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Abstract

Emerging techniques for high-resolution biological and chemical imaging at the
nanoscale are instrumental for addressing existing trade-offs in spatial resolution,
imaging speeds and sample damage. The introduction of optical near field elec-
tron microscopy (ONEM) offers a solution for some of the limitations in existing mi-
croscopy techniques, by capturing the high-resolution spatial information of light that
is scattered in the near field of a sample. Through positioning a photocathode in the
near field regime, the scattered light can be converted to electrons and imaged with a
low energy electron microscopy (LEEM), thus enabling super-resolution without dam-
age. This thesis explores the design and realization of a dedicated ONEM photocath-
ode growth setup inside the '/ESCHER” LEEM at Leiden University, consisting of a
thermal co-evaporator, quantum efficiency setup, quartz crystal monitor and sample
heater. We then use this setup to evaporate and characterize cesium-antimonide thin
films to investigate how the growth conditions can be tuned to optimize the photoe-
mission quality. The aim is to create ultra-smooth, ultra-thin layers with a high quan-
tum efficiency and a low work function. Through this project, we lay the foundation
for dedicated ONEM photocathode growth, which will enable further advancements
in the effort to establish ONEM as a viable high-resolution imaging technique.
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Chapter 1

Introduction

Capturing surfaces and interfaces at the nanometric level is essential for progress in
fields like biology and chemistry. For instance, understanding how ligands interact
with cell membrane proteins is a key step in developing new pharmaceutical drugs
and advancing biomedical research [1]. Imaging at this scale also plays a critical role
in studying the reaction mechanisms of nanocatalysts, which are important for the
energy and environmental industries [2]. Naturally, there are various other biological
and chemical processes that are suited for high-resolution imaging, such as protein
dynamics during cellular apoptosis and the structural organization of biomolecules in
individual cells [3, 4]. As we gain new insights into these processes, the demands for
advanced microscopy techniques evolve accordingly.

Historically, the Abbe diffraction limit has restricted conventional imaging techniques
from resolving features smaller than a few hundred nanometers [5]. The establishment
of far field optical super-resolution microscopy (SRM) around the turn of the century
overcame this limitation, with techniques like single-molecule localization microscopy
(SMLM) achieving lateral resolutions below 10 nm [6]. This breakthrough shifted the
focus from optimizing the resolution, to navigating the trade-offs that are inherent to
nanoscale bio- and chemical imaging. Specifically, the spatial and temporal resolution,
the imaging depth and the level of photodamage form a balance that determines per-
formance and applicability of certain super-resolution imaging techniques. For exam-
ple, while SMLM offers precise xy-localization, it suffers from poor z-axis resolution,
slow imaging speed, and the need for molecular labeling. The latter two make SMLM
unsuitable for dynamical biological imaging, such as for live-cells. Structured illumi-
nation microscopy offers better temporal resolution and imaging depth, but with a
lateral resolution that is ten times higher than that of SMLM [7].

Beyond optical methods, other ways of achieving nanometric resolution include scan-
ning force microscopy and electron microscopy. Atomic force microscopy, a popu-
lar scanning method, can distinguish feature sizes between 1 and 10 nm in a label-
free, minimally invasive manner. However, its sequential scanning technique slows
down the process of producing high-resolution images. Similarly, electron micro-
scopes, such as scanning transmission electron microscopes, offer exceptional lateral
resolution, even resolving single atoms. Unfortunately, the temporal resolution is not
high enough for dynamic imaging, and the high-energy beams of most electron micro-



scopes cause significant damage to biological and chemical samples [8]. Additionally,
these techniques necessitate elaborate staining and fixation processes in order to be im-
aged. Although cryo-electron microscopy mitigates some of this damage by rapidly
freezing samples in their native state, it restricts the technique to capturing only static
snapshots.

Resolving the trade-offs between resolution and damage is essential in overcoming the
current limitations in optical and electron microscopy, and can be achieved by combin-
ing different techniques into one. In 2021, this was realized with the introduction of
optical near field electron microscopy (ONEM), which merges low-energy electron mi-
croscopy (LEEM) and optical near field scattering to form a novel solution for biologi-
cal and chemical nanoscale imaging [9]. ONEM utilizes the photoelectric effect to turn
visible light, which is elastically scattered from an illuminated sample, into electrons.
The latter are subsequently detected by the LEEM, enabling high-resolution imaging
without the risk of sample damage. Aside from being label-free and non-invasive
due to the use of visible light, ONEM has the potential for dynamic measurements of
sensitive sample interfaces through wide-field imaging. Furthermore, by employing
specialized liquid cells that can withstand the high vacuum environment of the LEEM,
they do not have to undergo staining or freezing processes.

Despite its promising advantages, there are several obstacles that prevent ONEM from
becoming a viable and established method. Among these is the development of an ef-
fective photocathode, which involves addressing technical challenges that relate to
its photoelectric conversion efficiency, surface smoothness, film thickness and fabri-
cation reproducibility. This thesis aims to overcome these challenges by designing
and assembling an experimental setup for the evaporation of alkali-antimonide pho-
tocathodes onto samples that are relevant for ONEM. Additionally, by establishing
an effective and reproducible growth protocol, we attempt to optimize and balance
the multiple parameters that affect the quality of the photocathodes. In doing so, we
seek to improve the feasibility and potential of ONEM as an emerging microscopy
technique.

The structure of this thesis is as follows: Chapter 2 in provides background knowl-
edge on the merging of LEEM and near field optics, as well as the basics of photocath-
odes and the photocathode characteristics that are required for ONEM. Following this,
Chapter 3 is used to identify the design requirements for the different components of
the evaporation setup and explain the assembly. Additionally, it establishes a photo-
cathode growth protocol that is used throughout the project. The results of the pho-
tocathode growth are presented and discussed in Chapter 4. Specifically, this chapter
aims to characterize the growth and effectiveness of the photocathodes, and addresses
which growth protocols can be used to optimize and balance the different parameters
that determine the quality of the photocathodes. Finally, Chapter 5 addresses the fu-
ture steps towards ONEM, focusing on the improvement of the photocathodes, and
provides a conclusion to the thesis.




Chapter 2

Theory and Characterization of ONEM
Photocathodes

ONEM serves as an extension of LEEM by utilizing its electron detection setup and
combining it with a photon source, which emits light in the visible wavelength range.
In between those two components lies the main focus of the project: The photocath-
odes that convert the scattered photons into electrons via the photoelectric effect. Un-
der certain conditions, these electrons can reach the photocathode surface and travel
into the vacuum of the LEEM, allowing for their subsequent detection and imaging. In
order to create functioning photocathodes and improve their effectiveness, it is there-
fore essential to understand those conditions and the parameters that influence them.
This chapter gives an overview of the setup design and general workings of the LEEM
and ONEM, followed by a discussion of the working principles of photocathodes. In
particular, we discuss alkali-antimonide thin films, which are popular in photocathode
research due to their high conversion efficiency and relatively straightforward growth
procedure [10].

2.1 Microscopy Essentials

In conventional LEEM, an electron source illuminates a sample with low-energy elec-
trons. These are then either reflected, scattered or absorbed at the sample surface. The
electrons that leave the sample follow a path that leads to a detection setup. Although
the first half of the travel path of the electrons is replaced in ONEM, conventional
LEEM is still used for the characterization of the photocathodes that are grown during
this project. Therefore, the next section explains how the 'TESCHER’ LEEM, located in
the experimental lab of Leiden University, works.

2.1.1 Aberration-Corrected Low-Energy Electron Microscopy

As the name suggests, low-energy electron microscopes use electrons with a low en-
ergy, typically below 100 eV, to probe samples and record their surfaces. Inside materi-
als, the electrons have a short inelastic mean free path that makes the LEEM especially
applicable to surface imaging. Another important characteristic of the LEEM is the
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controllability of the landing energy, which is achieved by creating potential differ-
ences between certain components in the system. This works in the following way:
A cold field emission gun creates an electron beam with an electron kinetic energy of
15 keV, which is deflected by a magnetic prism to an electrically grounded objective
lens. 1.5 mm behind the lens lies a sample that is biased at a voltage of V = V + Vi. V)
is typically set at —15kV, matching the electron gun voltage. Vi can be tuned during
measurements to create a potential difference between the gun and the sample. In the
approach to the sample, the incoming beam is decelerated by an electrostatic field be-
tween the lens and the sample, resulting in an electron landing energy Ej that ranges
between —100 and 100 eV [11].

For negative Ey, the electrons are redirected back to the lens before reaching the sam-
ple surface. This leads to the mirror mode, where the reflectivity is equal to unity.
The landing energy can be increased to positive values by adjusting Vs, enabling the
interaction of the electrons with the sample surface. Specifically, Ey = 0 indicates a
mirror mode transition (MMT), identified by a significant reduction in the measured
reflectivity [12]. The MMT also corresponds to the vacuum energy Ey,, the relevance
of which becomes clear in section 2.2.1. Whether the interaction at landing energy Eg
results in the reflection, inelastic scattering or absorption of the electrons depends on
both the material properties of the sample. For example, by adjusting V5, it is possible
to distinguish different layers of graphene, showing up as contrasted regions in the
final image.

The electrons that travel back toward the objective lens are re-accelerated by the elec-
trostatic field. Due to inelastic scattering, some electrons acquire a lateral motion that
causes their trajectories to deviate from the main beam path. The resulting electron
spread is a measure of the mean transverse energy (MTE), which depends on the
roughness and local potential variations of the sample surface. While the electrostatic
tield bends the strayed electrons parallel to the main beam, their transverse momen-
tum remains conserved. This leads to an increased beam divergence, thereby limiting
the maximum spatial resolution [14]. While it is thus generally desirable to keep the
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Figure 2.1: (a) Left: The red line represents the electron trajectory through the optical compo-
nents of the LEEM. Right: Addition of ONEM optical components, which are use to illuminate
laser light (green line) onto the back of a sample [9]. (b) A sample interfaced with a photocath-
ode is illuminated by photons, which scatter from the sample and allow for the high-resolution
spatial information in the near field to be converted into electrons via the photoelectric effect.
[13].
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MTE as low as possible, this is beyond the scope of this project.

Unique to the ESCHER-LEEM is the addition of an aberration-correction setup. The
electron beam travels to a four-element electron mirror, which can effectively correct
for the chromatic and spherical aberrations that are picked up from the objective lens,
consequently pushing the resolution below 2 nm [11, 15]. Finally, the electrons are
detected by a projector system. Aside from conventional LEEM, the system can be
put in the diffraction mode (LEED), which provides additional information about the
crystal structure. The complete electron trajectory of the LEEM is shown on the left-
hand side of Fig. 2.1a as a red line that goes past each of the described components.

2.1.2 Optical Near Field Electron Microscopy

In ONEM, the electron gun is inactive. Instead, the sample is probed by photons that
originate from a light source behind the sample. As a sample is illuminated with visible
light from a laser, the photons that are elastically scattered carry information about the
spatial distribution of the sample features. The trajectory of the photons is shown on
the right-hand side of Fig. 2.1a, represented by the green line. In conventional optical
microscopes, the scattered light propagates and is detected in the Fraunhofer regime,
or the far field. Here, the Abbe diffraction limit dictates that the smallest resolvable
feature size d is limited to about half the wavelength A, depending on the numerical
aperture NA:

A

The operating principle of ONEM instead relies on capturing the optical information
in the near field, a short distance z from the sample. For z < A, wave interactions
cannot be approximated. The regime contains non-propagating fields, called evanes-
cent fields, from which high-resolution spatial information can be extracted [16, 17].
By placing a photocathode at such a distance z, the photoelectrons that are generated
from the scattered photons can capture these high-resolution details and deliver them
to the rest of the LEEM optics (see Fig. 2.1b). Thus, ONEM can be used to bypass the
Abbe diffraction limit [9].

