 30 minutes,
followed by a gradual cooling process. The primary objective of this experiment was to
assess the impact of heat treatment on the overall quantum efficiency of the photocathode.
Following this treatment, a spectral response measurement was conducted, as illustrated
in Figure 4.19. A clear significant increase in QE had been observed for the KCsSb-
3 cathode; the QE increased from 3.85% to 4.93% at 543 nm (2.28 eV) after the heat
treatment. As illustrated in the reference [130], the substrate temperature was increased
from 60°C to 90°C during the Cs evaporation for the KCsSb-3 cathode, compared to other
cathodes where Cs was deposited at around 90°C to 120°C (Table 4.1). Therefore, it is
anticipated that some of the Cs did not fully react at the lower temperature (i.e., 60°C).
This increase in QE after the heat treatment implies that as the temperature increases,
unreacted or partially reacted Cs may interact with the bulk photocathode, leading to a
decrease in the compound’s electron affinity. This, in turn, could result in an increase in
the QE of the cathode.

A similar heat treatment was also applied to the KCsSb-4 cathode; however, no signif-
icant increment in the QE was noticed, as shown in Fig. 4.20. Comparable heat treatment
was also applied to other KCsSb cathodes (thick & thin), yielding no major increase in the
quantum efficiency, similar to the KCsSb-4 cathode. This indicates that the heat treatment
process effectively increases QE only when there is an ample presence of Cs (unreacted
or partially reacted) on the cathode surface, regardless of cathode thickness. In the case of

KCsSb-3, where a substantial amount of Cs (unreacted or partially reacted) was present
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due to the initial Cs deposition being done at a relatively lower temperature (i.e., 60°C),

this effect is particularly evident [130].
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Figure 4.19: Spectral response of photocathode KCsSb-3 before and after the heat treat-
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Figure 4.20: Spectral response of photocathode KCsSb-4 before and after the heat treat-
ment.
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4.3.1.3 Cathode Degradation Study

All the photocathodes remained quite stable after being produced. The storage lifetime of
the cathodes inside our photocathode preparation system (base pressure 10~!! mbar) was
several months and even years. Nevertheless, various studies, including our own findings,
demonstrate a short operational lifetime inside an RF gun [46, 80]. Various factors, such
as chemical poisoning, ion back bombardment, laser-induced heating, increased vacuum
pressure during operation, and thermal decomposition, might be responsible for this out-
come. To assess the impact of laser heating on the properties of the cathode, we exposed
the cathode KCsSb-7 to continuous illumination from a He-Ne laser with a wavelength of
543 nm and an optical power of 2 mW (i.e., a power density of 0.4 W/cm?) on its surface
for a duration of 15 days, resulting in an average emitted current of 23 (A, all within the
preparation system. No reduction in the quantum efficiency at 543 nm was observed dur-
ing this process. Furthermore, simulation studies by R. R. Mammei et al. demonstrated
that even with high laser power ( 1.5 W), the temperature of a K,CsSb photocathode on
a Mo substrate could remain below 50 °C [141]. This is because Mo has better thermal
conductivity, allowing the absorbed laser power’s heat to dissipate efficiently from the
surface. Therefore, the degradation of the cathode linked to laser lighting alone is less
likely, particularly when the cathode is on a Mo substrate [46].

In order to understand the impact of temperature on the cathode degradation, we
heated our cathodes up to 450 °C. Figure 4.21 depicts the changes in real-time quan-
tum efficiency (at 543 nm) and reflectivity (at 543 nm) for both thin (KCsSb-6) and thick
(KCsSb-5) cathodes during this process. It can be seen that the quantum efficiency experi-
enced a slight initial increase but subsequently decreased when the substrate temperature
exceeded 100 °C for both cathodes. The small initial increase in QE could be attributed
to the reaction of excess Cs on the cathode surface with the bulk film, as discussed in the
previous section. Then, a sharp decline in the QE (marked as point A in Figure 4.21) was
observed when the temperature increased over ~ 140 °C, and ~ 125 °C for thin and thick
cathodes, respectively. Comparing the decline rate after the dotted line (the point where
QE starts to decline) and after point A in Figure 4.21 for thin and thick cathodes reveals

two distinct decay rates in the QE, indicating that the dissociation of the cathode material
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was primarily influenced by the substrate temperature.

For the thick cathode (KCsSb-5), the reflectivity initially decreased when the temper-
ature exceeded approximately 130 °C and then gradually increased when the temperature
went above about 190 °C (see Fig. 4.21b). However, in the case of the thin cathode
(KCsSb-6), the reflectivity kept rising consistently as the substrate temperature went be-
yond 130 °C (see Fig. 4.21a). This observed difference in the real-time reflectivity be-
havior during the cathode degradation process between produced thick (i.e., KCsSb-3 &
KCsSb-5) and thin (i.e., KCsSb-4, KCsSb-5, KCsSb-6, KCsSb-7) cathodes was found to
be consistently reproducible, indicating potential differences in crystal structures between
these two types of photocathodes (i.e., thick and thin). Based on the QE curve depicted
in Figure 4.21, it is evident that beyond 220 °C, the QE approaches zero for both thin
and thick cathodes. However, the reflectivity curve in Figure 4.21 reveals a discrepancy:
for the thin film, the cathode materials were nearly completely evaporated as the tem-
perature exceeded 230 °C, whereas for the thick cathode, complete evaporation occurred
beyond 420 °C. These observations suggest that the thermal properties and structural re-
sponse during heating differ between thin and thick cathodes [142]. A further cathode
degradation study of KCsSb compound is presented in the forthcoming section 4.4.5.6.
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Figure 4.21: Real-time QE (at 543 nm), reflectivity (at 543 nm), and temperature evolu-
tion during the study of the cathode degradation process, (a) for a thin cathode (KCsSb-6)
and (b) for a thick cathode (KCsSb-5). The dotted line represents the point where the QE
starts to decrease. "A" denotes the point where the QE starts to decrease rapidly.
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4.3.2 Experimental Results Obtained from NaKSb(Cs) Photocath-

odes

NaKSb(Cs) photocathode are valued for their impressive photocathode properties, includ-
ing high sensitivity, wide spectral response, greater robustness, and the ability to work at
higher temperatures. These attributes make it a fitting choice for our present applica-
tion. Hence, a preliminary attempt was made to develop NaKSb(Cs) photocathodes in
our "R&D" preparation chamber. So far, a total number of two photocathodes have been
produced. The following section provides the fabrication procedure and presents the ex-

perimental outcomes obtained from these two cathodes.

4.3.2.1 Fabrication Recipes

The fabrication process for both photocathodes is identical, except for the varying thick-
nesses of the deposited Sb layer. For the first cathode (i.e., NaKSb(Cs)-1), we initiated
the process by depositing a 5 nm thick Sb layer at 90 °C, followed by K at 120 °C and
Na at 130 °C. Subsequently, on top of it, we deposited Sb and Cs at 120 °C. However, the
higher substrate temperature during Cs deposition led to a decline in the QE, dropping
from an initial 1% to 0.3% (at 543 nm), resulting in a final recorded QE of 0.3% at 543
nm for NaKSb(Cs)-1. In an attempt to enhance the QE, we also experimented with a
yo-yo-type deposition of Cs and Sb on the NaKSb(Cs)-1 cathode surface. The detailed
deposition procedure is outlined in Appendix B. Post the yo-yo-type deposition, the QE
at 543 nm for the NaKSb(Cs)-1 cathode increased from 0.3% to 0.6%.

Due to the low QE obtained for the first cathode, we modified our recipe for the second
cathode as follows: initially, we deposited Sb until the reflectivity had dropped to 30% of
its initial value (corresponding to an Sb thickness of 9 nm). Subsequently, we deposited
K at 120 °C and Na at 90 °C in sequence until the QE reached its peak value. Afterward,
a small amount of Sb and K was alternately added at 90 °C until the peak of QE to correct
the Na:K ratio. Afterwards, Cs deposition was carried out at 90 °C until the sensitivity
reached its maximum value.

The real-time QE (at 543 nm) and reflectivity (at 543 nm) history are depicted in Fig.
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4.22. Due to technical difficulties, the reflectivity changes during the first phase of Sb
deposition were not captured. Consequently, the reflectivity curve in Figure 4.22 remains

constant throughout the first phase of the Sb deposition process.
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Figure 4.22: Real-time QE (red) and reflectivity (blue) during deposition of cathode
NaKSb(Cs)-2.

The spectral response and spectral reflectivity of the NaKSb(Cs)-2 cathode were eval-
uated post-deposition and are presented in Fig. 4.23. Similar to the KCsSb cathodes, we
applied Equation 4.8 to our experimental spectral response data (Figure 4.24) to deter-
mine the photoemission threshold value. This analysis yielded a value of 1.80 eV for (E,
+ E,). The value is slightly higher compared to reference [77], and this difference could

be attributed to variations in stoichiometry.
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Figure 4.24: Spectral response of NaKSb(Cs)-2 (blue markers). The red curve is the fit
of the experimental data with Equation 4.8.
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We also made a comparison between the spectral response behaviors of the KCsSb-6
(Sb = 5 nm) and the NaKSb(Cs)-2 photocathodes, illustrated in Fig. 4.25. The results
show a slightly improved QE value for the NaKSb(Cs) cathode, particularly at higher
wavelengths, typically corresponding to the response to red laser light. Interestingly,
electron emission was achieved even when exposed to 690 nm laser light (QE of 0.022%),
highlighting the broader spectral response of the NaKSb(Cs) photocathode. This behavior
might be attributed to the addition of Cs and Sb into the NaKSb material, potentially

leading to a reduction in the material’s overall electron affinity [75,77, 143].
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Figure 4.25: Comparison of the spectral response between the NaKSb(Cs)-2 and KCsSb-
6 photocathodes.

We also made a comparative analysis regarding the overall evaporated thickness of
KCsSb-6 and NaKSb(Cs)-2 photocathodes, and the results are documented in Table 4.3.
Our findings indicate that the total evaporated thickness of NaKSb(Cs) is significantly
less than that of the KCsSb compound, providing an inherent benefit in terms of the final
roughness of this photocathode. In fact, in recent research, it has been demonstrated
that the final roughness of a photocathode typically correlates with the film thickness
[131]. Therefore, it would be very interesting to test this kind of photocathode within
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the operational environment of the PITZ RF gun. The results in terms of QE (at 515
nm), lifetime, and robustness can then be compared with the parameters of the KCsSb
photocathode in this environment.

Table 4.3: Cathode Characteristics of KCsSb and NaKSb(Cs) photocathodes. The thick-

ness measurements were obtained using the pre-calibrated Quartz Crystal Microbalance

(QCM).

Cathode Evap. thickness (total) [nm] QE @ 515 nm [%]
KCsSb-6 154 + 2 5.8
NaKSb(Cs)-2 93+1 3.9

4.3.2.2 Cathode Lifetime Study

The NaKSb(Cs)-2 cathode was fabricated within the "R&D" preparation system in Febru-
ary 2020. However, due to the COVID-19 pandemic, the cathode destruction study, simi-
lar to that conducted for KCsSb cathodes, could not be carried out. As a result, the cathode
remained within the preparation system (base pressure of 10~'! mbar). In March 2022,
we conducted a follow-up spectral response measurement. The corresponding spectral
responses and spectral reflectivity plots of the NaKSb(Cs)-2 cathode are displayed in Fig.
4.26. We observed a reduced but still noteworthy quantum efficiency value across all the
wavelengths: QE = 0.68% at 540 nm (2.29 eV) compared to the initial value of 3.27%.
Notably, we identified a shoulder in the spectral response between 1.79 eV and 2.29 eV
(highlighted by the yellow box in Fig. 4.26a). To ensure the accuracy of this observa-
tion and to rule out the possibility of measurement errors, we conducted additional QE
measurements in April 2022, specifically in the shoulder region. These additional mea-
surements showed QE values consistent with the previous ones, confirming the presence
of the shoulder in the spectral response (Fig. 4.26a).

However, when observing the spectral reflectivity data (Fig. 4.26b), it becomes evi-
dent that the reflectivity pattern remains almost similar to the initially measured spectral
reflectivity, at least up to 3.4 eV. However, some dissimilarities in the reflectivity pattern

are observed between 3.71 eV and 4.88 eV. Additionally, it is intriguing to note that the
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Figure 4.26: illustrates the (a) spectral response and (b) spectral reflectivity data of the
NaKSb(Cs)-2 cathode at different stages.

reflectivity value at almost every wavelength has increased compared to the reflectivity
value measured after deposition.

It seems that leaving the cathode in the UHV chamber for a long period might have led
to the creation of weak bonds (Van der Waals-like) between the cathode’s surface and the
gas molecules in the chamber [9]. These bonds are notably delicate and can be effectively

broken by raising the temperature of the substrate. This kind of shoulder pattern in the
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spectral response curve, stemming from a thin oxide layer, has previously been observed
and discussed by Leonardo et al. [144]. Therefore, we raised the substrate temperature to
60 °C, resulting in a significant restoration of the QE, nearly reaching its original level:
QE = 2.84% at 540 nm compared to the initial value of 3.27%. This demonstrates that
an aged photocathode can be rejuvenated by controlled reheating. It also highlights that
these types of the cathode can last for several years as long as the preparation or storage

chamber maintains a good vacuum condition (~ 10~ mbar).

Thereafter, we conducted lifetime measurements on the NaKSb(Cs)-2 photocathode
at different substrate temperatures within the "R&D" preparation system. The NaKSb(Cs)-
2 cathode was heated at different temperatures for QE degradation measurements. Through-
out this process, we consistently illuminated the photocathode using a green laser (543
nm) and measured the real-time photocurrent. Figure 4.27a illustrates the decay curves of
the NaKSb(Cs)-2 photocathode at different substrate temperatures, with the initial QE of
each experiment normalized to unity. The 1/e lifetime value for each measurement was
determined using exponential decay functions to fit the experimental data. The experi-
mental data for these decay temperatures were fitted using a single exponential equation,
OF = QE()[% ( [32]), where QE represents the QE after a specific time t, QFE is the
initial QE at t=0, and 7 is the amplitude of the exponential decay constant. Fig. 4.27b

presents the 1/e lifetime of photocathode as a function of various decay temperatures.

Up to a temperature of 120 °C, no QE degradation is observed, and the photocathode
exhibits a lifetime of over 2000 hours. However, a drop in the QE is noticed after reaching
130 °C (see Fig. 4.27a). The 1/e lifetime, calculated from a single exponential fit of the
decay data at 130 °C, is 3.84 hours. For 140 °C and 150 °C, the 1/e lifetimes are calculated
to be 1.33 and 0.97 hours, respectively (see Fig. 4.27b). These observations clearly
indicate a substantial reduction in the cathode’s lifetime above a substrate temperature of
120 °C. After the degradation study, the cathode’s absolute QE was reduced to almost
0.3% at 543 nm. Due to its lower melting point (28.44°C) and high vapor pressure [138],
it is suspected that at higher substrate temperatures, a significant portion of Cs is lost from
the bulk photocathode [145]. To address this, a few nanometers of Cs were deposited on

the photocathode surface. This resulted immediately in an increased QE to 2.5% (from
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0.3% initial value) at 543 nm. The corresponding temperature and QE history during the
Cs addition process is shown in Figure 4.28. From this observation, it can be inferred that
the temperature-dependent QE decay (Fig. 4.27a) might be linked to the evaporation of
Cs from the bulk photocathode.
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Figure 4.27: (a) Decay curves of the NaKSb(Cs)-2 photocathode at different tempera-
tures. The quantum efficiency was monitored by illuminating the cathode surface with a
543 nm laser. (b) 1/e lifetime of the NaKSb(Cs)-2 photocathode with respect to different
decay temperatures.
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Figure 4.28: QE and temperature history during the Cs addition process. The jump in QE
at around 300 s is attributed to variations in the Cs evaporation rate, while the subsequent
jump in the QE observed at the end of Cs deposition corresponds to the explanation
provided in section 4.3.1.1.4 (page 82).

4.3.3 Experimental Results Obtained from NaKSb Photocathodes

Similar to NaKSb(Cs) cathodes, NaKSb photocathodes also exhibit superior photocath-
ode characteristics, including high sensitivity, broad spectral response, and the ability to
function at elevated temperatures. The sole distinction between NaKSb and NaKSb(Cs)
cathodes lies in the composition; the NaKSb cathode is fabricated without the addition
of Cs. A preliminary attempt was made to develop a NaKSb photocathode in our "R&D"
preparation chamber. So far, there is a total number of two photocathodes produced.
The following section provides the fabrication procedure and presents the experimental

outcomes obtained from these cathodes.
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4.3.3.1 Fabrication Recipes

The standard cathode recipe typically involves the initial deposition of Sb, followed by
K and Na, to create a NaKSb cathode. However, as we had already produced the KSb-
2 cathode using the same procedure up to the K deposition stage (detailed deposition
procedure of the KSb-2 cathode is already described in Section 4.3.1.1.3, page 76), we
opted to grow the Na on the KSb-2 cathode to produce the NaKSb cathode. Initially,
we deposited Sb on the KSb-2 cathode at 120 °C. Following this step, we alternated the
addition of small amounts of Na and Sb at the same temperature until we achieved the
peak of quantum efficiency to correct the Na: K ratio. During the deposition process, the
maximum QE was achieved at 543 nm, reaching 0.80% (Fig. 4.29). However, due to
possible excessive deposition of Na during the procedure, the final QE for this cathode at
543 nm was only 0.17%. The corresponding real-time QE (at 543 nm) and reflectivity (at
543 nm) history are depicted in Fig. 4.29.

Na Sb Na Sb Na

1

0.9

Reflectivity (%)

0 200 400 600 800 1000
Deposition time (sec)

Figure 4.29: Real-time QE (blue) and reflectivity (orange) measurements during the ad-
dition of Na and Sb to the pre-existing "KSb-2 film" to form NaKSb-1 cathode. The red
boxes highlight the Na depositions, while the green boxes mark the Sb depositions.

The spectral response and spectral reflectivity of the NaKSb-1 cathode were evaluated
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post-deposition and are presented in Fig. 4.30. Since the NaKSb-1 cathode was prepared
on top of a KSb-2 cathode, we included the spectral response and spectral reflectivity data
for the KSb-2 cathode in the same plot for comparison. It’s noticeable that the spectral
response of the NaKSb-1 cathode decreased when compared to the KSb-2 cathode within
the photon energy range of 1.95 eV to 3.39 eV. However, beyond 3.39 eV photon energy
(highlighted by red dashed circle), the spectral response of the NaKSb-1 cathode was
higher compared to the KSb-2 cathode. The observed difference in the spectral response
of the NaKSb-1 cathode compared to the KSb-2 cathode may be attributed to changes in
the electronic structure of the compound. In the spectral reflectivity, the onset peak of
the NaKSb-1 cathode in the near-infrared region marginally shifted to 1.22 eV, whereas
it was 1.26 eV for the KSb-2 cathode. The spectral reflectivity curve of the NaKSb-1
cathode also shows a change in behaviour between 2.29 eV and 3.39 eV (highlighted by
black dashed circle), compared to the KSb-2 cathode. This indicates a potential change in
the electronic structure of the compound. A more comprehensive analysis of the spectral
reflectivity for the NaKSb-1 cathode is discussed in Chapter 6 (Section 6.2). From the
spectral response curve, the estimated photoemission threshold (E, + E;) is 1.95 eV,

which aligns closely with other experimental findings [75].
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Figure 4.30: Spectral response and spectral reflectivity plot for the NaKSb-1 cathode after
the production, with KSb data included for comparison.
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For the NaKSb-2 cathode, we attempted deposition at a higher temperature. Initially,
Sb was deposited at 180 °C to a thickness of about 5 nm. Then, K was deposited at 160
°C until the QE reached its peak, followed by Na deposition at 160-170 °C. However, at
the end of the deposition, we observed a very low QE (5.60 x 1073 at 543 nm). This
lower QE may be attributed to the deposition in a higher substrate temperature compared
to NaKSb-1, which likely affected the compound formation, resulting in a lower QE for
the NaKSb-2 cathode.

4.3.4 Summary & Discussion

The growth procedure of KCsSb photocathodes produced in the "R&D" preparation sys-
tem at INFN LASA is explored. The influence of temperature and thicknesses on the
photocathode’s properties was also examined. It was confirmed that substrate tempera-
ture played a significant role in the formation of the cathode film and had an impact on
its photoemissive and optical characteristics. Furthermore, it was observed that a dif-
ferent deposition rate has the potential to enhance quantum efficiency, particularly for
K-Sb films. The reproducibility of the distinct behaviors in reflectivity and color of the
films suggests a possible variation in the chemical composition between the two types of
photocathode material (i.e., thin and thick), which may stem from different thicknesses
of the Sb layer. The effect of laser heating and substrate temperature on the cathode’s
degradation is also briefly discussed.

In addition, we also studied the NaKSb and NaKSb(Cs) photocathode materials, and
a preliminary cathode recipe has been established. The study on NaKSb(Cs) shows that
these photocathodes can survive for several years inside the vacuum chamber (pressure
of 10~ mbar). Cathode degradation with respect to different substrate temperatures for
NaKSb(Cs) cathode is also analyzed.
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4.4 Experimental Results Obtained from the Cathodes

Produced in the '""Production' Preparation System.

4.4.1 First Batch of KCsSb Photocathodes

As mentioned in the previous section, we have established a reproducible recipe for the
KCsSb photocathode in our "R&D" preparation system at INFN LASA. In the new "Pro-
duction" system, INFN-style standard Mo plugs (shown in Fig. 4.1) are used as substrates
to enable in-situ testing of the produced cathodes in the PITZ RF gun. The procedure for
growing the KCsSb cathodes in the production system is similar to that in the "R&D" sys-
tem. Following the R&D experiences, we prepared the first batch of three KCsSb cath-
odes using a sequential deposition method: two are thin (cathode 112.1, 123.1) (Sb=5
nm), and one is thick (cathode 147.1) (Sb=10 nm). The detailed recipe parameters of
produced photocathodes are summarized in Table 4.4. The primary objective is to manu-

facture these cathodes for subsequent testing at the PITZ RF gun.

Table 4.4: Summary of Cathode Growing Parameters. The temperatures mentioned in the
table are measured by the thermocouple positioned in the rear part of the Mo plug (see
Section 3.2.2).

Cathode Sb evaporation K evaporation Cs evaporation QE @ 515 nm
147.1 120 °C, 10 nm 150 °C, 62.4 nm 135 °C, 178.2 nm 5.3%
112.1 120 °C, 5 nm constant power, 44.6 nm constant power, 153.6 nm 7.87%
123.1 120 °C, 5nm constant power, 44.8 nm constant power, 156.6 nm 7.58%

It’s worth noting that because of the different geometries of the Mo substrates (simpli-
fied Mo substrate in the "R&D" system and standard INFN Mo plugs in the "Production”
system) and variations in the heating systems (Section 3.2) used in both preparation sys-
tems ("R&D" and "Production"), the actual temperature readings may vary between the
two systems. Therefore, to grow the first cathode (i.e., cathode 147.1), we decided to set
the temperature for growing Sb, K, and Cs according to the temperatures mentioned in
Table 4.4. The temperatures mentioned in the table are measured by the thermocouple

positioned behind the Mo plug (see Section 3.2.2, page 51). However, when comparing

103



the temperature readings obtained from the new temperature measuring system that di-
rectly touches the plug surface (as explained in Section 3.2.2, page 51), a value of 90
°C was obtained, which corresponds to 120 °C measured by the thermocouple positioned
behind the plug. The rear-side thermocouple tends to give slightly higher readings due
to its proximity to the plug heater. While growing the two thin photocathodes (112.1 and
123.1), we couldn’t measure the actual substrate temperature due to a misalignment in
the new temperature reading system. Therefore, we set the plug heating power to match
that of the first produced cathode, 147.1.

The spectral response and spectral reflectivity have been measured after the produc-
tion and are reported in Fig. 4.31a and Fig. 4.31b, respectively. The QE has been recorded
at 515 nm to be 5-8 % for thick and thin cathodes. The spectral reflectivity (Fig. 4.31b)
shows a similar disparity in the behavior of reflectivity at lower photon energies (high-
lighted by a red dashed circle) between the thin and thick cathodes, as observed in our
R&D systems (see 4.16b).

Figure 4.32 shows photos of the three photocathodes after production. Similar to
what was observed in the R&D samples (see Fig. 4.17), a difference in film color is
noted: the thick ones appear blue, and the thin ones appear violet. In an attempt to find
the photoemission threshold value, Equation 4.8 was used to fit our experimental spectral
response data; see Figure 4.33. This process resulted in a value for E; + E, of 1.80 eV
for all three cathodes. This value is slightly lower than the previous R&D result (1.93 eV,
page 84) and also compared to the literature value (1.9 eV) [79]. This difference could be

attributed to variations in stoichiometry.
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Figure 4.31: (a) KCsSb photocathode spectral responses: 147.1(thick, 10 nm Sb), 123.1,
and 112.1 (thin, 5 nm Sb). (b) spectral reflectivity of the three photocathodes, with the
red dashed circle highlighting the variation in spectral reflectivity behavior between the
thick (147.1) and thin (123.1, 112.1) cathodes at lower photon energy.
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Figure 4.32: Pictures of the three photocathodes in the transport box before delivery to

PITZ.

Blue, thi

ck

Threshold fit for 112.1

Violet, thin

[ - ) (3]
10 1
O
&
e O
10° 4
]
) QE(%) after deposition
— Fit: Eg+Ea = 1.800
1! T T T T T T T
2.0 25 3.0 35 4.0 45 5.0

Photon Energy [ev]

Figure 4.33: Spectral response of cathode 112.1 (Sb = 5 nm) (blue hexagons). The red

curve is the fit of the experimental data with Equation 4.8.
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4.4.2 Photocathode Studies at PITZ RF gun

After the production, the cathodes were transferred to the portable UHV suitcase box and
transported to PITZ for testing. The properties of the cathodes did not change during
transport. The QEs (at 515 nm) of the photocathodes were measured upon arrival at
the PITZ facility, and the values closely matched those measured at LASA. Afterward,
these cathodes were transferred to the gun. The QE maps of these cathodes were uniform

throughout the surface, and the map of one of the cathodes is reported in Fig 4.34.

Cathoade#123.1 ; QE(BSA=1.8mm)=5.6% [20210712A]
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Figure 4.34: QE map of cathode 123.1 (Sb = 5nm) at 515 nm

During cathode conditioning in the RF gun, it was noticed that increasing the cathode
gradient beyond 30-40 MV/m resulted in more frequent vacuum trips compared to the
previously (standard) used Cs,Te cathode conditioning. During the trips, the vacuum
pressure occasionally reached 1 x 107 mbar. These vacuum incidents have a significant
impact on the rapid degradation of the QE of the photocathode. The vacuum level and
the cathode gradient history during the conditioning of the three cathodes are shown in
Figure 4.35. As it can be seen, the QE of all three cathodes drops below 1% within
two days after their initial insertion into the gun, probably due to frequent vacuum trips.
Additionally, it’s worth noting that the cathode remains stable at low gradients (< 30
MV/m).
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Figure 4.35: Vacuum level and the cathode gradient history during the conditioning of
cathodes (a) 123.1 (thin) (b) 112.1 (thin) (c) 147.1 (thick).
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‘We also noticed that even in the absence of vacuum events, there is still a slow decrease in
the QE of these cathodes. The QE gradually drops by about 20% in 12 hours for cathode
147.1 during the overnight run, as shown in Fig. 4.36. This slow decay of QE could

potentially result from gradual contamination of the cathode surface within the gun.
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Figure 4.36: QE decay history without vacuum events of cathode 147.1.

We also measured QE maps at various stages during the conditioning of the cathodes.
Figure 4.37 illustrates the evolution of QE maps during the conditioning of cathodes
123.1 (thin) and 147.1 (thick). It can be observed that after the vacuum trips, the mor-
phology of the QE maps changed for both thin and thick cathodes. Towards the end of
the cathode operation for 147.1, the QE maps were measured at both wavelengths, i.e.,
257 nm (UV) and 515 nm (green). Interestingly, at 257 nm (UV), the QE maps appeared
quite uniform (Fig. 4.37b), while simultaneously, at 515 nm, the QE maps exhibited non-
uniformity. This observation suggests a potential modification of the surface chemistry
of cathode 147.1 following the vacuum trips. A more detailed analysis of the post-use

characterization is presented in the subsequent section of this report.
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Figure 4.37: illustrates the evolution of the QE maps during the cathode conditioning of
cathode (a) 123.1(thin) and (b) 147.1(thick).

110



In the case of KCsSb photocathodes, it has been previously demonstrated that their
reactivity towards residual gases such as oxygen, carbon dioxide, and hydrocarbons, has
a significant role in its short operational lifetime [46, 146]. Figure 4.38 shows the mass
spectrum of the residual gas traces in the cavity with and without RF power. It shows a
relatively high amount of traces of these critical residual gases inside the gun, and this

could be a primary factor contributing to the degradation of the QE of these cathodes.
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Figure 4.38: Mass spectrum of the residual gas in the cavity with and without RF power

4.4.2.1 Thermal Emittance

Thermal emittance of a photocathode is a measure of the average transverse momentum
of the emitted electrons from the photocathode. As discussed in Section 2.2.4, this param-
eter exerts a significant influence on electron beam quality, thereby impacting accelerator
performance.

Thermal emittance measurements have been conducted on all three cathodes using
thermal emittance imaging techniques at different cathode emission gradients and light
wavelengths (i.e., 515 nm and 257 nm). Emittance imaging techniques typically utilize
gun solenoid to direct the emitted electrons onto an observation screen. By manipulat-
ing the solenoid strengths, the transverse momentum distribution of the electrons at the
cathode can be imaged downstream, allowing for the measurement and analysis of the
thermal emittance characteristics. The detailed procedure of this measuring technique
can be found in the reference [147]. The measured thermal emittance values for cathode
147.1 1s reported in Table 4.5 and presented in Fig. 4.39. It was observed that all three

cathodes exhibit a similar thermal emittance value.
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Figure 4.39: illustrates the 2D distribution of photoemission transverse momentum of
cathode 147.1 at (a) 515 and (b) 257 nm.

Table 4.5: Thermal emittance of cathode 147.1 at different cathode gradients and wave-
lengths of light.

Wavelengths | Cathode gradient (MV/m) | Thermal emittance (mm. mrad/mm)

515 nm 19 0.6
29 0.7
257 nm 19 1

As described in Section 2.3.1.3 (pages 27-30), the thermal emittance of a photocath-
ode is primarily related to the MTE (mean transverse energy) of the emitted electrons,

which can be defined at a specific wavelength by Eq. 4.9 [29].

1
MTE = - (Ep — Eu) (4.9)

Where E,, is the photon energy, and Ey, is the photoemission threshold (Ey, = Eg+E,,
where E; is the energy gap and E, the electron affinity). As shown in Table 4.5, the
thermal emittance measured at a higher cathode gradient (29 MV/m) was slightly higher
than the value measured at 19 MV/m. This difference could potentially be attributed to a

reduction in the cathode’s work function due to the Schottky effect, which, in turn, may
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lead to an increase in the MTE [3,42].
We then compare the measured thermal emittance with a simple model as described
in reference [42], where the theoretical thermal emittance of a semiconductor can be

expressed as,

3mc?

(4.10)

gnsemiconduclor = chpx = Gx\/

In this model, we assumed a photoemission threshold value Ey, = 1.9 eV [79]. As
seen in Fig. 4.40, the measured thermal emittance values are consistent with this model
at 2.40 eV (i.e., 515 nm). However, a deviation from this theoretical model is observed in
the measurements at higher photon energies, specifically at 4.82 eV (i.e., 257 nm). This
deviation at higher photon energies may be attributed to neglected scattering mechanisms,
which play a more significant role and result in some electron relaxation before emission

[42].
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Figure 4.40: Comparison of the thermal emittance of KCsSb photocathodes between
the theoretical and measured data. The blue dots represent the theoretically calculated
thermal emittance values using Equation 4.10, while the orange dots represent the thermal
emittance values measured at PITZ.
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4.4.2.2 Projected Emittance

The projected emittance is a measure of the beam quality, specifically the size and di-
vergence of the electron beam. It is defined as the area in phase space occupied by the
beam. This approach provides valuable insights into the beam’s transverse characteris-
tics, allowing for a comprehensive understanding of its behavior. The projected emittance
of 100 pC is measured for three cathodes using slit-scan techniques at a cathode gradi-
ent of 40 MV/m; more details regarding the measuring techniques can be found in the

reference [148].

In a well-optimized photoinjector, the transverse phase space of the beam is domi-
nated by a high-density Gaussian core distribution and a non-Gaussian low-density tail
distribution. This non-Gaussian tail distribution primarily arises from residual nonlinear
space charge effects and phase space mismatches in the low-current beam tails [149]. The
95% emittance values were estimated by removing 5% of the total bunch charge from the
low-intensity tails of the measured projected transverse phase space distribution [148].
The 95% emittance is much less sensitive to tail particles, as it excludes the worst 5%
of particles. The measured 95% emittance of cathode 112.1, along with a comparison
between KCsSb and Cs;Te photocathodes at the same gradient (40 MV/m) is presented
in Table 4.6. It was observed that all three cathodes exhibit a similar emittance value.
Furthermore, the beam’s brightness was evaluated based on this 95% emittance [148]. It
has been observed that the overall emittance was reduced by approximately 23%, and the

4D brightness increased by up to 60% for KCsSb cathodes compared to Cs,Te.

Table 4.6: Comparison of 100 pC Projected Emittance between KCsSb & Cs,Te Photo-
cathode

Measurements | Cs,Te | KCsSb Unit
95% rms emit. | 0.36 0.28 um.rad
4d brightness 760 1209 | pC(um.rad)?
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4.4.2.3 Dark Current

As described in Section 2.2.7, dark current is a critical factor influencing the performance
of photoinjectors. The dark current from field emission has been measured for three
cathodes at different cathode gradients as a function of the main solenoid current at the
first Faraday Cup, located approximately 0.8 meters downstream of the cathode [150,
151]. A comparison of the maximum dark current from the solenoid scans across different

gun gradients for (three) KCsSb, Cs,Te, and Mo cathodes is presented in Fig. 4.41.
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Figure 4.41: Comparison of the maximum dark current as a function of the gun gradient
for (three) KCsSb, Cs,Te, and Mo cathodes. The dark current measurements of Cs,Te
and Mo are presented for comparison purposes.

