TECHNISCHE
UNIVERSITAT
DRESDEN

In-depth Surface Studies of p-GalN:Cs Photocathodes
by Combining FEx-Situ Analytical Methods with
In-Situ X-Ray Photoelectron Spectroscopy

Dissertation

Zur Erlangung des akademischen Grades

Doctor rerum naturalium
(Dr. rer. nat.)

vorgelegt

dem Bereich Mathematik und Naturwissenschaften
der Technischen Universitat Dresden

von
M. Sc. Jana Schaber
geboren am [N i» I

Tag der Einreichung: 25.11.2022
Tag der Verteidigung: 24.05.2023

Gutachter:

Prof. Dr. Nikolai Gaponik
Prof. Dr. Xin Jiang

Prof. Dr. Eike Brunner

Die Dissertation wurde in der Zeit von Juni 2018 bis November 2022 im Institut fir
Strahlenphysik (ELBE) am Helmholtz Zentrum Dresden Rossendorf angefertigt.






to my beloved grandparents






Abstract

The photocathode is one of the key components of particle accelerator facilities
that provides electrons for experiments in many disciplines such as biomedicine,
security imaging, and condensed matter physics. The requirements for the electron-
emitting material, the so-called photocathode, are rather high because these ma-
terials should provide a high quantum efficiency, a low thermal emittance, a fast
response, and a long operational lifetime. At present, none of the state-of-the-art
photocathodes can fully meet all the desired requirements. Therefore, new mate-
rials that can be used as potential photocathodes are urgently needed for future
developments in accelerator research.

Semiconductor photocathodes such as cesium telluride are the preferred materials
in particle accelerators. These photocathodes provide high quantum efficiencies of
above 10 %, making them highly attractive. The crystal growth of cesium telluride,
as a compound semiconductor photocathode, requires the deposition of cesium and
tellurium on a suitable substrate with an ideal chemical ratio, which seems elaborate
and difficult to handle.

In contrast, III-V semiconductors, such as gallium arsenide and gallium nitride
(GaN), represent another type of semiconductor photocathode. These commercially
available semiconductors are already grown on a substrate and only require a thin
film of cesium and optional oxygen to obtain a photocathode. An atomically clean
surface is necessary to achieve a negative electron affinity surface, which is the main
prerequisite for high quantum efficiency.

In this work, p-GaN grown on sapphire by metal-organic chemical vapor deposi-
tion was wet chemically cleaned and transferred into an ultra-high vacuum chamber,
where it underwent a subsequent thermal cleaning. The cleaned p-GalN samples
were activated with Cs to obtain p-GaN:Cs photocathodes and their performance
was monitored with respect to their quality, especially concerning their quantum
efficiency and storage lifetime.

The surface topography and morphology were examined ez-situ by atomic force mi-
croscopy and scanning electron microscopy in combination with energy dispersive
X-ray spectroscopy.

The presence of oxygen during the sample handling and the temperature applied
during the thermal cleaning significantly influenced the surface morphology and
affected the quantum efficiency and lifetime. Atomic force microscope measurements
confirmed the adsorption of oxygen when the freshly cleaned samples were exposed
to air. Consequently, it is crucial to protect the p-GaN sample from exposure to
air in the environment to avoid such oxidation. Thus, the cleaning process was
carried out under dry nitrogen in a glovebox, and the p-GaN samples were further
transported under a nitrogen atmosphere in a ultra-high vacuum chamber.

Treatments at different temperatures resulted in various quantum efficiency val-
ues and storage lifetimes. Moderate temperatures of 400-500 °C were found to be
more beneficial for the p-GaN surface quality, which was reflected by achieving
higher quantum efficiency values. After the thermal cleaning, the samples were ac-
tivated with a thin layer of cesium at an average pressure of 1x107? mbar. The
surface morphology was studied with scanning electron microscopy and energy dis-
persive X-ray spectroscopy after the samples were thermally cleaned and activated
with cesium. The results showed that the surface appeared inhomogeneous when



the samples were cleaned at a high temperature above 600°C. A thermal cleaning
from the backside through the substrate represented another possibility but did not
yield higher quantum efficiency values.

An in-situ analysis method facilitates following and understanding the changes
in the surface electronic states before, during, and after any treatment of p-GaN:Cs
photocathodes. For this purpose, an X-ray photoelectron spectrometer was applied
that was built into an ultra-high vacuum system to prepare and characterize photo-
cathodes. It allowed the in-situ monitoring of the photocathode surfaces beginning
immediately after their cleaning and throughout the activation and degradation
processes.

The realization of the adaption of an X-ray photoelectron spectroscopy chamber
to the preparation chamber presented a significant constructional challenge. Thus,
this work paid special attention to the technical aspects of in-situ sample transporta-
tion between these chambers without leaving the ultra-high vacuum environment.

The p-GaN surface was cleaned with different solutions and studied by X-ray
photoelectron spectroscopy and atomic force microscopy, revealing that cleaning
with a so-called "piranha' solution in combination with rinsing in ethanol works
best for the p-GaN surface. A cleaning step that solely uses ethanol is also possible
and represents a simple cleaning procedure that is manageable in all laboratories.
Afterward, the cleaned p-GaN samples underwent a subsequential thermal vacuum
cleaning at various temperatures to achieve an atomically clean surface. Each treat-
ment step was followed by X-ray photoelectron spectroscopy analysis without leaving
the ultra-high vacuum environment, revealing residual oxygen and carbon on the p-
GaN surface. A thermal treatment under vacuum did not entirely remove these
organic contaminations, although the thermal cleaning reduced their peak intensi-
ties. The remaining oxygen and carbon contaminants were assumed to be residuals
derived from the metal-organic chemical vapor deposition process.