This mechanism forms the basis for high-resolution near field imaging and is used in
other techniques, such as scanning near field optical microscopy (SNOM) [18]. While
similar to ONEM, SNOM employs a scanning tip to probe the near field, which makes
it suffer from the same limitations as other scanning probe methods. ONEM, on the
other hand, uses the LEEM to capture the entire field of view instantly, enabling dy-
namic imaging.

Of course, to implement dynamic imaging in future, the sample must be isolated from
the harsh vacuum of the LEEM system. This is accomplished by using a liquid cell
that interfaces with a thin film of photocathode material [9]. When the liquid cell is
sufficiently thin — on the order of tens of nanometers — the separation between the
photocathode and the sample is small enough to enable ONEM. Here, it is important to
note that z is determined by the location of the outgoing photoelectrons, at the surface
of the photocathode. The achievable resolution therefore depends on the thickness of
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the photocathode film. However, the thin film layer also cannot be too thin, as this
affects the maximum detectable signal strength.

Clearly, a deeper understanding of these trade-offs, along with other photocathode
characteristics, is crucial for optimizing ONEM. The following section, 2.2, discusses
how photocathodes work and the material properties that influence their performance.

2.2 Photocathode Basics

Photocathodes are materials that use the photoelectric effect to eject photoelectrons
when they are illuminated with photons. Each photon carries an energy hv, where h
is the Planck constant and v is the photon frequency, that is transferred to the conduc-
tion electrons in the photocathode material upon absorption. If the energy of these
excited electrons exceeds a certain threshold, defined by the vacuum energy Ey,c, they
gain the possibility to escape into the vacuum. Although this energy condition is then
satisfied, there is an additional momentum condition that needs to be met in order for
the electrons to actually enter the vacuum [19]. This photoelectron ejection process is
explained further in section 2.2.1.

2.2.1 Work Function

The minimum energy required to reach the vacuum energy is determined by the
work function ®wr of the photocathode, which is a material-dependent property [12].
Specifically, the work function is the minimum energy required to bring an electron
near the Fermi level Eg to the vacuum level Ey,, expressed as

DPwr = Evac — Ef. (2-2)

Fig. 2.2a shows a schematic drawing of this process. There are two ways to bridge
the gap between Ep and Ey,.: The first one is to increase the incident photon energy
through the use of light with a shorter wavelength. However, since the purpose of
ONEM requires the use visible light to prevent sample damage, we instead overcome
the threshold by choosing a material with an inherently low work function. Alkali-
metals, such as cesium (Cs), are often combined with antimony (Sb) atoms to grow
alkali-antimonide thin films. This results in photocathodes that have a significantly
lower ®wr than those of the separate atoms.

In the case that the work function is lower than the energy of an absorbed incident
photon, ie., hv > ®wg, the excited electron becomes a “hot electron”. For the hot
electron to reach the vacuum, its momentum perpendicular to the vacuum-surface
interface must be sufficient to overcome the surface potential barrier. Although this
condition decreases the probability of photoelectron ejection, it has the advantage of
protecting the sample from electron back-scattering due to the potential barrier.

Whether the hot electrons reach the surface, depends on the scattering events that oc-
cur within the material. The mean free path of the electrons is determined by both
elastic and inelastic scattering processes. For elastic scattering, such as through inter-
actions with phonons or impurities in the material, the electron energy remains nearly
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Figure 2.2: (a) An electron at the Fermi level can be excited by an incoming photon. If the
photon energy exceeds the work function of the material, the electron can escape into the
vacuum [13]. (b) Possible hot electron trajectories inside the material. Steps la-c show the
excitation and (in)elastic scattering of an electron, causing it to lose energy and not leave the
material. Steps 2a-c show electron excitation, reflection at the surface and subsequent escape
into the vacuum [20].

constant. Its momentum, however, can be altered in the process. This can in turn pre-
vent the electron from meeting the perpendicular momentum condition for escaping
into the vacuum. Inelastic scattering processes involve energy loss through interac-
tions with other electrons or phonons. This can decrease both the energy and momen-
tum of the electron, increasing the probability that the electron energy falls back below
the vacuum level and is re-absorbed by the photocathode material.

Clearly, these scattering events play a significant role in determining the probability
of photoelectrons entering the vacuum of the LEEM chamber. This directly affects the
photocathode conversion efficiency of incident photons to outgoing electrons, which
is referred to as the quantum efficiency. The following section, 2.2.2, goes deeper into
this concept.

2.2.2 Quantum Efficiency

Quantum efficiency (QE) of a photocathode is a measure of its effectiveness in con-
verting incident photons into emitted photoelectrons. Specifically, it is defined as the
ratio of the number of emitted electrons N, and the number of incident photons N,,,

Ne
QE = ¢ x 100, (2.3)
N’Y

where the multiplication by 100 indicates that the QE is expressed as a percentage. The
QE depends on several factors, including the work function and the internal scattering
events. If the work function is significantly lower than the photon energy, the excited
electrons gain more kinetic energy, and are less likely to fall back below the vacuum
level due to inelastic scattering. Therefore, while ONEM requires ®wr to be at least
lower than hv, it is favorable to minimize the photocathode work function as much as
possible to increase the quantum efficiency.
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Another way to maximize the quantum efficiency is by reducing the probability of
interactions with impurities or grain boundaries that exist within the material. Con-
sequently, promoting homogeneity and uniformity during the growth process of the
photocathode layer can aid in the reduction of elastic scattering events. Additionally,
this can reduce the potential roughness at photocathode surface, which causes local
work function variations that lead to regions with a lower quantum efficiency.

Finally, the thickness of the photocathode layer plays a critical role in the obtainable
quantum efficiency. Increasing the film thickness causes the creation of more interac-
tion volume for the absorption of incident photons, which allows for the generation
of a higher number of photoelectrons. Consequently, the QE initially rises as the pho-
tocathode grows thicker. However, this rise is limited by the mean free path of the
excited electrons. Hot electrons generated deeper within the material undergo, on av-
erage, more scattering events, compared to those produced near the surface. When the
thickness exceeds the electron mean free path, the probability of photoelectron ejection
decreases, reducing the overall QE. Therefore, there exists an optimal thickness where
photon absorption is sufficient to generate enough photoelectrons for a final sample
image, while the distance remains short enough for electrons to escape into vacuum
within their lifetime. As mentioned in section 2.1.2, the photocathode thickness is fur-
ther limited as to preserve the obtainable resolution. This creates a trade-off between
maximizing signal strength and maintaining resolution, making it necessary to find
a balance. The determination of this optimal photocathode thickness is discussed in
detail in section 2.3.2.

2.3 Photocathode Characteristics and Requirements

The alkali-antimonide photocathode forms the point where two imaging tools come
together, converting scattered photons into detectable electrons. This places the func-
tionality of the photocathodes at the center of our efforts to improve the conditions for
ONEM, so that it can become a viable and reliable microscopy technique in the near
future. Therefore, this section is concerned with investigating the optimal photocath-
ode growth conditions by considering the criteria that can ensure their effectiveness
for ONEM. This is done by identifying the parameters that influence the photocath-
ode performance and using those to form design requirements for a dedicated growth
setup. Here, we focus on the work function and quantum efficiency, which are critical
for determining the photocathode effectiveness in ONEM.

2.3.1 Work Function

As mentioned in section 2.2.1, the aim is to reduce the photocathode work function
as much as possible. Assuming that we illuminate the photocathode with green light,
which has a wavelength of around 520 nm, the resulting photon energy is 2.39 eV.
For the purpose of ONEM, the aim is to obtain a photocathode work function that
is lower than this value. Naturally, further reducing the work function would allow
for the use of light with a lower photon energy, expanding the range of usable wave-
lengths. Another benefit is a lower energy barrier for photoemission, which enhances
the quantum efficiency of the photocathode.

10
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Since the work function is a material property, the main influence is the addition of Sb
deposition. Table 2.1 shows how a cesium-antimonide thin film has a work function
that is 0.6 eV lower than that of Cs. Here, the 3:1 ratio of Cs and Sb, which refers to the
stoichiometry, is a precise factor that determines the value of the work function of the
compound. Therefore, introducing Sb deposition requires the addition of a method
to monitor the deposition rates of both materials, allowing for precise control of the
stoichiometry. The setup component that is used for this is a quartz crystal monitor,
which is described in detail in section 3.2.3.

Table 2.1: The electron work functions (in eV) of Cs, Sb and Cs3Sb thin films.

Material Work function (eV) Reference

Cs 21 [21]
Sb 40 [22]
CssSb 154 0.1 [14]

Aside from the chemical composition of the compound, surface roughness and thin-
tilm inhomogeneity can also influence the work function by introducing potential vari-
ations across the photocathode surface. These can locally alter the electronic proper-
ties, leading to Sb- and Cs-rich regions that contribute to an increased work function.
One approach to minimize these effects is the simultaneous evaporation of Cs and
Sb, which has been shown to significantly improve film homogeneity and near-atomic
surface smoothness compared to sequential deposition [23, 24]. Therefore, we adopt
co-evaporation as a for this project. The design and assembly of the co-evaporator are
described in section 3.2.5.

Additionally, promoting epitaxial growth and enhancing the crystallinity can further
optimize the film uniformity and reduce surface roughness. While using lattice-
matched substrates, i.e. substrates whose lattice parameters resemble that of the
grown film, is one method to achieve this [21, 25], it is not the focus of this project.
Instead, we introduce substrate heating during deposition to aid in the reaction of
Cs and Sb and encourage crystalline growth. While substrate heating is common in
Cs3Sb thin film growth, it is difficult to reproduce and optimize growth protocols that
use substrate heating, partially due to the unreliability of the heater and recorded tem-
perature. Other factors that contribute are the varying deposition rates and the pres-
sure variations, making it difficult to establish an optimal substrate temperature [26].
Therefore, we aim for the substrate temperature of 80-90 C°, based on previous re-
search work that has achieved near-atomically smooth, uniform Cs3Sb growth [23, 25].
Section 3.2.5 discusses the design considerations and fabrication of the substrate heater
turther.

2.3.2 Quantum Efficiency

In order for the final LEEM image to be visually relevant, the photocathode has to emit
enough photoelectrons to allow for sufficient brightness and contrast. The maximum
signal strength of ONEM is mainly determined by the achievable quantum efficiency,
which in turn is influenced by the stoichiometry and the film thickness. These param-
eters can be tuned and optimized, so that the change in the quantum efficiency can be

11
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measured as a response. This allows us to maximize the obtainable quantum efficiency
by maximizing the probability of photoemission.

The importance of stoichiometry control for a high quantum efficiency is related to im-
pact of stoichiometry control on the work function and the electronic band structure.
As it influences the formation of surface dipole layers that change the potential barrier,
it can enhance the probability of photoemission and thus increase the overall quantum
efficiency [27]. Especially influential is the control over the ratio of the incident fluxes
of Cs and Sb during film growth [23], highlighting the importance of real time rate
monitoring, as well as the advantage of co-evaporation over sequential evaporation.

Although the minimum work function mentioned in Table 2.1 is associated with a 3:1
ratio for Cs3Sb, it has been shown that the peak of photoemission, and therefore the
maximum quantum efficiency, is actually at a small ratio offset [27, 28]. In Pavlenko et
al., this is set at a few percent less Cs [23], meaning that it would require rate control
with an accuracy of a few percent from the 3:1 flux ratio to achieve maximum quantum
efficiency. However, as will be explained further in sections 3.2.2 and 3.2.3, the evap-
oration method and rate monitoring setup do not allow for such precision. Therefore,
we aim to get within 10-20 % of the optimal ratio.

Aside from the stoichiometry, we know from section 2.2.2 that the quantum efficiency
rises with the increasing thickness of the photocathode. However, this is only up to a
certain thickness, indicating the peak of the photoemission. More concretely, in Stam et
al,. the relation between the QE and thickness is established as QE = a(1 —exp(—x/b).
Between a film thickness of about 20 and 30 nm, the QE increases by approximately 1
%, with the the curve flattening rapidly at larger thicknesses. Based on this, the films
that are grown during this project are between a few and tens of nanometers, allowing
us to approach the optimal thickness for maximizing the quantum efficiency, while
avoiding significant photoemission decrease due to excessive growth.