The dark current measured from KCsSb cathodes was higher by a factor of 2 to 5 com-
pared to that from Cs,Te cathodes, potentially due to the lower photoemission threshold
of KCsSb (1.9 eV) compared to CsyTe (3.5 eV) [42]. We also measured the dark cur-
rent of an uncoated Mo plug prepared in a manner similar to the three Mo plugs used for
the three KCsSb cathodes. The lower dark current observed from the uncoated Mo cath-
ode confirms that the primary contribution to the dark current comes from the cathode
film itself. We also conducted dark current imaging [151], as illustrated in Figure 4.42,
which was performed for cathode 147.1. As evident from the figure, the field emitters
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are observed to originate from the KCsSb film itself, serving as the primary source of the

observed high dark current.
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Figure 4.42: illustrates the dark current imaging of Cathode 147.1.

The dark current arising from field emission can be effectively analyzed using the
well-established Fowler-Nordheim (FN) theory [152,153]. The Fowler-Nordheim theory
of field emission relies on a quantum mechanical resolution of the Schrodinger equation
[154], where electrons tunnel through a barrier in the presence of a high electric field.
The FN description for field-emitted current in the context of an alternating field can be

written as [155]:

57 %x10712% 1045207 « A (BE)%S 6.53 x 10° x o3
Ir = PYEE «(PE) X exp <— BE ¢ > (4.11)

E represents the amplitude of the sinusoidal macroscopic surface field in V/m, 8
stands for the field enhancement factor, ¢ denotes the work function, and I is the time-
averaged dark current in Amperes from an emitting area A,. The factor BE accounts for
the local field variation due to the microscopic surface roughness via scaling factor 3.
As discussed in the reference [155], we can extrapolate 8 and A, values by plotting the
% versus % The Fowler-Nordheim theory was formulated for metals, but it can still
be useful for visualizing dark current data of semiconductor photocathodes [58]. Using

this technique mentioned above, we have calculated the field enhancement factor () and
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emitting area (A.) of three cathodes, along with the Cs,Te photocathode for comparison

purposes. The detailed results are presented in Table 4.7.

Table 4.7: Fowler-Nordheim analysis of three KCsSb cathodes, including Cs,Te for com-
parison purposes. 3 represents field enhancement factor and A, represents emitting area,
see Equation 4.11.

Cathode | B | A, (nm?)
Cs,Te 6722 | 126 | 15212
123.1 462 | 0.002
147.1 97 0.98
112.1 246 | 0.013

Table 4.7 demonstrates that the 8 values of the three KCsSb cathodes are comparable
to those of the Cs, Te photocathodes. However, the emitting area (A.) value is significantly
lower compared to the Cs,Te photocathode. This suggests that the higher dark current
observed in KCsSb cathodes may not be primarily attributed to the roughness of the

cathode surface, but rather to the lower photoemission threshold being the leading factor.

4.4.2.4 Response Time Measurement

The photoemission mechanism for semiconductor-based photocathodes can be under-
stood by the three-step model as described in Section 2.3.1. During the transport of a
photoexcited electron (towards the surface) in a semiconductor photocathode, the elec-
tron motion can be affected by numerous scattering processes (i.e., electron-phonon scat-
tering). As a consequence, there is a delay between the photon’s arrival at the cathode and
the emission of an electron (excited by this photon) from the cathode. This delay causes
the lengthening of the extracted electron bunch with respect to the original light pulse.
The shape of the emission curve is called the cathode response function, and its char-
acteristic time constant is denoted as the cathode response time. For the response time
measurement, two laser pulses with a known optical delay are directed onto the cathode

to calibrate the beam temporal response at the photoemission. The detailed procedure is
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explained in reference [52].

Because of the high dark current, the response time measurements could only be
possible to measure for cathode 147.1(Sb=10 nm). The cathode response time was mea-
sured for cathode 147.1 when its QE had already degraded to 0.4%. At this point, there
was a possibility of changes in the cathode’s surface chemistry. Nevertheless, the results
indicate that the response time for the KCsSb cathode is below the 100-fs resolution,

compared to a response time of approximately 200 fs for the Cs, Te photocathode.

4.4.2.5 Visual Inspection After Use

After the test at PITZ, we also conducted a visual inspection of the cathode surface, and
the resulting images for cathodes 112.1 (thin) and 147.1 (thick) are shown in Figure 4.43.
These images reveal that the photoemissive layer remains intact on the Mo surface, as
compared to Figure 4.32 (which depicts the cathodes after production). There are no
significant visual differences in the surface morphology of these cathodes found before

and after the test in the PITZ RF gun.
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(b)

Figure 4.43: Images of the cathode surface for cathodes (a) 112.1 (thin) and (b) 147.1
(thick) after the test at PITZ.
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4.4.3 Post-Usage Spectral Response and Spectral Reflectivity Study
at LASA

Following the test of these photocathodes at PITZ, they were transported back to LASA.
The spectral response and spectral reflectivity of the "used" cathodes were subsequently
measured and are compared in Figure 4.44 with the values obtained immediately after
production. The observations from Fig. 4.44a show that the photoemission threshold
of cathodes 147.1 and 112.1 has increased from 1.79 eV to 2.08 eV, and a shoulder has
appeared at the low photon energy for cathode 123.1 (highlighted by a red dashed circle).

As observed previously in Fig. 4.38, a substantial amount of residual gases, including
oxygen, carbon dioxide, and hydrocarbons, is present within the RF gun. A study by A.
di Bona et al. has shown that KCsSb cathodes are particularly sensitive to residual gases
such as CO, and O,, while remaining unaffected by CHy, N>, and CO gases [46]. Inter-
estingly, this study also revealed an increase in the quantum efficiency at lower photon
energies (i.e., at 2.33 eV and 2.07 eV) upon exposure to small amounts of oxygen. The
authors hypothesized the formation of a Cs-O surface dipole layer at the cathode surface,
leading to a reduction in the electron affinity of the bulk material through a band-bending
effect near the interface. This observation was further supported by a subsequent X-ray
photoelectron spectroscopy (XPS) study conducted by Leonardo et al. [144], where they
correlated changes in the spectral response of KCsSb films to varying degrees of oxida-
tion, as revealed by XPS data. This study also demonstrated the appearance of a shoulder
at the lower photon energy range (similar to cathode 123.1) in the spectral response upon
exposure to lower amounts of oxygen. The XPS data confirmed the formation of a thin
suboxide alkali layer, predominantly Cs;10O3, on the cathode surface, contributing to the
reduction of the surface barrier. Furthermore, a study by P. Michelato et al. affirmed
that the increase in QE at lower photon energy is only achievable with O, and not with
CO; [146]. Additionally, in the case of NaKSb(Cs)-2 cathodes, we have previously ob-
served the formation of such a shoulder due to residuals, as illustrated in Fig. 4.26a.
Therefore, based on the aforementioned findings and the similarity in spectral behavior,

especially at lower photon energies, for cathode 123.1 as compared to the reference [144],
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Figure 4.44: (a) spectral response and (b) spectral reflectivity measurements of the three
cathodes after use in the RF gun. The spectral response and spectra reflectivity of the
three same cathodes after production are shown in the plot for comparison.
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it can be inferred that the shoulder observed in the spectral response of cathode 123.1
could potentially be attributed to a lower level of oxidation.

As previously mentioned, we have observed an increase in the photoemission thresh-
old of cathodes 147.1 and 112.1. This increase in the photoemission threshold potentially
is linked to a higher level of contamination within the gun affecting these cathodes. Sim-
ilar instances of increased photoemission threshold in KCsSb cathodes due to a high
degree of oxidation have been documented by Leonardo et al. [144]. This higher level
of oxidation leads to the formation of a thicker suboxide layer on the cathode surface,
which reduces the probability of photoemission and, consequently, results in an increased
photoemission threshold [144]. This phenomenon has also been observed in Cs;Te pho-
tocathodes [156]. Additionally, the fact that both cathodes 147.1 and 112.1 are used for
a relatively longer period (i.e., 4 days) compared to cathode 123.1 (i.e., 2 days) inside
the RF gun contributes to the likelihood of a relatively higher degree of contamination.
Therefore, the increase in the photoemission threshold for cathodes 147.1 and 112.1 can
be attributed to the high degree of contamination. Furthermore, the disparity observed in
the spectral response behavior among cathodes 112.1, 147.1, and 123.1 can be attributed
to varying levels of contamination.

By examining the spectral reflectivity shown in Fig. 4.44b, it is evident that the peak
characteristics of the cathodes have altered before and after testing for all three cath-
odes. This suggests likely modifications in the electronic structure of the cathode material,
aligning with the observations from the spectral response analysis provided above. Nev-
ertheless, to further elucidate the underlying mechanisms behind the observed changes in
cathode performance during degradation, a further comprehensive surface characteriza-

tion is essential.
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4.4.4 Summary & Discussion

The first batch of 3 KCsSb cathodes (1 thick and 2 thin) was produced in the "Produc-
tion" system at INFN LASA and transported to PITZ for testing inside the photoinjector.
These cathodes survived during the transport. During cathode conditioning in the RF
gun, it was noticed that increasing the cathode gradient beyond 30-40 MV/m resulted
in more frequent vacuum trips compared to the previous Cs,Te cathode conditioning.
These vacuum incidents significantly impacted the rapid degradation of the photocath-
ode’s quantum efficiency, dropping from 3-6% to below 1% within 2 days. The results
in terms of thermal emittance and response time are very promising when compared to
the Cs;Te photocathode. Nevertheless, the limiting factors are high dark current and the
short operational lifetime. An analysis of post-operational optical spectra conducted at
INFN LASA revealed potential oxidation of the cathode films. The analysis also indicated

varying levels of oxidation in these cathode films.
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4.4.5 Second Batch of KCsSb Photocathodes

Following the testing of the first batch of KCsSb cathodes, our objective is to achieve
a more comprehensive insight into the crystal structure of the photocathode both during
and after the deposition process, as well as to analyze the impact of varying thickness on
the photocathode’s electronic structure. This knowledge will allow us to optimize further
and improve the cathode recipe. Consequently, we have chosen to grow new cathodes
within the new "Production" system, which incorporates a "multi-wavelength" optical
diagnostics setup during the deposition process. As already explained in Section 4.2, this
"multi-wavelength" optical diagnostics setup employs a motorized filter wheel capable of
accommodating up to eight different optical filters (254, 297, 365, 488, 515, 540, 632,
690 nm corresponding to 4.88, 4.17, 3.39, 2.54, 2.40, 2.29, 1.96, 1.79 eV). These filters
are used to measure real-time QE and reflectivity within the range of 254 nm to 690 nm
during the deposition process, as depicted in Figure 4.2c.

We produced one KSb (137.1, 10nm Sb, i.e., thick) and two KCsSb photocathode
(137.2, 10nm Sb, i.e., thick, and 137.3, 5 nm Sb, i.e., thin) in the production system.
Table 4.8 and Table 4.9 summarize the detailed recipes for three photocathodes. The
three above-mentioned photoemissive films were deposited on the same Mo plug. Prior
to the second and third cathode deposition, the previous film had been destroyed by a
heating cycle up to 450 °C, and the complete removal was checked by QE and reflectivity
measurements before starting with the next film evaporation.

Table 4.8: Summary of evaporated thicknesses of Sb, K, and Cs, along with QE (at 540

nm) and reflectivity (at 540 nm), for cathodes 137.1 (thick), 137.2 (thick), and 137.3
(thin). The QE and R values presented in the table were measured post-deposition.

Cath. Film Sb(mm) K@mm) Cs(nmm) QE (%) R (%)

137.1  KSb 10.1 101 - 0.076*  19.72%*
137.2 KCsSb 10.1 88.9 181.0 3.3 224
137.3 KCsSb 5.3 53.7 85.1 3.8 12.0

* QE and R presented for Cathode 137.1 are representative of the KSb compound.
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Table 4.9: Overview of the evaporation rates during Sb, K, and Cs depositions for cath-
odes 137.1 (thick), 137.2 (thick), and 137.3 (thin).

Cathode Evaporation Rate (nm/min)

Sb K Cs
137.1 09 0.7 -
1372 09 0.7 0.6
1373 09 0.5 0.9

Due to the restrictions posed by the transmittance of the front viewport material in the
"Production" system (as detailed in Section 4.2.2 and illustrated in Fig. 4.4), the real-time
measurement of QE and reflectivity at 254 nm during deposition cannot be performed for
all three cathodes. As for the measurement at 297 nm, it was observed that the real-time
reflectivity data obtained was not accurate. This discrepancy likely stems from several
factors. Firstly, for reflectivity measurements, the light must travel back and forth through
the viewport, leading to a significant reduction in the power of the reflected light due to
the low transmittance of the viewport material at 297 nm (i.e., 69%). Additionally, during
deposition, the intense heating of alkali and antimony sources emits considerable illu-
mination, potentially introducing background noise. Furthermore, the rotational speed
of the filter wheel during measurements may further hinder the accurate capture of the
low-intensity reflected light at 297 nm by the photodiode in real-time measurements. The
combined effect of these factors — low reflected light intensity, background noise, and
the filter wheel speed — makes it difficult to isolate and accurately measure the actual re-
flected light signal at 297 nm. Consequently, real-time reflectivity at 297 nm could not be
measured for any of the three cathodes. However, upon checking the real-time QE value
at 297 nm, it was found to be consistent and matched with the QE value obtained by the
monochromator (measured without the filter wheel, Fig. 4.3). The consistency observed
for QE measurements (at 297 nm) may be attributed to the fact that light travels unidirec-
tionally through the viewport during the QE measurements, resulting in relatively lower
power loss. This, in turn, ensures that there is sufficient power remaining to stimulate

enough photoelectrons to generate real-time QE data. Therefore, the obtained real-time
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QE data at 297 nm was taken into consideration for the characterization of all three cath-
odes.

In the following section, we will discuss the detailed growth recipe and results of the
aforementioned three cathodes (137.1, 137.2, 137.3).

4.4.5.1 Cathode 137.1

Cathode 137.1 was originally planned to be grown as a full KCsSb cathode. However,
due to an issue in the preparation system, Cs deposition could not be performed. As a
result, we were only able to grow up to the K deposition stage, resulting in a KSb cathode.

The sequential deposition started with 10 nm of Sb (at T = 120 °C), followed by
K deposition (at T = 140 °C), until reaching the photocurrent peak. As mentioned in
Section 4.4.1, due to a misalignment in the temperature reading system, we set the plug
heating power to similar values to match the temperature settings used for the first cathode
produced in the "Production” system, i.e., cathode 147.1. As presented in Table 4.9,
during Sb deposition, the deposition rate was maintained at 0.9 nm/min, while during K
deposition, it was maintained at 0.7 nm/min.

Real-time QE and reflectivity at different wavelengths were monitored during both Sb
and K deposition, as detailed in Fig. 4.45. Before the deposition, the input power of light
at 7 different wavelengths was measured and implemented in the LabVIEW program to
record real-time QE and reflectivity. Due to some technical issues, the real-time reflec-
tivity at 365 nm for cathode 137.1 has not been measured. Prior to the deposition, the

spectral reflectivity of the Mo plug was measured.
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Figure 4.45: Real-time (a) QE and (b) reflectivity at different wavelengths during Sb
and K deposition of cathode 137.1. The thicknesses represented in plots ‘a’ and ‘b’
correspond to the evaporated thickness of Sb and K, with a dashed line separating them
in the plot. The change in the reflectivity behavior during Sb deposition (at around 6 nm)
is highlighted by a red colored box in plot b. The transition point during K deposition is
highlighted by a dashed line along with a blue-colored box.
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In Figure 4.45b, during Sb deposition, the reflectivity initially experienced a marginal
decrease at all wavelengths. However, after around 6 nm (highlighted by the red-colored
box), it began to rise (except at 488 nm and 515 nm). This trend is illustrated in Fig. 4.46,
which presents the real-time history of reflectivity at different wavelengths during Sb
deposition for cathode 137.1. As discussed in Section 4.3.1.1.2 (pages 70-72), these
changes in reflectivity could be attributed to the amorphous-to-crystalline transition of
the Sb compound [53]. However, as mentioned above, no such increase in reflectivity
pattern was observed at 488 nm and 515 nm after 6 nm. Upon checking this behavior
with the other two cathodes (i.e., cathode 137.2, Fig. 4.48b and 137.3, Fig. 4.52b), we
found that this discrepancy might be due to a potential issue with the instrument or data
acquisition process for cathode 137.1. As will be discussed in the upcoming section, since
the Sb deposition was carried out under similar conditions for the other two cathodes, and
no such discrepancies were observed for 488 nm and 515 nm, we deduce that this issue

is likely related to either the instrument or the data acquisition process for cathode 137.1.
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Figure 4.46: A zoom-in plot of the real-time reflectivity history at different wavelengths
during the Sb deposition process of cathode 137.1. The change in the reflectivity behavior
during Sb deposition (at around 6 nm) is highlighted by a red colored box in the plot.

As depicted in Fig. 4.45a, a significant change in the slope of the real-time QE (across
all wavelengths) is evident above 60 nm of K deposition (i.e, equivalent to 70 nm of total

evaporated thickness, indicated in the graph), denoted as the transition point (highlighted
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by the blue colored box with dashed line). As it was discussed in Section 4.3.1.1.3 (page
73), the observed change in QE after a specific evaporated thickness signified the tran-
sition of the K-Sb compound from the amorphous phase to the crystalline phase [135].
Also, it is interesting to notice in Fig. 4.45b that beyond this transition point, there’s an
observable change in the reflectivity slopes at 488nm, 515nm, and 540nm wavelengths.
However, no such slope change is evident in the reflectivity for 632 nm and 690 nm. This
discrepancy in behavior between the two sets of wavelengths could potentially originate

from the intricate crystallization dynamics of the KSb compound.

Furthermore, as evident in Fig. 4.45a, the QE at 297 nm was lower compared to the
QE at 365 nm during K deposition. In principle, higher photon energy efficiently ejects
electrons from the cathode compared to a lower photon energy. However, as explained
in Appendix A.1 (pages 255-257), when the photon energy is greater than or equal to
twice the band gap energy (E,) of the semiconductor material, the quantum efficiency
starts to decline due to electron-electron (e-e) scattering phenomena occurring within the
material. It is important to note that the effective decrease in the QE response due to
e-e scattering is noticeable only several electronvolts higher than the electron-electron
scattering threshold [157]. The band gap of the KSb compound is approximately 1.4
eV (cubic type) and 1.1 eV (hexagonal type) [158]. Therefore, a decrease in QE due to
e-e scattering is expected for the KSb compound above the local maximum of photon
energies around 3.06-3.54 eV (i.e., 405 nm - 350 nm) (.- hv > 2 E,), as seen in Fig. 8.10
(in Appendix A.1) for all produced KSb compounds. Hence, the decrease in QE response
at 297 nm (compared to 365 nm) in Fig. 4.45a is related to the KSb band structure and

indicates the formation of the KSb compound.

Using the real-time QE (vs. thickness) and reflectivity (vs. thickness) data at 7 dif-
ferent wavelengths shown in Fig. 4.45, we reconstructed the real-time spectral response
(vs. photon energy) and reflectivity (vs. photon energy) during Sb and K deposition
processes. This reconstruction offers insights into how the spectral response and reflec-
tivity evolve throughout the different phases of Sb and K deposition for cathode 137.1.
It provides valuable information about real-time compound formation and enables us to

monitor changes in the electronic structure during compound formation. The compre-
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hensive analysis of the real-time spectral response and reflectivity during the Sb and K
deposition processes is detailed in Appendix C.

As previously mentioned, the spectral reflectivity of Mo was recorded prior to the de-
position process. Subsequently, following deposition, measurements of both the spectral
response and reflectivity were taken for the grown K-Sb compound, as shown in Fig. 4.47.
In Fig. 4.47a, a comparison is presented between the spectral reflectivity of the Mo plug
and the deposited KSb compound, highlighting the changes in the spectral reflectivity
pattern following cathode deposition.

Furthermore, when we compare the spectral reflectivity and spectral response patterns
of the KSb compound (presented in Fig. 4.47) with the reconstructed real-time spectral
reflectivity (plot 6 in Fig. 8.17) and spectral response (plot 6 in Fig. 8.16) plots at the
end of K deposition, we observe a noticeable similarity. These similarities indicate the
accuracy of the real-time data measurements during the deposition.

For cathode 137.1 (KSb compound) the QE was observed 0.17 % at 515 nm (i.e., 2.40
eV).
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Figure 4.47: (a) Comparison of the spectral reflectivity between Mo (measured before the
deposition) and the KSb compound (measured after the deposition), and (b) the spectral
response of the KSb compound measured after the deposition of cathode 137.1.
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4.4.5.2 Cathode 137.2

The sequential deposition of cathode 137.2 started with 10 nm of Sb, followed by K, until
reaching the photocurrent peak and then evaporating Cs until the photocurrent is close to
the saturation level. As presented in Table 4.9, during Sb deposition, the deposition rate
was maintained at 0.9 nm/min, while during K and Cs deposition, it was maintained at
0.7 nm/min and 0.6 nm/min, respectively.

As previously discussed, due to a misalignment in the temperature reading system,
we adjusted the plug heating power to match the temperature settings used for cathode
137.1, which were set at 120 °C for the deposition of Sb and Cs. However, during the
deposition of K, we suspected that the lower QE for the KSb compound in the previous
cathode (i.e., cathode 137.1) might have been caused by a higher substrate temperature.
As aresult, we slightly reduced the plug heating power compared to the previous cathode:
the heating power applied during K deposition for cathode 137.1 was 3.1 W, whereas, for
cathode 137.2, a power of 2.89 W was used during K deposition.

Similar to the previous cathode, we monitored real-time QE and reflectivity at dif-
ferent wavelengths during the deposition of Sb, K, and Cs. Before the deposition, the
input power of light at 7 different wavelengths was measured and implemented in the
LabVIEW program to record real-time QE and reflectivity. The following section will

discuss the experimental results obtained from the KSb compound for cathode 137.2.

4.4.5.2.1 K-Sb Phase

Fig. 4.48 presents a detailed real-time QE and reflectivity at the different wavelengths
during the deposition of Sb and K.
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Figure 4.48: Real-time (a) QE and (b) reflectivity at different wavelengths during Sb
and K deposition of cathode 137.2. The thicknesses represented in plots ‘a’ and ‘b’
correspond to the evaporated thickness of Sb and K, with a dashed line separating them
in the plot. The change in the reflectivity behavior during Sb deposition (at around 2 nm)
is highlighted by a red colored box in plot b. The transition point during K deposition is
highlighted by a dashed line along with a blue-colored box.
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As can be seen in Figure 4.48b, during Sb deposition, the reflectivity first slightly
dropped. However, after around 2 nm (highlighted by the red-colored box), it began rising
(for all 6 wavelengths) until the end of Sb deposition. As discussed in Section 4.3.1.1.2
(pages 70-72), these changes in reflectivity after a particular evaporated thickness are po-
tentially attributed to the amorphous-to-crystalline transition of the Sb compound [53].
However, compared to cathode 137.1 (refer to Fig. 4.45b), there is a discrepancy in the
transition thickness (amorphous-to-crystalline transition of the Sb compound) in the re-
flectivity plot despite having a similar growth recipe. As discussed in Section 4.3.1.1.2
(pages 70-72), the specific value of this transition thickness might vary due to various
factors such as surface quality, substrate type, substrate temperature, deposition rate, vac-
uum quality, and residual gases [79]. In the case of cathode 137.2, where the cathode is
grown on the same Mo plug after destroying cathode 137.1, it is possible that some resid-
uals may remain on the substrate. These potential residuals could influence the observed

discrepancy in the transition thickness during Sb deposition for cathode 137.2.

As depicted in Fig. 4.48a, like cathode 137.1, a significant change in the slope of
the real-time QE was observed across all wavelengths above 58 nm of K deposition (i.e,
equivalent to 68 nm of total evaporated thickness, indicated in the graph), denoted as the
transition point (highlighted by the blue colored box with dashed line). As previously dis-
cussed, the observed change in QE after a specific evaporated thickness indicates a tran-
sition of the K-Sb compound from the amorphous phase to the crystalline phase [135].
Additionally, Figure 4.48b reveals a noticeable change in the reflectivity slope at 488 nm,
515 nm, and 540 nm following this transition point. However, no such slope change is ev-
ident in the reflectivity for 632 nm and 690 nm after the transitional thickness (highlighted
by a red-colored circle in Fig. 4.48b). This difference in behavior between the two sets of
wavelengths may be attributed to the complex crystallization of the KSb compound. If we
compare cathode 137.2 with cathode 137.1 (Fig. 4.45), we can observe that this observed

behavior in the real-time QE and reflectivity are consistent and reproducible.

When comparing real-time QE behavior during K deposition for cathode 137.2 (Fig-
ure 4.48a) with cathode 137.1 (Figure 4.45a), an interesting observation can be made. In
Figure 4.45a, the QE at 297 nm (4.17 eV) was initially lower compared to the QE at 365
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nm (3.39 eV) at the onset of K deposition. As previously discussed, we attributed this
lower QE at 297 nm to the possibility of electron-electron (e-e) scattering, indicating the
formation of the K-Sb compound. However, for cathode 137.2, this behavior (lower QE
at 297 nm compared to 365 nm) occurred only after 58 nm of K deposition, specifically
after the transition point (Fig. 4.48a). It is worth noting that, as mentioned earlier, we
deposited K for cathode 137.2 at a lower heating power (i.e., 2.9 W) compared to the
heating power (i.e., 3.1 W) used for cathode 137.1. Therefore, this difference between
cathode 137.2 and 137.1 suggests that potentially, due to the higher substrate temperature,
the reaction rate between Sb and K was higher for cathode 137.1, leading to the observed
decrease in QE at 297 nm at the initial stage of K deposition.

Similar to the approach for cathode 137.1, we reconstructed the real-time spectral
response and reflectivity for cathode 137.2 during Sb and K deposition. A comprehensive
analysis of these real-time measurements during the Sb and K deposition processes is

detailed in Appendix D.1.

4.4.5.2.2 K-Cs-Sb Phase

The following section will discuss the experimental results obtained during Cs deposition
to form the KCsSb compound for cathode 137.2.

During the deposition of Cs, just as during Sb and K deposition, we monitored the
real-time QE and reflectivity at various wavelengths. Fig. 4.49 presents a comprehensive
overview of real-time QE and reflectivity at different wavelengths during the Cs deposi-
tion.

As shown in Figure 4.49b, a change in slope in the reflectivity is observed after 23 nm
of Cs evaporation, with reflectivity increasing at 488 nm and decreasing at 632 nm and
690 nm (both changes highlighted by the red circles). Subsequently, after 30 nm of Cs
evaporation, another change in slope is noticed in the reflectivity at 515 nm and 540 nm
(highlighted by the red square box). These changes in slope in the reflectivity indicate the

complex formation of the KCsSb compound during Cs addition.
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at all the wavelengths is highlighted by a red colored box in 4.49a.
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In Figure 4.49a, at the end of Cs deposition, the QE at 297 nm and 365 nm experiences
a minor jump, then it stabilizes for a period before showing a slight increase towards the
end. However, for the remaining wavelengths (488 nm, 515 nm, 540 nm, 632 nm, and 690
nm), the QE experiences an initial small jump immediately after the end of Cs deposition,
followed by a gradual decrease and stabilization at the end. This small jump at the end of
Cs deposition is highlighted by the red colored box in Fig. 4.49a. Table 4.10 shows the
absolute percentage of the QE increase after shutting down the Cs source at the different
wavelengths.

Table 4.10: Summary of the absolute % QE increase after turning off the Cs source at
different wavelengths.

Wavelengths (1) AQE (%)

297 nm (4.17 eV) 8.9 £0.07
365 nm (3.39 eV) 2.1 +£0.01
488 nm (2.54 eV) 7 +£0.01

515 nm (2.40 eV) 7.1 £0.02
540 nm (2.29 eV) 7.1 £0.02
632 nm (1.96 eV) 27 £0.11
690 nm (1.79 eV) 100 £0.11

The potential explanation for the QE jump observed at the end of Cs deposition has
been previously discussed in the Section 4.3.1.1.4 (pages 82-83). We suggested that a
temperature-sensitive surface layer might have formed near the subsurface region of the
films during deposition, creating a balance between the adsorption (inward Cs distribution
and diffusion) and desorption (evaporation of Cs from the surface) of Cs atoms near
the surface. Any sudden decrease in the evaporation rate or increase in the substrate
temperature could disrupt this balance, impacting the emission barrier through electron
affinity. Considering that for cathode 137.2, Cs deposition occurs at a higher substrate
temperature (120 °C) and a lower deposition rate (0.6 nm/min) compared to Cs deposition
for cathodes prepared in the "R&D" preparation system (temperature range: 60-110 °C,
deposition rate: 1 nm/min), the difference in the observed jump (at 540 nm) at the end
of Cs deposition is much smaller for cathode 137.2 compared to the R&D cathodes (see
Table 4.2).
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However, it’s noteworthy to observe that there are differences in the rate of QE jump
at the different wavelengths, as indicated in Table 4.10. A significantly higher increase
at the red wavelengths (632 nm and 690 nm) suggests a potential decrease in electron
affinity. Given that these red wavelengths are close to the photoemission threshold of the
KCsSb cathodes, they carry less photon energy compared to other wavelengths, making
it less efficient to excite electrons from the cathode into the vacuum. Consequently, any
decrease in the height of the potential barrier (electron affinity) leads to a higher likelihood
of electron excitation into the vacuum, resulting in a significant increase in the QE jump
for higher wavelengths (i.e., 632 nm and 690 nm). At wavelengths of 488 nm, 515 nm,
and 540 nm, the similarity in photon energy levels leads to an equivalent rate of jump in
the QE (as Table 4.10 shows).

Another intriguing observation is that during Cs deposition, the real-time increase
in QE at 297 nm is lower than at 365 nm (Fig. 4.49a). As previously explained, this
phenomenon is linked to electron-electron (e-e) scattering within the KCsSb compound
(e-e scattering possible when hv > 2E,). However, in Table 4.10, at the end of the Cs
deposition, we observe a higher rate of QE jump at 297 nm (8.9 %) compared to 365 nm
(2.1 %). This suggests that, due to possible e-e scattering, the excited electrons at 297
nm are initially less efficiently emitted into the vacuum compared to those at 365 nm.
Therefore, as the barrier height is reduced (at the end of Cs deposition), it becomes more
probable for a greater number of electrons at 297 nm to escape into the vacuum, leading

to the observed higher QE increase at 297 nm.

Following this jump in the QE, the quantum efficiency continuously decreased during
the cooling process, and later it stabilized for wavelengths 488 nm, 515 nm, 540 nm, 632
nm, and 690 nm. However, for 297 nm and 365 nm, the QE initially stabilized up to
a certain point and then increased at the end (Fig. 4.49a). This QE trend suggests that,
possibly due to the still higher substrate temperature after Cs deposition, some excess
Cs may have evaporated from the surface. Therefore, due to this Cs evaporation, the

stoichiometry of the compound re-balanced, and in the end, it likely stabilized.

Similar to the Sb and K depositions, we reconstructed the real-time spectral response

and reflectivity during Cs deposition for cathode 137.2. A comprehensive analysis of
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these measurements during the Cs deposition process is detailed in Appendix D.2.

We conducted measurements of spectral reflectivity and spectral response after each
deposition process (i.e., after the K and after the Cs deposition), including the Mo plug
(measured before the deposition). In Fig. 4.50, a comparison is presented between the
spectral reflectivity of the Mo plug and the deposited KSb and KCsSb compounds. The
changes in the spectral reflectivity pattern following cathode deposition can be observed
from the plot. It is evident that the spectral reflectivity pattern of KCsSb closely resem-
bles that of the KSb compound, indicating that the spectral reflectivity pattern observed
for KCsSb is essentially a continuation of the pattern observed for KSb, with some mod-
ifications, e.g., the appearance of a peak at 2.4 eV for KCsSb.

In Fig. 4.51, the spectral response measurements of KSb and KCsSb compounds,
taken after the deposition, are illustrated. An increase in the QE across all wavelengths
can be observed for the KCsSb compound compared to the KSb compound.

Additionally, it can be observed that the spectral reflectivity and spectral response
patterns of KSb and KCsSb compounds in Fig. 4.50 and 4.51 closely align with the final
portion of the real-time spectral reflectivity (plot 6 in Fig. 8.19 and 8.21, present in Ap-
pendix D) and spectral response (plot 6 in Fig. 8.18 and 8.20, present in Appendix D)
measurements, demonstrating the accuracy of the real-time data measurements during the
deposition.

In the case of cathode 137.2, the QE for the KSb compound was measured to be 0.15%
at 515 nm (i.e., 2.40 eV), whereas for the KCsSb compound, the QE was 4.25% at 515

nm.
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Figure 4.50: illustrates spectral reflectivity of Mo (measured before the deposition), KSb,
and KCsSb compounds (measured after their respective depositions) for cathode 137.2.
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Figure 4.51: Spectral response of the KSb and KCsSb compound measured after the
deposition process for cathode 137.2. Since the work function of Mo is approximately 4.6
eV [159], the spectral response of Mo is not included in the plot as it exhibits negligible
QE in the given energy range.
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4.4.5.3 Cathode 137.3

Similarly to the approach taken for cathode 137.2, we aimed to explore the influence of
varying thickness on the cathode’s structural and optical properties. To achieve this, we
chose to grow a thin cathode (i.e., Sb = 5 nm), referred to as cathode 137.3, on the same
Mo plug following the removal of cathode 137.2 (i.e., thick, Sb = 10 nm) through the
heating process.

The deposition process for cathode 137.3 was carried out sequentially, starting with
5 nm of Sb deposition, followed by K deposition until reaching the photocurrent peak.
Subsequently, Cs deposition was performed until the photocurrent approached saturation
levels. As presented in Table 4.9, during the Sb deposition phase, the deposition rate was
maintained at 0.9 nm/min. For the K deposition, the deposition rate was maintained at
0.5 nm/min, and during the Cs deposition, it was maintained at 0.9 nm/min.

As previously discussed, due to a misalignment in the temperature reading system, we
set the plug heating power for cathode 137.3 to the same values used for cathode 137.2
to match the temperature settings, which were used during Sb, K, and Cs deposition. In
summary, the deposition of Sb, K, and Cs occurred for cathode 137.3 at similar substrate
temperatures as those used for cathode 137.2.

Similar to the previous cathode, we monitored real-time photocurrent and reflectivity
at 7 different wavelengths during the deposition of Sb, K, and Cs. The following section

will discuss the experimental results obtained from the KSb compound for cathode 137.3.

4.4.5.3.1 K-Sb Phase

Fig. 4.52 presents a detailed real-time QE and reflectivity at the different wavelengths
during the Sb and K deposition.