The complete removal of carbon and oxygen contaminants was only achieved by
argon ion sputtering, which was accompanied by a strong depletion of the nitrogen
atoms on the p-GaN surface. The treatments caused a large number of defects on the
semiconductor surface, which was validated by ez-situ scanning electron microscopy,
energy dispersive X-ray spectroscopy, and in-situ X-ray photoelectron spectroscopy.
However, although a few atomic percentages of carbon and oxygen, representing
undesired impurities from the metal-organic chemical vapor deposition, remained
on the surface, p-GaN could still form a negative electron affinity surface when
exclusively activated with cesium.

After the cesium activation, a shift toward a higher binding energy was observed
in the X-ray photoelectron spectroscopy spectra of the related photoemission peaks.
This shift indicated that the cesium was successfully adsorbed to the p-GaN surface.
Before the cesium activation, adventitious carbon at a binding energy of approxi-
mately 284 eV was found, which was also present after the cesium activation but did
not shift in its binding energy. It was also shown that the presence of remaining car-
bon significantly influenced the photocathode’s quality. After the cesium deposition,
a new carbon species at a higher binding energy (approximately 286 ¢eV) appeared
in the carbon 1s spectrum. This new species showed a higher binding energy than
adventitious carbon and was identified as a cesium carbide species. This cesium
carbide species grew over time, resulting in islands on the surface. The X-ray pho-
toelectron spectroscopy data facilitated the elucidation of the critical role of this
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cesium carbide species in photocathode degradation.

Residual photocurrents were measured after the samples were thermally cleaned
before the next cesium activation. The X-ray photoelectron spectroscopy mea-
surements revealed that the cesium was not entirely removed from the samples’
surfaces. However, the remaining cesium seemed beneficial for the re-activations
because higher quantum efficiency values were achieved than in the first activations.

Typically, the quantum efficiency of photocathodes decays exponentially. Con-
versely, an immense quantum efficiency loss was observed after the p-GaN:Cs pho-
tocathodes were studied by X-ray photoelectron spectroscopy. The origin of the
quantum efficiency loss derived from X-rays as an external influence and was not
caused by the sample’s transportation. Therefore, potential X-ray damages to the
p-GaN:Cs photocathodes were investigated. These experiments showed that the
adsorbed cesium and its adhesion to the p-GaN surface were strongly influenced by
X-ray irradiation. The cesium photoemission peaks shifted toward a lower binding
energy, while the relative cesium concentration did not. This shift indicated that
X-ray irradiation accelerated the external aging of the p-GaN photocathodes and
thus it was proposed to use lower X-ray beam power or cool the samples to prevent
X-ray damage to cesiated photocathodes.

Furthermore, the potential of applying p-GaN to other substrates such as silicon
and titanium nitride as possible photocathodes was studied. The quantum efficiency
values and storage lifetimes for p-GaN:Cs on silicon and titanium nitride were sig-
nificantly shorter than those achieved for p-GaN:Cs on sapphire, which is related to
the p-GaN crystal quality that is influenced by the substrate.

This work shows that an exclusive activation with cesium is feasible and that a
re-activation of the same sample is possible. Quantum efficiency values of 1-12 %
were achieved when the p-GaN, grown on sapphire, was activated. The capability
of an X-ray photoelectron spectroscopy analysis allowed the in-situ monitoring of
the photocathode surface and shed light on the surface compositions that changed
during the photocathodes’ degradation process.
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1 Introduction

Electron sources are the key components in modern technologies such as mi-
croscopes [1-3], radio transmitters, and X-ray tubes for medical diagnostic devices
[4]. Electron sources are also used in accelerator-based light sources that have a
wide range of applications in biomedicine, security imaging, and condensed mat-
ter physics. The improvement of the existing electron sources is directly linked to
the increased demand for higher electron currents, higher repetition rates, or high-
brightness beams. These requirements for accelerator-based light sources, such as
free-electron laser (FEL) and terahertz (THz), can be provided by an essential mate-
rial, namely a so-called photocathode. The quality of all of the applications outlined
above relies on the photocathode’s performance. Great demands are placed on these
photocathodes because they should provide a high quantum efficiency (QE), a low
thermal emittance, a fast response, and a long operational lifetime. Apart from
these basic requirements, the choice of a suitable cathode as a high-brightness elec-
tron source depends on many additional factors, and, at present, none of the existing
state-of-the-art photocathodes can fulfill all of the desired requirements [5]. There-
fore, new materials that can be used as potential photocathodes are urgently needed
for future developments in particle accelerator research.