Although Cs3Sb is reported to have a QE of more than 10 % [21], this result was ob-
tained with pulse-laser deposition. This growth method offers significantly more pre-
cise stoichiometry control during deposition than thermal co-evaporation. Therefore,

we choose to adopt a more attainable QE goal of 3 %, which is based on the calcula-
tions for ONEM in Marchand et al. [9].

2.4 Energy-Dispersive X-Ray Spectrometry

In order to determine the stoichiometry of the grown thin films, we use energy-
dispersive X-ray (EDX) spectrometry, where the electron beam of the LEEM acts as
an excitation source. By detecting X-ray emission that is generated in the samples, we
can infer the elemental composition from the produced X-ray spectra and thus make
statements about the stoichiometry control during evaporation.

When the primary electron beam of the LEEM interacts with the Cs and Sb atoms that
make up the thin film, the electrons undergo both elastic and inelastic scattering. One
of the processes that occurs is ionization of the atoms, where the primary electrons can
cause core-level excitation and consequently, relaxation of higher energy level elec-
trons through the emission of X-ray photons. The X-ray signal can then be detected
to form an X-ray intensity spectrum of the sample. Since the X-rays are characteristic

12
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to the atomic number Z and the electronic transitions of that atom, the positions of
the intensity peaks in the spectrum can be compared to known emission line energies.
This then allows us to identify the elements in the sample [29, 30]. For this project, we
compare the measured peaks to the Cs and Sb emission line energies that are recorded
in the 2011 X-ray booklet of the Lawrence Berkeley National Laboratory, shown in ta-
ble 2.2 [31]. We specifically look at the La; , and Lp; transitions, since these are most
visible in the measured spectra due to higher transition probabilities. We also note that
the difference between the La; and La; energies is only 9 eV and 14 eV for Cs and Sb
respectively. Since the lateral resolution of the EDX cannot distinguish between them,
we use the averages of these emission line energies throughout the analysis.

Table 2.2: X-ray emission line energies (in eV) of the La; > and Lp; transitions for Cs and Sb
atoms [31].

Material Laq, (eV) LB, (eV)
Cs 4264 4611
Sb 3592 3843

The generation of X-ray emission is a probabilistic process, mainly depending on two
factors: The interaction cross-section and the transition probabilities between elec-
tronic states. The interaction cross-section describes the interaction volume of the
primary electron beam with the sample, as shown in Fig. 2.3. When the primary
electrons reach the sample surface, they interact with the atoms through multiple elas-
tic and inelastic scattering events, leading to a statistical distribution of events rather
than well-localized interactions. This results in a tear drop-shaped interaction volume
that depends on both the atomic number Z and the primary beam energy E. The size
and shape of this volume describe the spatial range over which X-rays can be gener-
ated. Since the number and the type of scattering events vary throughout this volume,
the detected X-rays originate from different depths and lateral positions within the re-
gion, leading to an inherent uncertainty in the exact location of X-ray generation. The
penetration depth of the primary electrons can be estimated as

~0.0276- A - EL¢7

D p . ZO.89

[pm], (2.4)

where A is the atomic mass and p the density of the sample [32]. While the penetration
depth can give an estimate of the maximum depth at which there is a probability of
X-ray generation, it cannot describe the added complexity due to lateral scattering of
electrons and the spatially varying probability of ionization inside of the interaction
volume. To account for these factors, Monte Carlo simulations are often used to model
the electron trajectories.

In addition to characteristic X-ray generation, another process that significantly con-
tributes to the measured spectrum is the generation of continuum X-ray photons. This
refers to emission due to inelastic interactions between primary electrons and nuclei,
producing continuum X-rays — or “bremsstrahlung” — that spans over the full energy
range. In the measured X-ray spectrum, this shows up as a spectral background. In
addition to X-ray emission, the primary electrons can also cause the ejection of bound
electrons. In this process, the energy that is released during the relaxation of higher
energy level electrons is transferred to other bound electrons, which are emitted as
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2.4 Energy-Dispersive X-Ray Spectrometry 14

Auger electrons if they gain sufficient kinetic energy. The production of Auger elec-
trons decreases the probability of X-ray generation, since it adds a competing non-
radiative method for electron de-excitation [29, 30]. Due to the complications from
multi-scattering events and the different types of processes that contribute to the X-
ray intensities, the peak heights in the measured X-ray spectra are not directly propor-
tional to elemental compositions of the samples. Therefore, we must account for these
effects through corrections in order to perform quantitative X-ray analysis.

2.4.1 ZAF Corrections for Quantitative Analysis

Quantitative analysis of the elemental composition of samples is based on the propor-
tionality between the X-ray intensity I; and concentration C; of an element i. We can
quantify the amount of the element present in the material by comparing its concentra-
tion to that of a so-called “standard”, which is a reference material containing a known
amount of the element, measured in the exact same conditions as the unknown. The
relation between the unknown and the standard is given by the k-ratio:

In;  Caj
ki = 24 = Z44 2.5
" Is; Cs; 25)

Here, I4; and C4, represent the characteristic X-ray intensity and elemental concen-
tration of element i in the unknown material, while Is; and Cg; refer to those in the
standard. Without corrections, eq. 2.5 is insufficient (even as an approximation) to
meaningfully relate the elemental concentration to the measured peak intensity, neces-
sitating the application of corrective procedures [30]. A popular analytical approach to
these corrections is referred to as the 'ZAF method’, where different corrective terms
are multiplied with the k-ratio to increase the accuracy of the elemental concentration:

Primary
electron
beam

Auger electrons
Secondary electrons

section 4 Back-scattered electrons

/i

Characteristic X-rays

Continuum X-rays

Cathodoluminescence

Sample

Figure 2.3: Interaction volume | Schematic of the interaction volume of a primary electron
beam with a sample. The cross-section of the interaction volume describes the probability of

different types of emission, such as characteristic and continuum X-ray emission [33] (modi-
fied).
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2.4 Energy-Dispersive X-Ray Spectrometry 15

C: = kyk akpk;. (2.6)

These terms specifically correct for different matrix effects that arise from multi-
element samples, since they affect the measured X-ray intensities. The three most
important corrections to consider are:

1. Atomic number correction (Z): This correction accounts for the differences that
arise from the electron scattering and the energy loss between the sample and the
standard. Specifically, it compensates for variations in electron back-scattering
and the stopping power, which both depend on the average atomic number Z
of the sample. The electron stopping power can be defined as the energy that is
lost per unit path length inside the sample, meaning that it depends both of the
sample density p and also on a term that describes the mean ionization potential
of the material. Compensating for this is important, because an increase in the
stopping power leads to less X-ray generation. The Z-correction also accounts
for the dependence of the ionization cross-section on the primary beam energy
and the composition of the sample.

2. Absorption correction (A): This term compensates for the attenuation of the
characteristic X-rays that must pass through the sample in order to reach the
detector. Since the primary electron penetration depth, and therefore the pos-
sible X-ray generation depth, varies with beam energy and composition of the
sample, this affects the escape path length of the X-ray photons. As they travel
towards the surface, there is a possibility of photoelectric absorption, which re-
duces the measured intensity. Even small differences between the unknown and
the standard in the absorption can lead to significant changes in the measured
composition. One way to reduce this is by minimizing the absorption path length
through lowering the acceleration voltage of the electron beam, since this reduces
the penetration depth and therefore limits the absorption.

3. Fluorescence correction (F): As mentioned, when samples contain multiple el-
ements, primary or continuum X-rays generated from element i can cause exci-
tation of bound electrons in element j, producing secondary fluorescence in the
process. This causes an increase in the detected intensity of certain transition
lines in element j that is not related to the actual composition. The fluorescence
correction accounts for these interactions.

Together, these corrections can increase the accuracy of the k-ratios of the elements to
provide better estimations of their concentrations inside the sample. In practice, imple-
menting ZAF corrections is not trivial for multi-element, non-homogeneous materials.
For example, standards must be close in composition to the unknown. Additionally,
the accuracy of the concentrations is further influenced by parameters that are specific
to the used experimental setup, meaning that it is important to measure the standards
and unknowns in identical conditions. ZAF corrections are often combined with other
procedures, such as Monte Carlo simulations, to model electron scattering trajectories
and X-ray generation paths, thereby enabling more accurate determination of the ZAF
terms.
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2.4 Energy-Dispersive X-Ray Spectrometry 16

2.4.2 X-ray Spectral Analysis

The ESCHER LEEM is equipped with a functioning EDX setup. Here, we consider
post-measurement data processing and analysis. The emitted X-ray signals are de-
tected as voltage pulses and recorded with a multi-channel analyzer (MCA), which
bins the pulses into discrete energy channels and outputs a histogram that represents
the X-ray intensities as counts over the recorded energy spectrum. The raw X-ray data
is shown in blue in Fig. 2.4. As mentioned before, this spectrum contains both the
characteristic and the continuum X-ray signal. In order to reduce the contribution of
the latter, the Clayton algorithm is applied to estimate the bremsstrahlung and statis-
tical noise, producing a background that can be subtracted from the spectrum. Note
that in the residuals plot, there is a slight peak that most likely corresponds to the LB,
transition line of Sb, which has an energy of 4.1 keV. We choose not to include this
emission line in the analysis because it does not show up in most of the spectra that
are recorded during this project. Aside from background removal, we also apply a
Savitzky-Golay filter, which smooths out the X-ray spectrum using polynomial fitting
in multiple windows, thereby removing some of the statistical noise contributions.

Lastly, we employ a Gaussian fitting scheme to find the most prominent peaks (see
Table 2.2). This method is used due to the method of X-ray detection, which follows
Poissonian statistics at large detection times (multiple minutes). This, combined with
a limiting EDX resolution, leads to a Gaussian shape of the characteristic peaks, al-
lowing us to extract the peak counts and compare X-ray intensities for stoichiometry
determination.
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Figure 2.4: EDX data processing | X-ray emission spectrum of a Cs,Sb thin film. The blue plot
shows the raw spectrum, the transparent orange plot shows the spectrum after background re-
moval and the grey plot shows residuals. The opaque orange line corresponds to the Gaussian
tits of the emission line peaks.
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Chapter 3

Experimental Framework for
Photocathode Development

This chapter discusses the implementation of the setup components for characterizing
both the growth process and the resulting photocathode. This then enables us to de-
velop a film growth protocol that prioritizes photocathode functionality for ONEM.
However, before we describe the setup modifications in 3.2, we use section 3.1 to go
over the current setup and define requirements for the evaporation environment.

3.1 In Situ Growth

The main chamber of the ESCHER LEEM contains a resistance evaporator that cre-
ates a Cs flux and is tunable during measurements. The substrates for this growth
method are usually coated with an adhesion layer, such as chromium, to promote the
adherence of the Cs layer. Although this method yields a functional photocathode, the
results are sub-optimal, and the setup has multiple disadvantages. While the UHV
conditions of the main chamber, which has a base pressure in the order of 10~% mbar,
help minimize contamination during growth and thus result in cleaner photocathodes,
the evaporation process leads to an increase in pressure over time. This negatively af-
fects the measurement conditions of the LEEM by reducing the stability of the electric
tield between the objective lens and the sample [15]. Another downside is the limited
space for additional components, complicating the implementation of new growth
characterization methods.

3.1.1 Preparation Chamber

A large portion of this project is dedicated to designing and assembling a photocath-
ode growth and characterization setup that utilizes thermal co-evaporation of Cs and
Sb. The location of this setup is referred to as the preparation chamber, and is shown
in Fig. 3.1. Similarly to the main chamber, it has a base pressure in the order of
10~% mbar, and is connected to the rest of the LEEM through a vacuum-tight valve.
Consequently, the pressure increase due to evaporation does not affect LEEM mea-
surements. Moreover, samples can be transferred between the preparation and main
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3.2 Experimental Setup Design and Assembly 18

chamber without leaving the UHV environment. This so-called “in situ” condition can
preserve the quality of the photocathodes by limiting exposure to O, and CO;. These
and other molecules are highly reactive with alkali-metals, causing chemical composi-
tion changes that can significantly reduce the quantum efficiency in a short period of
times [34]. In fact, even under UHV conditions, alkali-based photocathodes will de-
grade over time, albeit much slower. Therefore, since the in situ growth requirement
will allow for faster sample transfer times than would be possible with external evap-
oration, this is another advantage that can aid in preserving photocathode quality.