As can be seen in Figure 4.52b, during Sb deposition, the reflectivity first slightly
dropped at all the wavelengths. However, after around 1.5 nm (highlighted by the red
colored box in Fig. 4.52b), it began rising until the end of Sb deposition. Considering that
all the growth parameters remained identical to cathode 137.2, as discussed in the context
of cathode 137.2 (Section 4.4.5.2.1, page 134), these fluctuations in reflectivity beyond a

specific thickness of Sb deposition can likely be attributed to the transition from
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Figure 4.52: Real-time (a) QE and (b) reflectivity at different wavelengths during Sb
and K deposition of cathode 137.3. The thicknesses represented in plots ‘a’ and ‘b’
correspond to the evaporated thickness of Sb and K, with a dashed line separating them
in the plot. The transition point during K deposition is highlighted by a dashed line along
with a blue-colored box.
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amorphous to crystalline structure within the Sb compound [53].

As depicted in Fig. 4.52a, a significant change in the slope of the real-time QE (across
all 7 wavelengths) is evident after 36 nm of K deposition (i.e, equivalent to 41 nm of total
evaporated thickness, indicated in the graph, highlighted by the blue colored box with
dashed line), denoted as the transition point. As it is already discussed for the previous
cathodes (cathode 137.1 and cathode 137.2, Section 4.4.5.1), the observed change in QE
after a specific evaporated thickness is a sign of the transition of the K-Sb compound from
the amorphous phase to the crystalline phase [135].

In Figure 4.52b, it is also interesting to observe that after this transition point, there
is no discernible change in the slope of reflectivity, and the reflectivity pattern remains
consistent across all wavelengths. When comparing this with Figure 4.48b, a discrepancy
in the reflectivity behavior becomes apparent between two sets of wavelengths, namely
488 nm, 515 nm, 540 nm and 632 nm, 690 nm after the transition point. This difference
in reflectivity behavior during K deposition between the two cathodes, 137.2 (thick) and
137.3 (thin), emerging after the transition point, indicates a potential distinction in the
formation of crystal structures between these two cathodes. Additional analysis of the
thick and thin KSb compounds can be found in Chapter 6 (Section 6.1).

In Figure 4.52a, the QE at 297 nm (4.17 eV) was initially higher compared to the QE
at 365 nm (3.39 eV). However, after the transition point, this pattern reversed. As pre-
viously explained, we associated this lower QE at 297 nm with the potential occurrence
of electron-electron (e-e) scattering, suggesting the formation of the K-Sb compound.
Comparing this behavior with Fig. 4.48a, we observe a similar trend, indicating that both
compounds were grown under similar substrate temperature conditions.

Similar to cathode 137.2, we reconstructed the real-time spectral response and reflec-
tivity during the Sb and K deposition for cathode 137.3. A comprehensive analysis of

these measurements is elaborated in Appendix E.1.

4.4.5.3.2 K-Cs-Sb Phase

Fig. 4.53 provides a comprehensive overview of real-time QE and reflectivity at different

wavelengths during the Cs deposition.
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Figure 4.53: Real-time (a) QE and (b) reflectivity at different wavelengths during Cs
deposition of cathode 137.3. The thicknesses represented in plots ‘a’ and ‘b’ correspond
to the evaporated thickness of Cs. The behavior of the QE after the end of Cs deposition
at all the wavelengths is highlighted by a red dashed colored box in 4.53a. The blue box
in plot ‘b’ highlights the point after which the change in the slope of the reflectivity across

all wavelengths (except 365 nm) occurred.
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As shown in Figure 4.53b, a change in slope in the reflectivity is observed after 13 nm
of Cs evaporation in almost all the wavelengths except 365 nm (highlighted by the blue-
colored box). Afterwards, the reflectivity stabilizes towards the end of the Cs deposition.
These changes in slope in the reflectivity indicate the complex formation of the KCsSb
compound during Cs addition. Interestingly, no major change in the slope of the reflec-
tivity behavior at 365 nm is noticed throughout the addition of Cs. However, when we
compare the reflectivity behavior of the current cathode (Fig. 4.53b) with cathode 137.2
in Fig. 4.49b, we can observe a significant difference in reflectivity behavior, suggesting

the potential formation of different compounds.

In Figure 4.53a, at the end of Cs deposition, the QE at UV wavelengths 297 nm and
365 nm experiences a slight jump, and then it stabilizes. However, for the remaining
wavelengths (488 nm, 515 nm, 540 nm, 632 nm, and 690 nm), the QE experiences an
initial small jump immediately after the end of Cs deposition, followed by a gradual de-
crease and stabilize at the end. If we compare this with the behavior observed in cathode
137.2, as shown in Fig. 4.49a, we can notice a similar trend. Table 4.11 shows the ab-
solute percentage of the QE increase after shutting down the Cs source at the different

wavelengths.

The potential explanation for the QE jump observed at the end of Cs deposition has
been discussed previously in Section 4.3.1.1.4 (pages 82-83), including for cathode 137.2
(Section 4.4.5.2.2, page 137). However, it’s noteworthy to observe that, like cathode
137.2, there are differences in the rate of QE increase at the different wavelengths, as
indicated in Table 4.11. Comparing this data with the cathode 137.2 (Table 4.10), a sim-
ilar trend can be observed between the two. A significantly higher increase at the red
wavelengths (632 nm and 690 nm) suggests a potential decrease in electron affinity, as
described for cathode 137.2. Since these red wavelengths are close to the photoemis-
sion threshold of the KCsSb cathodes, they carry less photon energy compared to other
wavelengths, making it less efficient to excite electrons from the cathode into the vacuum.
Therefore, any decrease in the height of the potential barrier (electron affinity) results in a
notable increase in the QE for lower photon energy wavelengths. At wavelengths of 488

nm, 515 nm, and 540 nm, the similarity in photon energy levels leads to an equivalent rate
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of increase in the QE. Moreover, like cathode 137.2, we observe a higher rate of QE jump
at 297 nm (14.06 %) compared to 365 nm (10.03 %) at the end of Cs deposition. This sug-
gests that, due to possible e-e scattering, the excited electrons at 297 nm are initially less
efficiently emitted into the vacuum compared to those at 365 nm. Consequently, when
the barrier height is reduced, it becomes more likely for a larger number of electrons at
297 nm to escape into the vacuum.

Interestingly, upon comparing the rate of the jump at different wavelengths between
cathode 137.2 (Table 4.10) and 137.3 (Table 4.11), we observe a slightly higher rate of
jump for cathode 137.3. As previously explained, this QE jump is sensitive to both sub-
strate temperature and deposition rate. Given that the substrate temperature was similar
during Cs deposition for both cathodes, except for the deposition rate (refer to Table 4.9),
it suggests that the higher deposition rate in the case of Cathode 137.3 could potentially
contribute to the slightly higher rate of QE jump at the end of the Cs deposition.

Table 4.11: Summary of the absolute % QE increase after turning off the Cs source at
different wavelengths.

Wavelengths (1) A QE (%)

297 nm (4.17 eV) 14.06 + 0.07
365 nm (3.39 eV) 10.03 +=0.01
488 nm (2.54 eV) 15.61 £ 0.01
515 nm (2.40 eV) 15.32 £0.02
540 nm (2.29 eV) 20.95 £ 0.02
632 nm (1.96 eV) 93.33 £ 0.11
690 nm (1.79 eV) 90 + 0.11

Similar to previous cathodes, we reconstructed the real-time spectral response and
reflectivity during the Cs deposition for cathode 137.3. A comprehensive analysis of
these measurements is elaborated in Appendix E.2.

We conducted measurements of spectral reflectivity and spectral response after each
deposition process (i.e., after the K and after the Cs deposition), including the Mo plug
(measured before the deposition). In Fig. 4.54, the spectral response measurements of
KSb and KCsSb compounds, taken after the deposition, are illustrated. An increase in

the QE across all wavelengths can be observed for the KCsSb compound compared to
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the KSb compound. In the case of cathode 137.3, the QE for the KSb compound was
measured 0.23% at 515 nm (i.e., 2.40 eV), whereas for the KCsSb compound, the QE
was 4.97% at 515 nm.
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Figure 4.54: Spectral response of the KSb and KCsSb compound measured after the
deposition process for cathode 137.3.
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Figure 4.55: Spectral reflectivity of Mo, KSb, and KCsSb compounds for cathode 137.3.
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In Fig. 4.55, a comparison is presented between the spectral reflectivity of the Mo
plug and the deposited KSb and KCsSb compounds. The changes in the spectral reflec-
tivity pattern following cathode deposition can be observed from the plot. It is evident
that the spectral reflectivity pattern of KCsSb closely resembles that of the KSb com-
pound, indicating that the spectral reflectivity pattern observed for KCsSb is essentially a
continuation of the pattern observed for the KSb, with some minor modifications, similar
to the cathode 137.2 (Fig. 4.50). When comparing the spectral reflectivity plots between
the cathodes 137.2 and 137.3 in Fig. 4.50 and 4.55, respectively, it becomes apparent that
there are differences in the spectral reflectivity patterns of the KCsSb compound for these
two cathodes. Furthermore, it’s worth highlighting that this comparison reveals a signif-
icant difference in the spectral reflectivity pattern, which only becomes evident after K
deposition (i.e., for the KSb compound) between the two cathodes. As detailed in Appen-
dices D.1 and E.1, noticeable differences in the spectral reflectivity patterns between two
KSb compounds (cathode 137.2 and cathode 137.3) only became apparent beyond the
transition point during K deposition (illustrated in Fig. 8.19 and Fig. 8.23). This occurred
during their phase of KSb crystalline development. Consequently, it can be deduced that
the variations observed in the spectral reflectivity patterns of the KSb compounds are
likely due to differences in the crystal structures of the two cathodes (namely, 137.2 and
137.3). However, in order to get a comprehensive interpretation of these optical spec-
tra results, we compare these experimental findings with a theoretical model. A detailed
analysis and interpretation of these results is presented in Chapter 6 (Section 6.1) of this

report.
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4.4.5.4 Comparative Analysis of Spectral Response and Spectral Reflectivity: Cath-
ode 137.2 (Thick) vs. Cathode 137.3 (Thin)

To gain further insights into the properties of the grown compound, we have measured the
spectral response and spectral reflectivity across a broader spectrum after the deposition
of cathode 137.2 (thick) and 137.3 (thin), spanning from 297 nm to 1200 nm, employing
a monochromator. Fig. 4.56 depicts a comparison of the spectral response and spectral
reflectivity of the two cathodes.

In Fig. 4.56, the pattern of the spectral response is similar for both the cathodes.
However, in the spectral reflectivity plot, some differences between the two cathodes
are evident (highlighted by different colored circles). Two distinct peaks appear in the
spectral reflectivity in the near-infrared spectrum for both cathodes (highlighted by red
circles). For cathode 137.2, the peak emerges at 1.05 eV, while for cathode 137.3, the
peak is observed at 1.22 eV. Furthermore, an additional peak appears at 1.44 eV for
cathode 137.2 (highlighted by the black circle), which is not observed for cathode 137.3.

As previously discussed in Section 4.3.1.1.4 & Section 4.4.1, there is a discrepancy in
behavior at lower photon energies (from 2.28 eV onward) between the thin and thick cath-
odes, as shown in Fig. 4.16b & Fig. 4.31b. A similar observation can be made in Fig. 4.56.
It’s evident that for cathode 137.3 (thin), the spectral reflectivity significantly bends up-
ward at 2.29 eV (highlighted by violet circles), whereas for cathode 137.2 (thick), this
occurs at 1.87 eV (highlighted by violet circles). When comparing this behavior with
Fig. 4.16b & Fig. 4.31b, it becomes apparent that these characteristics are highly repro-
ducible and intact with their respective cathode recipes (i.e., for thick and thin cathodes).
A detailed discussion and interpretation of these results is provided in Chapter 6 (Sec-
tion 6.1.2).

Additionally, as observed in the "R&D" KCsSb cathodes (see Fig. 4.17), and also for
the first batch of KCsSb cathodes produced in the "Production" system (see Fig. 4.32),
we noticed two distinct colors for these two cathodes (Cathode 137.2 & Cathode 137.3).
Specifically, Cathode 137.2 (thick) appears blue, whereas Cathode 137.3 (thin) appears
violet, as illustrated in Fig. 4.57. This demonstrates the reproducibility of the colors,

which remain consistent with their respective cathode recipes (thick and thin cathodes).
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Figure 4.56: Comparison of the spectral response and spectral reflectivity of the KCsSb
compound for cathodes 137.2 and 137.3. The colored circles within the plot highlight the
observed variations in the spectral reflectivity between two cathodes.
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Figure 4.57: Colors of photocathodes after the deposition (a) 137.3, i.e., thin cathode
(violet in color), and (b) 137.2, i.e., thick cathode (blue in color). Since the cathode is
placed behind the masking system, the active photoemissive area is highlighted by the
white dashed circle for both cathodes.
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4.4.5.5 Studies of Cathode’s Storage Lifetime

Cathode 137.3 remained in the production preparation system for approximately 14 months.
Subsequently, in December 2023—roughly 14 months after its production—we con-
ducted spectral response and spectral reflectivity measurements on cathode 137.3. Fig-
ure 4.58 illustrates the comparison between the spectral response and spectral reflectivity
of cathode 137.3 obtained after production and following a 14-month storage period. We
observed that the QE at lower photon energy (from 1.96 eV to 2.75 eV) has decreased
compared to the values measured after production. For example, the QE at 515 nm (2.40
eV) has decreased to 2.31% from the initial value of 4.97% following production. How-
ever, at higher photon energy (from 3.06 eV to 4.17 eV), the QE remains similar to the
value observed after production (highlighted by green dashed circle). Nevertheless, upon
comparing the spectral reflectivity, we observed that the reflectivity patterns are almost
similar in both plots. Nonetheless, a slight increase in reflectivity at higher photon energy
is noticeable after storage. It’s worth noting that during this storage period, the pressure in
the "Production” preparation system was maintained at approximately 1.3 x 10~ mbar.
To investigate this change in the spectral response of cathode 137.3, we analyzed the
quality of the vacuum level inside our production system using the Residual Gas Ana-
lyzer (RGA). Figure 4.59 displays the mass spectrum of the residual gases within the pro-
duction system, revealing traces of some residual gases present inside the "Production”
preparation system. The observed residual peaks in Fig. 4.59 could be attributed to des-
orption or outgassing from the surfaces and walls within the vacuum system.As discussed
in Sections 4.3.2.2 (pages 95-97), such changes in the spectral response for cathode 137.3
may arise from its storage in the UHV system, potentially leading to the formation of
weak bonds between the cathode’s surface and residual gas molecules, causing surface-
level alterations. In the following section, an analysis of the cathode’s (cathodes 137.2

and 137.3) lifetime in relation to substrate temperature is presented.
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Figure 4.58: Comparison of spectral response and spectral reflectivity of cathode 137.3
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1E-9 =
1 M.
1E-10
<
c
o
S 1E-11 4
&) ] H,O
s OH
= CH, co
CHy
1E-12 CO,
C
1E-13 '“

0O 10 20 30 40 50 60 70 80 90 100
Mass (amu)

Figure 4.59: Mass Spectrum of the residual gases in the "Production" preparation system.

152



4.4.5.6 Studies of Cathode Lifetime in Relation to Substrate Temperature

4.4.5.6.1 Cathode 137.2

Lifetime measurements were conducted on cathode 137.2 (Sb = 10 nm, thick cathode) in
the production preparation system at various substrate temperatures, mirroring the proce-
dures employed for the NaKSb(Cs) cathode (Section 4.3.2.2) in the "R&D" preparation
system. Cathode 137.2 was heated to different temperatures for QE degradation measure-
ments. Throughout this process, we utilized the multi-wavelength setup and consistently
illuminated the photocathode at 7 different wavelengths, measuring real-time QE and
reflectivity. Figure 4.60a and 4.60b illustrate the history of the QE and reflectivity of
cathode 137.2 during the heating process, while Fig. 4.60c represents the temperature
history during the cathode heating process. During the lifetime studies, temperature mea-
surements of the Mo plug were taken using the thermocouple positioned at the rear part
of the plug (Section 3.2.2, page 51). Unfortunately, due to the malfunction of the new
temperature measuring system, we were unable to utilize it to measure the plug’s temper-
ature during the process. Note that the life-time studies for cathode 137.2 were conducted
a few days after its production.

As shown in Fig. 4.60, we initially raised the substrate temperature to 73 °C and main-
tained it for 1 hour. However, during this time, we did not observe any changes in both
the QE and reflectivity. Subsequently, we increased the temperature to 89 °C and held
it for approximately 30 minutes, then further raised it to 109 °C for nearly 15 minutes.
Finally, we increased it to 124 °C. Despite these gradual temperature increases, we did
not observe any degradation in either the QE or reflectivity, as depicted in Figs. 4.60a
and 4.60b. We couldn’t raise the substrate temperature beyond 124 °C at the current plug
position inside the chamber to avoid potential impacts on the masking system, which is
situated near the Mo plug. Details about the positioning of the masking and the Mo plug
can be found in the reference [123].

Given the behavior observed for cathode 137.2, where no changes were detected even
at 124 ° C, further investigation was necessary to understand the thermal degradation

resilience of KCsSb cathodes. Consequently, a comprehensive study was conducted on
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cathode 137.3, exposing it to different substrate temperature set points for longer dura-
tions. The subsequent section will present the outcomes of the cathode lifetime study for
cathode 137.3.

4.4.5.6.2 Cathode 137.3

As detailed in Section 4.4.5.5 (page-151), the QE exhibited some degradation, particu-
larly at lower photon energies, for cathode 137.3 after being stored for 14 months in-
side the "Production" Preparation system (Fig. 4.58). Afterward, mirroring the approach
taken with cathode 137.2, we performed lifetime measurements at various temperatures
for cathode 137.3. However, for cathode 137.3, we chose to subject the cathode to dif-
ferent temperatures for a longer duration (about 24 hours). Through this method, our
objective is to investigate the impact of prolonged exposure to different temperature con-
ditions on the cathode’s QE. Throughout this process, we utilized the multi-wavelength
setup and consistently illuminated the photocathode at 7 different wavelengths, measuring
real-time QE and reflectivity. Fig. 4.61a presents the decay curves (at 540 nm) of cathode
137.3 at different substrate temperatures, with the initial QE of each experiment normal-
ized to unity. Similar to the NaKSb(Cs)-2 cathode (Section 4.3.2.2, page 97), we have
determined the 1/e lifetime of each measurement by using exponential decay functions
(QE = QEoe_%; see Section 4.3.2.2) to fit the experimental data. Fig. 4.61b shows the
1/e lifetime of the photocathode as a function of various substrate temperatures. Note that
this lifetime measurement for cathode 137.3 was conducted when the QE had degraded
after being stored for 14 months.

As illustrated in Fig. 4.61a, a noticeable decrease in QE is observed beyond a substrate
temperature of 110 °C. At 110 °C, the 1/e lifetime, determined from the single exponential
fit of the decay data, is 103 hours. At 130 °C and 140 °C, the 1/e lifetimes are calculated
to be 38 and 22 hours, as shown in Fig. 4.61b. This observation clearly indicates that
prolonged exposure leads to a significant decrease in the lifetime of the cathode at sub-
strate temperatures above 110 °C. For cathode 137.2, the shorter duration of exposure to
temperatures above 110 °C potentially resulted in the absence of any observed decrease

in QE. Alternatively, the observed reduction in QE above 110 °C for cathode 137.3 could
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Figure 4.61: (a) Decay curves of cathode 137.3 at different temperatures are shown in the
plot, where the QE mentioned is measured at 540 nm. Due to some technical difficulties,
the measurement at 140 °C was limited to 7.6 hours. (b) 1/e lifetime of the cathode 137.3
with respect to different decay temperatures.

be due to the aging of the cathode material. Nevertheless, in summarizing these findings,
we can infer that the produced KCsSb can withstand temperatures of at least up to 90 °C,
even with prolonged exposure. Moreover, to determine the accuracy of the substrate tem-
perature at which the KCsSb compound degrades and its lifetime with respect to different

temperature set points, these experiments should be repeated and carried out in the future
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using the "new temperature measurement system" (described in Section 3.2.2, page 51)

within the production system.

4.4.6 Summary and Discussion

To gain a deeper understanding of the photocathode structure, three photocathodes (one
KSb and two KCsSb compounds) were grown in the production system using a "multi-
wavelength" optical diagnostics setup. This setup allowed for real-time measurements of
optical responses, such as QE and reflectivity, at different wavelengths during the cathode
film deposition. Upon comparing the real-time optical spectra, differences in reflectivity
behavior were observed after the transition point during K deposition between cathodes
137.2 (thick) and 137.3 (thin). Additionally, variations in reflectivity behavior during Cs
deposition were observed between the two cathodes.

Furthermore, after the cathode deposition, spectral responses and reflectivity across a
wider spectrum were measured. Upon analyzing these optical spectra, differences in spec-
tral reflectivity patterns between the two types of KCsSb compounds (i.e., 137.2 (thick) &
137.3 (thin)) became evident. Notably, a substantial difference emerged when comparing
the spectral reflectivity pattern of the KSb compound between cathodes 137.2 (thick) and
137.3 (thin), as depicted in Fig. 4.50 and 4.55. Moreover, it was evident that the spectral
reflectivity pattern for the KCsSb compound was a continuation of the behavior observed
for the KSb compound (with minor modifications) for both cathodes. Therefore, if these
changes in spectral reflectivity are linked to differing crystal modifications between the
two cathodes (i.e., 137.2 (thick) and 137.3 (thin)), it can be inferred that the major crystal
modification occurs during K deposition.

Upon summarizing these results, it can be deduced that variations in thickness in-
fluence the optical properties of the KCsSb compound. However, to provide a proper
interpretation, these optical spectra results should be further verified using a theoretical
model. Therefore, DFT studies were conducted, and a comprehensive discussion and

interpretation of these results are presented in Chapters 5 and 6.
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Chapter 5

Computational Method

5.1 Motivation

Determining the electronic structure of a material through optical measurements, such
as spectral reflectivity and spectral response, is considered an indirect method because
it relies on interpretations and correlations rather than direct measurements of electronic

states.

In materials science and solid-state physics, direct methods of studying electronic
structure involve directly probing the energy levels and electronic states of the material,
such as through techniques like photoemission spectroscopy or scanning tunneling mi-
croscopy. These methods provide direct information about the distribution of electrons
and their energies in the material.

On the other hand, optical measurements, including reflectivity, absorption spec-
troscopy, and photoluminescence, provide valuable indirect information about the elec-
tronic structure. These techniques measure the interaction of light with the material and
provide insights into the energy band structure, electronic transitions, and optical proper-
ties.

By analyzing the reflectivity of a material across a range of wavelengths or energies,
valuable information can be inferred about the electronic structure within the material,

including its band gaps, energy levels, and electronic transitions. However, it is crucial
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to consider various factors that can impact the observed reflectivity, such as interference
effects stemming from the material’s thickness or the presence of multiple layers (such as
thin films and substrates). These factors can introduce complexities into the interpretation
of reflectivity measurements. Therefore, it’s important to note that the interpretation of
optical measurements requires theoretical models and assumptions about the underlying

electronic structure.

To gain insights into the electronic properties of the material, a Density Functional
Theory (DFT) study is performed on the various semiconductor photocathode materi-
als such as K,CsSb, K3Sb, Na,KSb, etc., utilizing tools like the epsilon.x code within
the QuantumEspresso package to calculate the complex dielectric function. This com-
plex dielectric function provides information about the material’s optical properties and
is linked to its electronic band structure, energy levels, and electronic transitions. Us-
ing Maxwell’s equations, the theoretical reflectivity is calculated based on the complex
dielectric function, enabling a comparison with experimental reflectivity data obtained

from measurements on the actual material.

By comparing the theoretical and experimental reflectivity data, it becomes possible
to assess the agreement between the predicted electronic structure from the DFT calcula-
tions and the actual band structure of the material. This comparison also aids in validating
whether the characteristics of peaks observed in the experimental reflectivity are intrinsic
to the material’s electronic structure rather than being caused by other effects. Discrepan-
cies observed between the two reflectivity datasets can offer insights into the limitations
of the theoretical model or the influence of additional factors affecting the measured re-

flectivity, such as surface conditions or material interfaces.

In summary, the approach involves conducting a DFT study, calculating the complex
dielectric function, and using it to determine the theoretical reflectivity. This theoretical
reflectivity is then compared to the experimental reflectivity data to evaluate the consis-
tency between the predicted electronic structure and the actual band structure of various
materials such as K3Sb, K,CsSb, and Nap;KSb. This comparison provides valuable in-
sights into the properties of the photoemissive material and allows us to gain a deeper

understanding and rationalize its behavior.
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5.2 Elements of Electronic Structure Theory

5.2.1 Single Particle Approximation for a Many-body System

The study of systems containing a large number of electrons and nuclei is a key focus in
the field of condensed matter physics. The Hamiltonian that describes such systems, in

its general form, can be expressed as follows [160]:

Z1Z;e*

2M Vit Z|l—r]| Z|R1—RJ| Z|r, R,|

#J il

H({ri} {R}) =

In the provided expression, the symbols R;, Z;, and M; represent the coordinates,
charge, and mass of the /-th nucleus, respectively. On the other hand, the symbol r;
refers to an electron with mass m,. The first two terms in the expression represent the
kinetic energies associated with the electrons and nuclei, respectively. The remaining
three terms account for the interactions between electrons (electron-electron interactions),
nuclei (nucleus-nucleus interactions), and electrons and nuclei (electron-nucleus interac-

tions). The Schrodinger equation of such system is [160, 161],

H({ri} {R})®({ri} . {R1}) = E®({ri} {R1}) (5.2)

The electron-electron interaction term is typically the most challenging to handle and
can vary significantly between different systems. On the other hand, the complexities as-
sociated with electron-nucleus and nucleus-nucleus interactions can be mitigated by em-
ploying the Born-Oppenheimer or adiabatic approximation [162]. Due to the significant
difference in mass between nuclei and electrons, the Born-Oppenheimer approximation
assumes that nuclei oscillate around their equilibrium positions at a much slower rate
compared to the motion of electrons. Hence, the electrons closely track the motion of the
nuclei, residing in the ground states dictated by the electronic Hamiltonian, which takes
into account the nuclear coordinates as variables. Now, the many-body wavefunction can
be decoupled as [161, 163],
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S({rit,{Rr}) = x({Ri})¥iry ({ri}) (5.3)

Where x({R;}) is the nuclear wavefunction and W g ({ri}) is the electronic wave-
function. Under the adiabatic approximation, the derivative of the electronic wave func-
tion with respect to the nuclear configuration becomes zero. Then the equation of motions

for electrons and nuclei can be separated as [163],

2 ez
<_27;Lne Lvi ‘; ? "R %§ ) Wiry ({ri}) = Ea({R1}) ¥ gy ({ri})
(5.4)

and,
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Due to the extremely large number of electrons in a real solid system, solving the
equation directly becomes infeasible. As a result, approximate methods are employed
to study the ground and excited state properties. Density functional theory (DFT) [164]
[165], many-body Green’s function method [166], and other techniques have been in-
troduced and have proven to be highly effective in this regard. These methods provide
practical approaches for investigating the properties of solid systems, allowing for more
feasible and accurate calculations of electronic structures and excitations.

The mean field approximation allows us to treat the electrons as non-interacting "quasi-
particles" with effective masses moving in an average potential. Therefore, the many-
electron problem Equation 5.4 can be replaced by a set of single-particle equations for

each "quasi-particle".

e

ﬁ2
(‘zm V2+veff<r>) i(r) = &yi(r) (5.6)

where Vg (r) represents the effective potential energy and &; represents the energy

eigenvalue associated with the ' quasi-particle. Although it simplifies the treatment of
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electron-electron interactions, it provides a useful starting point for understanding the be-
havior of electrons in a many-electron system. However, it neglects the intricate correla-
tion effects that arise from the true electron-electron interactions, which can be significant
in some systems. DFT goes beyond the single-particle approximation by explicitly ac-
counting for electron-electron correlations through the exchange-correlation functional.
DFT provides a more accurate description of the electronic structure and properties of
many-body systems by considering the collective behavior of electrons through electron
density. A detailed discussion of the DFT theory is presented in the following section of

this report.

5.2.2 Density Functional Theory (DFT)

5.2.2.1 Hohenberg-Kohn Theorems and Kohn-Sham Equation

The solution of the Schrodinger equation for systems with many interacting atoms has
been a longstanding challenge in the fields of theoretical physics and chemistry. In order
to address this problem, Density Functional Theory (DFT) offers an approach that maps
the interacting system onto a much simpler non-interacting system, which is easier to
solve. The central concept of DFT involves replacing the complex many-electron wave
function, which comprises 3N variables (where N is the number of electrons, each with
3 spatial coordinates), with the electron density denoted as n(r) (which depends solely
on 3 spatial coordinates). By focusing on electron density as the primary variable, DFT
simplifies the computational complexity, allowing for efficient calculations of ground-
state properties.

The foundation of DFT is based on two fundamental mathematical theorems estab-
lished by Hohenberg and Kohn in 1964 [164]. These theorems provide the theoretical
framework for mapping the quantum mechanical problem of interacting electrons to an
equivalent non-interacting problem described by the electron density. In 1965, Kohn and
Sham further developed DFT by deriving a set of equations, known as the Kohn-Sham
equations, which form the basis for practical calculations within DFT [165]. These equa-

tions introduce a fictitious system of non-interacting electrons that reproduce the same
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electron density as the original interacting system. This allows for the calculation of var-
ious properties and observables. The Thomas-Fermi equation [167, 168], which predates
the Kohn-Sham equations of DFT [164,165], can be obtained from DFT as an approxima-
tion. It represents an earlier approach within DFT and provides an approximate solution
for the electron density based on the kinetic energy of the system.

As described above, DFT is built upon the foundation of two Hohenberg-Kohn theo-
rems, which can be summarized as follows [160]:
Theorem I: For any system of interacting particles under the influence of an external
potential V,,,, the external potential can be uniquely determined, except for a constant,
based on the ground-state particle density, ng(r).
Corollary I: Since the Hamiltonian is thus fully determined, with the exception of an
energy constant shift, the wavefunctions of all states, including ground and excited states,
can be fully determined. As a result, by knowing only the ground-state density ng(r), all
properties of the system can be fully determined.
Theorem II: A universal functional, E[n], can be formulated to describe the energy in
relation to the density, n(r), which is applicable to any external potential, V, (r). For any
particular V,y, (r), the ground state energy of the system can be identified as the minimum
value of this functional, representing a global minimum. Simultaneously, the density,
n(r), that minimizes the functional corresponds to the exact ground state density, denoted
as no(r).
Corollary II: The energy functional, E[n(r)], is capable of uniquely determining both the
precise ground-state energy and density. However, when it comes to the excited states of
electrons, alternative methods are required for their determination.

Based on the above two theorems, all ground-state properties can be written as func-
tional of the ground-state electron density n(r) instead of the many-body wavefunction.

The energy functional can be written as follows [164]:

Eln] = / Veu (F)n()dr + Fr] (5.7)

, where F'[n] is the kinetic and interaction energy functional. The Kohn-Sham formal-

ism, first published in 1965, is the most well-known way to approximate the functional
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F(n] [165]. It does this by splitting the electronic kinetic energy, the Hartree potential
energy, and the exchange-correlation energy (Ex.[n]) from Equation 5.7. This separation
simplifies the problem and makes it computationally tractable while providing a good ap-
proximation of the true ground-state energy. The Kohn-Sham energy functional can be
written as [165]

)

Bl = [ veule)n(e)de+ 70l + 5 [ %

where T'[n] represents the kinetic energy of non-interacting electrons and E,.[n] rep-

drdr’ + Ey|n] (5.8)

resents the exchange correlation energy, [vex:(r)n(r)dr represents the interaction energy

/
of electrons and the external potential, % %

dr dr’ represents the classical Coulomb
potential of electrons, which is often referred to as the Hartree term. By imposing the
constraints of [ dn(r)dr = 0, we can represent the variational stationary point in the fol-

lowing manner.

O0Ex[n]
on(r)

which is equivalent to solving the single-particle Schrodinger equation:

=0 5.9
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e + Vext(T) +/ |:<_r2,|dr/+vxc(r)] vi(r) = &yi(r) (5.10)

where n(r) =Y, |yi(r)|? is the charge density, and vy (r) = 5(51*&[;’] is the exchange-

correlation potential.

By utilizing equation 5.10, the N-electron problem can be effectively reduced to the
motion of a single electron within an effective potential generated by the collective in-
fluence of the other electrons. This simplified formulation allows for the application of
self-consistent methods to solve the problem. As a result, it significantly simplifies the
complexity of the many-body problem and serves as the fundamental basis for numerous
modern DFT calculations [160].

As the Hohenberg-Kohn theorems do not provide specific instructions on obtaining
the exchange-correlation potential vy.(r), various approximations have been developed

to facilitate practical calculations. A simple approximation, the local density approxima-
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tion (LDA) [169], replaces E,. with the exchange-correlation potential obtained from a
homogeneous electron liquid. The local spin-density approximation (LSDA) can be con-
sidered as a straightforward extension of the LDA to incorporate electron spin. Several
parameterizations have been documented in the literature for the LDA energy functional,

including notable contributions by Perdew and Zunger [169].

The generalized gradient approximation (GGA) [170] is another frequently employed
approximation that offers a more precise approach to incorporate the first-order gradient
expansion around the homogeneous density. In recent times, the generalized gradient
approximation (GGA) has gained substantial attention due to its simplicity and effective-
ness in enhancing first-principles calculations of material properties, surpassing the limi-
tations of the LDA. Several variants of GGA functionals have been proposed, and Filippi
et al. [171] have provided a comprehensive compilation of the most significant function-
als, along with their respective parameters. An exemplary instance is the Perdew, Burke,
and Ernzerhof (PBE) functional [172], which exhibits numerous appealing characteris-
tics. The PBE functional has demonstrated significant improvements in the estimation of
cohesive energies for a broad range of molecules [173] and solids [174—176], while also
providing accurate predictions of bond lengths in weakly bonded systems [177-180].
However, computational analyses performed on covalent solids demonstrate a consistent
tendency of the PBE scheme to underestimate the bulk moduli [175, 176, 181]. In recent
times, Perdew and Wang have introduced a novel GGA functional, namely the Perdew-
Wang 1991 (PW91) [182], which exhibits numerous characteristics similar to the exact
exchange-correlation (XC) functional. From a conceptual standpoint, the PW91 func-
tional is considered to be more satisfactory and is anticipated to provide improvements
over prior proposals. Nevertheless, recent applications of the PW91 functional have not

consistently validated these anticipated improvements [183].