Metal cathodes such as copper (Cu), magnesium (Mg), and lead (Pb) were
the first cathodes used in electron injectors in particle accelerators. They are the
photocathodes of choice for the commissioning of a new electron source because
their preparation is simple and they work robustly. However, they are not able
to provide high QEs. In contrast, semiconductor photocathodes, such as cesium
telluride (CsoTe) offer more advantages, such as higher QE and lower thermal emit-
tance than pure metal photocathodes [6-8]. CsyTe could provide QE values between
5-20 %, a long lifetime, and low thermal emittance. However, this photocathode
type is very sensitive to any kind of vacuum instability. Thus, the search for new
materials with better photo-emitting properties led to the promising field of III-V
semiconductor photocathodes [9, 10].

IT1-V nitride semiconductors are in high demand in many application fields and
have garnered increasing interest, especially since the Nobel Prize was awarded for
developing the gallium nitride (GaN) light-emitting diode (LED) in 2014 [11]. Since
then, III-V semiconductors have been widely used in ultraviolet (UV) detectors and
LEDs [11].

As a potential photocathode, p-type III-V semiconductors have the extraordinary
ability to form a negative electron affinity (NEA) surface when they are activated
with a thin layer of alkali metal, such as cesium (Cs) [12, 13]. The Cs on the
semiconductor surface introduces a band-bending, while a high p-doping (e.g., Mg or
zinc (Zn)) of the semiconductor is also beneficial as the photoelectrons can overcome
the energy barrier and enter into the vacuum more easily [14, 15].

One important I1I-V semiconductor photocathode is gallium arsenide (GaAs),
which is already established as a spin-polarized electron source in direct current (DC)
particle accelerators for many years [16-18]. The activation of GaAs photocathodes
is special as they are activated in a so-called YoYo process, where molecular oxygen
(O2) and Cs are alternately applied several times until a maximum photocurrent is
achieved [19, 20]. GaAs photocathodes are extremely sensitive to residual vacuum
gases and have a short lifetime of only several hundred hours [18, 21, 22].
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GaN is another important III-V semiconductor that can possibly be used as a
photocathode. It promises to be more robust [23] and it can potentially achieve ex-
tremely high QE values of approximately 70 % [24]. With its wide band gap of 3.4 eV
(360 nm) a slight relief of the excitation laser is possible, while other photocathodes,
such as Csy'Te, mostly require more energetic UV-light at 260 nm. Therefore, p-GaN
shows great potential to become a new electron source. Because the treatment with
O5 should not necessarily be involved in the activation of p-GaN:Cs photocathodes,
the activation of p-GaN is easier than that of GaAs photocathodes [15, 25, 26].

The most important requirement for achieving the NEA surface and thus a high
QE is an atomically clean surface, which is an important factor for all semiconductor
photocathodes [27-29]. Detailed surface characterizations need to be performed
which will help to determine these surface conditions and their QE dependence so
that GaN can be used as an electron source in the future.

1.1 Motivation

The electron linear accelerator with high brightness and low emittance (ELBE)
superconducting radio-frequency (SRF) Gun II at the Helmholtz Zentrum Dresden
Rossendorf (HZDR) is a continuous wave multi-purpose radiation source that is
used for various international research projects. The electron beam is used by many
researchers around the world from medicine, materials science, physics, or chemistry
for their experiments. Therefore, the continuous improvement of the ELBE SRF
Gun II is of great interest to the user community [30-33].

The currently used photocathodes for the SRF Gun II are Mg and Cs,Te. The
Mg photocathode is easy to prepare but it cannot provide a high QE. In contrast,
CsoTe is the preferred cathode in the SRF Gun II because it provides a higher QE
and can be used for the generation of medium beam currents. The Cs,Te photocath-
ode can be operated for several months in the SRF Gun II but loses its QE during
the operation under a radio-frequency (RF) field. The photoemissive CsyTe layer
that is deposited on a Cu substrate is sensitive to any residual gas that will cause
a surface change. Thus, the CsyTe layer is very sensitive to any vacuum instabili-
ties. The strong desire for higher beam currents from a more robust photocathode
leads to the research field of I1I-V semiconductors as potential novel photocathodes.
The idea to use GaN as a potential electron source gained increasing interest in
recent years. Preliminary studies on the photoemission surface properties have to
be carried out to help determine the potential use of GaN as an electron source. At
HZDR, there are no analytical capabilities for a detailed surface study on photo-
cathodes, and especially no in-situ analysis method exists. In the last 20 years, Mg
and CsyTe photocathodes were applied but neither had been characterized in terms
of their surface qualities nor in their chemical surface composition. The photocath-
ode performance and the degradation are hardly understandable without a reliable
in-situ analytical method. So far, only assumptions have been made concerning the
photocathode surfaces. Significantly, ez-situ methods are not suitable for examine
air-sensitive materials because the surface oxidizes on exposure to the air in the en-
vironment. The extension of a ultra-high vacuum (UHV) preparation chamber with
an in-situ analytical chamber is thus necessary to realize the analytical research
for photocathodes at HZDR whereby the material surface is studied in its chemical
composition and every surface change is observable without leaving the essential
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vacuum environment. The capability of using such an in-situ analytical method

helps to improve surface treatments with the effect of pushing the application of
p-GaN photocathodes toward the future.

1.2 ELBE SRF Gun II

Electron sources for accelerator facilities can be distinguished into two different
injector types, according to the field applied to the cathode [7, 34-37]. One type uses
the application of a DC electric field between the cathode and anode. Depending on
the DC voltage applied, the electrons gain energies between 100-500 keV, although
they cannot be accelerated to relativistic energies.