The preparation chamber has a diameter of about 25 cm and a height of about 19 cm.
There are several flange tubes of varying sizes that protrude from the side and the top
of the chamber, creating ample space for additional components. At the center of the
chamber, there is a rotary z-axis transfer arm that can hold three samples. By moving
samples between different transfer arms inside the LEEM, the photocathodes can be
grown and measured without the risk of air exposure.

3.2 Experimental Setup Design and Assembly

3.2.1 Component Layout

Over the course of this project, several components have been installed in the prepara-
tion chamber of the ESCHER LEEM, with the purpose of growing and characterizing
the photocathodes. These components include a dual-source thermal evaporator, a
quartz crystal monitor setup, a quantum efficiency setup and a rotary sample transfer
arm with an integrated sample heater. The layout of the components in the chamber is
visible is Fig. 3.1. The relative positioning of each component is discussed in separate
sections that detail their design and assembly. Here, we take into account the limita-
tions imposed by the locations of the protruding tubes and their predetermined flange
sizes.

Quantum
efficiency setup

Rotary x ! 2 -

transfer arm G 9 \ s
\ - \/ \/
\~ ) — /
el X_ Dual source
Quartz crystal e dustal
monitor

-

Figure 3.1: Component layout | CAD view of a portion of the preparation chamber with the
positions of the installed components indicated. The co-evaporator and quantum efficiency
setup are on the opposite side of the rotary transfer arm, so that they face the sample surface.
The quartz crystal monitor positioned such that the quartz crystal faces the sample direction
as the sample.
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3.2 Experimental Setup Design and Assembly 19

In addition to the components that are installed during this project, there are other
pre-existing components within the ESCHER LEEM that are used to further charac-
terize the photocathodes. Aside from measuring with the LEEM, we perform energy-
dispersive X-ray spectrometry on the photocathodes after growth. We refer to section
2.4 for a breakdown of the EDX analysis.

3.2.2 Thermal Co-Evaporation
Dual Cluster Source

The cesium-antimonide photocathodes are grown using thermal co-evaporation,
where each material is inside an effusion cell, or a crucible, that acts as a basket heater
when a current is applied. The specific evaporator that we use is the MBE Dual Cluster
Source (DCS), which contains two cell-clusters that are shielded from each other with
a metal barrier. Fig. 3.2 shows a schematic drawing of the full DCS and zooms in on
the two crucibles at one end of the evaporator. The cell-clusters are thermally isolated,
enabling independent temperature control of each crucible without significant thermal
cross-talk. The shield that sticks out on the end serves to prevent cross-contamination
of the fluxes of the two materials during simultaneous evaporation. Additionally, each
crucible is equipped with a rotary shutter, creating the ability to block the flux stream
from entering the vacuum room during evaporation. This is useful for tuning the sep-
arate evaporation rates of the materials.

“Alumina T
ible /

?36
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Figure 3.2: Co-evaporator | Schematic drawing and CAD view of the MBE Dual Source Cluster
evaporator with dimensions. The circle zooms in on the cell-clusters, which contains a quartz
and alumina crucible. The image on the right-hand side shows a top view of the crucibles,
with the shutters visible.

The crucibles inside of the cell-clusters are cylindrically shaped holders for the evapo-
ration materials. They have a capacity of 600 mm?, but are usually only filled less than
halfway to prevent the material from accidentally falling out. The material type of the
crucible depends on the evaporation material used, focusing on materials that have a
low reactivity. For antimony, we use 99.9% pure pellets that are put directly into an
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Al;O3 (alumina) crucible. Pure cesium however has the low melting point (29°C) and
is highly reactive, making it difficult as well as hazardous to handle. Therefore, we
use the more stable Cs;MoQ, (cesium molybdate), which is crushed and placed into a
quartz crucible.

DCS Extension Tube

The DCS is not directly installed on one of the DN40CF flange tubes that protrude from
the side of the preparation chamber. Instead, we design and fabricate an extension
tube that goes in-between the preparation chamber and the DCS. There are several
reasons for this, the first being the consideration of the distance between the crucibles
and the substrate. The DCS supplier places the ideal source-sample distance between
100 and 160 mm. As is visible in Fig. 3.2, the distance between the DN40CF installation
flange and the crucibles is 180 mm. Since the preparation chamber has a radius of
about 125 mm and the protruding tube on the side of the preparation chamber is about
75 mm, this only leaves 20 mm between the source and sample.

Another reason for the extension tube is that it can be designed in such a way that the
DCS can be installed at an upward angle. This is a necessary precaution to prevent the
materials from falling out of the crucible when they are heated and start melting, as
this would risk contaminating the interior of the UHV chamber. The DCS is also tilted
upwards to ensure that the flux streams of the materials are aligned with the substrate,
which is approximately 20 mm higher and located at the center of the chamber. The
extension tube is designed to be approximately 81 mm and has an upward angle of
10°. This aligns the source and sample and puts their distance in the optimal range.
10° is also estimated to be sufficient to prevent the materials from falling. In Fig. 3.3,
a schematic drawing of the extension tube design is shown, alongside an image of the
installed extension tube and DCS.

2x CF63 flanges
Protruding
tube
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Figure 3.3: Extension tube | Schematic drawing and realization of the installation of the Dual
Source Cluster on a CF63 flange using the extension tube. The size and angle of the extension
tube ensure that the crucibles face the sample directly and puts them at an ideal distance from
the sample.

Temperature Control of the Evaporator

Once the extension tube and the DCS are installed and leak-tested, each source is elec-
trically connected to two separate power supplies to enable crucible heating. The Sb
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and Cs sources are connected to their own separate Delta Elektronika DC power sup-
plies, with one of the power supplies having a built in PID temperature controller
(Eurotherm 3500 series). Both power supply voltages are maximized during evapora-
tion. The currents however are carefully set, with the resulting temperature changes
monitored through the temperature controller.

Most evaporation runs during this project were conducted without using an addi-
tional temperature controller. The Eurotherm 3500 series temperature controller only
has one input slot, allowing for only one crucible temperature to be monitored at a
time. Moreover, the controller lacks the ability to log temperature or voltage values,
so during evaporation runs, temperature changes were only recorded manually at in-
consistent intervals. Another issue with the temperature controller is that it cannot
display measured voltage values, only temperature. The thermocouples inside the
DCS are type C (W5%Re/W26%Re) , but the controller is not configured for this type,
and we were unable to adjust the settings accordingly. As a result, we do not know
how the controller converts the measured voltage to temperature, leaving its calcula-
tion method unclear. This makes the absolute temperature values unreliable, leaving
us to only monitor the relative temperature changes to estimate the conditions inside
the crucibles.

Aside from electrical connections, the DCS is also connected to a water cooling system
that provides a flow of 30 L/hour. The primary purpose of this is to minimize temper-
ature crosstalk between the sources, allowing for one crucible to reach 1300°C while
the other remains at 150°C. During one evaporation run, a temperature difference of
AT = 25°C was observed when switching the cooling system off and on. These ef-
fects demonstrate that keeping the water cooling system on during evaporation runs
significantly improves control over the crucible temperature, and therefore the evap-
oration rate. With water cooling, the manually recorded temperatures are somewhat
consistent, with small fluctuations of a few degrees.

Evaporation Tests and Calibration

During initial evaporation tests, we set the Sb source current to 3.1 A and the Cs source
current to 4.2 A. As a result, the temperature displayed on the controller begins to
rise from approximately 30°C. By alternating between the Sb and Cs thermocouple
cables connected to the temperature controller, we can read the temperature of the
Sb crucible, Tgp,, to be 427°C. When rotating the shutter away from the Sb crucible,
Tsp, drops to 424°C, suggesting that the shutter likely increased the pressure inside
the crucible by blocking the flux. The temperature of the Cs crucible, Tc, rises to
574°C. While we observe a dramatic change in temperature as a result of increasing the
current, it is not possible to tell if the materials are being evaporated without a system
that can monitor the flux rates. Therefore, the next section describes the addition of a
quartz crystal monitor to the evaporation setup.

3.2.3 Quartz Crystal Monitor

To measure the Cs and Sb flux rates and the film thickness during deposition, we use
a quartz crystal monitor (QCM). An image of the device is shown in Fig. 3.4. The
QCM works by using the piezoelectric properties of a quartz crystal that is encased by
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a crystal holder. By applying a voltage, the quartz crystal can resonate at a frequency
of 6 MHz at an initial crystal health of 100%. As material is deposited on the crystal,
its mass increases, causing a decrease in the resonance frequency of the crystal. The
frequency shift, AF, is proportional to the mass change, M;, in the following way:

Mg _ (AF)
M, E (3.1)

Here, My and F; represent the mass and frequencies of the uncoated crystal respec-
tively. With a frequency resolution of 0.03 Hz, the mass change can be monitored
precisely, translating to a measured thickness and rate resolution of 0.037A. The equa-
tion for calculating the film thickness is more complex than Eq. 3.1, accounting for the
acoustic properties of the resonating quartz and film system. It partially depends on a
parameter Z, which changes depending on the material that is deposited.

Sensor Substrate

Source §§§ g;é

Figure 3.4: Quartz crystal monitor | The quartz crystal monitor is installed horizontally in
the evaporation chamber, such that it faces the evaporation source at a slight angle and is
approximately 20 mm from the center. Performing a back-of-the-envelope calculation shows
that the crystal is coated evenly.

Easy Rate Single Sensor

The exact QCM that is used for this project is the Inficon Easy Rate Single Sensor. From
Fig. 3.4, it is visible that the crystal holder is attached to stainless steel water tubes,
providing a water cooling system for the crystal during evaporation. This makes the
QCM operable in an environment of 300°C. Using bored-through union fittings, the
length of the water tubes can be altered prior to installation, allowing for exact posi-
tioning of the crystal with respect to the center of the chamber (where the substrate is
located). However, since the union fittings are not compatible with a UHV environ-
ment, it is advised by the suppliers to limit the number of times that the tube lengths
are re-adjusted.

After installation, the center of the crystal is approximately 20 mm from the chamber
center and equidistant from the evaporator sources. This distance gives the closest
proximity to the sample while maintaining a safe distance to avoid contact. Of course,
this means that the crystal has a slight angle 0 relative to the source normal.

We can use the Knudsen cosine law, given by P(6) = Pycos(0), to estimate the prob-
ability of emission at an angle 0 relative to the source normal. A consideration with 6
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is that it cannot be too large, since this could lead to uneven deposition on the crys-
tal surface, leading to the possibility of extra oscillation modes that bring the crystal
frequency out of resonance. For a distance of 20 mm between the crystal and sample,
6 ~ 9° so P(0) ~ 99Py. From this “back-of-the-envelope” calculation, we can con-
clude that the difference between the deposition masses on the substrate and crystal
is negligible, ensuring that the QCM is in close enough proximity. Additionally, since
most of the crystal surface is covered by the crystal holder (see fig. 3.4), the diameter
of the exposed crystal surface is significantly smaller than that of the entire crystal.
Consequently, the angle difference between the sides of the exposed crystal is negligi-
ble compared to 6, leading to the conclusion that any oscillation modes due to uneven
deposition can be ignored.

Outside of the preparation chamber, the QCM is connected to an STM-2 Thin Film
Rate/Thickness Monitor. It can measure with a 0.10 s interval and logs the timestamps,
crystal health percentage, rate (A/s), film thickness (kA) and crystal frequency (Hz).
The STM-2 software requires the user to set a density and Z-ratio of the deposited
material. The density of Cs3Sb is around 4.6 g/cm?. The Z-ratio of Cs3Sb is not readily
available, but if the crystal health remains around 90% life or higher, the error from an
incorrect Z-ratio is negligible, so this value is kept at 1.