In more recent times, a highly promising class of DFT functionals has emerged by
incorporating additional semi-local information beyond the first-order density gradient
present in the GGA. These functionals, known as meta-GGA (M-GGA), explicitly depend
on higher-order density gradients. These methods constitute a substantial enhancement

in accurately determining properties, such as atomization energies. However, they pose
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greater technical complexities and present multiple challenges concerning numerical sta-
bility. Numerous M-GGA functionals have been developed for the exchange functional,
correlation functional, or both. Examples include B95 [184], KCIS [185], TPSS [186]
and VSXC [187].

Another group of functionals known as Hybrid GGA (H-GGA) incorporates a combi-
nation of the exchange-correlation (XC) from a conventional GGA method with a certain
fraction of Hartree-Fock (HF) exchange. In the conventional GGA functionals, the XC
energy is determined based on the local electron density and its gradient. However, the
GGA approach often underestimates certain properties, such as reaction energies or weak
interactions. To improve the accuracy of calculations, the H-GGA functionals were in-
troduced. By incorporating a fraction of HF exchange, which considers electron-electron
interactions in a more accurate way, H-GGA functionals can capture non-local electronic
effects and provide better descriptions of electronic structure and properties. The inclu-
sion of HF exchange in the H-GGA functional balances the strengths of GGA and HF
approaches, aiming to improve the accuracy of calculations while maintaining computa-
tional efficiency. Different H-GGA functionals have been developed, each with a specific
formulation for combining GGA and HF exchange. These functionals are typically pa-
rameterized to reproduce experimental data or high-level quantum chemical calculations
for a range of molecular and solid-state systems. The choice of the fraction of HF ex-
change in the functional determines the trade-off between accuracy and computational
cost. Examples of H-GGA functionals include HSE [188], B3LYP [189], B3P86 [189],
B3PWO1 [189], B97-1 [190], B97-2 [190], B98 [191], BH&HLYP [189, 192], MPW1K
[193], mPW3LYP [193], O3LYP [192] and X3LYP [189, 192]. As the HSE method of-
fers superior accuracy in predicting the band gap of semiconductor materials, it has been

extensively utilized as the preferred hybrid functional in our study.

Hybrid meta-GGA (HM-GGA) functionals, similar to M-GGA functionals, are be-
ing actively developed and are based on a similar concept. The key distinction is that
HM-GGA functionals build upon M-GGA functionals instead of standard GGAs. There-
fore, these methods rely on the utilization of the HF exchange, as well as the electron

density, its gradient, and the kinetic energy density. Examples of HM-GGA XC func-
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tionals include B1B95 [184,189], BB1K [184, 189], MPW1B95 [184, 193], MPW1KCIS
[184, 193], PBEIKCIS [185], TPSS1KCIS [185, 186] and TPSSh [186]. These meth-
ods present an advancement over previous formalisms, especially when it comes to ac-
curately determining barrier heights and atomization energies. The previous discussion
highlights the wide range of approximations used in density functional calculations for
the exchange-correlation (XC) energy functional. The number and complexity of avail-
able density functionals are expanding rapidly. As the level of sophistication increases,
so does the accuracy of the calculations. However, it should be noted that higher levels of

sophistication require also larger computational resources.

5.2.3 Wannier Functions

In this section, we introduce a practical and alternative approach to describe the electronic
structure using a set of functions known as Wannier functions (WFs). These WFs provide
an efficient representation that allows us to determine the electronic structure at any given

point in the momentum space of a crystal.

5.2.3.1 Basic Definition and Properties

The fundamental characteristics of a perfect lattice can be fully captured within a single
unit cell, typically a primitive cell, although it is not strictly limited to being primitive.
The Hamiltonian operator for such a system consists of two components: a kinetic term
representing the motion of particles and a periodic potential term accounting for the pe-
riodicity of the system. The Kohn-Sham orbitals constitute a set of mutually orthogonal

eigenfunctions known as Bloch waves, which can be expressed as follows [160]:

Wk(r) = Wi () - T (5.11)

where u,, ; represents a periodic function in real space with band index n and wave

ikr where

vector k. A Bloch wave exhibits periodicity in real space, with a phase factor e
r is a position vector pointing to a neighboring unit cell. This representation in terms

of energy eigenfunctions offers significant convenience for various applications, as the
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Hamiltonian matrix elements follow the relationship (Hyu (k) = (W, 1 |H| Wi k) = €mnOmn)-
However, if our goal is to find a localized Hamiltonian operator within a supercell, the
plane-wave representation becomes less convenient since Bloch waves are spread-out
over-all space.

The delocalized wave nature of Bloch states in real space presents a challenge in
developing an intuitive understanding of local chemical and physical processes, such as
the nature of crystal bonding. Furthermore, Bloch waves are not efficient in describing
phenomena that arise from local electron correlations or other spatially localized entities,
such as impurities.

Unlike the Bloch representation of the electronic structure, Wannier functions pro-
vide an alternative representation of the electronic structure that is centered and localized
in real space [194], which can be more advantageous for certain applications. These
functions are developed through a process called Wannierization, which transforms the
periodic Bloch waves into a set of orthonormal basis functions known as Wannier func-
tions. This transformation allows us to represent the electronic structure in a localized
way, making it easier to understand and analyze the system intuitively. Figure 5.1 pro-
vides a schematic comparison illustrating the fundamentally distinct characteristics of
Bloch states and Wannier functions in real space.

The Wannier function for the nth isolated energy band, denoted as [Wg,), is essentially

subjected to a discrete Fourier transformation of the corresponding Bloch state [195]:

1 .
Win(r) = M Y e * Ry (r) (5.12)
k

Here, R represents the real space lattice vector, and a summation is performed over
crystal momenta originating from the first Brillouin zone. The total number of k-points is
designated as Nj.

As the Bloch states of isolated energy bands can be defined with an arbitrary phase,
Equation 5.12 does not yield a unique set of Wannier functions. Indeed, multiplying
the Bloch states by the phase ¢/%, where ¢ is a real-valued function that is analytically
dependent on the crystal momentum, doesn’t change any physical effects. However, this

gauge transformation typically has a significant impact on the localization characteristics
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Figure 5.1: Real-space representation of the electronic structure of a periodic crystal with
regard to (a) Bloch functions yy,(r) and (b) Wannier functions Wg,(r) for various values
of crystal momentum k and the lattice vector R. While the Bloch states are spread out
in real space, the localized Wannier functions exhibit well-defined centers. The black
lines in (a) represent the phase factor ¢** of the Bloch functions. The figure is inspired
from [195].

of the Wannier basis. For the case of an isolated group of M energy bands, also referred
to as a composite band, the gauge transformation of the Bloch states is facilitated by the

unitary MxM matrix U (%) such that the Equation 5.12 to be generalized to,

M
fth
Win(r M;; UK Wi (1) (5.13)

In Equation 5.13, the wave functions yp,,(r) that depend on momentum (k) and band
index (m) are transformed into a set of Wannier functions Wy, (r) (with Wannier index
n) using a unitary transformation. These Wannier functions are assigned to the unit cell
located at vector R relative to the origin. The integration is carried out across the complete
Brillouin zone.

When dealing with entangled energy bands that don’t constitute an isolated group,
the transformation matrix U %) typically becomes rectangular (and therefore non-unitary)
because the number of Bloch states at k can be larger than the target number of Wannier
functions. Opting for a more smoother gauge for the Bloch states in reciprocal space
means that the Wannier functions become more localized in real space due to the inherent

properties of the Fourier transformation.
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5.2.4 Maximally-Localized Wannier Functions (MLWFs)

Until the late 1990s, although the existence of strongly localized Wannier functions was
mathematically proven and widely accepted, they were not commonly utilized in practical
applications to support electronic structure theory. This was primarily due to the lack
of systematic methods available at that time to construct a unique Wannier basis with
desirable localization properties. Significant progress toward practical applications of
Wannier functions was achieved by Marzari and Vanderbilt [196]. They introduced the
concept of maximally-localized Wannier functions (MLWFs), which marked a substantial
leap forward in the field. The concept of maximally-localized Wannier functions was
later extended by Souza, Marzari, and Vanderbilt [197] to encompass the treatment of
both composite and entangled energy bands. By enforcing the constraint of maximal
localization, a unique Wannier basis set is obtained, which in turn establishes an optimally
smooth gauge for the Bloch states. The spread, or spatial extent, of the Wannier functions,

is determined by the summation of their second moments [195].

Q=Y [(Woulr*[Won) — (Woulr|Won)?] = Y [P0 — ()] (5.14)

n

where (-),, = (Won| - |[Won) is the expectation value with respect to the n'”* reference
Wannier function. The sum in the equation runs over all Wannier orbitals that are con-
structed from the group of energy bands under consideration. The dependence of the
spatial extent 5.14 on the gauge transformation U *) is determined by Equation 5.13.
However, in the context of an isolated manifold of Bloch bands, the sum of the Wannier
centers, represented by (r),, remains invariant under gauge transformations, except for
a lattice translation. The optimal choice of gauge is achieved by minimizing the spatial
extent of the Wannier functions, which interestingly corresponds closely to the concept
of Boy’s localized orbitals in quantum chemistry [198, 199].

The iterative minimization algorithm developed by Marzari and Vanderbilt converts
the spatial extent of the Wannier functions, as described by the spread equation 5.14, into

an expression in reciprocal space by utilizing specific mathematical identities [195, 196,
200].
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The integration is performed over the entire Brillouin zone, and the term |u,(;lv)) =
Yo Un({;) |ugm ) represents the lattice-periodic part of the Bloch state. It signifies the evolu-
tion of the Bloch state’s lattice-periodic component during the iterative process of refin-
ing the gauge transformation. Although these identities are valid in the continuum limit,
practical calculations require discrete k-meshes with uniform spacing. To address this,
the gradients in Equations 5.15 and 5.16 are replaced with the finite-difference expres-
sions [196]. This approach leads to practical identities that involve the overlaps between

the lattice-periodic parts of the Bloch states at neighboring points k and k + b.

M = (|t (5.17)

Based on these overlaps, which are obtained from first-principles methods, the impor-

tant components in Equation 5.14 can be evaluated to [195],

| .
(o = =5 Lwpb Im In Ny (5.18)
kb
and
1 - 2 - 2
<r2>n:]7k Wwh {1—] 5/,‘;”)‘ +(ImlnMy(1]f/b)> } (5.19)
kb

Where the bond weight wy, 1s used in the calculation, which is associated with b = bb
originates from the finite-difference approximation of the gradient V,. The efficient
method proposed by Marzari and Vanderbilt has been incorporated into the scientific
computing software, wannier90 [201]. This software employs a steepest-descent algo-

rithm to reduce the spread, as indicated in equation 5.14.
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5.2.5 Wannier Interpolation

5.2.5.1 Band Structure

The Wannier interpolation, as shown in Figure 5.2, is a well-established method for effi-
ciently extracting single-particle operators, such as the Hamiltonian, at any desired point
in reciprocal space. This technique relies on the construction of Maximally Localized
Wannier Functions, which are obtained from a coarse sampling of the Brillouin zone. To
understand the impressive performance of the Wannier interpolation, it is beneficial to
examine the relationship between Equation 5.12 and its extension to the continuum limit.
By scrutinizing this relation, we can gain insights into its form, which can be expressed
as [195,201],

v "
WRI’l(r) = (27[)3 /BZe lel]]EZV)(r)d:Sk (520)

The integration in the equation is carried out over the first Brillouin zone of the crystal,
and the superscript "W" signifies that the gauge transformation is embedded in \l//,gr‘lv))
Since the Fourier transformation is invertible, the Bloch state can be obtained at any k-

point once the "true" orbital |Wg,) is given by utilizing the inverse of Equation 5.20.

y () = YRR Wiy (r) (5.21)
R

The remarkable effectiveness of the Wannier interpolation technique can be attributed
to the key observation that the shape of the Wannier orbital Wy, ), as defined by Equation
5.12, exhibits rapid convergence towards the "true" function 5.20 as more discrete k-
points are included in the construction of |Wgy,).

Beginning with the Kohn-Sham eigenvalues &, which are determined from the coarse
first-principles mesh, we can deduce the single-particle Hamiltonian on an extremely
dense interpolation mesh using the Wannier interpolation method. The matrix compo-
nents of the Hamiltonian within the Wannier basis, commonly referred to as "hopping"
terms, serve to describe how electrons transition between distinct Wannier orbitals. These

hopping terms are fundamental elements in electronic structure calculations utilizing the
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Hun(R) = (Wou H|Win) = 3~ Y e R [U,g,k,j
k

5

} U (5.22)

The Equation 5.22 is utilized to compute these matrix elements of the Hamiltonian in
the Wannier basis [195,201]. Where the U®) holds the maximal-localization gauge, and
the summation is performed over the coarse grid that represents a sampling of the Bril-
louin zone. Due to the system’s translational symmetry, the hoppings rely solely on the
distance vector R, which distinguishes the separation between the two Wannier orbitals.
As the distance |R| grows, the matrix elements in the Equation 5.22 diminish rapidly.
This is because the Maximally Localized Wannier Functions are highly concentrated in
real space and their overlap is minimal. By performing an inverse Fourier transformation,

we obtain the following expression [195,201],

HW (1) = @1 H [ulM)y = Y e RH,,,.(R) (5.23)
R

This expression provides an interpolation of the single-particle Hamiltonian for any
given point k, even if that point is outside the original coarse mesh that was used to
construct the maximally localized Wannier functions (MLWFs). While the finite sum
in Equation 5.23 accounts for all lattice vectors, this process can be executed even more
effectively by remembering that the hoppings decrease quickly over distance. The desired

interpolated band energies &, can be obtained by diagonalizing the Hamiltonian:

W H iy = v OTHW (v 0],,, = e6,6um (5.24)
)

where V(*) represents the unitary matrix of eigenstates |u,(f:)> =Y. |M£Z))Vn(1]fl . The
interpolation method ensures that the Kohn-Sham eigenvalues are accurately reproduced
at every point within the original coarse mesh. This method, which uses a significantly
smaller number of basis functions to represent the Hamiltonian compared to the compre-
hensive full-potential linearized augmented-plane-wave (FLAPW) basis set, is remark-
ably efficient. Indeed, the Wannier interpolation can deliver the electronic structure with

the precision of first-principles methods but at the computational expense akin to a tight-
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Figure 5.2: represents the Wannier interpolation scheme. Starting with the electronic
structure represented by the Hamiltonian H(k) on a coarse k-grid. From this information,
we construct Wannier functions that are localized in real space at specific positions R. By
utilizing these Wannier functions as a basis, we can effectively represent the electronic
structure in terms of the hoppings H(R). This enables us to derive the Hamiltonian on a
significantly denser mesh of k-points through the application of an inverse Fourier trans-
formation. This figure is adapted from [195].

5.3 Computational Techniques

In the upcoming sections, we will describe the computational methods employed to in-
vestigate the band structure, density of states (DOS), and optical properties of alkali an-
timonide materials. The electronic band structure calculations were performed using the
open-source software Quantum Espresso [202,203], which is based on the plane wave
and pseudopotential methods. For the computation of the maximally localized Wannier

functions, the open-source software Wannier90 [201] was utilized.

5.3.1 Quantum Espresso

Quantum Espresso is a computational method used for performing first-principles cal-
culations on both periodic and disordered systems. In Quantum Espresso, the size of
the unit cell and the desired atom configuration within that unit cell are indeed the main
physical input parameters needed to perform calculations. These parameters define the
basic geometry and composition of the system under study. Due to the periodic nature

of the system, the Kohn-Sham equations in Quantum Espresso are solved in reciprocal
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space (also known as k-space) using a Plane Wave (PW) basis set. This choice of ba-
sis allows for efficient representation of the electronic wavefunctions and facilitates the
numerical solution of the equations. In Quantum Espresso, the pseudopotential approxi-
mation is utilized to reduce the computational requirements by replacing the electron-ion
interaction with a modified effective potential term in the Schrodinger equation for core
electrons. This approximation is achieved through the use of pseudopotentials, which
come in two types: ultrasoft pseudopotentials and norm-conserving pseudopotentials. In
the pseudopotential approximation, the Kohn-Sham equations are solved by considering
the radial equation, which includes the contribution from valence electrons. This approx-
imation effectively accounts for the interaction between valence electrons and the atomic
cores, allowing for a reduction in computational complexity.The Density Functional The-
ory (DFT) calculations in this thesis were carried out utilizing the open-source software

Quantum Espresso.

5.3.2 Wannier90

The Wannier90 code, which is part of the Quantum Espresso package, was employed in
this study to perform the Wannier transformation on a selected subset of bands from a
given electronic structure. Wannier90 is an Open Source software that is widely used
for generating maximally localized Wannier functions from the Bloch states obtained
through first-principles calculations. Wannier90, which is fully compatible with Quantum
Espresso, relies on the overlaps between the cell periodic part of the Bloch states, denoted

as M,gf,;b) , and the projections of the initial guess for the localized orbitals on the Bloch

states, represented as AS,’;Z These quantities serve as input parameters for the Wannier
transformation process. By utilizing this information, Wannier90 effectively generates
maximally localized Wannier functions from the electronic structure data obtained from
Quantum Espresso calculations. To perform band structure interpolation, the calculation

follows the steps outlined in Fig. 5.3.
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.mmn,.amn,.eig,... files for Wannier 90

Figure 5.3: Flowchart to perform band structure interpolation using Wannier Functions..
This flowchart is inspired from [204,205].

5.3.3 epsilon.x

Optical properties of the alkali antimonide materials were investigated in this study us-
ing the epsilon.x code from the Quantum-Espresso package. Within the random phase
approximation (RPA) framework [206], we calculated the complex dielectric function
€(w) based on the DFT ground state calculation using the HSE functional (mentioned

in the Section 5.2.2). More details of this code can be found in the reference [207]. In
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the following section of this chapter 5.5, a more comprehensive discussion of the optical

properties of individual alkali antimonide compounds can be found.

5.4 Optical Properties

In a neutral atom or molecule, the center of charge of the negative electrons and the
positive nucleus typically coincide. However, when an external electromagnetic field
is applied, the electron cloud undergoes oscillation in response to the applied frequency,
resulting in a displacement of the center of charge and leading to polarization. This degree
of polarization is described by the dielectric function, which characterizes the material’s
response to the applied electric field [208].

In semiconductors, the valence band electrons are relatively loosely bound to the nu-
cleus, making them susceptible to polarization when exposed to an external electromag-
netic field (like photon). The extent of this polarization is measured by the dielectric
function. This function illustrates how the material interacts with electromagnetic waves,
including their reflection and transmission. The dielectric function is represented as a
complex quantity, consisting of a real part and an imaginary part. The real part corre-
sponds to the refractive index of the material, governing the phase shift experienced by
electromagnetic waves as they pass through the material. On the other hand, the imagi-
nary part represents the absorption coefficient, quantifying the amount of energy absorbed
by the material [208].

In semiconductors, if the energy of the external electromagnetic field (like photon)
matches or exceeds the material’s band gap, electrons can transition from the valence
band to the conduction band. This results in absorption and dispersion phenomena in the
real and imaginary parts of the dielectric function. Therefore, by examining the dielectric
function, valuable insights into various aspects of a material, including its polarization
characteristics, band structure, and optical properties can be obtained.

As described in the Section 5.3.3, the optical properties of the material were ana-
lyzed using the epsilon.x code from the Quantum-Espresso package. Within the random

phase approximation framework [206], we calculated the complex dielectric function
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€(w) based on the DFT ground state calculation using the HSE functional. The imag-
inary part & (@) is determined by calculating the momentum matrix elements between
the occupied, and unoccupied wave functions [207], and was computed by using the fol-

lowing Equation 5.25:

a(w) =

4me? Z df(Ek,n) ana,B T 8me? Z Z Ma,ﬁ Awf(Ek,n)
km2 n.k dEk,n o*+ 772@2 o 'QNkm2 n#n' k (Ek,n’ - Ek,n) o [(wk.n’ - wk,n)2 - wZ} +A20?

(5.25)

In the equation, the symbol e represents the electron charge, m represents the mass

of the electron, and Q represents the volume of the lattice cell. The variables n and n’

correspond to the valence and conduction bands, respectively. Ej , represents the eigen-

values of the Hamiltonian, while f(Ej ,) represents the Fermi distribution function that

accounts for the occupation of the bands. Maﬁ represents the transition momentum from

o (valance with energy Ej ,) to B (conduction with energy Ej ,v); A and 1) are coefficients,

and Ny represents the number of electrons within the unit cell volume. By utilizing the

Kramers-Kronig relation and taking into account the imaginary part, the real part & (o)
of the complex dielectric function can be computed [207]:

2 r~o's(o)

g (w) = 1+%P A w’Z—wzdw (5.26)

where P represents the Cauchy principal value. As it described above, the real and
imaginary components of the dielectric function have important applications in calculat-
ing various optical properties. According to the Maxwell model, the refractive index n(®)
and the extinction coefficient k(@) can be expressed in terms of the real and imaginary

parts of the dielectric function as follows [208],

D=

n(w) = <L> -\/slz(w)+s§(a))+el(m)- (5.27)

D=

> _\/812((1))—1—822((0) —el(a))_ (5.28)
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Furthermore, the reflectivity R(®) can be described in relation to the refractive index
n(w) and extinction coefficient k(@) using the following expression [208],
(1—n)?+k?
R(®)="+——"7"F—— 5.29
(@) (14+n)?+k? (529)
Likewise, the electron energy loss spectroscopy (EELS) spectrum L(®) [209] can be
formulated in relation to the real and imaginary components of the dielectric function as

follows,

& (o)
el (0) + & (o)

L(o) = (5.30)

The real and imaginary parts of the dielectric function can be described using three
tensor components: epsilon xx (@), epsilon yy(®), and epsilon zz(w). As described, the
equations mentioned above are used to calculate various optical properties, including the
refractive index, extinction coefficient, reflectivity, and the electron energy loss function,
for different photoemissive materials such as K;SbCs, Cs,KSb, cubic K3Sb, hexagonal
K3Sb, and Nay; KSb. These calculations and their discussion are presented in the following

section.

5.5 Simulation Results

First-principles calculations using DFT are presently among the most crucial computa-
tional methods for studying the atomic properties of materials [210,211]. These cal-
culation methods not only assist in interpreting experimental data but also predict and
access properties that are challenging to measure with high accuracy. Furthermore, DFT
calculations have been utilized to evaluate the optical properties of various materials,
with a significant amount of optical spectra derived from these calculations being doc-
umented [212-216]. Optical-function calculations, such as dielectric functions and ab-
sorption coefficients, using DFT have primarily been validated through comparisons with
experimental data [212-217].

Following this methodology, we present the outcomes of our DFT simulations in this
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section, focusing on the electronic and optical characteristics of various semiconduc-
tor photocathode materials, including cubic K3Sb, hexagonal K3Sb, K,CsSb, Cs,KSb
and Na;KSb. As previously explained in Section 5.1, the optical properties, particularly
the simulated reflectivity data of the aforementioned compound, will be compared with
experimental data to evaluate the peak characteristics. This comparison is particularly
significant given that, in experimental setups, the photoemissive compounds are usually
deposited on a Mo substrate, which introduces the potential for interference effects. Ad-
ditionally, the presence of potential defects and roughness in the deposited film could
also contribute to the observed peaks in the experimental spectral reflectivity. Thus, this
approach will allow for an evaluation of whether the observed peak characteristics in the
experimental reflectivity are intrinsic to the material’s electronic structure or significantly
influenced by various factors, including interference effects. The following section will

present these calculations along with their respective discussion.

5.5.1 K,CsSb Photocathode

5.5.1.1 Electronic Properties

With the K;CsSb material being the primary focus of this study, the DFT calculations
were specifically conducted on this material, utilizing a monocrystalline structure for the
cathodes. In this study, our focus was on analyzing the electronic and optical properties
of the K,CsSb material in its face-centered cubic (FCC) phase, which belongs to the F
m-3-m space group. Through volume optimization and fitting the results using the Birch-
Murnaghan equation [218,219] , a lattice parameter of a = 8.7587 A was determined
for the system. This value exhibited good agreement with both previous experimental
studies [220] and theoretical investigations [221-223] . Figure 5.4a illustrates the spatial
arrangement of the atoms in the cell. The Sb atoms, represented by the blue color, were
positioned at the Wyckoff position (0, 0, 0). On the other hand, the alkali species Cs
and K, depicted in red and orange colors respectively, were located at crystal coordinates

(3.3.3) and % (§, 1, ), respectively.
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Figure 5.4: (a) unit cell of K,CsSb is depicted using a ball and stick representation. (b)
Brillouin zone of K;CsSb is shown, with high symmetry points and the corresponding
path connecting them highlighted in color. (c) computed electronic band structure of
K;,CsSb material along with the corresponding density of states (DOS) plot using the
HSE functional. The Fermi energy (Ey) was set to zero at the valence band maximum.
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In this study, for the K>,CsSb material, the band structure calculation was conducted using
two different computational approaches: the generalized gradient approximation (GGA)
based on the Perdew-Burke-Ernzerhof (PBE) functional [172], and the hybrid Heyd-
Scuseria-Ernzerh (HSE) functional which includes the exact exchange contribution [188].
To model the interaction between electrons and ions, optimized norm-conserving Vander-
bilt (ONCV) pseudopotentials [224] were employed. Additionally, a 4 x 4 x 4 k-mesh
was utilized to sample the Brillouin zone during the calculation. For this calculation, a
plane wave kinetic energy cutoff of 70 Ry and a charge density plane wave cutoff of 280
Ry were employed. As mentioned earlier in the Section 5.3.2, the computation of Max-
imally Localized Wannier Functions [195] was performed using the Wannier90 code.

These functions were subsequently utilized to interpolate the band structure [201].

The band gap calculated using the HSE functional was 1.49 eV (with a direct band
gap at the point I'). On the other hand, the PBE results underestimated the gap and yielded
a value of 0.84 eV (with a direct band gap at the point I'). The band structure presented in
Fig. 5.4c is calculated using the HSE functional. Due to the consistent underestimation
of band gaps using the PBE functional for band gap calculations [225-227], we have
opted to utilized the HSE functional in the DFT calculations for all the remaining cathode
materials studied in this report. The band gap obtained from the HSE functional agrees
well with previous DFT studies [228] and closely matches the experimental value of 1.2
eV [79]. When analyzing the band structures (Fig. 5.4c), it is observed that the valence
bands show a dispersion that covers a range of about 1.25 eV. Particularly, there is a
specific valence band that stands out with a significant minimum near point L. Moreover,
in the area around this point, the band takes on a roughly parabolic shape along the path
from point W to I" point. Also, a parabolic shape in the nature of the conduction band

minimum can be noticed in Fig. 5.4c.

Density of states (DOS) analysis allows for the investigation of the contribution of
various electronic states in the valence and conduction bands, providing insights into
the electronic band structure of a material. Furthermore, DOS analysis helps determine
interband and intraband transitions between quantized electronic levels in the valence and

conduction bands, shedding light on optical spectra phenomena. Figure 5.4c illustrates
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Figure 5.5: Atom projected density of states (PDOS) of K,CsSb, with the Total density
of state (TDOS) represented by the light blue area. The contribution of different atoms is
depicted in various colors. In the plot, ‘C.B.m’ denotes the conduction band minimum.

the electronic band structure of K,CsSb material along with the corresponding density of
states plot. Furthermore, Figure 5.5 displays the atom-projected density of states (PDOS)
for the K,CsSb material. An interesting characteristic of the K,CsSb material is the
limited number of valence states near the band gap. This feature can be observed in the
Figure 5.4c. Additionally, there are lower-energy bands that exhibit nearly flat dispersion,
primarily dominated by the Sb 2s state, along with a minor combination of K 3s and Cs 3s,
2p states, at approximately 7.7 eV below the Fermi energy (not depicted in the figures).
This pattern echoes observations made in earlier DFT findings [221, 222, 229, 230]. It
indicates that the electrons in those bands are relatively localized and do not participate
in the extensive delocalized electronic motion. As seen in Fig. 5.5, the valence band is

primarily governed by the Sb 3p states, with a minor contribution stemming from the 3s-
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states of K and Cs. The main contribution to the conduction band predominantly stems
from the 3s states of both K and Cs, while the Sb 2s and 3p states make only a minimal
contribution. The major contribution to the conduction band minimum (CBm) arises from

the K and Cs 3s states, as well as the Sb 2s states.

To understand the charge distribution and chemical bonding between the constituent
atoms, it is crucial to have an understanding of the electronic charge allocations. Figure
5.6 displays the electronic charge density distribution of K;CsSb material within the (100)
plane. The figures show that the electronic charge is mainly concentrated around the
ionic sites, as indicated by the scale. This behavior suggests that the compounds exhibit a
predominant ionic bond character. The charge distributions of both alkali and antimonide
atoms exhibit a spherical shape, indicating significant charge transfer between the anions
and cations. Additionally, there is a comparatively high charge distribution observed
between potassium K and Sb atoms, as well as between Cs and Sb atoms, in comparison
to the charge distribution between K and Cs. This lower charge distribution between K
and Cs can be attributed to the smaller electronegativity difference between these two
elements. As alkali metals, K and Cs have low electronegativity values and a tendency to
donate electrons, which can result in a weaker effect on the charge distribution between
them. However, it’s important to note that charge distribution is a complex phenomenon
influenced by multiple factors, including electronegativity, atomic sizes, the arrangement

of atoms, the crystal lattice, and bonding interactions.

Scale: An(r)
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Figure 5.6: Side view of the calculated charge density plot of the K,CsSb material with
colors scale n(r) indicating ranges of charge accumulation and depletion in a.u.
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5.5.1.2 Optical Properties

Figure 5.7a displays the calculated real and imaginary parts of the dielectric function
for the K,CsSb material as a function of photon energy obtained using the HSE hybrid
functional. It is observed that the real part of the dielectric function generally increases
with increasing frequency, which is referred to as normal dispersion. However, there are
specific regions (highlighted in blue colored box), where the real part of the dielectric
function decreases with increasing frequency. This phenomenon is known as anomalous
dispersion [208]. It is interesting to note that within this narrow region of anomalous
dispersion, the imaginary part of the dielectric function sharply increases. The signif-
icant increase in the imaginary part indicates a high level of absorption, reflecting the
absorption processes occurring within that frequency range. The presence of peaks in the
spectra ( Figure 5.7a, 5.7b, 5.7¢c, 5.7d) is attributed to the permitted transitions between
the valence and conduction bands of electrons.

In the imaginary part of the dielectric function (Figure 5.7a), the first peak (labelled A)
appears at approximately 1.49 eV. This peak is generated by an exciton that is three-fold
degenerate, owing to the cubic symmetry of the crystal. This transition can be attributed to
the direct optical transition (I'-I') that occurs between the valence band maximum (VBM)
and the conduction band minimum (CBm). The imaginary part and the extinction coeffi-
cient provide valuable information about the absorption characteristics at the band edges.
Consequently, at this specific point (i.e., around 1.49 eV), a notable rise in the extinction
coefficient k(w) (Fig. 5.7¢) is detected, indicating the presence of fundamental absorp-
tion. The following peaks, marked as B, C, D, and E, are found within the visible-UV
spectrum, roughly at energy values of 2.13 eV, 2.60 eV, 2.93 eV, and 3.68 eV, respectively,
in Figure 5.7a. Similar to peak A, the intensity of peak B is relatively weak, suggesting
that it is likely formed by a manifold of excitations that exhibit three-fold degeneracy due
to the crystal’s symmetry. This suggests that this interaband transition (peak B) could
potentially occur near the I'-point, along the I'-L, or the I'-X paths from the valence band
to the vicinity of the lowest level of the conduction band [230] (Fig. 5.4c). Our find-
ings exhibit strong consistency with previous DFT studies [230] and demonstrate closer

alignment with our experimental observations (discussed later).
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Figure 5.7: Optical spectra of the K,CsSb film as a function of the photon energy, where
it shows the (a) real and imaginary parts of the dielectric function, (b) refractive index
n(w), (c) extinction coefficient k(), (d) reflectivity R(®), and (e) electron energy loss
spectrum (green color). The real part of the dielectric function (shown in red wine color)
in Figure 5.7e is presented for comparison purposes.

Based on the values of €] and &, the refractive index n(®) for the studied K,CsSb
compound was calculated (according to Equation 5.27), and the corresponding plot is
shown in Figure 5.7b. The refractive index is defined as a physicochemical property
as its value changes upon irradiation of light due to the interaction between atoms in
a material. As previously mentioned in the Section 5.4, it has been emphasized that
there is a direct relationship between the dielectric function and the complex refractive
index. The refractive index is usually used to measure the response of a material upon
transmission of light through it. From Fig. 5.7b it has been observed that the refractive
index of the K,CsSb compounds follows the similar pattern with the real part of the
dielectric function (&1). The obtained refractive index values exhibit good agreement with
the previous experimental measurements [231]. In the refractive index plot, the peaks are
appeared at 1.43 eV, 2.08 eV, 2.54 eV, 2.81 eV, and 3.50 eV, corresponding to the A, B,
C, D, and E peaks, respectively.

Both the imaginary part of the dielectric function and the extinction coefficient (Fig.
5.7¢) provide insights into the absorption behavior at the band edges. As a result, we
observe analogous peaks in the extinction coefficient (Fig. 5.7c), mirroring those in the
imaginary part of the dielectric function. This suggests that absorption characteristics are
present at those particular energy levels.

The reflectivity plot in Figure 5.7d shows the calculated variations of reflectivity for
the K,CsSb compound in relation to photon energy. Within this plot, we observe peaks
at energy levels of 1.46 eV, 2.10 eV, 2.58 eV, 2.98 eV, and 3.81 eV, which are labeled
as A, B, C, D, and E, respectively. The reflectivity plot was obtained by calculating the
reflectivity by using Equation 5.29, which involves the real and imaginary components of
the dielectric function of the K,CsSb material. Consequently, the resulting plot closely

resembles the patterns observed in the real and imaginary plots, with only minor devia-
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tions. These peaks in the reflectivity plot indicate transitions occurring within the band
structure, specifically between the valence band and the conduction band. In Chapter
6 (Section 6.1), the presented DFT calculated reflectivity plot (Fig. 5.7d) is compared
with the experimental reflectivity data of the K-Cs-Sb compound grown in the laboratory,

followed by a discussion of the results.

Figure 5.7e presents the electron energy loss spectrum (EELS) of the K,CsSb com-
pound, depicting the variations with photon energy. The electron energy loss spectrum
(EELS) corresponds to the energy loss experienced by fast-moving electrons as they in-
teract with a material, primarily due to plasmon excitations. Plasmons are collective
oscillations of the electron density in a material, and when fast electrons interact with
these plasmons, energy transfer occurs, resulting in energy loss. In the shown electron
energy loss spectrum, significant characteristics are primarily noticed beyond approxi-
mately 5 eV, with local maxima in the loss function occurring within the energy range
of 5 to 10 eV. The observation of an increase in the real part of the dielectric function
within this frequency range strongly indicates the presence of plasmonic behaviour in the
excitation [230]. In the range of lower energy, local fluctuations in the real component of
the dielectric function, €1, correspond to absorption peaks in the imaginary component,

&.