Instead of a DC field, an RF field can be applied, in which the cathode is surrounded
by a specially shaped cavity.

He port LN reservoir
LN shielding
He vessel
cathode alignment
SC solenoid

cathode cooling

photo cathode

p-metal shielding

dimensions: L=1.3 m
H=09m
$=07m

3%-cell cavity

Fig. 1 3D model of the ELBE SRF Gun IT at HZDR showing the incident UV laser pathway
(violet) hitting the photocathode in the back wall that ejects electrons. The electrons are
subsequently accelerated downstream (blue).

The SRF injector is a special type of RF injector that contains a niobium (Nb)
resonance cavity that turns into a superconducting state below a critical tempera-
tures. The cavity is therefore surrounded by a cryostat system and cooled down to
2 K with liquid helium (He) [30, 33].

Figure 1 shows a 3D model of the ELBE SRF Gun II. The core of the gun is a
3.5 cell fine grain Nb cavity to which a 1.3 GHz RF field can be applied [38, 39].
The cathode is placed in the cavity back wall and cooled with liquid nitrogen (LN),
and thus it operates at 77 K [30, 33]. For the generation of photoelectrons from the
cathode, an energy source is required to excite electrons above the work function
(WF). The necessary energy can be supplied thermally with either an electric field
or photons. Thermionic emission and field emission are mature methods and work
robustly [40]. However, the photoemission offers more advantages than these mature
methods because the electron bunches can be accurately time structured. In the
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ELBE SRF Gun II, a UV laser (258 nm) illuminates the cathode surface to produce

an initial electron bunch. The maximum power of the laser is approximately 400 mW,
and works at 13 MHz with a pulse length of 2.4 ps.

cathode alignment
and movement

cavity flange LN outlet

cathode cooler @ 5 kV ~— »

and LN temperature

ceramic for
electr. isolation

flange to cathode

,/‘ 2 transfer system
i ~_ LN reservoir

l e LN inlet

Fig. 2 3D model of the photocathode inside the SRF Gun II, showing its cooling system
with a LN supply [33].

cathode puck with
photoactive layer

puck holder with
bayonet fixing for
cathode transfer

In the ELBE SRF Gun II, the cathode is mounted on a Cu cathode body which is
externally cooled with LN [41]. Figure 2 shows the photocathode Cu body including
its bayonet holder that is used for its transportation. The cathode plug is located
at the front of the cathode body and is made of Mg or Cu onto which the CsyTe is
deposited as a photoemissive layer.

As mentioned, Mg photocathodes were used in the SRF Gun II in the past but
due to their low QE, they were replaced by CsyTe [40-42]. CsyTe is the photocathode
of choice as it is able to provide a QE of over 1% after it was transported into the
SRF Gun II, and can be used in operation for several months [42].

The superconducting cavity is very sensitive to any contamination, which means
that the right choice of photocathode is highly relevant. The potential release of
photocathode compounds into the cavity, especially from semiconductor photocath-
odes, is a possible risk. Thus, the prevention of a potential overheating of the
photocathode is a technical challenge. Laser irradiation and RF dissipation are pos-
sible reasons for an overheating that can be prevented by a proper thermal contact
and a cooling with LN of the photocathode.

Thin Indium sheet

Copper support

Fig. 3 Specialized 3D model for the adaption of p-GaN semiconductor photocathodes onto
the SRF Gun II Cu body with the help of a Cu support, pierce cone and In sheet.

The improvement of the SRF Gun II and its beam quality is connected to the
improvement of the photoemission properties such as a higher QE and a lower
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thermal emittance. Thus, photocathode research is always being pushed forward.
On the one hand, it is possible to improve the existing cathodes, while on the other
hand, investigations to identify novel photoemissive materials can be conducted.
Other semiconductor photocathodes such as GaAs and GaN show great potential
and suitability to be tested for high current applications in the future [40]. To adapt
the next generation of photocathode materials in the ELBE SRF Gun II, a special
plug system combining the semiconductor with the cathode plug was developed, as
shown in Figure 3. The semiconductor is surrounded by a pierce cone and contacted
with the Cu body by an indium (In) sheet. Thus, a proper thermal contact to the Cu
cathode body is guaranteed. The plug including the semiconductor can be screwed
onto the Cu body with a bayonet holder and transported into the SRF Gun II.

1.3 Goals of the Thesis

A home-built photocathode preparation chamber that has a UHV environment
was commissioned and systematically improved to always ensure the best conditions
for photocathode research. An in-situ analytical method that measures the p-GaN
surfaces after each treatment step was highly desirable to understand the photo-
cathode processes. This in-situ method enables the traceability of the changes in the
semiconductor surface in its chemical composition which affects the photocathode’s
properties.

This thesis describes different cleaning processes and their influence on a suc-
cessful formation of an NEA surface to obtain a p-GaN:Cs photocathode. The pho-
tocathodes that were produced were characterized according to their photoemission
properties such as QE and storage lifetime. Furthermore, the samples were charac-
terized by ez-situ analytical tools such as atomic force microscopy (AFM), scanning
electron microscopy (SEM), and energy dispersive X-ray spectroscopy (EDX). The
surface changed during the transportation under air and, consequently, the "real"
surface as it would be under UHV conditions, could not be characterized.