Rate Control Limitations

After the installation of the QCM and measurement software of the STM-2, we notice
that the measured evaporation rate has a relatively high noise level. For the evapora-
tion runs where there is a sample present in the preparation chamber, we calculate the
average standard deviation to be 0,y = 0.13 A/s. In Fig. 3.5, the standard deviations
of each run is shown. The blue dots indicate that there is no substrate positioned in
the chamber (and thus do not represent any measurements in the results), and the red
dots indicate that there is a substrate. 0,y only includes the latter, on the basis that the
initial runs are used to test the performance of the QCM and evaporator setup and are
not relevant for photocathode characterization.
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Figure 3.5: The standard deviation of the measured evaporation rate of the quartz crystal
monitor, for each evaporation run that occurred during the project. The blue dots indicate
measurements without sample. These therefore do not contribute to the results of this project.
The red lines indicate measurements with a sample present in the evaporation chamber.

In order to figure out the source of the noise, we investigate several potential contribu-
tions. Connecting the QCM water cooling to the main water cooling system of the ES-
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CHER LEEM does not produce a noticeable change in the noise levels, suggesting that
excessive crystal heating is unlikely to be the cause. Large variations in mechanical vi-
brations from the environment outside the preparation chamber also do not result in
measurable changes in noise. Furthermore, swapping the BNC cable, which connects
the STM-2 to the electrical feedthrough of the sensor, shows no difference, indicating
that electrical noise or signal degradation is likely not the source.

The noise levels in the evaporation rate impose a limit on the minimum evaporation
rates. In Pavlenko et al. [23], the evaporation rates are in the order of 0.01 A /s, whichis
an order of magnitude smaller than o,,. Therefore, we adopt higher evaporation rates
during growth. Specifically, our target rate is 0.1 A /s for Sb and 0.3 A/s for Cs, for a
total deposition rate of 0.4 A/s. These rates are chosen with the purpose of achieving
a 3:1 stoichiometry of Cs to Sb.

Although higher evaporation rates are possible, they cause the materials in the cru-
cibles to deplete rapidly. For instance, at 0.3 A /s, the Cs crucible is depleted after ap-
proximately five runs. Each depletion necessitates us to vent the preparation chamber
to ambient pressure in order to refill the crucibles. This results in significant down-
time, along with an overnight bake-out process to restore UHV conditions. Addition-
ally, material outgassing during the subsequent evaporation run increases the chamber
pressure to above 1 x 10~° mbar, further compromising the UHV environment.

Given that the target evaporation rates are on the same order of magnitude as o,y, we
choose to monitor changes in thickness rather than the evaporation rate. The real-time
thickness graph is significantly smoother, because it is calculate from the rate using
integration, thereby suppression the noise through time-averaging. By calculating the
thickness change over specific time intervals, we can estimate the evaporation rate
at any given moment during the growth process. In Fig. 3.6b, the rate that is calcu-
lated from the thickness (red) is shown together with the measured rate. The figure
also shows the measured rate after averaging the data values to smooth out the noise
(blue). Given that the red and blue lines overlap completely, we can conclude that by
using the rate from the thickness, we can get an accurate estimate of the actual rate.

However, there are still several challenges that prevent us from accurately controlling
the stoichiometry of the grown thin films. One issue, which is mentioned in section
3.2.2, is the fluctuation of the displayed temperature by a few degrees. A more impor-
tant issue however, is that the evaporation rate decreases over time when the evapora-
tion temperature is stable. An example of this is shown in Fig. 3.6a. At the beginning
of the evaporation process, both shutters are open and the displayed crucible temper-
atures remain stable within a few degrees. Despite this, the red line, which shows the
increase in film thickness, shows a clear decline in the deposition rate. This is also
visible in 3.6b.

For a portion of the evaporation runs, we can attribute the declining rate at stable
temperatures to the gradual depletion of the materials in the crucibles. This deple-
tion complicates the reproducibility of the growth and stoichiometry between differ-
ent runs, even when identical currents are used. Strangely enough, we also see this
effect right after refilling the crucibles, indicating that there is another contribution to
the rate decline that is not immediately clear.

Moreover, throughout the evaporation runs, it becomes clear that we are not evapo-
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Figure 3.6: (a) Measure of the film thickness growth (in nm) on the quartz crystal during evap-
oration of CsxSb and the corresponding frequency changes (in Hz). The white and grey boxes
indicate opening and closing of Cs and Sb shutters, which cause spikes in the frequency. (b)
The evaporation rate (in A /s) measured by the QCM during the evaporation. The transparent
blue graph shows the raw measured data and the opaque blue graphs shows the data after
averaging to smooth it out. We can also calculate a rate from the measured thickness, which
gives a comparable smoothing of the evaporation rate.

rating the intended amount of Cs, and instead are most likely significantly below the
evaporation rates that we aim for. One of the reasons for this is that we have not cor-
rectly calibrated the QCM, meaning that the actual film thickness is most likely no the
same as the measured film thickness. While this has obvious consequences for the thin
film characterization and quality, we can still compare the measured film thicknesses
to each other.

Film Growth Protocol

After initial evaporation tests, we can establish the electrical currents and voltages of
the power supplies to approximately achieve the target rates. For Sb, this is a current
of 3.15 A and a voltage of 2.20 V. At these values, the displayed temperature stabilizes
around 415°C. For Cs, the current and voltage are 4.20 A and 3.70 V respectively, and
the displayed temperature is approximately 540°C. With these values, it is assumed
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that the materials in the crucibles are not yet near depletion.

The first step in the growth process is to heat up the crucibles while the shutters are
closed, so that any flux is blocked from entering the chamber. The substrate is trans-
ferred to the preparation chamber and rotated in such a way that it is angled approx-
imately 180° from the evaporator sources. This is because, while both shutters are
closed, a small evaporation rate can be detected through the QCM.

Before evaporating on the substrate, we tune the rates of the individual materials by
opening one shutter at a time, and adjusting the power supply current. Then, both
shutters are closed again before rotating the substrate to face the evaporator. The result
of opening both shutters is visible in Figs. 3.6a,b, which show approximately 30 nm
of thin film growth with a rate that ranges between 1.0 and 0.4 A/s. Such a decrease
in the rate may be attributable to the overshooting of the crucible temperature when
the shutters are closed, and the subsequent decrease when the shutters initially open.
However, since the depletion of the materials likely also influences the decrease in
rate, it is difficult to ascertain the source of the rate reduction.

Another thing that is visible from the Figs. 3.6a,b is the abrupt change in rate due to
the opening and closing of shutters. Each time the shutter position is changed, it is
accompanied with a spike in the frequency change. This could be due to the sudden
increase in the temperature and pressure, causing a fluctuation in the oscillation of the
crystal. However, this remains speculative.

3.24 Quantum Efficiency Setup

A crucial part of the characterization process of the evaporated thin films is to get a
measure of the photoemission performance, since this parameter is ultimately used to
assess the photocathode quality and usability for ONEM. Therefore, we measure the
external quantum efficiency of the photocathodes in a cathode-anode setup, a part of
which is already in place before the start of the project [35].

Aside from electrical connections and units, the QE setup consists of two separate
parts: One installed inside the evaporation chamber, and the other mounted on the
exterior of the preparation chamber. Inside the chamber is a custom-designed anode
on a rotary arm. It can be manually and precisely positioned to put it as close to the
sample as possible without touching the electrically grounded sample holder. To fur-
ther promote close proximity to the sample without obstructing the laser beam path,
the anode is designed with a U-shape geometry. Ultimately, the separation of the sam-
ple surface and the anode is about 1-2 mm. Currently, we do not know exactly how
much the cathode-anode separation affects the measurements, and therefore if a 1 mm
variance is significant. This is also not easily extracted from the results, since there are
multiple parameters that strongly affect the QE. It is therefore worthwhile to consider
measuring the effects of the separation in future.

Electrical connections from the anode are fed through a feedthrough flange on top
of the evaporation chamber, which is externally connected to a Keithley 2450 source
measure unit (SMU). The SMU operates at its maximum voltage of 40 V throughout
all of the measurements. Since the sample holder is grounded, this results in a 40 V
potential difference between the anode and the cathode. One thing to note is that,
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since we are at the maximum voltage of the SMU, it is unclear whether a higher bias
voltage would increase the measured current, or whether the detection efficiency is
already saturated at this voltage. During QE measurements, the current is logged by
the SMU and later on converted to a quantum efficiency through:

Tanode - Ephoton

QE =

(3.2)
b laser

Here, the QE is measured in percentage, the I;;,04e (in A) is the measured current from
the SMU, Eppoton (in €V /C) is the photon energy of the laser light and Pjase; (in W) is the
laser power. The second part is installed on a compact optical stage that is mounted
on a CF40 flange viewport. It consists of a FISBA READYBeam Ind1 laser and a col-
limator, which are connected by an optical fiber and positioned such that laser beam
aligns with the middle of the sample surface. The laser has three different wavelength
options: 450 nm, 520 nm and 660 nm, with a tolerance of 5-10 nm depending on the
wavelength. In order to compare these wavelengths effectively, we want to be able to
measure on all three settings in one evaporation run. This is achieved by running a
program that cycles through the different colors and includes a step where the laser
is turned off, with each full cycle lasting around 12 seconds. Since the laser has a 3B
safety classification, we choose to limit the laser power to 50 %, which is in the order
of tens of mW, as this is enough to measure a difference in the photocurrent. Together
with appropriate safety glasses, this precaution ensures proper laser safety without
significantly compromising the results of the QE measurements.

Of course, since we direct the beam into a UHV system through a window, not all of
the photons that leave the laser reach the sample surface. In order to account for the
reflection and absorption of the photons on the window, we measure its transmittance
and adjust the calculation of the QE accordingly. Here, we assume that the transmit-
tance stays relatively constant throughout the project, on account of the placement
of the optical stage on a flange that is outside of the range of the evaporator. After
adjustment, the QE is multiplied by a factor 1.25 to account for the window.

3.2.5 Sample Transfer and Heating

Before the start of the project, the evaporation chamber contained a static sample
holder that was mounted on the ceiling of the interior. This component is replaced
in favor of a horizontal rotary transfer arm with sample holder and integrated sample
heater. There are several reasons for this change, the first being the requirement for
electrically grounding the sample holder for the QE measurements. Additionally, to
introduce the possibility of investigating crystallization of Cs3Sb thin films through
epitaxial growth, we want to install a sample heater with multiple electrical connec-
tions for both heating and temperature monitoring. This necessitates a new sample
holder that can accommodate for the electrical connections and the heater. By using
a rotary transfer arm, we can implement these changes without compromising the
ability to transfer samples from and to the rotary z-axis transfer arm.
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Rotary Transfer Arm

The linear-rotary transfer arm with DN40CF feedthrough is acquired from a third
party and allows for a linear adjustment of the sample position by 100 mm, which
is necessary for sample transfer. Additionally, this added degree of freedom also al-
lows us to optimally position the sample with respect to the anode and the normal
axis of the evaporator. Ultimately, this position is determined to be the center of the
evaporation chamber, so 125 mm from the interior walls and 127 mm from the cru-
cibles. By installing the transfer arm on a flange that is opposite to the evaporator, we
can ensure that the grown thin films are deposited uniformly on the sample surface.
Aside from the transfer arm itself, we also install a port aligner on the CF40 flange,
which can be used to make millimeter adjustments to the position of the transfer arm
in the plane perpendicular to the linear movement, thereby facilitating in alignment
during sample transfers.