5.5.2 Cs;KSb Photocathode

The literature indicates that a Cs;KSb compound can form under conditions of excess
cesium [232]. Furthermore, as detailed in Section 4.4.5.4 (pages 149-150), noticeable
differences were observed in the spectral reflectivity peaks between thick and thin KCsSb
cathodes (Fig. 4.56). These discrepancies in experimental spectral reflectivity may arise
from stoichiometric differences (i.e., CsKSb compound). To investigate this hypothe-
sis, we performed a comparable DFT analysis on the Cs, KSb material. The following
sections detail the optical and electronic properties of Cs;KSb as derived from our DFT

calculations.
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5.5.2.1 Electronic Properties:

Here, we focused on the face-cantered-cubic (FCC) phase (which belongs to the space
group of F m-3-m) of the Cs,KSb material and investigated the electronic and optical
properties. The lattice parameter a = 8.88 A was taken directly from the reference [229].
As shown in Figure 5.8a, the Sb atoms (depicted in blue color) were located at the Wyck-
off position (0, 0, 0), while the alkali species K and Cs (depicted in orange and red colors,
respectively) were located at the crystal coordinates (%, %, %) and + (%, %, }1), respectively.
In this study, the band structure calculation was conducted using the HSE hybrid func-
tional, which includes the incorporation of exact exchange [188]. A similar procedure is
applied here for this calculation as it was for the previous cathode. To model the inter-
action between electrons and ions, optimized norm-conserving Vanderbilt pseudopoten-
tials [224] were employed, and a 4 x 4 x 4 k-mesh was utilized to sample the Brillouin
zone during the calculation. For this calculation, a plane wave kinetic energy cutoff of
70 Ry and a charge density plane wave cutoff of 280 Ry were employed. Like for the
K, CsSb material, Maximally localized Wannier functions [195] were computed with the
Wannier90 code and used to interpolate the band structure [201].

The band gap calculated using the HSE functional was 1.06 eV (indirect gap). Figure
5.8c presents the electronic band structure of the Cs;KSb material, accompanied by the
corresponding density of states plot. The band structure of this material reveals an indirect
band gap that occurs between the X and I points in the Brillouin zone (Fig. 5.8c). By
comparing K,CsSb compound (Fig.5.4c¢), it can be inferred that decreasing the proportion
of K (potassium) in the material results in the displacement of the valence-band maximum
from the center of the Brillouin zone (I') towards the zone edge (X), as it was also seen in
previous DFT studies [223].

189



NIV S

—

High Symmetry Points DOS (states/eV)
(©

Figure 5.8: (a) unit cell of Cs;KSb is depicted using a ball and stick representation. (b)
Brillouin zone of Cs;KSb is shown, with high symmetry points and the corresponding
path connecting them highlighted in color. (c¢) computed electronic band structure of
Cs,KSb material along with the corresponding density of states (DOS) plot using the
HSE functional. The Fermi energy (Ey) was set to zero at the valence band maximum.

190



Figure 5.9 illustrates the atom-projected density of states (PDOS) for the Cs;KSb
material. Like the K>CsSb compound, there are lower-energy bands that exhibit nearly
flat dispersion primarily dominated by the Sb 2s state, with a slight mix of Cs 2p and 3s
states, situated roughly 7.6 eV beneath the Fermi energy (this is not shown in the figures).
This observation is consistent with previous DFT findings [229]. Figure 5.9 demonstrates
that the valence band of the material is primarily governed by the Sb 3p states, while the
3s states of K and Cs, along with the Cs 2p state, make a smaller contribution (similar
to the K,CsSb compound). The dominant influence on the conduction band minimum
(CBm) comes from the 3s states of both K and Cs, along with the Sb 2s state, while the
Cs 1s state makes a minimal contribution. Furthermore, the analysis of Figure 5.9 reveals
that the lower part of the conduction band is primarily governed by the K 3s state, while
the Cs 3s state predominantly influences the upper part. By comparing the PDOS data of
K;,CsSb and CspKSb compounds (as shown in Figure 5.5 and Figure 5.9, respectively),
it becomes apparent that the 3s-state of K atom makes a more substantial contribution
to the lower conduction band region in the Cs;KSb compound compared to the K,SbCs
compound.

Similarly, to the K>;SbCs compound, the electronic charge density distribution has
been computed for the CspKSb compound. The distribution of electronic charge density
within the (100) plane of the Cs,KSb material is depicted in Figure 5.10. The figures
indicate that the electronic charge is primarily localized around the ionic sites, as evident
from the scale. This observation suggests that the compounds possess a dominant ionic
bond nature, similar to the K,SbCs compound. Additionally, there is a relatively higher
charge distribution observed between Cs and Sb atoms, as well as between K and Sb
atoms (like for the K,CsSb compound), compared to the charge distribution between K
and Cs. The lower charge distribution between K and Cs can be attributed to the smaller
electronegativity difference between these two alkali metals. This is a result of their
low electronegativity values and their tendency to donate electrons, which results in a

relatively weaker effect on the charge distribution between K and Cs.
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Figure 5.9: Atom projected density of states (PDOS) of Cs;KSb, with the TDOS repre-
sented by the light blue area. The contribution of different atoms is depicted in various
colors. In the plot, ‘C.B.m’ denotes the conduction band minimum.
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Figure 5.10: Side view of the calculated charge density plot of the Cs;KSb material with
colors scale n(r) indicating ranges of charge accumulation and depletion in a.u.
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5.5.2.2 Optical Properties

Similar to the analysis performed on K,CsSb material, the optical properties of the Cs, KSb
compound were studied utilizing the epsilon.x code available in the Quantum-Espresso
package. Within the random phase approximation framework [206], we calculated the
complex dielectric function €(®) based on the DFT ground state calculation using the
HSE functional.

In Figure 5.11a, the variation of the real and imaginary parts of the dielectric func-
tion with photon energy is shown for the Cs,KSb material. In the imaginary part of the
dielectric function, the first peak (labeled A) appears at approximately 1.77 eV. However,
the band gap calculated using the HSE functional was determined to be 1.06 eV. The rea-
son for this shift in the position of the imaginary dielectric peak compared to the band
gap in Cs,KSb can be attributed to the nature of the optical transitions involved. In ma-
terials with an indirect band gap, such as Cs,KSb, the valence band maximum, and the
conduction band minimum occur at different points in the Brillouin zone. As a result, an
electron transitioning between these states requires a change in momentum in addition
to the energy difference. Therefore, these transitions may occur through phonon-assisted
processes or involve momentum changes in addition to the energy difference. This change
introduces an additional energy component, resulting in a shift in the observed peak in
the dielectric function. The subsequent peaks, labeled B, C, D, E, and F, are observed
in the visible-ultraviolet (UV) spectrum at approximately 2.27 eV, 2.61 eV, 2.86 eV, 3.27
eV, and 4.15 eV, respectively in Fig. 5.11a. These peaks arise from electron transitions
originating from various positions within the valence band to the conduction band.

The refractive index n(®) for the Cs;KSb compound was calculated based on the
values of € and &, and the resulting plot shows peaks that closely resemble the real
and imaginary plots with minor deviations. The corresponding plots can be observed in
Figure 5.11b. Peaks A, B, C, D, E, and F were observed in the refractive index plot at
energy values of 1.72 eV, 2.22 eV, 2.56 eV, 2.81 eV, 3.23 eV, and 4.10 eV, respectively.
These peaks correspond to inter-band transitions occurring between the valence band and

the conduction band.
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Figure 5.11: Optical spectra of the Cs;KSb film as a function of the photon energy, where
it shows the (a) real and imaginary parts of the dielectric function, (b) refractive index
n(w), (c) extinction coefficient k(®), (d) reflectivity R(w), and (e) illustrates the real part
of the dielectric function (red wine color) and the electron energy loss spectrum (green
color), calculated through HSE hybrid functional.

Both the imaginary part of the dielectric function and the extinction coefficient pro-
vide insights into the absorption behavior at the band edges. As a result, like K,CsSb
compound, we observe analogous peaks in the extinction coefficient (Fig. 5.11c), mirror-
ing those in the imaginary part of the dielectric function (Fig. 5.11a). This suggests that
absorption characteristics are present at those particular energy levels.

Figure 5.11d illustrates the calculated variation of reflectivity for the Cs;KSb com-
pound with respect to photon energy. In the reflectivity plot, the peaks appeared at 1.74
eV, 2.24 eV, 2.59 eV, 2.89 eV, 3.37 eV, and 4.17 eV, corresponding to the A, B, C, D, E,
and F peaks, respectively. These peaks in the reflectivity plot correspond to transitions
within the band structure, specifically between the valence band and the conduction band.
A detailed analysis and interpretation of these peaks are provided in comparison with the
experimental reflectivity data, as presented in Chapter 6 (Section 6.1).

The variations in the electron energy loss spectrum (EELS) with respect to photon
energy for the Cs;KSb compound are illustrated in Figure 5.11e. Prominent features in
the electron energy loss spectrum of the Cs; KSb compound are primarily observed in the
high-energy range beyond the visible region, particularly at frequencies above approxi-
mately 6 eV. At 6.55 eV, a local maximum is observed in the loss function, an increase in
the real part of the dielectric function is also detected within this frequency range. This
observation strongly suggests the presence of plasmonic behavior in this excitation, sim-
ilar to the K;CsSb compound. At lower energy levels, the local fluctuations seen in the
real component of the dielectric function, €, correspond to the locations of absorption

peaks in the imaginary component, &.
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5.5.3 Kj;Sb Cubic & Hexagonal Photocathode

As previously discussed, the formation of the K;CsSb compound is influenced by the
presence of intermediate phases, namely Sb and K3Sb, which can influence the properties
of the final compound [67]. As outlined in Section 4.4.6, during the analysis of the thick
and thin KCsSb cathodes, a significant difference in spectral reflectivity was observed
for KSb compounds. This disparity was attributed to potential variances in the crystal
structure between them. Additionally, existing literature has confirmed the presence of
distinct crystal structures in the K3Sb compound, encompassing both cubic and hexago-
nal forms [158,233]. As indicated by references [158,233], these variations in the crystal
structure in the K-Sb film can be ascribed to either an excess or deficiency of potassium
(K) atoms. Therefore, to investigate the hypothesis, we conducted a DFT analysis on the
K3Sb material, considering both the cubic and hexagonal phases. Subsequently, we com-
pared these DFT results with the experimental data, particularly the reflectivity results, to
gain a deeper understanding. In the following section, we have discussed the DFT results

obtained for both the K3Sb cubic & Hexagonal compounds.

5.5.3.1 K;Sb (Cubic) photocathode:
5.5.3.1.1 Electronic Properties:

Here, we focused on the face-cantered-cubic (FCC) phase (with a space group of F m-
3-m) of the K3Sb material and investigated the electronic and optical properties. The
lattice parameter a = 8.493 A was taken directly from the reference [158]. As shown in
Figure 5.12a, the Sb atoms (depicted in blue color) were located at the Wyckoff position
(0, 0, 0), while the alkali species K (depicted in orange color) were located at the crystal
coordinates (%, %, %) and + (%, %, %), respectively. In this study, the band structure calcula-
tion was conducted using the HSE hybrid functional, which includes the incorporation of
exact exchange [188]. Like previous compounds, to model the interaction between elec-
trons and ions, ONCV pseudopotentials [224] were employed, and a 4 x 4 x 4 k-mesh

was utilized to sample the Brillouin zone during the calculation. For this calculation, a

plane wave kinetic energy cutoff of 70 Ry and a charge density plane wave cutoff of
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Figure 5.12: (a) unit cell of K3Sb (cubic) is depicted using a ball and stick representa-
tion. (b) Brillouin zone of K3Sb (cubic) is shown, with high symmetry points and the
corresponding path connecting them highlighted in color. (c) computed electronic band
structure of K3Sb (cubic) material along with the corresponding density of states (DOS)
plot. The Fermi energy (Ey) was set to zero at the valence band maximum.
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280 Ry were employed. Like previous compounds, Maximally localized Wannier func-
tions [195] were computed with the Wannier90 code and used to interpolate the band
structure [201]. The band gap calculated using the HSE functional was 1.42 eV (direct
gap) and almost identical matches with the experimental value of 1.4 eV [158]. The
band structure of this material reveals a direct band gap that occurs between the I" and I
points in the Brillouin zone, where the valence-band maximum and the conduction-band
minimum appear, respectively (see Fig. 5.12c).

Figure 5.12c presents the electronic band structure of the K3Sb (cubic) material, ac-
companied by the corresponding density of states plot. Additionally, Figure 5.13 illus-
trates the atom-projected density of states (PDOS) for the K3Sb (cubic) material. Like
the previous compounds, there are lower-energy bands that exhibit nearly flat dispersion,
primarily dominated by the Sb 2s state, with a slight mix of K 3s state, situated roughly
7.7 eV beneath the Fermi energy (this is not shown in the figures). This indicates that
the electrons in those bands are relatively localized and do not participate in extensive
delocalized electronic motion. Figure 5.13 reveals a noticeable influence of the Sb 3p
state on the valence bands, while the contributions from the K 3s, Sb 2s, and K 2p states
(Sb 2s and K 2p states are overshadowed by the Sb 3p and K 3s states in the figure) are
comparatively smaller. Furthermore, it can be observed that the conduction band is pre-
dominantly influenced by the K 3s state, with a relatively minor contribution from the 2s
and 3p states of the Sb atoms. The primary contribution to the conduction band minimum
(CBm) originates from the K 3s and Sb 2s states.

Similarly, to the K;SbCs & Cs,KSb compounds, the electronic charge density distri-
bution has been computed for the K3Sb (cubic) compound. The distribution of electronic
charge density within the (100) plane of the K3Sb (cubic) material is depicted in Figure
5.14. Based on the figures, it is apparent that the electronic charge is concentrated pre-
dominantly around the ionic sites, as indicated by the scale. This finding implies that
the compounds exhibit a prevailing ionic bond character. Furthermore, the charge dis-
tribution analysis reveals a relatively higher charge distribution between the Sb and K
atoms compared to the charge distribution between K and K within the compound. The

relatively lower charge distribution observed between K atoms can be attributed
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Figure 5.14: Side view of the calculated charge density plot of the K3Sb (cubic) material
with colors scale n(r) indicating ranges of charge accumulation and depletion in a.u.
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to their similar electronegativities. As a result of the similar electronegativity, the charge

distribution between the potassium atoms is reduced.

5.5.3.1.2 Optical Properties:

The optical properties of the K3zSb (cubic) compound were studied using the epsilon.x
code available in the Quantum-Espresso package, similar to the approach employed for
K;CsSb and CspKSb materials. Within the random phase approximation framework
[206], we calculated the complex dielectric function (@) based on the DFT ground state
calculation using the HSE functional.

Figure 5.15a illustrates the change in the real and imaginary components of the dielec-
tric function as a function of photon energy for the cubic K3Sb material. In the imaginary
part of the dielectric function, the first peak (labeled A) appears at approximately 1.42 eV.
The observed peak arises from a three-fold degenerate exciton due to the cubic symme-
try of the crystal. This particular transition, labeled as the direct optical transition (I'-I'),
originates between the valence band maximum and the conduction band minimum. The
following peaks, marked as B, C, D, E, and F, are found within the visible-UV spectrum,
roughly at energy values of 2.33 eV, 2.67 eV, 2.95 eV, 3.32 eV, and 3.77 eV, respectively
in Fig. 5.15a. These peaks result from electron transitions originating from distinct loca-
tions within the valence band and extending into the conduction band.

Similar to the approach employed for the K,CsSb and Cs,KSb materials, the refrac-
tive index n(®) of the K3Sb (cubic) compound was determined by evaluating the values
of g (real part) and & (imaginary part). The resulting plot (see Fig. 5.15b) shows peaks
that closely resemble the real and imaginary plots with minor deviations. Peaks A, B, C,
D, E, and F were observed in the refractive index plot at energy values of 1.36 eV, 2.29
eV, 2.62¢eV,2.91 eV, 3.28 eV, and 3.61 eV, respectively.

The imaginary part of the dielectric function and the extinction coefficient offer valu-
able information regarding the absorption behavior at the band edges. Consequently, we
observe similar peaks in the extinction coefficient (see Fig. 5.15¢) that correspond to the
peaks observed in the imaginary part of the dielectric function (Fig. 5.15a). This similar-

ity indicates the presence of absorption characteristics at those specific energy levels.
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Figure 5.15: Optical spectra of the K3Sb (cubic) compound as a function of the photon
energy, where it shows the (a) real and imaginary parts of the dielectric function, (b)
refractive index n(®), (c) extinction coefficient k(®), (d) reflectivity R(®), (e) the real
part of the dielectric function (green color) and the electron energy loss spectrum (red
wine color), calculated through HSE hybrid functional.

Figure 5.15d illustrates the DFT calculated variation of reflectivity for the K3Sb (cu-
bic) compound with respect to photon energy. In the reflectivity plot, the peaks appeared
at 1.40 eV, 2.30 eV, 2.67 eV, 2.97 eV, 3.33 eV, and 3.89 eV, corresponding to the A, B,
C, D, E, and F peaks, respectively. These peaks in the reflectivity plot correspond to
transitions between the valence band and the conduction band. Additional analysis and
comparison of these reflectivity results are presented in Chapter 6 (Section 6.1.1.1).

The variations in the electron energy loss spectrum (EELS) with respect to photon
energy for the K3Sb compound are illustrated in Figure 5.15e. Prominent features in the
electron energy loss spectrum of the K3Sb (cubic) compound are primarily observed in
the high-energy range beyond the visible region, particularly at frequencies above ~ 5 eV.
At 6.75 eV, a local maximum is observed in the loss function, an increase in the real part
of the dielectric function is also detected within this frequency range. This observation
strongly suggests the presence of plasmonic behavior in this excitation. At lower energy
levels, the local fluctuations seen in the real component of the dielectric function, &p,

correspond to the locations of absorption peaks in the imaginary component, &.
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5.5.3.2 K;3Sb (Hexagonal) Photocathode
5.5.3.2.1 Electronic Properties:

Here, we focused on the hexagonal structure (with a space group of P63 / mmc (No 194))
of the K3Sb material and investigated the electronic and optical properties. The lattice
parameter a = 6.025 A and ¢ = 10.690 A was taken directly from the reference [233].
As shown in Figure 5.16a, two Sb atoms (depicted in blue color) were located at the 2¢

213

position with coordinates (%, %, }1) and ( ), while the alkali species K (depicted in

31374
orange color) occupies the 2b position at coordinates (0,0, 41‘;), (0,0, %) and the 4f position
(%, %,Z), (%, %,Z-i- %), (%, %, —z), and (%, %, —z+ %) with positional parameter u = 0.582. In

this study, the band structure calculation was conducted using the HSE hybrid functional,
which includes the incorporation of exact exchange [188]. Like the previous compounds,
to model the interaction between electrons and ions, optimized norm-conserving vander-
bilt pseudopotentials [224] were employed, and a 4 x 4 x 4 k-mesh was utilized to sample
the Brillouin zone during the calculation. For this calculation, a plane wave kinetic en-
ergy cutoff of 70 Ry and a charge density plane wave cutoff of 280 Ry were employed.
Like K>CsSb, Cs,KSb, and K3Sb (cubic) material, Maximally localized Wannier func-
tions [195] were computed with the Wannier90 code, and used to interpolate the band
structure [201]. The band gap, calculated as 1.05 eV (direct gap) using the HSE func-
tional, closely corresponds to the experimental value of 1.1 eV [158], indicating a strong

agreement between the two.
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Figure 5.16: (a) unit cell of K3Sb (hexagonal) is depicted using a ball and stick repre-
sentation. (b) Brillouin zone of K3Sb (hexagonal) is shown, with high symmetry points
and the corresponding path connecting them highlighted in color. (c) computed elec-
tronic band structure of K3Sb (hexagonal) material along with the corresponding density

of states (DOS) plot. The Fermi energy (Ey) was set to zero at the valence band maxi-
mum.
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Figure 5.16¢ presents the electronic band structure of the K3Sb (hexagonal) material,
accompanied by the corresponding density of states (DOS) plot. Additionally, Figure
5.17 illustrates the atom-projected density of states (PDOS) for the K3Sb (hexagonal)
material. Like other studied compounds, there are lower-energy bands that exhibit nearly
flat dispersion primarily dominated by the Sb 2s state, with a slight mix of K 3s state,
situated roughly 7.72 eV beneath the Fermi energy (this is not shown in the figures). This
indicates that the electrons in those bands are relatively localized and do not participate
in extensive delocalized electronic motion. In Figure 5.17, it is evident that the valence
bands are significantly influenced by the Sb 3p state, while the contributions from the K
3s and K 2p states, as well as the Sb 2s state (K 2p and Sb 2s states are overshadowed
by the Sb 3p and K 3s states in the figure), are comparatively smaller. In addition, it is
apparent that the conduction band is primarily governed by the dominant influence of the
K 3s states, while the contributions from the 2s and 3p states of the Sb atoms (Sb 2s and
3p states are overshadowed by the K 3s state in the figure) are relatively minor. The main
contribution to the conduction band minimum (CBm) arises from the combined effects of
the K 3s and Sb 2s states. These findings exhibit similarities to the K3Sb (cubic) structure
(see Fig. 5.13).

Similar to previously studied compounds, the electronic charge density distribution
for the K3Sb (hexagonal) compound has been computed. The distribution of electronic
charge density within the (100) plane of the K3Sb (hexagonal) material is depicted in
Figure 5.18. Based on the figures, it is apparent that the electronic charge is concentrated
predominantly around the ionic sites, as indicated by the scale. This finding implies
that the compounds exhibit a prevailing ionic bond character. Additionally, there is a
relatively higher charge distribution observed between Sb atoms and K atoms compared
to the charge distribution between K and K in the compound. As mentioned earlier for
the K3Sb (cubic) compound, the relatively lower charge distribution between potassium
K atoms (K-K) in the compound can be attributed to the fact that both potassium atoms
have similar electronegativity. Since both potassium atoms have similar electronegativity,
the charge distribution between them is lower. This similar pattern in the charge density

was also observed in previous findings for the K3Sb (cubic) compound (see Fig. 5.14).
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in various colors. In the plot, ‘C.B.m’ denotes the conduction band minimum.
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5.5.3.2.2 Optical Properties:

Similar to previously studied compounds, the optical properties of the K3Sb (hexagonal)
compound were investigated using the epsilon.x code available in the Quantum-Espresso
package. Within the random phase approximation framework [206], we calculated the
complex dielectric function €(®) based on the DFT ground state calculation using the
HSE functional.

Figure 5.19a illustrates the changes in the real and imaginary components of the di-
electric function as a function of photon energy for the hexagonal K3Sb material. The
plot includes highlighted violet-colored boxes that represent the peaks of interest. In the
imaginary part of the dielectric function, the presence of the first peak (labeled A) is
observed at approximately 1.05 eV, indicating its association with the fundamental ab-
sorption process. Following the onset of this peak, an additional peak emerges at around
1.14 eV (present in the violet color box of peak A). Considering the dominant presence
of Sb in the upper valence band, as evident from the PDOS plot (Figure 5.17), the dou-
blet structure observed may be associated with the spin-orbit splitting phenomenon. The
following peaks, marked as B, C, D, E, F, G, H, I, and J, are found within the visible-UV
spectrum, roughly at energy values of 1.55 eV, 2.17 eV, 2.46 eV, 2.85 eV, 3.33 eV, 3.55
eV, 3.90 eV, 4.14 eV, and 4.38 eV, respectively. These peaks result from electron transi-
tions originating from distinct locations within the valence band and extending into the
conduction band.

Similar to the approach employed for previously studied compounds, the refractive
index n(w) of the K3Sb (hexagonal) compound was determined by evaluating the values
of & (real part) and & (imaginary part). The resulting plot (see Fig. 5.19b) shows peaks
that closely resemble the real and imaginary plots with minor deviations. Peaks A, B,
C,D, E, F, G, H, I, and J were observed in the refractive index plot at energy values of
0.99¢eV, 1.49¢eV, 2.13 eV, 242 eV, 2.81 eV, 3.26 eV, 3.52 eV, 3.87 eV, 4.09 eV, and 4.34
eV, respectively. These peaks correspond to inter-band transitions occurring between the
valence band and the conduction band.

The imaginary part of the dielectric function and extinction coefficient provide valu-

able insights into the absorption behavior at the band edges. As a result, we observe a
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Figure 5.19: Optical spectra of the K3Sb (hexagonal) compound as a function of the
photon energy, where it shows the (a) real and imaginary parts of the dielectric function,
(b) refractive index n(), (c) extinction coefficient k(®), (d) reflectivity R(®), and (e)
illustrates the real part of the dielectric function (green color) and the electron energy loss
spectrum (violet color), calculated through HSE hybrid functional.

comparable peaks in the extinction coefficient (refer to Fig. 5.19c) that align with the
peaks observed in the imaginary part of the dielectric function (Fig. 5.19a). This similar-
ity suggests the existence of absorption features at those particular energy levels.

Figure 5.19d illustrates the DFT calculated variation of reflectivity for the K3Sb (hexag-
onal) compound with respect to photon energy. In the reflectivity plot, the peaks appeared
at 1.00 eV, 1.51 eV, 2.16 eV, 2.45 eV, 2.85 eV, 3.36, 3.56 ¢V, 3.90 eV, 4.18 eV, and 4.47
eV, corresponding to the A, B, C, D, E, F, G, H, I and J peaks, respectively. These peaks
in the reflectivity plot correspond to transitions within the band structure, specifically be-
tween the valence band and the conduction band. Additional analysis and comparison of
these reflectivity results are presented in Chapter 6 (Section 6.1.1.1).

The variations in the electron energy loss spectrum (EELS) with respect to photon
energy for the K3Sb (hexagonal) compound are illustrated in Figure 5.19¢. Prominent
features in the electron energy loss spectrum of the K3Sb (hexagonal) compound are
primarily observed in the high-energy range beyond the visible region, particularly at fre-
quencies above ~ 7.5 eV. At 8.28 eV, a local maximum is observed in the loss function,
along with a notable increase in the real part of the dielectric function within this fre-
quency range. This observation strongly suggests the presence of plasmonic behavior in

this excitation.
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5.5.4 Na,KSb Photocathode

5.5.4.1 Electronic Properties:

As part of our investigation into the Na; KSb photocathodes, we also conducted a DFT
study focusing on the Na, KSb compound.

Here, we focused on the face-cantered-cubic (FCC) phase (with a space group of F m-
3-m) of the Na, KSb material and investigated the electronic and optical properties. The
lattice parameter a = 7.7235A was taken directly from the reference [234]. As shown in
Figure 5.20a, the Sb atoms (depicted in blue color) were located at the Wyckoff position
(0, 0, 0), while the alkali atoms K (depicted in orange color) were located at the crystal

coordinates (%, %, %), and Na atoms (depicted in green color) are located at the crystal

coordinates * (}1, }1, }1), respectively. In this study, the band structure calculation was
conducted using the HSE hybrid functional, which includes the incorporation of exact
exchange [188]. To model the interaction between electrons and ions, optimized norm-
conserving vanderbilt pseudopotentials [224] were employed, and a 4 x 4 x 4 k-mesh
was utilized to sample the Brillouin zone during the calculation. For this calculation, a
plane wave kinetic energy cutoff of 70 Ry and a charge density plane wave cut-off of
280 Ry were employed. Like other discussed compounds, Maximally localized Wannier
functions [195] were computed with the Wannier90 code and used to interpolate the band
structure [201].

The band gap calculated using the HSE functional was 1.49 eV (direct gap), has a
good agreement with previous DFT studies [235]. The band structure of this material re-
veals a direct band gap that occurs between the I" and I points in the Brillouin zone, where

the valence-band maximum and the conduction-band minimum appear, respectively, as

can seen in Fig. 5.20b.
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Figure 5.20: (a) unit cell of NapKSb is depicted using a ball and stick representation.
(b) computed electronic band structure of Na; KSb material along with the corresponding
density of states (DOS) plot. The Fermi energy (Ey) was set to zero at the valence band
maximum.
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Figure 5.20b presents the electronic band structure of the Na; KSb material, accom-
panied by the corresponding density of states plot. Additionally, Figure 5.21 illustrates
the atom-projected density of states (PDOS) for the NayKSb material. Like previous
compounds, there are lower-energy bands that exhibit nearly flat dispersion, primarily
dominated by the Sb 2s state, with a slight contribution from the K 3s state and Na 3s
state, situated roughly 8.28 eV beneath the Fermi energy (this is not shown in the fig-
ures). This indicates that the electrons in those bands are relatively localized and do not
participate in extensive delocalized electronic motion. In Figure 5.21, it is evident that
the valence bands are significantly influenced by the Sb 3p state, while the contributions
from the Na 3s, K 3s state, and Sb 2s state are relatively less pronounced. Moreover, it
is evident that the upper bands of the valance band are exclusively dominated by the Sb
3p state. In addition, it is apparent that the conduction band is primarily governed by the
dominant influence of the Na and K 3s states, while the contributions from the 2s and 3p
states of the Sb atoms are relatively minor. The primary origin of the conduction band
minimum (CBm) can be attributed to the Na 3s, K 3s, and Sb 2s states.

Similarly to the other previous compounds, the electronic charge density distribution
has been computed for the Na; KSb compound. The distribution of electronic charge den-
sity within the (100) plane of the Na; KSb material is depicted in Figure 5.22. Based on
the figures, it is apparent that the electronic charge is concentrated predominantly around
the ionic sites, as indicated by the scale. This finding implies that the compounds exhibit
a prevailing ionic bond character. Furthermore, a relatively higher charge distribution is
observed between the Sb and K atoms, as well as between the Sb and Na atoms, com-
pared to the charge distribution between the K and Na atoms in the compound. This is
because of the fact that K and Na are alkali metals with relatively low electronegativity
values, whereas Sb possesses a higher electronegativity. Due to this difference, antimony

tends to attract electrons more strongly than potassium and sodium.
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Figure 5.21: Atom-projected density of states (PDOS) of Na,KSb, with the TDOS rep-
resented by the light blue area. The contribution of different atoms is depicted in various
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Figure 5.22: Side view of the calculated charge density plot of the Na, KSb material with
colors scale n(r) indicating ranges of charge accumulation and depletion in a.u.
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5.5.4.2 Optical Properties:

Like it was done for previously studied materials, the optical properties of the Na; KSb
compound were studied utilizing the epsilon.x code available in the Quantum-Espresso
package. Within the random phase approximation framework [206], we calculated the
complex dielectric function €(@) based on the DFT ground state calculation using the
HSE functional.

Figure 5.23a illustrates the change in the real and imaginary components of the dielec-
tric function as a function of photon energy for the Na; KSb material. In the imaginary
part of the dielectric function, the first peak (labeled A) appears at approximately 1.49
eV. The observed peak can be attributed to a three-fold degenerate exciton (Fig. 5.20b),
which arises from the cubic symmetry of the crystal, as seen in compounds like K,CsSb
and K3Sb(cubic). This particular transition, labeled as the direct optical transition (I'-I'),
originates between the valence band maximum and the conduction band minimum. The
following peaks, marked as B, C, D, E, and F, are found within the visible-UV spectrum,
roughly at energy values of 2.80 eV, 3.18 eV, 3.55 eV, 4.07 eV, and 4.55 eV, respectively.
These peaks result from electron transitions originating from distinct locations within the
valence band and extending into the conduction band.

Similar to the approach employed for other materials, the refractive index n(®) of
the Na,KSb compound was determined by evaluating the values of € (real part) and &
(imaginary part). The resulting plot (Fig. 5.23b) shows peaks that closely resemble the
real and imaginary plots with minor deviations. Peaks A, B, C, D, E, and F were observed
in the refractive index plot at energy values of 1.43 eV, 2.75 eV, 3.13 eV, 3.52 eV, 4.04
eV, and 4.52 eV, respectively. These peaks correspond to inter-band transitions occurring
between the valence band and the conduction band.

Like previously studied materials, we observe similar peaks in the extinction coef-
ficient (see Fig. 5.23c) that correspond to the peaks observed in the imaginary part of
the dielectric function (Fig.5.23a). This similarity indicates the presence of absorption
characteristics at those specific energy levels.

Figure 5.23d illustrates the DFT calculated variation of reflectivity for the Na,KSb

compound with respect to photon energy. In the reflectivity plot the peaks are appeared at

214



Real part
Imaginary part]

B D
20 . . £r
L 25
15 -
L 20
10 -
E 54 -15§
g :
S 04 L0 ©
5
L5
—10_
Lo
-15 T T T
0 2 3 4 5

Energy (eV)

(a)

Extinction coefficient (k)

N -

Energy (eV)

(©

Eravg (©)

3

20

Refractive index (n)

T T T

0 1 2 3 4 5
Energy (eV)

(b)

0.0 T T T

Energy (eV)

(d)

CReal Part of the dielectric function e ()

Loss function

T T T T T T 5
4

_3§

H

-
L2

0

T
1.2 3 4 5 6 7

LN L |
8 9 10 11 12 13 14

Energy (eV)

(e)

215



Figure 5.23: Optical spectra of the Na, KSb compound as a function of the photon energy,
where it shows the (a) real and imaginary parts of the dielectric function, (b) refractive
index n(®), (c) extinction coefficient k(®), (d) reflectivity R(®), and (e) the real part of
the dielectric function (green color) and the electron energy loss spectrum (cyan color),
calculated through HSE hybrid functional.

1.48 eV, 2.80eV, 3.20 eV, 3.65 eV, 4.17 eV, and 4.60 eV, corresponding to the A, B, C, D,
E, and F peaks, respectively. These peaks in the reflectivity plot correspond to transitions
within the band structure, specifically between the valence band and the conduction band.
A comprehensive discussion about the reflectivity of the Na;KSb compound is presented
in Chapter 6 (Section 6.2).