One of the main goals of this work was to establish a suitable surface charac-
terization method that could be adapted to a UHV preparation chamber, so that
the samples are measured and constantly kept in a UHV environment. A refur-
bished X-ray photoelectron spectroscope, operating under UHV conditions, was the
solution to this aspect. It is worth noting that the adaption and sample trans-
portation between the two UHV chambers (preparation and X-ray photoelectron
spectroscopy (XPS) chamber) was very challenging and thus this work pays spe-
cial attention to describing how to cope with this constructional challenge. Vacuum
sample transportation followed by XPS measurements of the photocathodes were en-
abled by the successful adaption of the XPS chamber to the preparation chamber.
Therefore, the research on semiconductor photocathodes at HZDR reached a mile-
stone with the newly acquired ability to trace the photocathodes’ surface changes
and thus the degradation from an analytical point of view.

A detailed study of the p-GaN:Cs photocathode surface and its quality was
realized with the help of the new in-situ XPS system. Therefore, another goal of
this thesis involved gaining insights into the treatments and their effects on the
p-GaN surface, which helped to continuously improve these treatments. Special
attention was paid to the surface study to understand the degradation mechanism
of this new type of p-GaN:Cs photocathode.
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1.4 Structure and Scope of the Thesis

This thesis is an inter-disciplinary work that combines chemistry, physics, ma-
terial science, and engineering. It deals with analytical methods that are used for
photocathode characterization, separated into in-situ and ex-situ methods. The the-
oretical fundamentals for both analytical methods are provided in Section 2, while
Section 3 introduces the photocathodes as subjects that can be analyzed and char-
acterized by applying them. The thesis hereby describes the basic theory of pho-
toemission and focuses on those materials that are later also relevant as potential
photocathodes, especially semiconductor materials. Metal photocathodes are only
mentioned briefly because they are not such promising candidates for future electron
sources as the semiconductor ones.

The in-situ XPS connected to the preparation chamber — with all its challenges
and difficulties — is discussed in detail in Section 4. The adaption of the XPS chamber
to the preparation chamber represents the key component of this work, while the
ex-situ methods such as SEM and AFM were used as alternative methods as long
as in-situ XPS measurements were not yet available.

The thesis focusses on p-GaN on sapphire as a potential photocathode, which
is presented and discussed in Section 6. The p-GaN:Cs photocathodes are studied
in terms of their surface properties and compared regarding their surface cleaning
process. A series of p-GaN:Cs photocathodes were compared concerning their QE,
storage lifetimes, and surface qualities. However, the lifetime and thus QE decay
was not measured for each sample until the QE vanished entirely because it is not
feasible within a limited working time. For most of the samples, an extrapolation of
the lifetime was feasible to estimate the "real" storage lifetime. Furthermore, a few
YoYo activations were carried out, but they play a minor role because an activation
with Cs alone is more practical.

The Mg concentration, related to the carrier concentration, also has a significant
impact on the photocathode performance but a comparison in different carrier con-
centrations would have exceeded the scope of this thesis. The industrial suppliers
are mostly not able to provide low quantities of p-GaN samples with the desired Mg
concentrations.

No studies were conducted on cooled p-GaN photocathodes as they would be used
in the SRF Gun II because the ability to cool the p-GaN sample was determined by
the improvement of a preparation chamber during the thesis and the measurements
would have exceeded the time available for completion. The Cs activation and QE
measurements were therefore always carried out at room temperature.

A comparison of p-GaN grown by other methods than metal-organic chemical
vapor deposition (MOCVD) and thus a comparison of different p-GaN qualities from
different suppliers is not covered by this thesis. Besides sapphire, some experiments
were also done on p-GaN on silicon (Si) or titanium nitride (TiN) in Section 7 but
this can be regarded as a potential outlook for future research. Section 8 deals with
the surface characterization of GaAs and CsyTe photocathodes which are regarded
as comparable materials to p-GaN.

Section 8.1 highlights the difficulties involved in GaAs preparation and activa-
tion. The GaAs photocathode degradation is subsequently studied with in-situ XPS
measurements.

Section 8.2 deals with CsyTe that is used in the ELBE SRF Gun II, which is
described in its crystal growth process and studied after its degradation with ez-situ
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methods. Additionally, the CsyTe photocathodes were inserted into the XPS cham-
ber but showed an oxidized surface because the surface was exposed to air.
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2 Theoretical Fundamentals I: Analytical Meth-
ods of Surface Characterization

2.1 In-Situ X-ray Photoelectron Spectroscopy (XPS)

2.1.1 Working Principle and Scheme of in-situ XPS at HZDR

The principle of XPS involves the irradiation of a sample in a vacuum with soft

X-rays and the analysis of the emitted electrons depending on their energy. The
spectrum obtained is a plot of electron counts versus their kinetic energy (FEyi)-
XPS analysis is a surface-sensitive method because the incident photons, usually
from an X-ray dual anode of Mg or aluminum (Al), penetrate a few pum into the
solid and interact with the solid’s atoms. The emitted electrons have a limited
inelastic mean free path (IMFP) of only several nm and thus the detected electrons
originate from the top surface layers [43-47].
Kai Sieghahn used Einstein’s idea of the photoelectric effect of the conversion from
light into energy quanta for his photoelectron spectroscopy studies. He showed that
the Fy, of the electrons depend on the binding energy (Eg) when the material is
irradiated with X-rays as seen in Equation 1. He investigated the variation of the
Eyin depending on the X-ray energy and was able to distinguish whether electrons
derive from the core levels or outer valence orbitals. His studies comprise the first
milestone of XPS development [44, 45].