When extended, the transfer arm has a length of 130 mm, which would be enough to
reach the chamber center. However, we realize that this is not actually the case, since
we also need to consider the 75 mm distance between the flange and the inner walls
due to the protruding tube, and additionally the port aligner, which adds another
70 mm. Consequently, we require an extension piece on the transfer arm that is at least
140 mm long. There are several design requirements to be considered for the extension
piece, such as UHV compatibility, a weight load limit on the transfer arm and the
insulating properties of the material. The latter is a requirement for installing a heater
at the end of the extension piece, since we want to prevent thermal coupling between
the heater and the transfer arm itself. In order to satisfy these requirements, we opt
for a 100 mm MACOR (ceramic glass) extension piece with a 40 mm heating element
attached to it. The MACOR piece is a solid cylinder with a diameter of 10 mm, and can
be heated to more than 100 °C on one side for extended periods of time without heat
transfer to the other side. The extension piece after installation on the transfer arm is
shown in Fig. 3.7.

Sample Holder and Heating

In Section 2.3.1, we determine a goal substrate heater temperature of 80 — 90 °C, based
on previous research work. Based on this goal, we decide to design and build the
heating element in-house. It consists of a cylindrical copper piece with a step that
creates two different diameters. We choose copper because of its high thermal con-
ductivity. One side (11.4 mm) is attached to the MACOR extension piece, while the
other side (10 mm) is threaded in order for a sample cap to be screwed on. Through
this, we ensure that the sample cap is properly thermally coupled to the sample cap,
and thus indirectly to the sample. The copper piece is heated by four 75 () resistances.
By interfacing the conducting surfaces of the resistances with the copper piece and
securing them tightly with screws, we attempt to create as much surface contact as
possible. However, since this method does not guarantee perfect contact, we assume
that only 50 % of the surfaces actually thermally coupled when we calculate the re-
quired heating power. Additionally, we use one of the screws to electrically connect
the a ground wire to copper piece, and thereby ground the sample for QE measure-
ments. The resistances are connected in series to a Delta Elektronika power supply
through a feedthrough flange. Aside from this, we also connect a type K thermocou-
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Extension Cu heating/

piece element
3 i Transfer arm

with sample

Figure 3.7: Transfer arm | Schematic drawing and realization of the rotary transfer arm with
MACOR extension piece and copper heating element. The copper element is in contact with
in series-connected resistances and a type K thermocouple. A sample cap can be screwed onto
the end of the copper element, indirectly connecting the heater to the sample surface.

ple (Nickel-Chromium / Nickel-Alumel) to the heating element. By connecting the
thermocouple to an OMNI temperature controller through the feedthrough flange, we
can monitor the temperature of the heating element. To ensure that the wires inside
the evaporation chamber do not electrically couple, we wrap the exposed connections
in insulating Kapton tape, as is visible in Fig. 3.7.

Another important thing to note is that, while we can reach a maximum temperature
of around 82 %, this does not necessarily mean that the sample is also at this temper-
ature. This is because the sample cannot be directly thermally coupled to the heating
element, meaning that thermalization takes much longer. It is difficult to make an
estimation on this, since we cannot guarantee proper surface contact between the re-
sistances and the copper, and the cap and the sample.

Although we do not have an exact temperature to aim for, it is still important that
the sample heater can be stabilized to allow for future investigation of optimal sample
heating temperatures. While this was not achieved during this project, we therefore
recommend implementing a PID control system to the sample heating process. More
importantly however, the OMNI controller cannot be calibrated for a type K thermo-
couple, meaning that we can only monitor temperature changes, rather than exact
temperatures. Lastly, we did not implement temperature logging during this project,
meaning that it is currently only digitally displayed. Overall, while the groundwork
for the sample heater has been laid, there are clear improvements to be made in future.
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Chapter I

Film Growth Characterization and
Optimization

Section 3.2 describes the measurements components that are used to characterize the
photocathodes and evaluate their suitability for the purpose of ONEM. This chapter
presents and discusses the results for multiple photocathodes, measured both dur-
ing and after evaporation. Here, we mainly focus on the photoemission and the stoi-
chiometry control through QE and EDX, and attempt to link this to film thickness and
growth rate adjustments that were measured by the QCM. Furthermore, we compare
the photocathodes to each other and discuss variations in the quality that arise from
changes in the growth conditions — such as the achievable growth rate and chamber
conditions — as well as the limitations in characterization in the current measurement
setup.

4.1 Quantum Efficiency Measurements

The quantum efficiency serves as a primary measure of the photocathode quality, mak-
ing it an important marker in the characterization and optimization process. While
comparing QE values across photocathodes is straightforward, the variations in the
QE can arise from multiple factors, such as the film thickness and the stoichiome-
try. Therefore, aside from comparing overall magnitudes, we link the QE to the QCM
measurements to get more insight into how the QE curves evolve with changes in the
evaporation rate. This way, we can better characterize the grown photocathodes and
identify optimization steps.

4.1.1 Blue Light QE During Evaporation

Figs. 4.1 show the QE results from three different evaporation runs, labeled run A, B
and C, which were done consecutively within one week of each other. The left-hand
side figures show how the QE (in percentage) and film thickness (in nm) evolve over
time in run A, B and C respectively. In these runs, only the blue laser (450 nm) is
turned on, operating at 50 % laser power, or approximately 20 mW. This is because
during these runs, it was not yet possible to cycle between different laser colors. Since
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Figure 4.1: QE and QCM | Graphs of the measured quantum efficiency over time during
evaporation, for multiple runs. The figures on the left-hand side show QE (in percentage) and
the film thickness (in nm) vs time (in minutes), and the figures on the right-hand side show the
evaporation rate (in A /s) in the same time frame. The measured evaporation rate is plotted as
raw data and after averaging, together with the calculated evaporation rate from the measured
thickness. Figs. a, b correspond to run A, Figs. ¢, d to run B and Figs. e, f to run C.

the blue laser has the highest photon energy, we use this in the initial measurements
to get the highest possible QE values. In section 4.1.2, the red and green light laser are
also turned on, enabling QE comparison at different wavelengths.

The right-hand figures show how the overall evaporation rate change (in A /s) over
time. We note that there are three different evaporation rate plots: The measured
rate shows the raw data that is extracted from the quartz crystal monitor, while the
smoothed measured rate shows the same data after averaging. Since the averaging
was done post-evaporation, we used changes in the film thickness to manually mon-
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itor the rate changes during the evaporation runs. Therefore, the thickness has been
converted to a rate and plotted as well. As is visible in the right-hand figures, the
averaged rate and the rate extracted from the thickness do not show much difference.

QE Magnitude Comparison

The first thing that we can see from the QE measurements is the difference in the
order of magnitude between run A and run B/C, which is approximately 1072 % at
the highest point of each QE curve. This is a significant change, revealing that while
all runs are done in the same setup, the growth conditions can majorly impact the
photoemission quality between thin films. The maximum QE of run A, which is 0.3 %,
comes closest to the 3 % QE goal that is formulated based on Marchand at al. [9]. It is
however still an order of magnitude lower. Most likely, this is because of a lack of Cs
compared to Sb, meaning that the stoichiometry does not have a 3:1 ratio.

One of the main issues that hinders proper stoichiometry control is the lack of rate
control. Although section 3.2.3 describes a film growth protocol that aims for Cs evap-
oration rate of 0.3 A /s and Sb evaporation rate of 0.1 A/s, this is likely not the actual
evaporated rate. Instead, the Cs atoms that reach the quartz crystal are quickly des-
orbed into the vacuum or migrate deeper into the material. As a result, the thin film
layer that is grown on the substrate contains significantly less Cs than the QCM rate
indicates, thereby contributing to poor photoemission and photocathode quality.

This issue persists in run B and C. It is however does not fully explain the difference
in the QE magnitude compared to run A. It is important to note that, between run A
and B, the evaporation chamber was vented for maintenance and to refill the Cs and
Sb crucibles, meaning that we cannot attribute the lower QE in run B to a depletion of
Cs. Instead, due to installation of a new component, the anode in the QE setup was
positioned more than a centimeter away from the sample, directly before run B. The
1073 % QE difference between run A and B can therefore be attributed to a decrease
in the electrons being measured by the anode. While this issue was resolved between
run B and C, several evaporation runs took place in the meantime. Consequently, the
similar QE magnitudes observed in runs B and C are likely due to Cs depletion by the
time run C was performed.

Effects of Growth Rate Variation on QE

Aside from the magnitude of the QE, we can examine the change in the QE as it evolves
in time. It is especially interesting to connect how the QE increases and decreases due
to changes in the evaporation rate, and the opening and closing of Cs and Sb shutters.

The transitions from white to grey blocks in Figs. 4.1 indicate the opening and clos-
ing of the shutters, with the shutter configuration for each block specified above the
tigures. Fig. 4.1b shows that run A starts with a relatively steep rate increase, which
is reflected in a QE increase as the film grows to 3 nm. The rate increase at the start
of the run is due to the overshooting of the crucible temperature while both shutters
are still closed. Once they are opened, the higher temperature causes a higher starting
rate, after which it decreases by about 0.15 A /s until the shutters are closed again. The
rate decrease is visible in the QE curve, which becomes less steep and almost plateaus
around 9 nm.
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While we expect to see the QE plateau as the thin film reaches an optimal thickness
at the maximum photoemission, this is most likely not the case in run A. Instead, we
think that the decreasing QE is the result of a decreasing Cs evaporation rate over time.
In fact, we suspect that this is what happens in run B and C as well. Figs. 4.1b, d, {
all show a significant rate decrease over time. From the shutter position changes in
run C, we can see that this is not because the Sb evaporation rate decreases, as the rate
plateaus somewhat when only the Sb shutter is open.

Aside from the decreasing Cs rate, it is clear from each run that we are not evaporating
Cs and Sb in a 3:1 ratio. Instead, the grown layer lacks enough Cs to be a Cs3Sb
photocathode. This is also a contributing factor to the QE magnitude being lower than
expected. The lack of Cs in the thin film layer is most visible in run C, where Fig.
4.1e shows that the QE only starts decreasing rapidly once the Sb shutter is closed and
the Cs shutter is left open. This sudden steep increase indicates that almost 40 nm of
growth is mostly Sb, after which the layer is caesiated for another few nanometers. As
soon as the Cs is also closed, the the QE decreases to zero within a couple of minutes.
We would not expect such a rapid decrease from a Cs3Sb photocathode. In actuality,
the Cs atoms partially diffuse into the Sb thin film and are partially desorbed into
the vacuum. Therefore, we can argue that this run does not actually demonstrate co-
evaporation, but rather sequential evaporation of Sb and Cs, leading to a significant
limitation in the maximum achievable photoemission.

Consequently, the thicknesses that are associated to the peaks in the QE curves in the
runs are not attributable to an optimal film thickness at maximum photoemission. This
agrees with the fact that none of these thicknesses match, instead differing in tens of
nanometers. As a result, we cannot comment on the relation between the thickness
and the QE, as we do not find a value at which the film thickness becomes too large.

4.1.2 QE on a Biological Sample

In subsequent evaporation runs, it became possible to cycle between different laser
colors. Runs D and E in Figs. 4.2 show the results of cycling between blue (450 nm),
green (520 nm) and red (660 nm) laser light The laser also cycles between being on and
off. Their QE curves are plotted in the the corresponding colors. The figures in Figs.
4.2 have the same layout as Figs. 4.1.

Unlike runs A-C, which use standard Si/SiO, substrates, runs D and E use an ITO-
coated fused SiO, substrate, which is overlaid with a 40 nm layer of mouse brain tis-
sue. Specifically, run D is done on the backside of this substrate and run E on the
frontside (with the biological tissue). The thin films grown on each side are compara-
ble in thickness, i.e. about 8 nm.