The variations in the electron energy loss spectrum (EELS) with respect to photon
energy for the Na,KSb compound are illustrated in Figure 5.23e. Prominent features in
the electron energy loss spectrum of the Na; KSb compound are primarily observed in the
high-energy range beyond the visible region, particularly at frequencies above approxi-
mately 7 eV. At 9.01 eV, a local maximum is observed in the loss function, along with
an increase in the real part of the dielectric function within this frequency range. This
observation suggests the presence of plasmonic behavior in this excitation. At lower en-
ergy levels, the local fluctuations seen in the real component of the dielectric function, &,

correspond to the locations of absorption peaks in the imaginary component, &.
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Chapter 6

Comparative Analysis of Simulation

versus Experimental Data

6.1 Comparison and Discussion of Simulation and Ex-

perimental Results for KSb and KCsSb Compounds

In this section, we compare the simulation results with experimental data to further eval-
uate and rationalize the peak characteristics. The initial part involves a comparison of
DFT simulation data with experimental results for the KSb compound, followed by a
similar comparison for the KCsSb compound. The latter part of this section summarizes

the relevant findings and discussions.

6.1.1 K-Sb Compound

In the literature, there are experimental results available, including the imaginary part
of the dielectric function, and transmittance for both cubic and hexagonal K3Sb com-
pounds [233,236]. In the first half of this section, a comparative analysis was conducted
between our DFT results and the experimental data presented in the literature to vali-
date the accuracy of our simulations. These datasets were then compared to our own

experimental plots for result interpretation. In the sections below, we will begin with the
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comparison and analysis of the K3Sb (cubic) compound.

Note that, in the following section, for clarity, we will denote the peaks observed in
the experimental plot as A’, B’, C’, ... etc., the peaks in the DFT simulated plots as A,
B, C, ... etc., and the peaks in the plot comparing the experimental and DFT simulated

curves as Ay, By, Cy, ... etc.

6.1.1.1 Comparison and Analysis of K3;Sb Compound

The experimental findings of the imaginary part of the dielectric function for the K3Sb
cubic compound were reported by Ebina and Takahashi et al. and A. H. Sommer [233], as
shown in Figure 6.1a. The plot reveals multiple peaks, including two prominent peaks at
2.75 eV (i.e., C’) and 3.65 eV (i.e., F’). These peaks are visually highlighted by a violet-
colored box and labeled as A’, B’, C’, E’, and F’. A shoulder appeared at 1.45 eV, referred
to as A’, is observed, followed by peaks at 2.41 eV, 2.75 eV, 3.35 eV, and 3.65 eV, denoted
as B’, C’, E’, and F’, respectively. In Figure 6.1b, the imaginary part of the dielectric
function of K3Sb (cubic) compound obtained through DFT calculations is presented. As
already reported Section 5.5.3.1.2 (page 200, Fig. 5.15a), several peaks are observed at
specific energy values in the simulated imaginary part of the dielectric function plot in
Fig. 6.1b: 1.42 eV, 2.33 eV, 2.67 eV, 2.95 eV, 3.32 eV, and 3.77 eV (highlighted by a
violet-colored box). These peaks are labeled as A, B, C, D, E, and F, respectively. Figure
6.1c illustrates the comparison between the experimental (literature) and simulated plots
of the imaginary dielectric function of K3Sb (cubic) compound. The peaks in both curves
show a noticeable similarity, as depicted by the light blue-colored boxes highlighting the
corresponding peaks in Fig. 6.1c. Nevertheless, a marginal deviation is observed in the
simulated plot, particularly for the peak labeled F;, when compared to the experimental
plot (Fig. 6.1c). However, the overall agreement between the two plots validates the
accuracy of the simulation and confirms the presence of specific electronic transitions or
excitations in the material at those energy levels. Nevertheless, it is worth noting that
the peak labeled D in the simulated plot (Fig. 6.1b) is not as prominently visible as
it corresponds to the peak in the experimental plot (Fig. 6.1a). This difference could

be attributed to limitations inherent to the experimental measurement process, such as
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sensitivity or resolution issues. However, it is intriguing to note the similarity between
two prominent peaks between the simulation and experimental plots, specifically point C;
and point F; in Fig. 6.1c. Notably, when calculating the ratio between these two peaks
(i.e., between peak C; & F1) observed in both simulated and experimental plots, the ratios

exhibit similarity in both the simulated and experimental datasets.
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Figure 6.1: (a) presents the experimental imaginary part of the dielectric function (&)
of K3Sb (cubic) compound as reported in reference [233], (b) DFT calculated imagi-
nary parts of the dielectric function of K3Sb (cubic) compound, as previously shown in
Fig. 5.15a (c) depicts a comparison between the imaginary part of the dielectric function
obtained experimentally (by A.H. Sommer [233]) and through simulation. The plot pre-
sented in this work has been generated with permission using data from reference [233].
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The experimental measurements of the transmittance curve for the K3Sb cubic com-

pound, as obtained by Ebina and Takahashi et al. [233]), are presented in Appendix F.1.

Then, we compared our experimental results of lab-grown K-Sb compounds, includ-
ing both thin and thick samples, with the K3Sb (cubic) datasets. In this comparison, we
examined the agreement between our experimental datasets and both DFT simulated re-
sults and literature experimental results. From this comparison, we observed that the peak
characteristics of KSb-thin films are in good agreement with those of the K3Sb (cubic)
compound. While we also analyzed the peak characteristics of KSb-thick compounds,

however, no such resemblance with the K3Sb (cubic) compound was observed.

Figure 6.2a illustrates the experimental reflectivity of KSb (thin) films obtained from
both the R&D system (thin films: KSb-1&2, and KSb-(NaKSb(Cs)-2)) and the Produc-
tion system (thin film: KSb (KCsSb-137.3)) at LASA. Figure 6.2b illustrates the DFT
calculated reflectivity of K3Sb (cubic) compound, which has been previously presented
in Section 5.5.3.1 (Fig. 5.15d). In Figure 6.2a, the first peak labeled A’ appears in the
near-infrared spectrum at 1.26 eV. Upon comparing with the DFT reflectivity plot (Fig.
6.2b), it can be inferred that the initial peak observed in the reflectivity spectrum cor-
responds to the fundamental absorption [53]. This absorption arises from the electron
transitions between the valence band maximum and the conduction band minimum. No-
tably, this experimental value is closer to our DFT reflectivity results (Fig. 6.2b), where
the first peak is observed at 1.40 eV. The following peaks, denoted as C’ and F’, were
observed at energy levels of approximately 2.75 eV and 3.71 eV, respectively, in Figure
6.2a. Upon comparing these peaks with the corresponding DFT plots in Figure 6.2b, it
becomes evident that the two prominent peaks observed in our KSb-thin reflectivity plot
closely align with the DFT data. The corresponding peaks C and F appear at 2.67 eV
and 3.89 eV, respectively, in the DFT plot. This similarity of the peaks with the DFT re-
sults and their reproducibility suggest the existence of similar absorption characteristics
and electronic transitions in our experimental results. Nevertheless, the absence of peaks
B’, D’, and E’ in our experimental reflectivity plot (refer to Fig. 6.2a) compared to Fig-
ures 6.2b may be attributed to experimental variations, including factors such as sample

thickness, stoichiometric variations, as well as limitations inherent in the measurement
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Figure 6.2: (a) experimental reflectivity data obtained from the KSb (thin) photocathodes
produced in both the "R&D" and "Production” systems at LASA. The thin cathode KSb-
(KCsSb-137.3) was produced in the new "Production" system, while the KSb-1&2 and
KSb-(NaKSb(Cs)-2) thin films were produced in the "R&D" system [53]. Due to techni-
cal issues, the reflectivity for the KSb-(KCsSb-137.3) cathode was not measured across
a wide spectrum. (b) the DFT-calculated reflectivity R(®) of K3Sb (cubic) compound

(already been presented in Fig. 5.15d).
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process, such as sensitivity or resolution issues.

We expanded our analysis by comparing our KSb-thin film data with literature results
from A.H. Sommer [233]. Considering the interconnections between reflectivity and the
imaginary part of the dielectric function peak characteristics [208], our study aims to
compare the peak characteristics observed in the reflectivity data of our experimental
KSb thin films with the corresponding dielectric function data of K3Sb (Cubic) reported
by A.H. Sommer [233]. In Fig. 6.3 such a comparison is presented.

As it can be seen in Fig. 6.3, there is a notable agreement between peaks A’, C’,
and F’ in both plots. In the dielectric function plot (&), a shoulder (corresponding to
peak A’) is observed at 1.45 eV, which closely aligns with the experimental reflectivity
value where the corresponding peak is seen at 1.26 eV. Additionally, peaks C’ and F’
are observed in the dielectric function plot (&;) at 2.75 eV and 3.65 eV. Upon comparison
with the reflectivity plots, it was found that the peaks almost exactly match with each other
(peaks C’ and F’ in the reflectivity plot appeared at 2.75 eV and 3.71 eV, respectively).
This similarity confirms the presence of similar absorption characteristics and electronic
transitions in our experimental data. Furthermore, the reproducibility of these peaks and
their similarities with the reference data suggest that our KSb thin cathodes may exhibit
a crystal orientation similar to that of a K3Sb cubic structure. Upon comparing the band
diagram plot (Fig. 5.12c), we can infer that the first pronounced peak at 2.75 eV likely
arises from the electron transition between the highest level of the valence band and the
lowest level of the conduction band. Similarly, the secondary peak at 3.71 eV can be
attributed to the electron transition between the highest level of the valence band and the

second-lowest level of the conduction band [233].
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Figure 6.3: illustrates a comparison between the reflectivity data of KSb-thin cathodes
produced at INFN and the imaginary part of the dielectric function (red color) of the
K3Sb (cubic) material as reported by A.H. Sommer [233]

As described, unlike the thin films, the peak characteristics observed in our lab-grown
KSb-thick cathodes show no significant resemblance to the K3Sb (cubic) data. Hence,
we chose to compare and analyze the data for the K3Sb (hexagonal) compound. The
following section presents the relevant findings and discussions on this matter.

Similar to the K3Sb (cubic) compound, to ensure the reliability of our DFT results we
conducted a comparison between our DFT results and the experimental data presented in
the literature. The experimental findings of the imaginary part of the dielectric function
for the K3Sb hexagonal compound were reported by Ebina and Takahashi et al. and A.
H. Sommer [233], as shown in Figure 6.4a. The plot exhibits a series of peaks, with
particular emphasis on two notable peaks at energy values of 2.24 eV (peak C’) and
3.41eV (peak F).

223



— Simulation Imaginary part of the dielectric function (&z)

Experimental Imaginary part of the dielectric function (€2) by A.H. Sommer
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Figure 6.4: (a) presents the experimental imaginary part of the dielectric function (&) of
K3Sb (hexagonal) as reported in reference [233], (b) the imaginary parts of the dielectric
function of K3Sb (hexagonal) obtained from DFT calculations, (c) depicts a comparison
between the imaginary part of the dielectric function obtained experimentally (by A.H.
Sommer [233]) and through simulation. The plot presented in this work has been gener-
ated with permission using data from reference [233].
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This characteristic pattern closely resembles the peak distribution observed in the
K3Sb (cubic) compound (refer to Fig. 6.1). These peaks in Fig.6.4a are visually high-
lighted by a light green-colored box and labelled as A’, B’, C’, D’, F’, and I’. The spec-
trum reveals the presence of a shoulder at 1.06 eV, labelled as A’, which is followed by
distinct peaks at 1.51 eV, 2.24 eV, 2.40 eV, 3.41 eV, and 4.08 eV. These peaks are de-
noted as B’, C’, D’, F’, and I’, respectively. In Figure 6.4b, the imaginary part of the
dielectric function obtained through DFT calculations is presented. As already reported
in the DFT results section (Section 5.5.3.2.2, Fig. 5.19d), several peaks are observed at
specific energy values in the simulated imaginary part of the dielectric function plot: 1.05
eV, 1.55eV, 2.17 eV, 2.46 eV, 2.85 eV, 3.33 eV, 3.55 eV, 3.90 eV, 4.14 eV, and 4.38 eV
(highlighted by a green-colored box). These peaks are labelled as A, B, C, D, E, F, G,
H, I, and J, respectively. Figure 6.4c illustrates the comparison between the experimen-
tal (literature [233]) and simulated plots of the imaginary dielectric function. The peaks
in both curves show a noticeable similarity, as depicted by the light blue-colored boxes
highlighting the corresponding peaks. The agreement between the two plots validates the
accuracy of the simulation and confirms the presence of specific electronic transitions or
excitations in the material at those energy levels. However, it should be noted that the
peak labelled E,G, and H in the simulated plot is not as visibly pronounced as it is in the
corresponding experimental plot. This discrepancy could be attributed to certain limita-
tions in the measurement process, such as sensitivity or resolution issues. However, it
is intriguing to note the similarity between two prominent peaks between the simulation
and experimental plots, specifically point C; and point F; in Fig. 6.4c. Notably, when
calculating the ratio between these two peaks (i.e., between peak C; & F;) observed in
both simulated and experimental plots, the ratios exhibit similarity in both the simulated
and experimental datasets. Additionally, upon observing Figure 6.4c, it becomes evident
that both the experimental and simulated plots exhibit a local minimum occurring at a

point close to 3 eV between the peaks C and F.

Similar to the comparison of dielectric function data, we also conducted a comparison
of reflectivity data between experimental (literature) and DFT simulated datasets for the

K3Sb (hexagonal) compounds, which are presented in Appendix G.
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Thereafter, similar to the process for KSb-thin cathodes, we conducted a comparative
analysis to determine the crystal orientation of the KSb-thick cathodes. This involved
comparing our experimental reflectivity data of KSb-thick with the data of the K3Sb
(hexagonal) compound. Based on our previous observation of a strong agreement be-
tween the experimental (literature [236]) and DFT simulation data of the K3Sb hexagonal
compound, we chose to directly compare our experimental reflectivity data with the avail-
able literature experimental data. Given the readily available reflectivity data of the K3Sb
hexagonal compound in the literature, we directly compared it with the reflectivity data
of the KSb-thick cathodes to simplify the analysis. The relevant plot can be found in
Figure 6.5. However, this comparison revealed that the two prominent peaks, namely Dy’
(appeared at 3.06 eV) and F;’ (appeared at 4.67 eV), in our experimental KSb-thick plot
do not closely correspond to the two peaks, D’ (appeared at 2.42 eV) and F’ (appeared
at 3.52 eV), of the reference K3Sb (hexagonal) plot. Hence, we could not determine if
our KSb-thick films align with the hexagonal structure of K3Sb. Unfortunately, at LASA,
we have not measured the full spectral reflectivity for the KSb-thick cathodes. However,
it is important to highlight that the local minimum (highlighted by the red dashed cir-
cle) in the reflectivity curve of K3Sb (hexagonal), which appeared at approximately 2
eV, closely resembled the behavior observed in our KSb-thick cathodes, where the local

minimum (highlighted by the red dashed circle) appeared at 1.96 eV.
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Figure 6.5: illustrates a comparison between the reflectivity data of KSb-thick cathodes
produced at INFN and the reflectivity data of the K3Sb (hexagonal) material as reported
by Ebina and Takahashi et al. [236]. The thick KSb-(KCsSb-137.1) and KSb-(KCsSb-
137.2) compounds were produced in the "Production" system while KSb-(KCsSb-5) was
produced in the "R&D" system.

Thereafter, we compared the experimental reflectivity graphs of lab-grown thick and
thin KSb cathodes to identify the discrepancies in their optical properties. As evident from
Figure 6.6, a noticeable shift in the respective peaks (peaks D and F) can be observed be-
tween the two types of KSb cathodes (thick and thin). The peaks of KSb thick cathodes
are observed to be shifted towards higher photon energy. If we examine the transmittance
data (presented in Appendix F.3), we can observe a similar shift in the peaks within the
transmittance curve between the cubic and hexagonal forms of K3Sb compound. How-
ever, in the transmittance plot (Fig. 8.28), unlike our experimental reflectivity plot (Figure
6.6), the peaks of K3Sb (cubic) are shifted towards higher photon energy. Furthermore,
a noticeable shift in the local minimum (highlighted by red dashed circles) is observed
between the two types of KSb cathodes (Figure 6.6). The local minimum points (high-
lighted by red dashed circles) appeared for KSb-thick and thin cathodes at around 1.96
eV and 2.29 eV, respectively. Considering the aforementioned data, it is evident that the

observed shifts in peak positions between KSb thick and thin cathodes indicate potential
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variations in composition or crystal structure between the two.
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Figure 6.6: presents a comparative analysis of the reflectivity data obtained from the KSb-
thick and thin cathodes. The similarities of peaks between the two graphs are highlighted
using letters D, and F. Furthermore, these similar peaks are visually marked with different
colored boxes, where violet-colored boxes represent the peaks in the KSb thin cathodes,
and green-colored boxes represent the peaks in the KSb thick cathodes.

In summary of the aforementioned comparison, we deduce that the KSb-thin com-
pound likely possesses a crystal orientation similar to that of K3Sb cubic compounds.
However, in the case of the KSb-thick compound, we were unable to conclusively estab-
lish its crystal orientation. The comparison of reflectivity between thick and thin KSb
compounds suggests a potential difference in composition or crystal structure between
the two.

Subsequently, we analyze the reflectivity data of KCsSb thin and thick cathodes in a

manner similar to that of KSb cathodes.
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6.1.2 K-Cs-Sb Compound

Based on numerous research findings, it is observed that the K-Cs-Sb compound, pro-
duced through sequential deposition, typically exhibits a multiphase polycrystalline ma-
terial structure, as indicated by X-ray diffraction (XRD) studies [67, 135]. Modeling
such a multiphase polycrystalline structure using DFT poses significant computational
challenges due to the high computational cost involved in performing a large number of
calculations [237,238]. Additionally, the lack of available data for the specific multiphase
polycrystalline material compound presents significant challenges for accurate DFT mod-
elling. Therefore, considering these limitations, the cubic phase of K,CsSb emerges as a
suitable alternative for computational analysis. While the cubic phase might not perfectly
capture all aspects due to the potential presence of the hexagonal K3Sb phase and the
polycrystalline nature of the samples, it offers a simplified yet representative model for
comparison with the experimental observations. Through comparison with experimental
reflectivity data, our objective is to analyze the peak characteristics of grown K-Cs-Sb
compounds and evaluate the similarity between the cubic phases. Furthermore, any ob-
served differences can indicate the presence of polycrystallinity in the grown compound.
In the following section, we begin with a comparative analysis between the experimental
reflectivity of lab-grown KCsSb compounds and DFT-calculated reflectivity data. Sub-
sequently, we compare peak characteristics between thin and thick lab-grown KCsSb
cathodes.

In the analysis of peaks, we initially compared the experimental reflectivity of lab-
grown thick and thin KCsSb cathodes with the DFT reflectivity results of the K,CsSb
(cubic) compound. Figure 6.8a & b depict the experimental reflectivity of KCsSb photo-
cathodes produced in both the "R&D" system (thin: KCsSb-4, KCsSb-7, and KCsSb-8;
thick: KCsSb-3 and KCsSb-5) and the "Production" system (thin: 123.1, 112.1, and
137.3; thick: 147.1 & 137.2) at LASA. Figure 6.8c depicts the DFT simulated reflectivity
of the K,CsSb (cubic) compound.
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Figure 6.8: presents a comparative analysis of the reflectivity data obtained from the
lab-grown KCsSb (a) thin and (b) thick cathodes. Cathodes 123.1 (thin), 112.1 (thin),
137.3 (thin), and 147.1 (thick), 137.2 (thick) were produced in the new "Production"
system [53]. Cathode KCsSb-4,7 & 8 (thin) and KCsSb-3,5 (thick) are produced in the
"R&D" system. (c) DFT-calculated reflectivity (R(®)) for the K,CsSb (cubic) compound,
as previously presented in 5.7d, is shown here for comparison. The peaks are visually
marked with different colored boxes, where violet-colored boxes represent the peaks in
the KCsSb-thin cathodes, green-colored boxes represent the peaks of the KCsSb-thick
cathodes, and blue-colored boxes represent the peaks of the DFT calculated K,;CsSb com-
pound. In Fig. 6.8a, thin cathodes are highlighted by magenta lines, while in Fig. 6.8b,
sky blue lines highlight thick cathodes. Due to some technical issues, the complete spec-
tral reflectivity was only measured for the KCsSb-8 (thin), 137.3 (thin) & 137.2 (thick)
cathodes.

In Figure 6.8a & b, the first peak labeled A’ appears in the near-infrared spectrum.
Upon comparing the DFT reflectivity results, it can be inferred that the onset of the re-
flectivity peak is associated with fundamental absorption, which involves electrons tran-
sitioning between the valence band maximum and conduction band minimum [53]. For
thick cathode films (Fig. 6.8b), this peak occurs at an energy of 1.05 eV. However, for thin
cathode films (Fig. 6.8a), the peak shifts to a higher energy of 1.22 eV. This discrepancy
suggests the possibility of different band gaps in these two types of cathodes. Notably,
this experimental value is closer to our DFT reflectivity plot (Fig. 6.8c), where the corre-
sponding peak A appears at 1.46 eV. A further comprehensive analysis and interpretation
of these findings are provided in the following part of this section. The subsequent peaks
B’, D’, and E’ were observed at energy levels of approximately 2.40, 3.06-3.26, and 4.17
eV, respectively, for both thin and thick cathodes in Figures 6.8a & b. In the DFT re-
flectivity plots, the corresponding peaks B, D, and E were observed at 2.10 eV, 2.98 eV,
and 3.81 eV, respectively. Upon comparison, it becomes evident that the peaks observed
in the experimental reflectivity plot (Fig. 6.8a & b) exhibit a reasonable agreement with
the DFT reflectivity results of the K,CsSb (cubic) compound, as presented in Fig. 6.8c,
especially for peaks B, D, and E.

Despite the experimental reflectivity data showing some similarities with the DFT
reflectivity datasets, notable differences are observed between the two types of KCsSb

cathodes (i.e., thick and thin) within the 1 to 2.3 eV frequency range of the spectral
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reflectivity (Fig. 6.8a & b). Therefore, to identify the differences, we compared the
experimental reflectivity between the KCsSb thick and thin cathodes, shown in Figure
6.8a & b.

As observed, there is a difference in the near-infrared region, particularly in the first
peak (A’) between the two types of cathodes. As described earlier, the first peak appears
at 1.05 eV for thick cathodes, whereas for thin cathodes, it occurs at 1.22 eV. Through
comparison with the DFT results, it is inferred that there may be different band gaps

present in these two types of cathodes.

Then, we noticed that the second peak (Z’) is exclusively present in the thick cathodes
(Fig. 6.8b) at around 1.44 eV and absent in the thin cathodes. This observation strongly
suggests the presence of potential differences in crystal structure or compositional varia-
tions between the two types of KCsSb cathodes. If we compare with the data of the K3Sb
hexagonal DFT reflectivity data (Fig. 5.19d), such an intermediate peak is there at around
1.51 eV. As per the XRD study conducted by Schubert et al. [67], the K3Sb film produced
through the sequential deposition process typically exhibits a combination of both cubic
and hexagonal phases. Then, during the deposition of Cs to form a K;CsSb compound,
Cs rapidly reacts with the cubic phase of K3Sb, while the reaction with the hexagonal
phase of K3Sb occurs at a later stage [239]. This is because the hexagonal K3Sb structure
is more stable and undergoes a more difficult transformation to convert into the K,CsSb
structure. The dissimilarity in the transformation of the two K3Sb phases can be eluci-
dated by examining their crystal structures. When transitioning from cubic K3Sb to cubic
K,CsSb, one K-atom must be replaced by cesium, a process relatively simpler due to the
less compact arrangement of the cubic lattice. However, in the case of the closely packed
hexagonal lattice of K3Sb, this transformation becomes more challenging. Also, in the
cubic phase, there is typically a natural deficiency of alkali atoms, which makes it easier
for Cs atoms to be incorporated during the transformation to KoCsSb [240]. On the other
hand, transforming the hexagonal structure involves not only replacing atoms but also
disrupting a highly stable crystal structure and forming a new one. As a result, the con-
version of K3Sb (hexagonal) to K,CsSb is less favorable compared to the cubic structure.

Consequently, due to the difficulty in this conversion process, some remnants of the K3Sb
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hexagonal structure are expected to remain unreacted in the final K,CsSb compound, as
observed in the XRD studies [67]. Therefore, the presence of the observed second peak
(Z’) may be attributed to the potential existence of the KSb hexagonal structure in the

KCsSb thick cathodes or to the bulk modification of the crystal structure.

As described in Chapter 4 (Section 4.4.6), the spectral reflectivity plots for the two
cathodes—thick (137.2) and thin (137.3)—reveal that the most significant changes oc-
cur during the addition of potassium (K). However, during the Cs addition, the spectral
reflectivity behavior shows only minor changes (in shape), which can be considered as a
continuation of the reflectivity behavior observed after the K deposition. This observation
aligns with the findings from the XRD study, which indicates that the major change in the
crystal structure happens during the K addition [67]. The interaction between the Sb film
and K vapour involves a redox reaction, resulting in the formation of K3Sb compounds.
During the process of Cs addition, the Cs atoms, which have a larger ionic radius com-

pared to K atoms, replace the K atoms, resulting in the formation of a K,CsSb compound.

Upon analyzing the local minimum (highlighted by red colored boxes) in Fig. 6.8a &
b, we observed that for KCsSb-thick cathodes, the local minimum appeared in the range
of 1.87-2.08 eV (Fig. 6.8b), while for KCsSb-thin cathodes, it occurred at around 2.29
eV (Fig. 6.8a). Interestingly, when we compare the reflectivity plots of KSb films in
Fig. 6.6, we notice the presence of similar local minimum at the similar energy points for
both thick and thin KSb films, just like in the case of KCsSb cathodes. This observation
provides another indication that some of the reflectivity behavior observed after the K
deposition continues even after the Cs deposition. However, upon comparing certain
major peaks, specifically peak D’ and E’, in both KCsSb thick and thin cathodes in Fig.
6.8a & b (D’, E’ for thick and thin KCsSb appears at around 3.06-3.26 eV and 4.17 eV,
respectively), with corresponding peaks D’ and F’ in KSb thick and thin cathodes in Fig.
6.6 (D’, F’ for KSb-thick appears at around 3.06 eV and 4.67 eV and corresponding D’,
F’ for KSb-thin appears at around 2.75 eV and 3.71 eV), it is evident that there is a shift in
these peak positions between KSb and KCsSb. The observed shift in peak positions can
be attributed to the distinct electronic structures between the KSb and KCsSb cathodes,

signifying the formation of KCsSb cathodes from the initial KSb film. This shift in peaks
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reflects changes in the material’s optical properties, highlighting the transformation and
the differences in the electronic band structures during the conversion process from KSb
to KCsSb.

Then, upon analyzing the peak B’ in Fig. 6.8a & b, in both KCsSb thick and thin
cathodes, we observed that it appears at the same position, approximately 2.40 eV. How-
ever, for thick cathodes, usually, this particular peak is more pronounced compared to
thin KCsSb cathodes. This observation can also be seen in Fig. 4.56 for thick and thin
KCsSb cathodes.

Then, we compared the following peaks, namely D’ and E’, for both thick and thin
KCsSb cathodes (Fig. 6.8a & b). Upon examination, we found that both peaks are nearly
identical in position for both thick and thin KCsSb cathodes.

Afterward, we also analyzed the spectral response data of KCsSb (thick and thin)
cathodes, as illustrated in Figure 6.9. As can be seen, there is a sharp increase in the
slope of the quantum yield above a threshold energy of ~ 1.8-1.9 eV observed in the plot.
This sharp threshold indicates that both cathodes possess a direct band gap. Furthermore,
the observed sharp threshold in the spectral response data also suggests a finite width
of the valence band (VB), indicating a narrow valence band. This can be supported by
referencing the DFT band structure plot (Fig.5.4c) of the K,SbCs compound, where the
width of the valence band is approximately 1.25 eV (page 182). Based on these observa-
tions, it can also be inferred that both the thin and thick KCsSb compounds do not exhibit
a CspKSb structure. This conclusion is supported by the fact that Cs,KSb is known to
be an indirect gap semiconductor (Section 5.5.2, page 189). For indirect gap semicon-
ductors, a sharp increase in the photoemission threshold is not typically observed (often
leading to a gradual increase rather than a sharp threshold) due to the nature of their band
structure [241,242]. The presence of a sharp threshold in the spectral response plot for
both thick and thin KCsSb cathodes contradicts the behavior expected for an indirect gap
semiconductor like Cs;KSb. Therefore, our findings strongly suggest that both thin and
thick KCsSb compounds exhibit direct band gaps, further supporting their distinct crystal

structures.
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Figure 6.9: presents the spectral response of all K-Cs-Sb cathodes produced in both the
"R&D" and "Production” systems. The spectral response of thin and thick cathodes is
highlighted in violet (with different symbols and colors) and light sky (with different
symbols) color lines, respectively.

6.1.3 Summary & Discussion

As described in the above section, significant similarities were observed in the optical
data between our experimental and DFT datasets, particularly in the reflectivity, which
closely corresponded to the definite crystal structures of K3Sb and K;CsSb compounds.
These similarities suggest that the observed peaks are likely not significantly influenced
by other factors, such as interference effects, at least within the studied energy range, but
rather arise from the electronic structure of the materials. The reproducibility of these
peaks, associated with their specific crystal structures (K3Sb and K,CsSb), further sup-
ports this argument. Furthermore, it is important to note that interference effects typically
result in a periodic gap between the observed peaks in reflectivity data (a regular pat-
tern of alternating peaks and crests in the reflectivity data as a function of wavelength).
However, upon analyzing our reflectivity data, we found no such periodic gap between
the peaks. This significant observation strongly suggests that interference effects have

minimal influence on our reflectivity results.
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As discussed in the preceding section, there is a similarity of the reflectivity peaks
between KSb-thin and K3Sb (cubic) compounds. However, in the case of the KSb-thick
films, the reflectivity peaks do not align with the simulation and reference experimen-
tal data of K3Sb (hexagonal) compound. Nevertheless, intriguingly, we observe certain
similarities, such as the appearance of the local minimum around 2 eV for KSb-thick
cathodes, which closely resembles the points seen in the reference experimental data
(see Fig. 6.5). As discussed earlier, XRD studies reveal that the K3Sb film produced
through the sequential deposition process typically exhibits a combination of both cubic
and hexagonal phases [67]. Therefore, based on this observation, it can be deduced that
the similarities between KSb-thin films and the cubic phase of K3Sb suggest a larger pro-
portion of cubic crystal orientation present in our KSb-thin films compared to hexagonal
or other phases. Likewise, in the case of KSb-thick cathodes, there may exist a differ-
ent proportion of hexagonal, cubic, and other phase crystal orientations (unlike KSb-thin
compounds). This difference in crystal orientation could be the reason why we have ob-
served a different spectral reflectivity for the two types (thick and thin) of KSb compounds
for cathodes 137.2 (thick) and 137.3 (thin), as described in Chapter 4 (Section 4.4.6).

Upon analyzing the reflectivity data of the KCsSb compounds (thick and thin) with
the K>CsSb (cubic) DFT results, certain similarities between the two datasets are evident,
suggesting the presence of cubic orientations in the KCsSb compounds. However, no-
table differences are observed between the two types of KCsSb cathodes (i.e., thick and
thin) within the 1 to 2.3 eV frequency range of the spectral reflectivity. These differences,
especially the varying onset points in the reflectivity spectra, hint at potentially different
band gaps for the two types of cathodes. Moreover, the presence of an additional peak
(peak Z’) in the thick cathodes (see Fig. 6.8) further supports the hypothesis of different
crystal orientations between the thick and thin KCsSb cathodes. Furthermore, compar-
ing the spectral reflectivity results of the KCsSb compound with the KSb compound also
reveals similarities in characteristics, albeit with shifts in peak positions. As discussed
earlier, the XRD study indicates that when Cs is deposited on the KSb compound, Cs re-
acts more favorably with the cubic-type of K3Sb compound compared to K3Sb hexagonal

compound, resulting in a portion of K3Sb hexagonal compound remaining unreacted in
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the final K>,CsSb compound [239]. As described above, both thick and thin KSb films
likely possess varying ratios of cubic, hexagonal, and other phases. Therefore, the differ-
ences in spectral reflectivity between our thick and thin KCsSb cathodes may be attributed
to the varying proportions of cubic, hexagonal, and other mixed phases present in the fi-
nal KCsSb compound of each type. These differences in phase composition are likely a
consequence of the underlying KSb compound phases, suggesting that the thickness of
the film could influence the crystal orientation and, consequently, the optical properties.
However, to gain a more comprehensive understanding of the underlying mechanism,
further surface characterization is required to investigate and elucidate the detailed struc-
tural differences and their impact on the optical properties. Moreover, additional investi-
gation is necessary to determine the nature of the semiconductor in both types of cathodes,
specifically whether they exhibit p-type or n-type characteristics. Such findings would be
highly valuable in facilitating and optimizing the design of heterostructure-type deposi-

tions.
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6.2 Comparison and Discussion of Simulation and Ex-

perimental Results for NaKSb Compounds

In a similar manner to previous studies on KSb and KCsSb compounds, we have con-
ducted a comparative analysis of the DFT simulation results with the experimental data
of NapKSb compound. Initially, to validate the accuracy of the DFT simulations, we
compared the simulated results with the existing experimental data in the literature for
the NayKSb compound. Subsequently, these datasets were compared with the experi-
mental results obtained from our in-house lab-grown NaKSb cathodes. The following
sections present the relevant findings and discussions.

The experimental findings of the imaginary part of the dielectric function for the
Na,KSb compound were reported by Ebina and Takahashi et al. [233], as shown in Fig-
ure 6.10a. The plot reveals multiple peaks, including two prominent peaks at 3.06 eV
(peak B’) and 4.81 eV (peak D’). These peaks are visually highlighted by a green-colored
box and labeled as A’, B’, D’, and E’. A shoulder appeared at 1.36 eV, referred to as
A’, followed by peaks at 3.06 eV (denoted as B’), 4.81 eV (D’), and 5.25 eV (E’). In
Figure 6.10b, the imaginary part of the dielectric function obtained through DFT calcu-
lations is presented. As presented earlier in the DFT results section (Fig. 5.23a), several
peaks are observed at specific energy values in the simulated imaginary part of the dielec-
tric function plot: 1.49 eV, (group of three peaks: 2.80 eV, 3.18 eV, 3.55 eV), 4.07 eV,
4.55 eV and (group of two peaks: 5.16 eV,5.36 eV); highlighted by a green-colored box.
These peaks are labeled as A, B (group of three peaks), C, D, and E (group of two peaks),
respectively. The combination of three peaks (B) and two peaks (E) within a single box
allows for a more straightforward comparison with the experimental plot, as the multiple
peaks are not as prominently visible in the experimental data.