Egn=h-v—Ep—¢ (1)

The binding energy (BE) is regarded as the energy difference between the initial
and final states after a photoelectron has left the atom. For this reason, each element
has a unique set of BEs. Auger and fluorescence are competing processes that occur
in parallel to the photoemission process. Fluorescence, which is commonly used for
EDX analysis, only represents a minor process and is preferred in lighter elements
(Z = 30) [45, 48].
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Fig. 4 Schematic of different processes including a) X-ray photoemission, and subsequent
relaxation by b) Auger electron emission, and c) fluorescence.

An Auger electron is released when an inner electron fills up a vacancy and
consequently a secondary electron is emitted that carries the excess energy. As a
consequence, in most cases, photoionization leads to the emission of two electrons,
one photoelectron and one Auger electron [44, 45, 47]. The incident source for the



In-Situ X-ray Photoelectron Spectroscopy (XPS) Jana Schaber
Page 10 PhD Thesis

generation of Auger electrons usually comprises primary electrons from an electron
beam and not X-ray photons. The three processes are illustrated in Figure 4.

XPS experiments are carried out using an electron spectrometer that works at
an average pressure of 5.3 x 1072 mbar. A PHI Model 5600 as a multi-technique
system is shown as a scheme on the left side of Figure 5, which illustrates the major
components (1 = hemispherical analyzer, 2 = X-ray source, and 3 = argon ion gun)
[43].

The XPS chamber at HZDR is not equipped with a monochromator. The XPS
system is generally delivered as a stand-alone system which means that the supplier
set-up is in place and and all the parts are calibrated. The XPS chamber was
connected together with the supplier to our existing UHV preparation chamber for
photocathodes, as shown on the right side of Figure 5. This ensures an in-situ
sample transport and surface characterization measurement without leaving UHV
conditions.

X-ray source (dual anode)

hemispherical
analyzer

Fig. 5 Drawing of a PHI 5600 XPS spectrometer taken from [43] but without X-ray
monochromator (left side). A photo of the adapted XPS chamber, connected to the UHV
preparation chamber at HZDR, (right side).

2.1.2 Options for Photoelectron Spectra

The photoelectron spectrum represents the shell structure of the atomic electrons
of the specimen and thus the XPS spectrum can be displayed in Eg or Ey;, on the
x-axis [45, 49]. Tt shows discrete peaks that derive from photoelectrons ejected
from atoms in the solid. The photoelectrons were able to escape the solid surface
without an energy loss. Photoelectrons from valence band levels are located at a BE
close to 0, while photoelectron peaks from core levels and Auger electrons appear
at higher BEs. Auger transitions appear from the de-excitation of core holes from
photoemission and lead to a series of Auger peaks. The overlap between Auger and
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photoemission peaks usually results in a more challenging evaluation of the XPS
spectra. The Auger positions can be varied when the BE scale is plotted and the
excitation energy is changed, which can subsequently solve the overlap problem.

The peaks are located on a background that increases with increasing BE. This
step-like increase of the background is caused by extrinsic inelastically scattering
events which means that the photoelectrons lose some energy on their way to the
analyzer [44, 45, 47, 50]. The survey spectrum is often used for elemental analysis
and contains the qualitative information of an element. An example of a survey and
detailed spectrum is shown in Figure 6.
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Fig. 6 X-ray photoelectron spectrum (survey spectrum) of silver (Ag) showing an increas-
ing background (left) and an X-ray photoelectron spectrum (detailed spectrum) of the
carbon (C) 1s peak of a polymer (right), showing the influence of electronegativity on the
BE ("chemical shift") [45].

Furthermore, the BE gives information about the chemical state because the BE

is influenced by the chemical environment. The atom is regarded as an electron
sphere that carries a certain electron density. Any influence from the outside envi-
ronment on this electron density can be followed in the BE. For example, the BE
increases when the adjacent atom is more electronegative. Therefore, the BE is also
called a "chemical shift" [45].
In contrast, a detailed spectrum of a photoelectron peak is used for deriving quan-
titative information. The quantification relies on many different factors such as the
surface roughness, spectrometer used, cross-sections made, and many more [45, 47,
51]. A simple relationship to describe this process is shown in Equation 2 whereby
the largest contribution to errors results from the assumption of the homogenous
in-depth distribution of the atoms that depends on the peak intensity. If the solid
is homogenous to a depth of several nm, the surface concentration would be propor-
tional to the peak intensities. Significantly, the samples are often inhomogeneous
and thus the quantification should be always performed with careful considerations
[45, 52].

z

IA:/UA-nA~kZ~F}w-€<)‘A‘COSG)dZ (2)

In the equation, I, is the intensity of the photoemission peak of substance A,
oa represents the effective cross-section, and n is the density of A. Furthermore,
k is the instrumental factor which includes, for example, the solid angle, detection
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sensitivity, illuminated area, and other instrument-specific factors. F}, represents
the flux of photons, Ap represents the IMFP for sample A, and 6 is the emission
angle.