Starting with run D, represented by Fig. 4.2a, we can see that the QE for each laser
color increases from zero as soon as both shutters are opened. After 5nm of growth,
the Sb shutter is closed and the backside of the sample is caesiated until a thickness
of about 8 nm is reached. During the caesiation, the QE does not increase nearly as
rapidly as when both shutters are open. We find that the blue curve reaches about
5 x 1073 %, which is two orders of magnitude lower than the maximum QE at a com-
parable thickness in run A. Unlike with run C, this cannot be attributed to Cs deple-
tion, since the crucibles were refilled shortly before run D. Instead, we find from Fig.
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Figure 4.2: QE and QCM | Graphs of the measured quantum efficiency over time during
evaporation, for multiple runs. The figures on the left-hand side show QE (in percentage) and
the film thickness (in nm) vs time (in minutes), and the figures on the right-hand side show the
evaporation rate (in A /s) in the same time frame. The measured evaporation rate is plotted as
raw data and after averaging, together with the calculated evaporation rate from the measured
thickness. Figs. a, b correspond to run D and Figs. ¢, d to run E.

4.2b that the evaporation rate is below 0.1 A/s during co-evaporation; this is signifi-
cantly lower than the rate in run A. Although the rate is low, the QE is still an order
of magnitude higher than in run B, even though the rate in run B was higher and the
crucibles were also refilled. This can be attributed to a better stoichiometry in run
D. This conclusion is made based on the fact that closing the Sb shutter significantly
changes the slope of the QE curve, indicating that we are not necessarily cesiating on
a mostly Sb thin film. Another clue that suggests better stoichiometry is that the QE in
run D decreases by about an order of magnitude in approximately 30 minutes, while
the QE in run C decreases multiple orders of magnitude in a couple of minutes. This
is a strong indication that the diffusive effects of the Cs atoms into the lower layer are
not as significant as in previous runs, and therefore the stoichiometry of this thin film
is closer to 3:1 than before. The reason why the stoichiometry appears to be better is
because during run D and E, we did not use the previously established rate tuning
values. Instead, we increased the power of the Cs power supply and decreased that
of the Sb to test whether we could grow a layer with more Cs. This was not done in
a controlled manner, and so we cannot comment on concrete currents to improve the
stoichiometry.
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run E, shown in Fig. 4.2¢, has a blue light QE that is comparable to that of run A, with
a maximum value of about 0.2 %. Similarly to run D, it shows an increase in the QE
during co-evaporation, and a plateau during cesiation. We can therefore come to the
same conclusion about the stoichiometry as in run D. Furthermore, the reason why
the QE is more than an order of magnitude higher than in run D is because the rate
was increased to almost 0.2 A /s by turning up the Cs rate (see Fig. 4.2d). This means
that the stoichiometry in run E is even better than in run D, thereby confirming that
the stoichiometry significantly contributes to the maximum achievable photoemission.
Indeed, we see in Fig. 4.2c that after both shutters are closed, the QE goes down by
less than a factor of 2 in the following minutes. While this measurement does not last
as long as that of run D, we can see in Fig. 4.2b that the blue light QE goes down more
rapidly in approximately the same amount of time. Consequently another that the
stoichiometry is better a decrease in the rate degradation of the photocathode through
Cs diffusion into the thin film. Overall, compared to run A-C, we can assume that we
are indeed co-evaporating in run D and E, leading to an improved blue light QE.

Laser Color Comparison

Cycling between laser colors allows us to look at more realistic conditions of ONEM,
since the intent is to use wavelengths of 520 nm and especially 660 nm in order to cause
no significant damage over time.

We can see from Fig. 4.2a that the green laser light QE reaches the same order of
magnitude as the blue one, with it’s peak being a factor 3 smaller than the blue peak.
Given that the difference between the level of damage at the two different wavelengths
can be significant, this is a relatively small difference between the QE values. In Fig.
4.2¢, we can see that this difference is even smaller, with the maximum QE of the green
laser being comparable to that of the blue laser. Naturally, this is a very promising
result for ONEM. There is larger difference when we compare these curves to that of
the red light laser. Fig. 4.2a shows that the maximum QE of the red laser is nearly an
order of magnitude smaller than that of the green laser. In run E, this difference again
appears to be smaller, as is about 5 times lower than the green laser peak. Still, this
means that the red light peak is nearly in the order of 1072 %, which is two orders of
magnitude away from the QE goal of 3 %. Given that ONEM is at a very early stage,
this makes the red light QE result promising within current expectations.

4.1.3 Blue Light QE Post-Evaporation

In between run B and run C, we performed a run where we evaporated a sample with
a 30 nm thin film layer. Before this run, the anode was moved back to the previous
position, about 1 mm away from the substrate. While we measured the QE during
evaporation, we used this run to test measuring with green laser light, and found that
the measured QE current would not increase beyond 0.4 nA. This converts to a QE
that is in the range of 107° %, and is significantly lower than subsequent measure-
ments with green laser light. Instead of increasing, the value remained approximately
constant during the entire evaporation process.

We switched to the blue light laser shortly before evaporating, consequently bring-
ing the QE up by two orders of magnitude. Fig. 4.3 shows the gradual decrease of
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the QE over a period of approximately 1.5 hours. The intention was to continue this
measurement for longer, but this became impossible due to software issues. Still, this
measurement shows the degradation of the photoemission quality of the thin film for
a significantly longer amount of time than the measurements discussed thus far. We
can see that in 30 minutes, the QE decreases by a factor 0.1. Compared to the order
of magnitude decline in run D in the same time period, this a relatively small decline.
The rate of degradation remains constant, ultimately reducing the QE with about 30 %
after 1.5 hours. We suspect that the degradation rate is this low because the thin film
layer barely contains Cs. Therefore, the desorption rate into vacuum is low. Since we
only attempted co-evaporation, and did not cesiate the sample, there is also no signifi-
cant diffusion of Cs atoms into a lower layer. Therefore, the quality of photoemission,
although not sufficient for the layer to be a working photocathode, does not change
much post-evaporation.
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Figure 4.3: QE post-evaporation| Graph of the quantum efficiency over time post-evaporation,
showing the gradual degradation of the QE of the blue light laser over the course of approxi-
mately 1.5 hours.

4.2 Film Thickness Comparison

Aside from QE measurements, we can take the X-ray spectra of the grown thin films
post-evaporation to characterize the photocathode quality. The main parameter that
we can examine with EDX is the stoichiometry of Cs and Sb, by looking at the count
values of peaks corresponding to the characteristic X-ray emission lines of Cs and Sb,
specifically at the Laj, and LB transitions. This is because this is where the peaks
were most visible, and therefore able to be fitted with a Gaussian function during
analysis.

In Figs. 4.4, we compare the count value at the X-ray emission peaks for different film
thicknesses, since the count is correlated to the film thickness. Fig. 4.4a shows the
full X-ray spectrum with four peaks, while Figs. 4.4b-e zoom in further to examine
the peaks better. The Sb peaks show that the peak count increases with increasing
thickness. The peak count difference between 10.3 and 23.2 nm is noticeably larger
than those between 23.2 and 30.4 nm and 30.4 and 41.8 nm. At smaller film thicknesses
(~ 10nm and below), it becomes difficult to detect enough counts to distinguish peaks
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from the background noise. Consequently, only the Sb La » fitted, as the other Sb peak
is not distinguishable.

Film Thickness vs Peak Counts

The peak counts of the Cs peaks do not show the clear relation between the peak
height and the thickness. Instead, the 41.8 nm peaks are lower than the 23.2 and 30.4
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Figure 4.4: Film thickness comparison with EDX | X-ray emission spectra of evaporated thin
tilms for different thicknesses. The transparent plots show the raw EDX data after background
removal, while the opaque plots show the corresponding Gaussian fits. Fig. a shows the full
spectrum, while Figa. b-e zoom in on the most prominent peaks, corresponding to the La,
and Lp; transitions of Cs and Sb.
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nm ones. Additionally, the 23.2 nm peak has a higher peak count than the 30.4 nm
peak at the Lay 5 transitions. The 41.8 nm thin film corresponds to run C, with a QE
in the order of 10~* % due to the depletion of Cs during evaporation. Naturally, we
want to attribute the lower counts to the lack of Cs. However, this is likely not the
correct conclusion. The 30.4 nm thin film corresponds to the run that is represented
in Fig. 4.3, where the QE is measured post-evaporation. While the QE here is also in
the order of 10~% %, we concluded from the degradation rate that the thin film mostly
lacks Cs atoms. Therefore, we do not expect the 30.4 nm peak count to be higher than
the 41.8 nm one. Similarly, we measured a QE in the order of 1078 % for the 23.2 nm
thin film. This very poor photoemission quality means that this thin film likely also
lacks enough Cs atoms to form a photocathode.

Instead, we attribute the lack of correlation between the film thickness and the peak
count to the overall count values, which are at 1-2 orders of magnitude below expected
values. Fig. 4.4a does not just show the Gaussian fits, but also the raw EDX data (trans-
parent lines). Between the 23.2, 30.4 41.8 nm film thicknesses, the count differences in
the raw data are too small to make a meaningful distinction between peak count val-
ues. The peak counts that are extracted from the Gaussian fits are not accurate enough
(within 10 counts) to make meaningful conclusions about the correlation between the
film thickness and the count values for the Cs peaks.

Quantitative and Qualitative Stoichiometry

While the main goal of the EDX measurements is to determine the stoichiometry of the
evaporated thin films, this tasks turns out to be significantly less trivial than initially
expected. Firstly, we did not perform EDX measurements on reference materials, or
“standards”, which are similar in composition to the evaporated thin film. Without
measuring their X-ray spectra in the same setup with identical parameters, it is impos-
sible to obtain a quantitative stoichiometry, as there are several matrix effects that we
cannot correct for without comparison. This includes differences in X-ray absorption,
the atomic number (and consequently, the back-scattering factor) and secondary fluo-
rescence effects. Since the corrections for these effects depend on the composition of
the reference materials, quantitative analysis is outside of the scope of this project.

In fact, it turns at that we also cannot meaningfully comment on the qualitative stoi-
chiometry, which would be obtained by comparing the peak counts of Cs and Sb after
adjusting for their mass fractions. One of the reasons for this is that the thickness of
the films is too small. From eq. 2.4, we can estimate the primary electron beam pen-
etration depth to be 1.2 ym at 10 keV, which means that the electrons reach far into
the substrate, and consequently, most of the detected X-rays originate from the sub-
strate instead of the thin film. Since the primary electrons lose energy as they enter the
sample, there is a depth-dependence on the excitation probability.

Additionally, it is very likely that there are multi-scattering events inside of the thin
film and substrate. The primary electrons undergo both elastic and inelastic scatter-
ing processes. Since inelastic events can generate secondary electrons with sufficient
energy to induce further ionization, the total ionization rate becomes difficult to calcu-
late, as the ionization volume is dependent on events that are probabilistic in nature.
Therefore, it is necessary to run Monte Carlo simulations in addition to performing
calibration measurements with reference materials.
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Overall, the actual interpretation of the peaks remains ambiguous: When a Cs peak is
detected, it is unclear how much of the detected X-rays originate from the thin film,
and how much originates from Cs atoms that have diffused into the substrate. The
X-ray intensity is not necessarily linearly proportional to the elemental concentration,
because of the multiple effects that contribute to a non-uniformity in the local excita-
tion probability. Instead, the measured X-ray peaks are influenced by more than just
the composition of the thin film, and as a result, qualitative comparison of the Cs and
Sb peak heights cannot give us a meaningful conclusion about the stoichiometry.

While far beyond the scope of this project, the outlook will address steps towards both
qualitative and quantitative stoichiometry determination through EDX measurements
and X-ray spectral analysis.

4.3 Effects of Sample Heating

One of the ways to improve the quality of the photocathodes is through substrate heat-
ing, which can promote epitaxial growth of Cs and Sb into a crystalline structure. In
this section we look at sample heating both during evaporation and post-evaporation,
while measuring X-ray spectra.

4.3.1 Substrate Heating During Evaporation

In section 3.2.5, we described the design and installation of a substrate heater on the
sample transfer arm. Fig. 4.5 show the results from initial heater tests, during which
we evaporated 30 nm of Cs,Sb onto a heated Si/SiO; sample and measured the evap-
orated rate with the QCM. Although temperature logging was not available during
this test, we manually measured a maximum heater temperature of about 80 °C. Af-
ter evaporation, we measured the X-ray spectrum of the thin film. In Fig. 4.5, we
compare this spectrum (red) to the X-ray spectrum of a 30 nm thin film that was evap-
orated without sample heating (blue). The sample without sample heating is the same
sample as was measured in Fig. 4.3, meaning that the QE for blue light is in the order
of 10~* %.