Figure 6.10c illustrates the comparison between the experimental (literature) and sim-
ulated plots of the imaginary dielectric function. The peaks in both curves show a notice-
able similarity, as depicted by the light blue-colored boxes highlighting the corresponding
peaks. The agreement between the two plots validates the accuracy of the simulation and

confirms the presence of specific electronic transitions or excitations in the material at
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Figure 6.10: (a) presents the experimental imaginary part of the dielectric function (&) of
Na,KSb as reported in reference [233], (b) the imaginary parts of the dielectric function of
Na; KSb obtained from DFT calculations (c) depicts a comparison between the imaginary
part of the dielectric function obtained experimentally (by Ebina et.al. [233]) and through
simulation. The plot shown in (a) of this study has been replotted with permission using

data from reference [233].
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those energy levels. Nevertheless, a marginal deviation is observed in the simulated plot,
particularly for the peaks labeled A, By, and D, when compared to the experimental
plot in Fig. 6.10c. Also, it should be noted that the peak labeled C in the simulated plot is
not as visibly pronounced in the experimental plot. This discrepancy could be attributed
to certain limitations in the measurement process, such as sensitivity or resolution issues.
However, it is intriguing to note the similarity between three peaks—points Ay, By, Dy,
and E;—in both the experimental (literature) and DFT plots. Regarding peak Bi, in
the experimental dielectric function plot (Fig. 6.10c), a single peak is observed (nearly
at 3.06 eV). However, upon analyzing the experimental transmittance data of the same
film, as presented in the reference paper [233] (also depicted in Fig. 6.11), two peaks
(i.e., at 3.25 eV and 3.56 eV, highlighted by red dashed circles) are observed within the
corresponding energy range of peak B in the transmittance plot. Upon comparison with
our DFT imaginary dielectric function plot (Fig. 6.10b) with Fig. 6.11, we can observe a
good agreement of these peaks, especially in the section corresponding to peak B (group
of three peaks: appeared at energy level of 2.80 eV, 3.18 eV, 3.55 eV) in plot 6.10b,
as compared to the B’ peak (group of two peaks: appeared at energy level of 3.25 eV,
3.56 eV) in plot 6.11. The doublet peak (peak B’) in the transmittance curve might be
attributed to the spin-orbit splitting [233]. As a point of reference, the transmitted curve
(Fig. 6.11) displays several peaks at distinct energy values: 1.40 eV (Peak A’), a group of
two peaks: 3.25 eV and 3.56 eV (Peak B’), 4.86 eV (Peak D’), and 5.25 eV (Peak E’).

Figure 6.12 illustrates the experimental reflectivity of our NaKSb films (NaKSb-1)
obtained from the "R&D" system at LASA. Then, a comparison was made between the
experimental reflectivity results from our NaKSb films and the experimental results of
Na,KSb with a cubic orientation conducted by Ebina et al. [233], as well as with the
DFT results. The main aim of this comparison is to comprehend the underlying origin of
the observed peaks in the reflectivity curves of our NaKSb cathode. However, since we
only have spectral reflectivity data for one NaKSb film (i.e., NaKSb-1 cathode), the repro-
ducibility of the observed peaks in our experimental plot (Fig. 6.12) could not be verified.
In the future, the reproducibility of the peaks will be assessed in subsequently produced
NaKSb films. For reference, as detailed in Section 4.3.3.1, the NaKSb-1 cathode
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Figure 6.11: Transmittance curve of the Na;KSb compound. The plot presented here has
been recreated with permission using data from reference [233].
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Figure 6.12: Experimental reflectivity data obtained from the NaKSb-1 photocathode
fabricated in the "R&D" preparation systems at LASA.
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was produced on the KSb-2 film.

Considering the interconnections of the peaks between reflectivity and the imaginary
part of the dielectric function, like it was done for KSb cathodes (Section 6.1.1.1, pages
222-223), we compare the peak characteristics observed in our reflectivity data of NaKSb
film with the dielectric function data of the Na;KSb film reported by Ebina et al. [233],
shown in Fig. 6.13.

In Figure 6.13, the first peak labeled A appears in the near-infrared spectrum at 1.22
eV in the reflectivity plot of the NaKSb compound. By comparing with DFT results
(Fig.5.23d), it can be inferred that the initial peak observed in the reflectivity spectrum po-
tentially corresponds to the fundamental absorption. This absorption arises from the elec-
tron transitions between the valence band maximum and the conduction band minimum.
The corresponding peak A appeared in the DFT reflectivity plot at 1.48 eV (Fig.5.23d),
whereas in Ebina’s results, the corresponding peak appeared at around 1.36 eV in the
imaginary dielectric function (&) plot (Fig.6.13).

Furthermore, in Figure 6.13, a noticeable shift is evident for peak B; between the
reflectivity of the NaKSb-1 sample and the imaginary dielectric function of the Na; KSb
compound. This observed discrepancy may be attributed to variations in the stoichiomet-
ric or chemical composition of our produced NaKSb film. Nonetheless, as mentioned
earlier, to gain a more comprehensive understanding and assess the reproducibility of
these peaks in our experimental reflectivity plot, they will be further evaluated in future

productions of NaKSb films.
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Figure 6.13: Comparison between the reflectivity data of the NaKSb-1 cathode produced
at INFN and the imaginary part of the dielectric function (&) of the Na,KSb material
as reported by Ebina et.al. [233]. The imaginary part of the dielectric function (&) plot
presented here has been recreated with permission using data from reference [233].
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Chapter 7

Conclusions

7.1 Summary

This study concentrated on the application of high QE alkali antimonide photocathodes
as electron sources for high-brightness RF photoinjectors. However, this presented chal-
lenges such as developing a reliable cathode deposition process, handling the highly re-
active cathode surface under ultra-high vacuum conditions, and maintaining the required
surface quality for both the substrate and cathode material to meet the photoinjector’s

specifications.

In this dissertation, comprehensive insights into the growth procedures of all pro-
duced photocathodes within both the "R&D" and "Production" preparation systems at
INFN LASA in Milan, Italy are provided. A reproducible recipe using the three-step se-
quential method has been developed in the "R&D" preparation system. The influence of
temperature, deposition rate, and thickness on the properties of the photocathode has been
investigated and discussed. It has been observed that the substrate temperature played a
crucial role in the formation of the cathode film and affected its photoemissive and optical
properties. Notably, we’ve observed that varying the deposition rate can enhance quan-
tum efficiency, particularly for the K-Sb films, as discussed in Chapter 4. The effects of
laser heating and substrate temperature on cathode degradation are briefly discussed, re-

vealing that laser heating has no impact on cathode lifetime. In addition, we also studied
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the NaKSb and NaKSb(Cs) photocathode materials, and a preliminary cathode recipe has
been established. The study on NaKSb(Cs) shows that these photocathodes can survive
for several years inside the vacuum chamber (pressure of 10~!'! mbar). Stopping poten-
tial studies were also conducted on the produced cathodes inside the "R&D" preparation

system (Appendix A).

A newly dedicated preparation system has been built to enable the deposition of alkali
antimonide films onto INFN Mo plugs for testing in the PITZ RF gun. The first batch of
three KCsSb cathodes was produced at INFN LASA and successfully transported and
tested in a high-gradient RF gun at PITZ. These cathodes’ performance was compared
to the previously utilized Cs; Te photocathodes, revealing that the thermal emittance and
response time are quite good in comparison. Notably, the overall emittance was reduced
by approximately 23%, and the 4D brightness was increased by up to 60% for KCsSb
cathodes compared to CsyTe. However, challenges include a high dark current and a
short operational lifetime. During cathode conditioning in the RF gun, observations were
made that raising the cathode gradient beyond 30-40 MV/m resulted in a higher num-
ber of vacuum trips compared to past CsTe cathode conditioning. These vacuum events
significantly contribute to the rapid QE degradation of these KCsSb photocathodes. Addi-
tionally, a higher dark current was observed from these KCsSb photocathodes compared
to the CsyTe photocathodes, primarily due to the low photoemission threshold of these
cathodes. The post-usage analysis done at LASA revealed varying degrees of contamina-

tion of these used cathode films.

To further optimize and gain a deeper understanding of the photoemissive film proper-
ties, two KCsSb cathodes with varying thicknesses were deposited using the new ‘multi-
wavelengths’ diagnostic setup in the "Production" system. Upon analyzing the optical
spectra, it was evident that a significant difference in spectral reflectivity arose for KSb
compounds (thick and thin). The spectral reflectivity pattern for the KCsSb compound
continued the observed behavior for the KSb compound (with slight modifications) for
both cathodes. Furthermore, we also noticed variations in the final spectral reflectivity of

these two cathode types.

In order to interpret these optical results, a density functional theory (DFT) study
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was conducted for K3Sb, K,CsSb, Cs; KSb, and Na, KSb compounds, focusing on their
electronic and optical properties. The optical properties such as dielectric function, re-
flectivity, refracting index, and extinction coefficient have been evaluated. A comparison
study was made between the DFT-calculated reflectivity of K3Sb, K,CsSb, and Na, KSb
compounds and the reflectivity obtained experimentally for KSb, KCsSb, and NaKSb
compounds. Significant similarities were observed between the two data sets. These sim-
ilarities suggest that the observed peaks are likely to arise from the electronic structure
of the materials not significantly influenced by other factors, such as interference effects.
Moreover, this analysis indicated the potential presence of different crystal structures in
thick and thin KCsSb cathodes. However, these results should be substantiated through
additional material characterization techniques, such as X-ray photoelectron spectroscopy
(XPS) and X-ray diffraction (XRD).

By analyzing optical spectra, particularly spectral reflectivity, and comparing them
with theoretical models (DFT results), we have developed a valuable method for pre-
dicting the electronic structure of the grown compound. This approach can be further
incorporated into the automated growth process to produce these types of cathodes [243].
The portability and convenience of these optical setups for in-situ measurements make
them particularly advantageous. However, optical measurements, such as spectral reflec-
tivity and spectral response, offer an indirect method for analyzing a material’s electronic
structure. As described in the dissertation, validating these findings necessitates addi-
tional comparisons with theoretical models and further verification through spectroscopic
results. In the future, if material characterization techniques, such as XPS and XRD
studies, establish a clear relationship between the evolving crystal structure of these pho-
tocathodes during growth and the observed changes in optical spectra (spectral response
and reflectivity), it may enable fine-tuning the cathode recipe to achieve a monocrystalline

cathode structure.
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7.2 Outlook

The upcoming batch of KCsSb photocathodes is planned to be produced at INFN LASA
and subsequently subjected to testing at PITZ in the near future. The performance of
these newly produced cathodes will undergo analysis, and any identified limitations will
drive further efforts to optimize and improve the cathode recipe. Notably, our study has
observed significant variations in the spectral reflectivity pattern after the transition point
during potassium (K) addition for both thick and thin KCsSb cathodes, which likely stem
from crystal structural differences between these two KSb compounds. Therefore, we
have planned to stop the K deposition precisely at this transition point for both types
of cathodes in the new recipe for the forthcoming production cycle of KCsSb cathodes.
This approach aims to achieve a more uniform crystalline structure across the cathodes
[67], thereby enabling a focused study on how this uniformity affects the photocathode’s

lifetime.

Moreover, in the future, it is essential to conduct more comprehensive studies on
cathode degradation, such as exploring different setup temperatures, residual gases, and
other factors, in order to gain insights into the reasons for degradation within the gun and

ultimately enhance the longevity of these cathodes in this environment.

In the future, it is planned to explore the use of a new deposition method, specifically
the two-step alkali co-evaporation process, for producing these photocathodes. These
results should then be compared to those of the cathodes currently created using the se-

quential method.

Further efforts are required to establish a reliable recipe that can consistently achieve
a high QE for NaKSb(Cs) and NaKSb photocathodes. These cathodes exhibit a broader
spectral response (with a QE of 0.022% at 690 nm, which can be comparable to metallic
cathodes). It’s well-known that alkali-antimonide photocathodes can achieve very low
emittances when the excitation energy is close to the photoemission threshold (due to less
excess energy of photoexcited electrons). Therefore, it’s worth exploring the operation of
these Na-based cathodes in the red or near-infrared wavelengths (for instance, by utilizing

a Ti:Sapphire laser that operates at 800 nm).
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In the future, it’s worth considering the exploration of heterostructure-type photocath-
odes. For instance, since Cs,Te is known to be a relatively robust cathode, a thin layer
of CsyTe could be deposited onto the KCsSb cathode film, similar to the approach used
for GaAs cathodes [83,244,245]. This thin Cs;Te layer would serve as a protective bar-
rier to shield the bulk KCsSb cathodes from contamination and thereby extending their
overall operational lifetime. However, it’s important to note that implementing this ap-
proach would likely result in a reduction in the overall QE of the photocathode. Despite
this trade-off, it’s a valuable direction for investigation, and the potential outcomes merit
further exploration.

Lastly, at INFN LASA, the development of a new device called TRAnsverse Momen-
tum Measurement (TRAMM) is underway, with plans for its integration into the green
cathode production system. This device allows for the measurement of the thermal emit-
tance of produced photocathodes. This advancement allows for further refinement of the

cathode recipe to achieve lower thermal emittance values.
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Appendix 8

Appendices

A Analysis of Stopping Potential Versus Photon Energy
for Different Multi-alkali Photocathodes

The stopping potential refers to the minimum negative voltage applied to the anode in
a photoelectric experiment to completely stop the emission of electrons from a photoe-
missive material [246]. This phenomenon occurs when the kinetic energy of the emitted
photoelectrons is reduced to zero due to the opposing electric field created by the stop-
ping potential. This voltage is a measure of the maximum kinetic energy of the emitted
electrons and is closely related to the work function of the material. It provides valu-
able information about the energy distribution of emitted electrons and can be used to
determine properties of the material’s surface, such as its work function.

In simpler terms, when we shine a light on a metal plate or a semiconductor material
with photons carrying energy greater than the work function (for metals) or the pho-
toemission threshold (E¢+E,) (for semiconductors), electrons absorb these photons and
break free from the surface, as extensively described in Chapter 2. Some of the released
electrons travel across the tube, hit the anode at the other end, and register as a current
in the ampere meter. The current tells us the quantity of emitted electrons but not their
kinetic energy. To extract the initial kinetic energy, we convert it into potential energy

by applying an opposing electric field through an electric voltage across the tube. While
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the electrons, being negatively charged, are repelled by the negative anode, some still
manage to reach it, especially those with high kinetic energy. As the negative potential
on the anode increases, fewer electrons can reach it. Finally, when none can reach it,
the photocurrent becomes zero, and the applied potential is called the stopping potential.
This phenomenon is depicted in Figure 8.1. In the context of our experiment, utilizing
low laser power (in W) is strategic to minimize the space charge effect of electrons,

ensuring minimal impact on the measurement of the stopping potential.

Photon stream
Anode % %% Cathode

’L.
(o T )
e s vse
\_ Vacuum Y,

A

Variable  Power Supply
Ampere meter

Figure 8.1: Schematic representation of the experimental setup for the measurement of
the stopping potential.

The stopping potential, denoted by Vj, is connected to the highest kinetic energy of the
emitted photoelectrons (E}). The fastest photoelectron reaches the anode just before the
photocurrent drops to zero. The voltage required for this is called the "stopping voltage".
It’s represented as Vi and defined as [247],

Ep = eV 8.1

Equation 8.1 can also be written as,

=eV; (8.2)



From Einstein’s photoelectric equation we know [247],

1
hv =W + 5mv%m (8.3)

Where hv represents the photon of energy and W represents the material’s Work func-
tion.

Substituting the kinetic energy, then equation 8.3 can be written as,

hv =W + eV (8.4)
= (ﬁ).\,_y (8.5)

So, if we conduct an experiment where we change the frequency of the light shining
on the metal plate and measure the resulting stopping potential, we can show our findings
on a graph, as seen in Fig. 8.2. Extending the graph will let us find the point where it
crosses the Y-axis. This negative intercept will tell us the metal’s work function. The
gradient of the graph gives us the Planck constant.

The graph presented in Fig. 8.2 is for metals; however, the stopping potential vs.
frequency (Vs-v) curve for a semiconductor material can be more complex than for a sim-
ple metal because semiconductors have a more complex band structure with a bandgap
between the valence band and the conduction band. In a semiconductor material, pho-
toelectrons can be excited from the valence band to the conduction band by absorbing
photons with energy equal to or greater than the bandgap energy. As the frequency of the
incident photons increases, they can excite electrons across the bandgap with increasing
efficiency due to their higher energy. However, the actual V;-v curve for a semiconductor
material can be more complex, even non-linear, due to the influence of the band struc-
ture. The exact shape of the V-v curve for a semiconductor can be influenced by various
factors, including the density of states in the valence band and conduction band, electron-
electron interactions, electron-phonon scattering, defects in the lattice structure, and the
specific band structure of the material. These factors can lead to deviations from the sim-
ple linear relationship described by the photoelectric effect in metals. In the following

section, the stopping potential vs. frequency of the grown cathodes, such as KCsSb,KSb,
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Figure 8.2: Stopping potential (Vi) vs. frequency of light (v).

and NaKSb cathodes, is described.

A.1 KCsSb Cathode

Initially, we examined the voltage-current characteristics of the KCsSb cathode (KCsSb-
8). During this investigation, we quantified both the saturation current and the stopping
potential of the KCsSb-8 cathode. Our experimental setup closely resembled the config-
uration depicted in Figure 8.1. Figure 8.3 illustrates the voltage-current characteristics
measured at 543 nm wavelength for the KCsSb-8 cathode.

As it can be seen in Fig. 8.3, there is a gradual increase in the photocurrent (interpreted
as a gradual rise in the number of electrons reaching the collector or anode) with respect
to the change in applied positive voltages. Saturation of the photocurrent occurred upon
applying a voltage of more than 200V. Additionally, we observed a detectable photocur-

rent even at OV, suggesting the presence of an upper limit to the kinetic energy of emitted
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Figure 8.3: V-I characteristics of the KCsSb-8 cathode, measured at a wavelength of 543
nm.

electrons. At -0.85V, the net photocurrent measured was 0, signifying the stopping po-

tential or stopping voltage.

Then, we conducted measurements of the stopping voltage using different light wave-
lengths. Fig. 8.4 illustrates the plot presenting the correlation between stopping voltage
and photon energy (which is equivalent to Vs-v), as recorded for the KCsSb-8 cathode.
To ensure the accuracy of these measurements, they were repeatedly performed, and the

values were found to be reproducible.

As depicted in Fig. 8.4, the pattern of the stopping potential curve in relation to the
photon energy is non-linear. As described in the previous section, this characteristic is
attributed to the intricate band structure of the semiconductor material. To understand the
behaviour of this stopping potential curve, we need to examine it alongside the cathode’s
spectral response and reflectivity data. The spectral response and reflectivity plot for the
KCsSb-8 cathode is shown in Fig. 8.5.

The references [157,248] provide an illustration of the interpretation of spectral re-
sponse connected to the band structure, using the example of the Cs,Te photocathode. In
our study, we’re using the same model from that reference to analyse the spectral response

of our photocathodes. The objective is to gain an understanding of how the spectral re-

253



1.79eV |1.93 eV
4

Stopping potential (\)
& & o
N o o

o
®

—o—KCsSb-8

S
©
1
\

o
i
N
w
N
(3}
o

Photon energy (eV)

Figure 8.4: V;-v distribution for the KCsSb-8 cathode.
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Figure 8.5: Spectral response and spectral reflectivity for the KCsSb-8 cathode.

sponse behaviour is influenced by the electronic structure of the material.

As it described in the references [157, 248], the slope of the rising quantum yield
above the threshold in the spectral response is influenced primarily by two key elements:
the threshold escape function and the finite width of the valence band (VB). As depicted
in Figure 8.5, a pronounced rise (with an ~ 8-fold rise in QE from 1.9 eV to 2.54 eV)
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is evident in the spectral response curve, extending by more than half of an electron volt
from the threshold value (i.e., 1.9 eV) to 2.54 eV (indicated within the green box). The
presence of such a pronounced threshold is the indication of a narrow valence band, sug-
gesting that the cathode possesses a direct band gap. This can be supported by referencing
the DFT band structure plot (Fig. 5.4c) of the K,CsSb compound, as discussed in Chap-
ter 5 (page - 182), where the width of the valence band is observed to be approximately
1.25 eV. Above 2.54 eV in Figure 8.5, the yield keeps increasing, with a rise of around
66%, until it reaches a peak at 3.26 eV (highlighted by the red coloured box). Afterwards,
it starts to decrease. To verify the consistency of this peak, we compared the spectral re-
sponse patterns of all our produced cathodes, presented in Fig. 8.6. The presence of such
a peak in the spectral response within the range of 3.06-3.54 eV from cathode to cathode
is evident and is highlighted by the red-colored box in Fig. 8.6. Such minor variations in
the peak position among cathodes are expected due to differences in growth conditions,
such as substrate temperature and deposition rate, as discussed in Chapter 4. These differ-
ences can introduce minor changes in the electronic structure of each cathode, leading to
the observed variations in peak position. Furthermore, such peak in the spectral response
of KCsSb cathodes around ~3 eV was also observed in other studies [145]. Moreover, it
is noteworthy to observe in Fig. 8.6 that after reaching this peak (3.06-3.54 eV), the QE

consistently decreases across all the cathodes.

Following the decrease in spectral response in Fig. 8.6, a subsequent rise in quantum
efficiency can be observed. This phenomenon can effectively be explained through a

simple model presented in Figure 8.7 and also discussed in References [157,248].

As discussed in Chapter 2 (Section 2.3.1), if the electron energy is sufficiently high
(due to photon absorption), the primary energy-loss mechanism for photoelectrons dur-
ing their transport to the surface is inelastic electron-electron scattering. This process
can have a significant impact on the photoemission data. In semiconductors, a primary
electron can only lose energy through electron-electron scattering, which corresponds
to the band gap energy (E;). Therefore, electron-electron scattering cannot occur for
photon energies below 2E, [157]. Consequently, the escape depth may be several hun-

dred A, limited only by electron-phonon scattering. As a result, within this energy range
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Figure 8.6: Spectral response of K-Cs-Sb cathodes produced in both the "R&D" and
"Production” systems. The spectral response of thin and thick cathodes is highlighted in
violet (with different symbols and colors) and light sky (with different symbols) color
lines, respectively. For more effective visualization of the peaks and falls in the curve, the
y-axis of the plot is taken on a linear scale.

(from the threshold to the onset of electron-electron scattering), the model anticipates
a significant quantum yield. Given the narrow valence band (VB) in the K,CsSb com-
pound, it would be reasonable to anticipate a substantial yield prior to the reduction of
escape depth caused by the initiation of electron-electron scattering. Since the band gap
of K,CsSb is around 1.2 eV [79], the threshold for electron-electron scattering is expected
near hv =~ 2.4 eV (i.e.,2E,). However, due to the increasing number of potential scatter-
ing events, the likelihood of electron-electron scattering rises gradually as the final-state
energy increases, usually becoming significant only several electronvolts higher than the
electron-electron scattering threshold [157]. Considering this, the decrease in QE beyond
the local maximum (hv ~ 3.06-3.54 eV, Fig. 8.6) is attributed to the effect of the electron-
electron scattering. The local maximum observed around 3.06-3.54 eV (before the drop)
indicates that the initiation of electron-electron scattering happens at a somewhat lower
photon energy, which is in agreement with the band-gap value. The decline beyond the

local maximum in the spectral response (Fig. 8.6) signifies a corresponding reduction in
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Figure 8.7: Schematic energy-level diagram of a semiconductor photoemitter. The di-
agram indicates the minimum threshold energies for electron-electron scattering (2E,)
and secondary electron emission (Eg+ E;). The band diagram is inspired by the refer-
ence [157].

the mean free path of electrons due to electron-electron scattering. At first, the scattered
electrons fall below the escape threshold, leading to a notable drop in the yield. However,
as the photon energy rises, a threshold is crossed for hv > E+E, = 2E,+E,, where the
scattered primary or secondary electrons attain sufficient energy to escape. Hence, in our
case, following the decrease in spectral response in Fig. 8.6, a subsequent rise in quan-
tum efficiency is observed, attributed to a certain number of electrons becoming energetic

enough to escape. This contributes to the observed subsequent rise in QE.

Comparing this model with Fig. 8.4, it appears that the decline in the stopping po-
tential (or electron kinetic energy) above 4 eV (highlighted by red coloured box) is likely
attributed to the described electron-electron scattering phenomenon. However, if we com-
pare it with the spectral response curve (Fig. 8.5), there is some difference in the onset
of the decrease: in the spectral response curve (Fig. 8.5), the decrease started above the
local maximum at around 3.2 eV, while in the Vi-v plot (Fig. 8.4), it starts above 4 eV.
This discrepancy can be attributed to various factors, including the comparison of the dif-

ferent parameters and experimental limitations. The two plots may also capture different
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aspects of the cathode’s behavior. The spectral response plot emphasizes quantum effi-
ciency, which quantifies emitted electrons per incident photon, highlighting the quantity
of emitted electrons. This might not accurately display the information related to the ki-
netic energy of the electrons. On the other hand, the stopping potential plot reflects the
kinetic energy of the emitted electrons. This discrepancy between spectral response and
Vs-v plots is further examined and discussed in the case of KSb film in the subsequent

section.
As depicted in Fig. 8.4, the stopping potential remained constant between 1.79 eV

and 1.93 eV (highlighted by blue coloured box). Subsequently, there was a decrease
in the stopping potential (highlighted in the yellow-coloured box), followed by another
period of stagnation between 2.10 eV and 2.40 eV (highlighted by blue dashed circle).
Beyond this range, the stopping potential rises again until 3.44 eV. As we know, while
photoelectrons travel to the surface, they encounter two primary energy-loss mechanisms:
1) electron-phonon scattering and 2) electron-electron scattering. As discussed above,
electron-electron scattering is not feasible for photon energies hv < 2E,. Therefore, the
decline observed after 1.93 eV cannot be attributed to electron-electron scattering but
rather may be attributed to inelastic electron-phonon scattering. Such phenomenon of
electron-phonon scattering possibilities at lower photon energies in the case of the Cs;Te
photocathode has already been discussed in reference [157]. Therefore, it is plausible that
as the photoexcited electrons experience successive scattering events with phonons within
the conduction band (CB), they can progressively dissipate energy and achieve thermal
equilibrium, aligning with the minimum of the conduction band density of states around
2.1- 2.4 eV. This becomes clear by looking at the spectral reflectivity plot in Fig. 8.5. It
is evident that a small peak appears in the spectral reflectivity at 2.41 eV (highlighted by
the red circle). Furthermore, we observed that this particular peak (peak B’ in Fig. 6.8a
& b) is reproducible across all produced KCsSb cathodes, as can be seen in Fig. 6.8a
& b. As discussed in Section 5.5.1.2 (page - 185), this particular peak B is attributed to
the excitation of electrons from the valence band to the vicinity of the lowest level of the
conduction band [230]. Therefore, this observation lends support to the above-mentioned
hypothesis. With increasing photon energy beyond 2.4 eV, the electron gains enough

energy to surpass electron-phonon scattering effects, leading to an observed rise in the
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stopping potential. Furthermore, this hypothesis can be further tested by measuring the
stopping potential at a lower temperature. Since we understand that lower temperatures
generally result in reduced energy loss per electron-phonon scattering event, it’s reason-
able to anticipate a lower rate of decline or no decline under such conditions. However,
there is a need for further research before a complete understanding of these phenomena
can be achieved. Obtaining more stopping potential readings from different cathodes is

necessary to attain a comprehensive understanding.

A.2 KSb Cathodes

A.2.1 KSb-1

Similar to the KCsSb-8 cathode, we also analyzed the stopping potential for the KSb-1
and KSb-2 cathodes in a similar manner. The preparation details of these cathodes have
already been described in the Section (4.3.1.1.3) (page 76). But here, we again want
to highlight that the key difference between the KSb-1 and KSb-2 cathodes is that the
cathodes are prepared at two different deposition rates (i.e., K is deposited at a deposition
rate of 0.6—1 nm/min for KSb-1 and 0.2-0.4 nm/min for KSb-2). As a consequence, we
observed a higher QE value for KSb-2 compared to KSb-1 (see Fig. 4.12b). Fig. 8.8
illustrates the plot presenting the Vi-v diagram recorded for the KSb-1 cathode.

Similar to our approach with the KCsSb-8 cathode, to understand the trends observed
in Fig. 8.8, we need to establish a correlation with the spectral response and spectral re-
flectivity plots of the KSb-1 cathode. Figure 8.9 depicts the spectral response and spectral
reflectivity curves corresponding to the KSb-1.

In Figure 8.9, a pronounced rise is evident in the spectral response curve, extending by
nearly one electron volt from the threshold value (i.e., 2.08 eV) to 2.75 eV (highlighted by
green-colored box). The presence of such a pronounced threshold indicates the presence
of a narrow valence band, suggesting that the cathode possesses a direct band gap. This is
supported by the DFT band structure of the K3Sb compound, as shown in Fig. 5.12c and
discussed in Chapter 5. Where the width of the valence band is observed at approximately

1.3 eV. Above 2.75 eV in Fig. 8.9, the yield keeps increasing until it reaches a peak
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Figure 8.8: V,-v distribution, as recorded for the KSb-1 cathode.
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Figure 8.9: Spectral response and spectral reflectivity for the KSb-1 cathode.

or local maximum at 3.54 eV (highlighted by red colored box). Afterward, it starts to
decrease. This decrease is also observed in Fig. 4.12b (Chapter 4). Similar to KCsSb
cathodes, to verify the reproducibility of such peak or local maximum around 3.5 eV, we
examined the spectral response patterns of all our produced KSb films, as depicted in

Fig. 8.10. The presence of such a peak in the spectral response within the range of 3.06-
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3.54 eV from cathode to cathode is evident and is highlighted by the red-colored box in
Fig. 8.10. As previously mentioned for KCsSb cathodes, minor variations in the peak
position among cathodes are anticipated due to differences in growth conditions, such as
substrate temperature and deposition rate, as discussed in Chapter 4. Interestingly, when
comparing this observation with KCsSb cathodes (Fig. 8.6), we can notice that the local
maximum in the spectral response at around similar energy rage. This similarity may be
attributed to the similarity in the bandgap values of the two films (i.e., E; of KSb = 1.1
eVito 1.4eV [75,158], E; of KCsSb = 1.2 eV [79]).

3.06-3.54 eV
. —
12 :
—e—QE KSb-1 (thin)
10 | —=—QE KSb-2 (thin)
—e—QE K-Sb (KCsSb-4) (thin)
8
—a—QE K-Sb (KCsSb-6) (thin)
E 6 | ——QE K-sb (KCsSb-8) (thin)
g —e—QE K-5b (KCsSb-5) (thick)
4
2
0
1 15 2 25 3 35 4 45

Photon energy (eV)

Figure 8.10: Spectral response of K-Sb cathodes produced in both the "R&D" and "Pro-
duction" systems. The spectral response of thin and thick cathodes is highlighted in violet
(with different symbols and colors) and light sky color lines, respectively. For more ef-
fective visualization of the peaks and falls in the curve, the y-axis of the plot is taken on
a linear scale.

As discussed earlier in the section, the threshold for electron-electron scattering is ex-
pected to occur near hv =~ 2.2-2.8 eV for K3Sb compounds (i.e., 2E,, where the bandgap
energy (Eg) of K3Sb is considered to be 1.1 to 1.4 eV [75,158]). However, as previously
explained, the likelihood of electron-electron scattering increases gradually with the final-

state energy due to more potential scattering events, usually becoming significant only
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several eV higher than the electron-electron scattering threshold [157]. Considering this,
the decrease in QE beyond the local maximum (hv ~ 3.06-3.54 eV, Fig. 8.10) is attributed
to stem from the electron-electron scattering phenomenon.

By comparing the spectral response plot (Fig. 8.9) with Figure 8.8, it becomes evi-
dent that a similar decrease in the stopping potential occurs above 3.54 eV in Fig. 8.8
(highlighted by the red colored box). The similarities in behaviour of both distributions
(Figure 8.8 and Figure 8.9) suggest that e-e scattering might be responsible for the ob-
served drop above 3.54 eV in both cases. However, after the dip in the stopping potential
beyond 3.54 eV (Fig. 8.8), there is a subsequent increase observed after a local minimum
at 4.88 eV. In the spectral response (Fig. 8.9), the subsequent increase in QE after the dip
beyond 3.54 eV occurs after a local minimum at 3.71 eV. This disparity between the two
plots may be attributed to the factors mentioned earlier, including the comparison of the
two different parameters and experimental limitations.

In Fig. 8.8, it is evident that a drop in the stopping potential occurs after 2.21 eV
and continues up to 2.69 eV (highlighted by the yellow-colored box). As previously
discussed, this decrease could be associated with photoexcited electrons undergoing suc-
cessive scattering events with phonons within the conduction band. This results in gradual
energy dissipation and achievement of thermal equilibrium, aligning with the minimum
of the conduction band density of states around 2.7 eV. This would be clearer by looking
at the spectral reflectivity distribution in Fig. 8.9. It is evident that a peak appears in the
spectral reflectivity at 2.75 eV (highlighted by the red circle). Additionally, the repro-
ducibility of the peak at this point in the spectral reflectivity across all produced KSb-thin
films can be observed in Fig. 6.2 (peak C’). As discussed in section 6.1.1.1 (Chapter
6, page 222), this particular peak at 2.75 eV (peak C’) is attributed to the excitation of
electrons from the valence band to the lowest level of the conduction band. Therefore,
this observation lends support to the above-mentioned hypothesis. Beyond the point (i.e.,
2.69 eV) in Fig. 8.8, a subsequent rise in the stopping potential is noticed. With increas-
ing photon energy beyond 2.69 eV (Fig. 8.8), the electron gains enough energy to surpass

electron-phonon scattering effects, leading to an observed rise in the stopping potential.
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A.2.2 KSb-2

We analyzed the stopping potential for the KSb-2 cathode in a manner similar to that used
for the KSb-1 cathode. Figure 8.11 illustrates the distribution, presenting the Vi-v curve
for both cathodes, KSb-2 and KSb-1. The data for KSb-1 is included for comparison
purposes. The preparation details of the KSb-2 cathode have already been covered in

Section 4.3.1.1.3 (page 76) and also discussed in the previous section (page 259).
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Figure 8.11: V;-v distribution, as recorded for the KSb-1 and KSb-2 cathodes. The data
for KSb-1 is included in the plot for comparison purposes.

Similar to our approach with the KSb-1 cathode, in order to understand the trends
observed in Fig. 8.11, we need to establish a correlation with the spectral response and
spectral reflectivity plots of the KSb-2 cathode. Figure 8.12 depicts the spectral response
and spectral reflectivity curves corresponding to the KSb-2 cathode.