2.1.3 Surface Sensitivity and Quantification

The surface sensitivity of XPS measurements greatly depends on several factors
but mostly on the ability of the photoelectron to travel to the surface. The sen-
sitivity depends on the attenuation of electrons because they interact with matter
stronger than photons and therefore electrons do not travel very long distances. In
general, the photoelectrons are generated at a depth of 5-30 A, which means a few
atomic layers. The surface sensitivity is element-specific but can be influenced by
the incident photon energy because the IMFP increases with higher photon energy.
Therefore, the photoelectrons carry larger Ey;, and have a higher probability to
pass through the material and move toward the surface. Furthermore, the surface
sensitivity is enhanced by the angle of emission (#). For angles of approximately
70° (in relation to the surface) the IMFP is about three times higher than those
for angles at 0° [43, 45, 47, 51]. Most XPS measurements are thus performed at
a higher angle to be more sensitive to the surface. An overview of the attenuation
length that depends on the element and the electron energy is shown in Figure 7.

log Inelastic mean free path (IMFP)/ nm

log Ey;,/ eV

Fig. 7 Tllustration of the IMFP of photoelectrons as a function of Ey, (also known as
"universal curve").

The peak intensity is derived from the probability of an electron and its ability
to leave the solid surface without an energy loss. Therefore, the origin of the pho-
toelectrons including their attenuation during their travel to the surface must be
considered in the peak intensity for a reliable quantification. The peak intensities
I, are exponentially attenuated with the excitation depth z [45, 51]. This relation
obeys the Lambert-Beer law as shown in Equation 3:

I.(z) =1 - e_(m) (3)

I, means the intensity of the atoms at a depth z, while I represents the intensity
of the atoms at the surface. \; is the IMFP and 6 represents the angle of emission.
The IMFP is the average distance that an electron with a certain energy can travel
until inelastic collision occurs. Inelastic scattering was long believed to be responsi-
ble for the electron attenuation. However, newer models also take elastic scattering
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and non-exponential attenuation into account and thus \; can be replaced by the
effective attenuation length (EAL) [45].

2.2 FEx-situ Surface Characterization Methods

2.2.1 Atomic Force Microscopy (AFM)

AFM is a non-destructive method and a powerful tool to study the topography
of a specimen. The crystal growth and crystal lattice defects of III-nitride semicon-
ductors can be determined by AFM which helps to reveal dislocations within the
grown GaN layers.
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Fig. 8 Drawing of the major components needed for AFM measurements which illustrate
the AFM working principle.

The basic principle of AFM imaging relies on optical feedback while a sharp
tip scans the specimen surface in a raster pattern [53, 54]. A scheme of the basic
components is illustrated in Figure 8. The sharp tip is located at the end of a
cantilever which is illuminated by a laser on its back end. The laser deflection is
detected via a position-sensitive photodetector (PSD) and changes depending on
the surface height of the specimen. The position of the cantilever is controlled by a
feedback loop to keep a constant interaction force between the specimens.

AFM microscopy can be carried out in three different modes (contact, non-
contact, or tapping mode). The mode defines the force that is dominant between
the tip and the specimen, as depicted in a Lennard Jones curve in Figure 9 [53]. The
attracted forces are dominant when the tip is approaching the specimen surface and
with a further approach, a mix of attractive and repulsive forces appear (tapping
mode). In the tapping mode, the cantilever oscillates by a piezoelectric attenua-
tor near its resonance frequency of several kHz. The tip is lowered until it slightly
touches the surface, and the oscillation amplitude is dampened. A constant oscil-
lation amplitude is maintained during the measurements. The non-contact mode is
present if the tip locates in the minimum of the Lennard-Jones potential whereas,
in contrast, the contact mode only represents the repulsive forces when the tip is in
close contact with the sample surface [54, 55].
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Fig. 9 Schematic of the three common AFM modes regarding to the interacting forces
between the tip and the sample surface (Lennard-Jones potential).

The AFM technique relies on mechanical imaging which is untypical as other
microscopes rely on electromagnetic radiation. As mentioned, the topography of
a specimen is measured three-dimensionally with a sharp tip whereby the tip is
positioned near the specimen’s surface and moves across it. A reconstruction of
the surface is rebuilt by the precise monitoring of the motion of the tip. Specimen
areas of less than 100 um? and less than 20 um in height can be measured precisely
[55]. AFM is the method of choice for flat samples to study the surface’s mechanical
properties. Its resolution situates on that of the atomic scale. Artifacts, such as
repeating patterns, vibrations, and scanner and probe artifacts might occur and
disturb the resolution. The most common artifact is the probe artifact in which the
surface features appear too large or too small because the tip is not able to raster
the features precisely [53]. Hence, the tip must be as sharp as possible to avoid these
types of artifacts. However, the AFM image always represents a mix of the tip and
the real topography.

Z profile
(height)

> X
Fig. 10 Schematic of the cantilever movement with the tip to generate an AFM image.

For the generation of an image by AFM, a feedback controller with piezoelectric
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elements controls the z-direction of the tip, as shown in Figure 10. The piezoelectric
element sets the motion in the x and y directions but only allows a motion in
the z-direction. When the force sensor detects a decreasing or increasing force,
the piezoelectric element moves the tip up and down. In the tapping mode, the
feedback loop maintains a constant oscillation amplitude and the detector measures
the amplitude signal. If the amplitude or frequency is maintained constantly, the
non-contact mode is preferred. The contact mode represents the extraordinary mode
in which a constant cantilever deflection is maintained.