While we have already concluded that we cannot make meaningful comments about
the stoichiometry, we can compare the peak heights per emission line. The blue Cs
and Sb have a visibly higher peak count than the red peaks, differing in tens of counts.
Since the layers have a similar thickness according to the QCM, this is an unexpected
result, but can be explained by the effects of the substrate heating on the film thickness.
The actual thickness of the heated sample is most likely smaller than the thickness that
was measured by the QCM. This is because during evaporation, the higher tempera-
ture at the grown layer caused the promotion of Cs absorption into the vacuum. Since
the quartz crystal was not heated to the same temperature, this effect is not visible in
the readout.

Furthermore, the blue light QE of the heated sample during evaporation never reached
more than 0.4 nA, converting to a QE in the order of 107® %. This suggests that the
stoichiometry of the thin film is not anywhere near 3:1 for Cs and Sb. Consequently,
no crystalline structures are formed that could affect the peak heights in the X-ray
spectrum.
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Figure 4.5: Sample heating during evaporation | X-ray emission spectra of 30 nm thin films,
showing the X-ray peaks of the La; » and LB, transitions for Cs and Sb. The red plot shows the
spectrum of the sample that was heated to 80 °C during evaporation. The blue plot shows the
spectrum of the sample that did not undergo sample heating. The transparent lines show the
raw EDX data, while the opaque lines show the corresponding Gaussian fits.
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Figure 4.6: EDX before, during and after sample heating | X-ray emission spectra of the 10
nm thin film from run A, showing the X-ray peaks of the La;, and LS; transitions for Cs and
Sb. The three plots correspond to the spectra before (purple), during (blue) and after (orange)
substrate heating using the main chamber heater. The transparent lines show the raw EDX
data, while the opaque lines show the corresponding Gaussian fits.

4.3.2 Sample Heating Post-Evaporation

One of the samples was also heated outside the preparation chamber, using the heater
in the main LEEM chamber. This post-evaporation heating was not intended to pro-
mote epitaxial growth. Instead, we aimed to investigate whether substrate heating af-
ter deposition would rearrange the Cs and Sb atoms in the thin film into a crystalline
structure.

Fig. 4.6 shows the X-ray spectra the 10 nm of an evaporated thin film before, during
and after sample heating. This film corresponds to run A, so the maximum QE of this
sample is around 0.3 %. This means that it most likely has a relatively high Cs content,
making its stoichiometry better than that of other samples and thus, giving it a higher
chance at crystallization. While the exact temperature of the main chamber heater is
unknown, the current is increased to a maximum of 2 A, which is at least higher than
the maximum achievable temperature of the heater in the evaporation chamber.

We can see from Fig. 4.6 that the heating has a clear affect on the Cs and Sb peak
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counts. Due to the relatively low count values, it is not possible to distinguish the
Sb LB peak and Cs LB peak before heating, so they do not have Gaussian fits. This
is because the sample from run A is only 10 nm thick, and as we saw before, this
results in low peak counts compared to larger thicknesses. During heating, the peaks
become completely indistinguishable. More interestingly, the peak counts are actually
noticeably enhanced after post-heating. Specifically, the Sb La; » peak increases by a
factor 3 and the Cs Lay » increases by a factor 1.5. Moreover, both LB, transitions are
now visible. Another thing to note is that it seems as if the Sb La; o peak has shifted
to a lower energy. This is however not an effect of sample heating, and can instead be
explained by the error in the Gaussian fits due to the noise in the raw EDX data.

It is not immediately clear from the X-ray spectra why the peak counts are enhanced
as a result sample heating. We also performed PEEM measurements on this sample;
these are shown in Figs. 4.7. We see that as the sample is heated further, the surface
evolves over time. In 4.7b, bright patches start to form in various spots on the film.
They grow and change in shape over time, eventually turning into the shapes that are
visible in 4.7c. It first, we suspected that this was a form of crystallization. However,
after performing LEED measurements, we found that there are not diffraction patterns
visible. Since these are characteristic to crystalline structures, we quickly came to the
conclusion that thin film did not undergo a crystallization process. Instead, we suspect
that the bright patches appear due to inhomogeneous Cs desorption as a result of
sample heating. While the contrast changes different areas, the total image intensity
does not. Therefore, the enhanced Sb peak counts could be a result of a higher Sb
ratio in the film. This is however quite speculative, since we established that the peak
counts do not actually fully represent the composition of the sample. Another thing to
note is that the bright patches disappear in the LEEM measurements after the sample
has cooled down. This indicated that the inhomogeneity of the Cs desorption only
lasts while the sample is being heated.

Figure 4.7: During sample heating | 45 ym field of view PEEM images that show the progres-
sion of bright patch formation on a 10 nm Cs,Sb thin film during sample heating. The patch
shapes and positions stop evolving as the sample is heated further. After sample heating, the
patches disappear again.

4.4 ONEM Measurements

While this project is mainly focused on assembly of a co-evaporation setup and the
characterization of the evaporated thin films, we performed two "“proof-of-concept”
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ONEM measurements to gauge the quality of the photocathodes with regard to the
intended use case.

Over the course of the project, two different ONEM measurements were performed
using photocathodes grown in the preparation chamber. The first sample that we
measured with ONEM is a 30 nm thick 250 x 250 ym SiN membrane that is suspended
from a 200 ym thick silicon frame. On one side of the sample, a 3.2 nm Cs,Sb thin
film is grown. The membrane is then imaged with ONEM, using a 405 nm laser. The
wavelength of the laser is low to give a higher chance of sufficient photoemission of
the photocathode. This is because, since this measurement was performed relatively
early on in the project, there was no established growth protocol to enhance the pho-
tocathode quality. Fig. 4.8a shows the resulting ONEM image at a 45 ym field of view.
We see a clear interference pattern. This pattern is formed by the light hitting the inner
edges of the silicon frame before they arrive at the photocathode. The lateral period-
icity of the pattern is around 200 nm. While the resolution appears relatively low, e.g.
compared to the resolution of the LEEM, it is still promising first result.

The second ONEM measurement is performed on the biological sample from run E,
therefore using the blue light laser with a wavelength of 450 nm instead of the UV-
C laser. While it would be more realistic to use the green light laser, we again want
to boost the photoemission of the photocathode to get a brighter ONEM image. Fig.
4.8b shows the ONEM image of the mouse brain tissue slice, again at a 45 ym field of
view. The lateral resolution is sufficiently high to distinguish relevant structures in the
tissue. The image shows two false-colored areas, which represent the cross sections
of myelinated axons in the neurons. The ONEM image of the biological sample is an
important result, as it demonstrates that while the evaporated thin films have not yet
been optimized for performance, they are already usable as ONEM photocathodes.

Figure 4.8: ONEM results | 45 um field of view ONEM images of (a) the diffraction pattern on
a 30 nm SiN membrane and (b) a 40 nm layer of mouse brain tissue.
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Chapter

Outlook and Conclusion

The primary aim of this research project was to realize an in-situ co-evaporation setup
in the preparation chamber of he ESCHER-LEEM, for the purpose of evaporating and
characterizing Cs3Sb photocathodes. We mainly focused on the design and assembly
of this setup, with a small portion of the project dedicated to the growth and charac-
terization of a variety of thin films — differing in film thickness and composition —
in order to develop a film growth protocol that ultimately lead to the initial ONEM
results.

While this goal was successfully achieved, there are still several ways to improve the
setup itself, and more importantly, the conditions around the evaporation process and
the methods of characterization. In this chapter, we therefore explore possible im-
provements and discuss further characterization steps to optimize the photoemission
quality of the ONEM photocathodes.

Evaporation Rate Control

The main issue that still needs to be resolved is evaporation rate control, particularly
the evaporation rate of Cs. While the Sb rate remained relatively stable throughout
the project once it was fixed at a certain temperature, this was far from the case for
Cs. There are several reasons for this. Firstly, the Cs salts inside the crucible de-
plete quicker than initially expected, usually within just a few evaporation runs. This
means that most of the thin films were grown with an insufficient amount of Cs. This
also necessitates venting the evaporation chamber regularly to refill the crucible. Not
only does this cause delays, but it also compromises the base pressure of the chamber,
which hovers around 10~ mbar instead of reaching an ultra-high vacuum. Therefore,
it is recommended to look into alternative Cs sources that deplete more slowly. A sec-
ond issue is that, even if the crucible is not depleted, the Cs evaporation rate generally
decreases over time. While we currently do not have a sufficient explanation for this,
it is clear that this issue requires further investigation. Finally, we are likely evapo-
rating much less Cs than we think. This is due to the quartz crystal monitor, which
does not seem to give an accurate reading of the Cs evaporation rate. Once we started
evaporating significantly more Cs than necessary according to the measured rate, we
began to see noticeable improvements in the photoemission, thus suggesting that the
actual Cs:Sb ratio is far below the desired 3:1 stoichiometry.
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QCM Calibration

In order to obtain a more accurate reading of the Cs rate, the QCM needs to be cal-
ibrated properly. This can be achieved by performing calibration measurements to
determine the tooling factor for the Cs and Sb. Since precise rate control and accurate
thickness monitoring is such crucial aspects of deposition processes, we recommend
incorporating the calibration into a follow-up research project. Another way to im-
prove the rate control through the QCM is to implement real-time averaging of the
noisy rate data, which would result in easier rate monitoring and tuning.

EDX for Stoichiometry

To enable both qualitative and quantitative stoichiometry determination of Cs,Sb thin
films through EDX analysis, we recommend setting up a future research project to ad-
dress several limitations of the current EDX setup. Firstly, it is essential to perform
EDX measurements on a variety of reference materials with known compositions, in-
cluding those similar enough to the Cs3Sb thin films, in order to quantify different
effects and perform proper matrix corrections. It is important that these measure-
ments are done under identical conditions to the measurements of the thin films, in
order to ensure accuracy in the comparison. Furthermore, since the penetration depth
of the primary electron beam exceeds thin film thickness, it is important to investi-
gate a way to reduce X-ray generation in the substrate. Given that ONEM requires the
growth of ultra-thin photocathodes, we cannot simply increase the layer thickness.
Instead, it is recommended to reduce the excitation volume by lowering the beam en-
ergy. However, this requires addressing the low count values in the measured X-ray
spectra. Finally, Monte Carlo simulations can be used to model the scattering and ion-
ization processes of the primary electron beam, which will make it easier to separate
the contributions from the thin films and those of the substrates.

Further Characterization

There are, of course, more improvements that can be made, as well as other methods
to further characterize the thin films. For instance, there are still multiple parameters
in the setup that are not being logged, such as the the power settings that control the
crucible temperatures and the temperature of the sample heater. Additionally, these
systems do not have an implemented PID control system to keep the temperatures sta-
ble. Moreover, the sample heater temperature monitor is not calibrated to the correct
thermocouple, which means that the temperature readout is not fully accurate. Be-
yond hardware/software improvements, there are important aspects of photocathode
growth that remain unaddressed, such as the ultra-smooth surface requirement. By
introducing techniques such as atomic force microscopy to the characterization pro-
cess, we can begin to investigate the growth conditions that are necessary to produce
ultra-smooth photocathodes that enhance the photoemission quality.

Future of ONEM

While there are still many aspects of ONEM that require further development, the
initial results demonstrate a promising future. Given the continuation of the improve-
ment of both the setup and the photocathodes, we expect to see significant short-term
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enhancements in the lateral resolution and achievable brightness at non-damaging
wavelengths. In future, the aim is to realize dynamic imaging with liquid cells, form-
ing a next step for ONEM that has now become feasible through the steps made in
this project. Overall, the results show that ONEM has the potential to be a leading
super-resolution, non-invasive imaging technique.
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