As previously discussed, the spectral response and spectral reflectivity of both the
KSb-1 and KSb-2 cathodes have been found to be similar; see Fig. 4.12b (Chapter
4). Furthermore, as detailed in Section 4.3.1.1.3 (page 76), the similarity in the spec-
tral behavior between the two films strongly suggests the potential creation of a similar
compound (potentially with similar crystal orientation) in both cases. However, when
looking at Fig. 8.11, in the energy range from 2.08 eV to 2.84 eV (highlighted by the

yellow box), a discrepancy in the behaviour of the stopping potential curve between the
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Figure 8.12: Spectral response and spectral reflectivity plot for the KSb-2 cathode.

two cathodes becomes apparent. As can be observed in Figure 8.11, there is a drop in
the stopping potential curve above 2.21 eV, reaching a local minimum at 2.69 eV (high-
lighted by black dashed circle), followed by an increase above 2.69 eV for the KSb-1
cathode (yellow-coloured box). For the KSb-2 cathode, there is a marginal change in
the stopping potential within this frequency range. As previously mentioned (for KSb-1
and KCsSb-8 cathodes), the observed reduction in the stopping potential curve within the
mentioned energy range is primarily attributed to electron-phonon scattering. Further-
more, as discussed in Section 4.3.1.1.3 (page 76), the higher QE observed in the KSb-2
case can be attributed to the lower deposition/flux rate during K deposition, resulting in
improved crystallinity in the material. This explanation aligns with the observed stopping
potential behaviour of KSb-2 in Fig. 8.11. As mentioned above, there’s minimal change
in the stopping potential behaviour between 2.08 eV and 2.84 eV for KSb-2 (highlighted
by the yellow box). The disparity in V-V behavior observed within the above-mentioned
energy range for the two cathodes (KSb-1 and KSb-2) suggests a potential variation in
their crystal arrangements. Due to the lower deposition rate in the case of KSb-2, it gives
more time to arrange the K-Sb crystals in a preferred order; potentially, this leads to a

reduction in the defect density in the material. In general, the kinetic energy of a pho-
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toexcited electron in a semiconductor material depends on various factors, such as the
energy of the photon, the band structure of the semiconductor, the substrate temperature,
and the defect density. In this case, all the factors are presumably constant for both cath-
odes except for the defect density. Defects provide extra scattering points for electrons,
increasing the likelihood of electron-phonon interactions, which might explain the be-
haviour seen in the stopping potential distribution for KSb-1 within the highlighted range
(yellow coloured box in Fig. 8.11). Whereas a minimal change in the stopping potential
within the highlighted range for KSb-2 might suggest improved crystalline quality and
fewer imperfections in the material.

In Fig. 8.11, it can be observed that above 3.54 eV, there is a drop in the stopping
potential curve, followed by an increase after reaching a local minimum at 4.17 eV (high-
lighted by the red-coloured box). If we compare the two cathodes, the patterns are very
similar. Furthermore, when comparing it with the spectral response of KSb-2 (Fig. 8.12),
there is a decrease in the QE above the local maximum at around 3.54 eV (highlighted
by red color box). All of these observations suggest that the drop in the stopping poten-
tial curve after 3.54 eV (highlighted in the red box in Fig. 8.11) is likely a result of the
electron-electron (e-e) scattering phenomenon. For a more comprehensive understanding,
it is crucial to investigate the stopping potential behavior in KSb cathodes with varying

deposition rates across a broader range of cathodes in the future.

A.3 NaKSb Cathode

Similar to the above, we also analyzed the stopping potential distribution for the NaKSb-
1 cathode. Fig. 8.13 illustrates the measured Vi-v distribution for the NaKSb-1 cathode.
Since the NaKSb-1 cathode is fabricated on the KSb-2 film (Section 4.3.3), we include the
stopping potential information for KSb-2 on the same graph (Fig. 8.13). The preparation
details of the NaKSb-1 cathode have already been covered in Section 4.3.3. Fig. 8.14
illustrates the spectral response and spectral reflectivity curves relevant to the NaKSb-1
cathode.

In Fig. 8.13, it is evident that the stopping potential for the NaKSb-1 cathode rises
from above 2.29 eV to 3.39 eV (highlighted in the yellow box). When comparing this
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behavior with the KSb-2 cathode, there is a noticeable difference. It suggests that adding
Na to the KSb-2 cathode might change the electronic band structure of the compound.
Moreover, when we examine the spectral reflectivity of the NaKSb-1 compound (Fig.
8.14), we notice a change in the pattern between 2.29 eV and 3.39 eV (highlighted by
a blue dashed circle) in comparison to the spectral reflectivity of the KSb-2 compound
(Fig. 8.12). This observation can also be seen in Fig. 4.30. These findings indicate that
the addition of Na to the KSb-2 compound has indeed modified its electronic structure.
Furthermore, our DFT study reveals a difference in the band structure between these two
compounds (Figures 5.12¢, 5.20b). Sodium atoms have a different mass and size com-
pared to the atoms in the original K-Sb compound. Therefore, introducing Na could po-
tentially influence the vibrations of the lattice or phonons in the compound. The changes
in phonon behaviour could then impact how electrons interact with the lattice, leading
to the observed increase in stopping potential in Fig. 8.13 (highlighted in yellow-colored
box). However, to validate this hypothesis and gain a more comprehensive understanding,

additional experimental data or further investigation is required.
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Figure 8.13: Vi-v distribution, as recorded for the NaKSb-1, and KSb-2 cathodes. The
data for KSb-2 is included in the plot for comparison purposes.
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Figure 8.14: Spectral response and spectral reflectivity plot for the NaKSb-1 cathode.

Above 4.17 eV in Fig. 8.13, a drop in the distribution is noticed for NaKSb-1 cathode
(highlighted by red colored box). As explained above, such a drop could be due to the e-e

scattering phenomenon.

A.4 Summary & Discussion

Stopping potential studies were carried out on the KSb, KCsSb, and NaKSb cathodes
produced in the "R&D" preparation system. Additionally, utilizing an established model
in the reference [157,248] aids in further interpreting the spectral response of the afore-
mentioned cathode materials. Upon comparing both the stopping potential and spectral
response data, it appears to be a viable approach for characterizing and comprehend-
ing the electronic structure of the photoemissive material. The method offers valuable
insights into the band structure of the grown material. Nevertheless, as explained, con-
ducting additional stopping potential studies involving different cathodes is essential to

achieve a more comprehensive understanding and pave the way forward.
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B Fabrication Recipes for Yo-Yo Deposition of Cs and Sb
on NaKSb(Cs)-1 Cathode

As mentioned in Chapter 4 (Section 4.3.2.1), given the relatively low QE of NaKSb(Cs)-
1, we opted for a yo-yo deposition of Sb and Cs on the pre-existing NaKSb(Cs)-1 com-
pound. Since the Cs deposition was conducted at a higher temperature and led to a de-
crease in the QE for NaKSb(Cs)-1 at the end, we decided to implement a consecutive
deposition process for Sb and Cs, known as yo-yo deposition, to enhance the overall QE
of the compound. Figure 8.15 illustrates the QE and temperature profiles during this yo-
yo deposition. The yo-yo deposition process significantly raised the QE from 0.29% to
0.6% at 543 nm. However, it was observed that when a thin layer of Na was subsequently
grown on the cathode, it caused the QE to decline, ultimately stabilizing at 0.43%, as

depicted in the Figure 8.15.
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Figure 8.15: illustrates QE (blue) (at 543 nm) and temperature (orange) history during
yo-yo type deposition of NaKSb(Cs)-1 cathode.
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C Real-time Analysis of Spectral Response and Reflec-
tivity during Sb and K Deposition of Cathode 137.1.

Fig. 8.16 illustrates the real-time QE at 540 nm (central plot) during the deposition of Sb
and K of cathode 137.1. The figure also displays real-time spectral response plots (sur-
rounding the central plot) at different thicknesses of Sb and K deposition. The central plot
serves as a focal point for understanding the overall trend and behavior at 540 nm during
the deposition process of Sb and K. By incorporating the spectral response plots; one can
correlate variations in the spectral response with the evolution of QE at 540 nm. This
correlation aids in tracking the formation of different compounds that occur throughout
the deposition process. The spectral response plots are generated by reconstructing data
Fig. 4.45a.

Between spectral response, plot 1 (at 10 nm Sb) and plot 2 (Sb + 10 nm K), a clear
decline after 3.39 eV (highlighted by a black circle) is evident in plot 2 (see Fig. 8.16).
As explained in Section 4.4.5.1 (Cathode 137.1, page 129) and also in Appendix A.2.1
(page 254-257), this decline likely results from electron-electron scattering and indicates
the initial formation of the KSb compound. Between spectral response plots 2 (Sb + 10
nm K) and 3 (Sb + 20 nm K), an increase in the photoemission threshold (Eg + Ea) is
observed, rising from 1.79 eV in plot 2 to 1.96 eV in plot 3, as highlighted by the red
circle. This increase in the photoemission threshold clearly indicates the transition from
Sb to KSb compound (for KSb compound, Eg+E,, ~ 2.08 eV). Between spectral response
plot 4 (Sb + 40 nm K) and 5 (Sb + 60 nm K), there is a tenfold increase in the QE response
at the threshold value (1.96 eV) in plot 5 (highlighted by a green circle). This signifies
that the material becomes significantly more efficient at emitting electrons at that energy
level. Between spectral response plots 5 (Sb + 60 nm K) and 6 (Sb + 90 nm K), the decline
after 3.39 eV (highlighted by the orange circle) in Plot 6 is less pronounced compared to
Plot 5. This change could be attributed to some modification in the electronic structure of

the compound.
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Figure 8.16: Real-time QE at 540 nm (central plot) during the Sb and K deposition of cathode 137.1 as a function of the
evaporated thicknesses of Sb and K, with a dashed line separating them. The real-time spectral responses (as a function of
the wavelength) during the different phases of Sb and K deposition are presented around the central plot. These spectral
response plots are highlighted by differently colored boxes (1-6), corresponding to the colored boxes in the central plot (1-
6). The various colored circles within the spectral response plots highlight the observed variations in the spectral response
patterns during the deposition.
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Fig. 8.17 depicts the real-time reflectivity at 540 nm (central plot) during the deposition
of Sb and K on cathode 137.1, mirroring the format of Fig. 8.16. The figure also displays
the real-time spectral reflectivity (around the central plot) at different thicknesses of Sb
and K deposition. The spectral reflectivity plots are generated by reconstructing data from
Fig. 4.45b.

Between spectral reflectivity plot 1 (at 10 nm Sb) and plot 2 (Sb + 10 nm K), a clear
difference in the spectral reflectivity (highlighted by the red circle) is evident in plot 2
(see Fig. 8.17), indicating the beginning of the formation of the KSb compound. Then, in
plot 4 (Sb + 40 nm K), the reflectivity from 1.79 eV to 2.54 eV (highlighted by the black
circle) has decreased compared to plot 2 and 3. Between spectral response plot 5 (Sb +
60 nm K) and plot 6 (Sb + 95 nm K), a noticeable difference in the pattern of spectral
reflectivity can be observed. As explained in Section 4.4.5.1 (Cathode 137.1, page 129),
after the transition point (i.e., after 70 nm total evaporated thickness in the central plot
of Fig. 8.17), there is a difference in the behavior of reflectivity between the two sets
of wavelengths (Fig. 4.45b). This difference is attributed to the complex crystallization
of the KSb compound, and therefore, we observed changes in the spectral reflectivity as

shown in plot 6 in Fig. 8.17.
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Figure 8.17: Real-time reflectivity at 540 nm (central plot) during the Sb and K deposition of cathode 137.1 as a function
of the evaporated thicknesses of Sb and K, with a dashed line separating them. The real-time spectral reflectivity (as a
function of the wavelength) during the different phases of Sb and K deposition are presented around the central plot. These
spectral reflectivity plots are highlighted by differently colored boxes (1-6), corresponding to the colored boxes in the central
plot (1-6). The various colored circles within the spectral reflectivity plots highlight the observed variations in the spectral
reflectivity patterns during the deposition.
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D Real-time Analysis of Spectral Response and Reflec-
tivity during Sb, K, and Cs Deposition of Cathode 137.2.

D.1 Real-time Analysis of Spectral Response and Reflectivity during
Sb and K Deposition of Cathode 137.2.

Fig. 8.18 illustrates the real-time QE at 540 nm (central plot) during the deposition of Sb
and K of cathode 137.2. The figure also presents the real-time spectral response (shown
around the central plot) during the deposition process. The spectral response plots are
generated by reconstructing data from Fig. 4.48a.

Between spectral response plots 1 (at 10 nm Sb) and 2 (Sb + 20 nm K) in Fig. 8.18,
an increase in the photoemission threshold (Eg + E;,) from 1.79 eV to 1.96 eV is observed
in plot 2, as highlighted by the red circle. This change indicates the reaction of K with
Sb. Moving on to the transition between spectral response plot 2 (Sb + 20 nm K) and 3
(Sb + 40 nm K), we can observe a shift in the spectral response pattern, particularly in
the range between 3.39 eV and 4.17 eV (highlighted by the black circle). In plot 4 (Sb +
60 nm K), a clear decline is evident above 3.39 eV (highlighted by a black circle). This
decline is attributed to electron-electron scattering and is a sign of the formation of the
KSb compound. Notably, in the case of cathode 137.1, this decline occurred at the initial
stage of K deposition (Fig. 8.16). For cathode 137.2, this behavior occurs a bit later in
the K deposition process, suggesting a potentially slower reaction rate between Sb and K,

possibly due to a relatively lower substrate temperature.
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Figure 8.18: Real-time QE at 540 nm (central plot) during the Sb and K deposition of cathode 137.2 as a function of the
evaporated thicknesses of Sb and K, with a dashed line separating them. The real-time spectral responses (as a function
of wavelength) during the different phases of Sb and K deposition are presented around the central plot. These spectral
response plots are highlighted by differently colored boxes (1-5), corresponding to the colored boxes in the central plot (1-
5). The various colored circles within the spectral response plots highlight the observed variations in the spectral response
patterns during the deposition.
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Fig. 8.19 depicts the real-time reflectivity at 540 nm (central plot) during the depo-
sition of Sb and K of cathode 137.2, mirroring the format of Fig. 8.18. The figure also
displays the real-time spectral reflectivity (located around the central plot) at different
thicknesses of Sb and K deposition. The spectral reflectivity plots are generated by re-
constructing data from Fig. 4.48b.

By examining spectral reflectivity plots 1 (at 10 nm Sb), 2 (Sb + 10 nm K), and 3
(Sb + 20 nm K) (in Fig. 8.19), an observable trend emerges: the reflectivity consistently
decreases across all six wavelengths as K deposition progresses. In plot 4 (Sb + 40 nm
K), there is a slight change in the spectral reflectivity patterns. In plot 5 (Sb + 60 nm
K), there is a small curve formed between 2.29 eV and 2.54 eV (highlighted by the black
circle). In plot 6 (Sb + 78 nm K), the spectral reflectivity pattern undergoes a noticeable
change. When compared to Fig. 8.17 (plot 6), a similar spectral reflectivity pattern can
be observed, indicating the reproducibility of spectral reflectivity. For a clearer view of
the evolution of spectral reflectivity during Sb and K deposition (Fig. 8.19), please refer
to the .gif image in the cited reference [249,250].
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Figure 8.19: Real-time reflectivity at 540 nm (central plot) during the Sb and K deposition of cathode 137.2 as a function of
the evaporated thicknesses of Sb and K, with a dashed line separating them. The real-time spectral reflectivity ( as a function
of wavelength) during the different phases of Sb and K deposition are presented around the central plot. These spectral
reflectivity plots are highlighted by differently colored boxes (1-6), corresponding to the colored boxes in the central plot
(1-6). The colored circles within the spectral reflectivity plots highlight the observed variations in the spectral reflectivity
patterns during the deposition.
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D.2 Real-time Analysis of Spectral Response and Reflectivity during
Cs Deposition of Cathode 137.2.

As for Sb, K deposition, we have also measured the real-time QE and reflectivity dur-
ing Cs deposition. Fig. 8.20 illustrates the real-time QE at 540 nm (central plot) during
the deposition of Cs of cathode 137.2. The figure also presents the real-time spectral re-
sponse (around the central plot) during various thicknesses of Cs deposition. The spectral
response plots are generated by reconstructing data from Fig. 4.49a.

Between spectral response, plot 1 (KSb + 10 nm Cs) and plot 2 (KSb + 30 nm Cs),
a decrease in the photoemission threshold (E,+E,) from 1.96 eV to 1.79 eV is observed
in plot 2 (highlighted by the red circle). This indicates that Cs has reacted with the bulk,
forming the KCsSb compound. Moving on to the comparison between plot 3 (KSb + 70
nm Cs) and plot 4 (KSb + 150 nm Cs), the QE at all wavelengths has increased in plot
4. This demonstrates that continuous Cs diffusion has led to an increase in QE. After
181 nm of Cs evaporation (highlighted by the green-colored box in the central plot), the
previously mentioned (Section 4.4.5.2.2, page 136-137) QE jump can be observed in the
central plot. As shown in Fig. 4.49a, this QE jump is evident across all wavelengths.
Therefore, between plot 4 (KSb + 150 nm Cs) and plot 5 (KSb + 181 nm Cs) in Fig. 8.20,
the QE across all wavelengths has increased in plot 5. Subsequently, a decrease in the QE
at 540 nm becomes evident, as highlighted by the orange-colored box in the central plot.
As shown in Fig. 4.49a, at this specific point, the QE increased at UV wavelengths (297
nm and 365 nm), while it decreased at visible wavelengths (488 nm, 515 nm, 540 nm,
632 nm, and 690 nm). Therefore, in plot 6 (KSb + 203 nm Cs) in Fig. 8.20, the QE at
visible wavelengths (highlighted by the red-colored box) has decreased compared to plot
5, while the QE at UV wavelengths (297 nm and 365 nm) has increased.
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Figure 8.20: Real-time QE at 540 nm (central plot) during the Cs deposition of cathode 137.2 as a function of the evaporated
thicknesses of Cs. The real-time spectral responses (as a function of wavelength) during the different phases of Cs deposition
are presented around the central plot. These spectral response plots are highlighted by differently colored boxes (1-6),
corresponding to the colored boxes in the central plot (1-6). The various colored circles and rectangular boxes within the
spectral response plots highlight the observed variations in the spectral response patterns during the deposition.
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Fig. 8.21 depicts the real-time reflectivity at 540 nm (central plot) during the depo-
sition of Cs of cathode 137.2. The figure also displays the real-time spectral reflectivity
(located around the central plot) at different thicknesses of Cs deposition.

Upon analyzing reflectivity plots 2 (KSb+ 31 nm Cs) and 3 (KSb + 70 nm Cs) in
Fig. 8.21, it becomes evident that the reflectivity at 515 nm (2.40 eV) has increased in
plot 3 compared to plot 2 (highlighted by a black-colored box). This same trend is also
observable in Fig. 4.49b, where an increase in reflectivity at 515 nm becomes noticeable
after 30 nm of Cs evaporation. Subsequently, as Cs deposition progressed in plot 4 (KSb+
150 nm Cs) in Fig. 8.21, the reflectivity at 515 nm (2.40 eV) and 540 nm (2.29 eV)
further increases, culminating in a peak at 515 nm (highlighted by a red-colored circle). In
plots 5 and 6, the spectral reflectivity pattern continues without significant modifications,
resembling what was observed in plot 4. For a clearer view of the evolution of spectral
reflectivity during Cs deposition that is shown in Fig. 8.21, please refer the .gif image

provided in the reference [249].
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Figure 8.21: Real-time reflectivity at 540 nm (center plot) during the Cs deposition of cathode 137.2 as a function of the
evaporated thicknesses of Cs. The real-time spectral reflectivity (as a function of wavelength) during the different phases
of Cs deposition is presented around the central plot. These spectral reflectivity plots are highlighted by differently colored
boxes (1-6), corresponding to the colored boxes in the central plot (1-6). The colored circles within the spectral reflectivity
plots highlight the observed variations in the spectral reflectivity patterns during the deposition.

280



E Real-time Analysis of Spectral Response and Reflectiv-

ity during Sb, K, and Cs Deposition of Cathode 137.3.

E.1 Real-time Analysis of Spectral Response and Reflectivity during
Sb and K Deposition of Cathode 137.3.

Fig. 8.22 illustrates the real-time QE at 515 nm (central plot) during the deposition of
Sb and K of cathode 137.3. The figure also shows the real-time spectral response plots
(around the central plot) during various thicknesses of Sb and K deposition. The spectral
response plots are generated by reconstructing data from Fig. 4.52a.

Between spectral response plots 2 (Sb + 10 nm K) and 3 (Sb + 20 nm K) in Fig. 8.22,
we observe an increase in the photoemission threshold (E,+E,), rising from 1.79 eV to
1.96 eV (highlighted by a red circle) in plot 3. This shift indicates the reaction of Sb with
K, leading to the formation of the KSb compound. Moving on to the transition between
spectral response plots 4 (Sb + 30 nm K) and 5 (Sb + 36 nm K), there is a noticeable
change in the spectral response pattern, especially in the energy range between 3.39 eV
and 4.17 eV (highlighted by a black circle). In plot 6 (Sb + 43 nm K), a clear decline
is evident above 3.39 eV (highlighted by a black circle). This decline is attributed to
electron-electron scattering, indicating the formation of the crystalline KSb compound.
Comparing the evolution of real-time spectral response in Fig. 8.22 with the cathode
137.2 (as shown in Fig. 8.18), we notice similar patterns, suggesting that both compounds

formed under similar substrate temperature conditions.
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Figure 8.22: Real-time QE at 515 nm (central plot) during the Sb and K deposition of cathode 137.3 as a function of the
evaporated thicknesses of Sb and K. The real-time spectral responses (as a function of wavelength) during the different
phases of Sb and K deposition are presented around the central plot. These spectral response plots are highlighted by
differently colored boxes (1-7), corresponding to the colored boxes in the central plot (1-7). The various colored circles
within the spectral response plots highlight the observed variations in the spectral response patterns during the deposition.
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Fig. 8.23 depicts the real-time reflectivity at 515 nm (central plot) during the deposi-
tion of Sb and K of cathode 137.3. The figure also displays the real-time spectral reflec-
tivity (located around the central plot) at different thicknesses of Sb and K deposition.

In Fig. 8.23, a noticeable trend emerges as K is progressively added to Sb in spectral
reflectivity plots 1 (Sb 5 nm), 2 (Sb + 10 nm K), and 3 (Sb + 20 nm K) — a consistent
decrease in reflectivity across the six wavelengths. Subsequently, with further K addition,
a small curve emerges between 1.96 eV to 2.54 eV (highlighted by the black circle) in
plots 5 (Sb + 36 nm), 6 (Sb + 43 nm), and 7 (Sb + 46 nm). Comparing these spectral
reflectivity evolutions with the cathode 137.2 reveals interesting insights. When we com-
pare Fig. 8.19 and 8.23, we notice striking similarities in the spectral reflectivity patterns
up to the transition point. For example, spectral reflectivity plots from 1 to 5 closely
resemble each other in both figures. However, beyond this transition point (after 41 nm
total evaporated thickness in the central plot of Fig. 8.23 and after 68 nm total evapo-
rated thickness in the central plot of Fig. 8.19), a noticeable difference in the spectral
reflectivity patterns occurs between the two cathodes (as observed in plot 6 in Fig. 8.19
and plot 7 in Fig. 8.23). As previously discussed, these changes after the transition point
likely indicate the transformation of the amorphous K-Sb compound into a crystalline
phase. Therefore, the differences in spectral reflectivity between these two cathodes af-
ter the transition point suggest potential variations in crystal modifications that occurred
during the KSb crystallization process. For a clearer view of the evolution of spectral
reflectivity during Sb and K deposition (Fig. 8.23), please refer to the .gif image in the
cited reference [249, 250].
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Figure 8.23: Real-time reflectivity at 515 nm (central plot) during the Sb and K deposition of cathode 137.3 as a function of
the evaporated thicknesses of Sb and K. The real-time spectral reflectivity (as a function of wavelength) during the different
phases of Sb and K deposition are presented around the central plot. These spectral reflectivity plots are highlighted by
differently colored boxes (1-7), corresponding to the colored boxes in the central plot (1-7). The colored circles within the
spectral reflectivity plots highlight the observed variations in the spectral reflectivity patterns during the deposition.
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E.2 Real-time Analysis of Spectral Response and Reflectivity during
Cs Deposition of Cathode 137.3.

Fig. 8.24 illustrates the real-time QE at 540 nm (central plot) during the deposition of Cs
of cathode 137.3. The figure also shows the real-time spectral response plots (around the
central plot) during various thicknesses of Cs deposition. The spectral response plots are
generated by reconstructing data from Fig. 4.53a.

Between spectral response plot 2 (KSb + 30 nm Cs) and plot 3 (KSb + 40 nm Cs)
in Fig. 8.24, there is a decrease in the photoemission threshold (Eg+E,) from 1.96 eV
to 1.79 eV (highlighted by the red circle) in plot 3. This indicates that Cs has reacted
with the bulk, forming the KCsSb compound. Continuing with the comparison between
5 (KSb + 80 nm Cs) and 6 (KSb + 86 nm Cs), the QE at all wavelengths has increased
from plots 5 to 6. This demonstrates that continuous Cs diffusion has led to an increase
in QE. After 86 nm of Cs evaporation (highlighted by the red-colored box in the central
plot), the previously mentioned QE jump can be observed in the central plot. Following
the jump, subsequently, there is a noticeable decrease in the QE (at 540 nm) in the central
plot (highlighted by the violet-colored box in the central plot). A similar corresponding
drop (visible wavelengths) in the spectral response can be observed in plot 7 (highlighted
by red colored box).
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Fig. 8.25 depicts the real-time reflectivity at 540 nm (central plot) along with the
real-time spectral reflectivity (located around the central plot) at different thicknesses of
Cs deposition. As previously discussed, towards the end of K deposition, a small curve
emerges between 1.96 eV and 2.54 eV (highlighted by the black circle) in the spectral
reflectivity plot in Fig. 8.23 (plots 6 and 7). Comparing these observations with plot 1
(KSb + 10 nm Cs) in Fig. 8.25, it becomes apparent that this "curve" still exists after
the deposition of 10 nm of Cs (highlighted by black colored circle). Subsequently, a
noticeable trend becomes apparent: the shape of this curve becomes more conical with
the further addition of Cs onto the KSb structure in plots 2 (KSb + 30 nm Cs), 3 (KSb +
40 nm Cs), 4 (KSb + 61 nm Cs), 5 (KSb + 80 nm Cs), and 6 (KSb + 86 nm Cs). Moreover,
it is interesting to note that when comparing the spectral reflectivity shape at the end of
the Cs deposition between cathodes 137.2 (thick) and 137.3 (thin) (plot 6 in Fig. 8.21 and
plot 6 in Fig. 8.25), we can observe that the shape of the spectral reflectivity is completely
different for these two cathodes. This difference in behavior potentially indicates changes
in the crystal structure formation between these two cathodes. However, other effects
related to thickness could also be potential reasons for the different behavior. Therefore,
these reflectivity results are compared with the theoretical model and comprehensively
discussed in Chapters 5 and 6. For better visualization of the evolution of the spectral
reflectivity during Cs addition presented in Fig. 8.25, please check the .gif image provided
in the reference [249,250].
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Figure 8.25: Real-time reflectivity at 540 nm (central plot) during the Cs deposition of cathode 137.3 as a function of the
evaporated thicknesses of Cs. The real-time spectral reflectivity (as a function of wavelength) during the different phases
of Cs deposition is presented around the central plot. These spectral reflectivity plots are highlighted by differently colored
boxes (1-6), corresponding to the colored boxes in the central plot (1-6). The colored circles within the spectral reflectivity
plots highlight the observed variations in the spectral reflectivity patterns during the deposition.

288



F Transmittance Curve of K;Sb Cubic and Hexagonal
Compounds: Experimental Data by Ebina and Taka-

hashi et al. and A. H. Sommer.

F.1 Transmittance Curve of K;Sb Cubic

The transmittance curve of the K3Sb cubic compound, obtained through experimental
measurements by Ebina and Takahashi et al. and A. H. Sommer [233]), is depicted in
Figure 8.26. It is well-established that the transmittance and the imaginary part of the
dielectric function values are interconnected [208, 251]. Therefore, it is expected that
the peaks observed in the transmittance plot (Figure 8.26) would exhibit similarities to
the peaks observed in plot 6.1a (Section 6.1.1.1) of the imaginary part of the dielectric
function. The transmitted curve (Fig. 8.26) exhibits distinct peaks at energy values of 1.36
eV, 2.44 eV, 2.74 eV, 3.34 eV, 3.69 eV, 3.95 eV, 4.43 eV, and 5.10 eV, which are labeled
asA’,B’,C’,E’,F’, G, H’, and I, respectively. The peaks observed in the transmittance
curve show a strong agreement with the peaks obtained from our DFT calculations for

the imaginary part of the dielectric function, as depicted in Figure 6.1b (Section 6.1.1.1).
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Figure 8.26: Transmittance curve of the K3Sb cubic compound, as documented in ref-
erence [233]. The plot presented in this work has been generated with permission using
data from reference [233].
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F.2 Transmittance Curve of K;Sb Hexagonal

The transmittance curve of the K3Sb hexagonal compound, obtained through experimen-
tal measurements by Ebina and Takahashi et al. and A. H. Sommer [233], is depicted in
Figure 8.27. As discussed earlier in this section, it is well-established that the transmit-
tance value and the imaginary part of the dielectric function are interconnected. There-
fore, it is expected that the peaks observed in the transmittance plot (Figure 8.27) would
exhibit similarities to the peaks observed in plot 6.4a of the imaginary part of the dielec-
tric function. The transmitted curve (Fig. 8.27) exhibits distinct peaks at energy values of
1.05eV, 1.67¢eV,2.24eV,2.45¢eV,3.49eV, 4.13 eV, 5.15 eV which are labelled as A’, B’,
C,D’, F, I, and K’, respectively. The peaks observed in the transmittance curve show
a strong agreement with the peaks obtained from our DFT calculations for the imaginary

part of the dielectric function, as depicted in Figure 6.4b.
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Figure 8.27: Transmittance curve of the K3Sb hexagonal compound, as documented in
reference [233]. The plot presented in this work has been generated with permission using
data from reference [233].
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F.3 Comparison of Transmittance Curves between K;Sb Cubic and

K;Sb Hexagonal Compounds

To identify the major differences in the excitonic peaks between cubic and hexagonal
K3Sb, we compared the transmittance data as reported by Ebina and Takahashi et al. [233]
of both compounds, shown in Figure 8.28. As discussed in Section 6.1, in Fig. 8.28, both
the K3Sb cubic and hexagonal compounds exhibit three major peaks that can be distin-
guished: the first peak Al for K3Sb hexagonal and A2 for K3Sb cubic (corresponding
to fundamental absorption), the second peak D1 for K3Sb hexagonal and D2 for K3Sb
cubic, and the third peak F1 for K3Sb hexagonal and F2 for K3Sb cubic. As depicted in
Figure 8.28, a noticeable shift in the peaks can be observed between the two plots. In the

case of K3Sb cubic, these three peaks are shifted towards higher photon energy.
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Figure 8.28: Comparison of the transmittance data obtained from the K3Sb-cubic and
hexagonal material as reported by Ebina and Takahashi et al. [233]. The similarities
of peaks between the two graphs are highlighted using letters A, D, and F. Furthermore,
these similar peaks are visually marked with different colored boxes, where violet-colored
boxes represent the peaks in the K3Sb cubic compound, and green-colored boxes repre-
sent the peaks in the K3Sb hexagonal compound.
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G Comparison of Reflectivity data: Experimental (lit-
erature) vs. DFT Simulations for K;Sb (Hexagonal)

Compound

Similar to the comparison of dielectric function data, we also conducted a comparison
of reflectivity data between experimental (literature) and DFT simulated datasets for the
K3Sb (hexagonal) compound. Figure 8.29a displays the experimental reflectivity mea-
surements of a K3Sb (hexagonal) film, as conducted by Ebina and Takahashi et al. [236].
The reflectivity plot (Fig. 8.29a) reveals distinct peaks at 1.69 eV (a shoulder), 2.17 eV,
2.42 eV, 3.52 eV, 447 eV, and 5.40 eV (a shoulder), which correspond to the B’, C’,
D’, F’, J’, and K’ peaks, respectively. In Figure 8.29b, the DFT calculated reflectivity of
K3Sb (hexagonal) compound is presented. As already reported in the DFT results sec-
tion (Section 5.5.3.1.2, page 209), several peaks are observed at specific energy values
in the simulated reflectivity plot: 1.00 eV, 1.51 eV, 2.16 eV, 2.45 eV, 2.85 eV, 3.36, 3.56
eV, 3.90 eV, 4.18 eV, 4.47 eV, and 5.27-5.45 eV (highlighted by violet-coloured boxes),
corresponding to the A, B, C, D, E, F, G, H, I, J and K peaks, respectively. Figure 8.29c
illustrates the comparison between the experimental (literature [236]) and simulated re-
flectivity plot of the K3Sb (hexagonal) compound. The peaks in both curves show a
noticeable similarity, as depicted by the light blue-coloured boxes highlighting the cor-
responding peaks. The consistency observed between the two plots not only verifies the
precision of the simulation but also provides confirmation of the existence of distinct
electronic transitions or excitations within the material at the energy levels in question. It
is important to acknowledge that the peak labelled B in the simulated plot does not pre-
cisely align with the corresponding peak in the experimental data. This slight deviation
may stem from a range of factors, including measurement uncertainties, limitations in-
herent to the simulation method employed, or other unaccounted variables. Furthermore,
it is worth noting that the experimental reflectivity plot (Fig. 8.29a) does not cover the
full range of photon energies, as it begins from 1.48 eV. Consequently, it does not capture

the onset peak labeled as A, as observed in the simulated plot (Fig. 8.29b). Moreover, the
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Figure 8.29: (a) Reflectivity curve of the K3Sb hexagonal compound, as documented
in reference [236]. The plot presented in this work has been generated with permission
using data from reference [236]. (b) simulated reflectivity of K3Sb (hexagonal) obtained
from density functional theory (DFT) calculations (c) depicts a comparison between the
reflectivity obtained experimentally (by A. Ebina et.al. [236]) and through simulation.

peaks E, G, H, and I, which are clearly observed in the simulated plot, are not promi-
nently present in the experimental plot. This discrepancy could be attributed to certain

limitations in the measurement process, such as sensitivity or resolution issues. However,
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it is noteworthy that two major dips in the reflectivity plot, occurring near 3 eV and 3.8

eV, exhibit consistency between both the experimental and simulated plots.
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