2.2.2 Scanning Electron Microscopy (SEM)

The fundamental principle of SEM is to create an image of a specimen surface
while it is scanned with an electron beam of several keV. These microscopes use an
electron-optical system of electromagnetic and electrostatic lenses to generate a fine
electron beam on the sample, which is guided over the rectangular sample area to
be examined [48]. The image is formed by the synchronous registration of electrons
that interacted with the primary electron beam. During the scanning process, two
main types of electrons are created due to interactions with the primary beam. The
bulk of these electrons is secondary electrons (SE) with an energy lower than 50 €V,
which are detected by an Everhart-Thornley detector [48, 53|. The SE are produced
by interacting with the atoms of the sample and serve as the most frequently used
source of information. Due to their low energy, they originate from the uppermost
nanometers of the surface. Elements with a higher electron density interact more
with the incident primary beam and thus more SE are created.
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Fig. 11 Illustration of a typical SEM setup, showing the pathways of secondary electrons
and backscattered electrons (red lines) compared to the pathway of X-rays for EDX de-
tection (blue lines); the image was taken from [48].

The second type of electrons that are generated is backscattered secondary elec-
trons (BSE), which are used for the second-most common imaging technique [48,
53]. These electrons are, as the name suggests, backscattered from the sample and
carry energies of more than 50eV. In Figure 12, the comparison between the SE
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and BSE is illustrated more clearly. The intensity of the signal primarily depends
on the average atomic number of the material, whereby heavy elements provide a
stronger backscattering so that corresponding areas appear brighter. Areas with
lighter elements, on the other hand, appear darker. The BSE image can be seen as
a material contrast image and allows conclusions about the chemical nature of the
sample material to be drawn [48]. The setup with both imaging methods is illus-
trated in Figure 11. The SE detector is located laterally to the chamber wall and
thus the sample is always observed from the side. Due to this spatial arrangement,
the images always yield good topographic information of the surface because the
inelastic scattered electrons are detected. The SE detector is thus a good choice for
measuring the chemical composition of the specimen surface.

The in-lens detector observes the sample from the top and thus the topographic
information plays a minor role here. However, the in-lens detector is the detector of
choice for the detection of material contrast as it registers the elastic BSE derived
from the deeper layers inside the sample.

2.2.3 Energy Dispersive X-ray Spectroscopy (EDX)

EDX is a commonly and widely applied method that is used in combination with
the SEM. Characteristic X-rays originating from fluorescence processes are used to
characterize the elemental composition of a specific sample area. The characteristic
X-rays derive from deeper bulk layers (up to 1 um) and thus EDX does not represent
a surface-sensitive method [48, 53].

primary electron beam

Auger electrons
secondary electrons (SE)

v
sample depth

Fig. 12 Schematic of excitation depths of SE, BSE and X-rays inside a specimen.

Fluorescence is evoked when a primary electron knocks an electron close to the
nucleus out of its position in the atom of the sample. This vacancy is immediately
filled by a higher-energy electron from a higher orbital. The energy difference is
released in the form of an X-ray quantum [44, 45]. The process is illustrated in
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Figure 4 in Section 2.1.1. The X-ray radiation gained is element-specific and de-
tected by suitable EDX detectors that are located at the side in the SEM specimen
chamber next to the SE detector, as illustrated in Figure 11.
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3 Theoretical Fundamentals 1I: Photocathodes

3.1 Definition of Photocathode Properties

3.1.1 Photoemission Model and Quantum Efficiency

The photoemission process can be described using two main theories. The one-
step model represents a very basic theory model [56], whereas the three-step model
is an extended version of it, as shown in Figure 13.

The one-step model uses an approximation where electrons are excited from a
bound state into a free state out of the material. The model assumes a well-defined
crystalline structure and is often used to study the band structure of materials. The
one-step model is not practical for many photoemissive materials as it does not take
electron scattering effects into account.

a) One-step model b) Three-step model
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Fig. 13 Illustration of the comparison of the one-step model (left) and the three-step model
(right).

The three-step photoemission model, shown in Figure 13 on the right side, was

developed by Berglund and Spicer [57]. As the name suggests, this model explains
the photoemission process in three independent steps, consisting of the optical ex-
citation, the photoelectrons traveling toward the surface, and their escape into the
vacuum. In this model, all three steps are treated separately from each other. In
the first step, the excitation of an electron from the valence band (VB) into the
conduction band (CB) occurs. The electrons of the VB absorb the incident photon
energy and consequently the electrons are excited into the CB. This process is trig-
gered if the incident photons provide sufficient energy to lift the electrons over the
band gap barrier into the CB.
The second step describes the scattering events when the electrons travel toward
the material surface. When the electrons are lifted into the CB, they diffuse or drift
toward the cathode surface. A few of the electrons lose some energy on their way
because they scatter and/or recombine with other atoms inside the material. The
energy spread of the electrons is enlarged by this step.
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The release of the photoelectrons into the vacuum represents the last step of this
model. The photoelectrons reach the material’s surface and have to pass an energy
barrier prior to their escape into the vacuum. It is beneficial to reduce this vac-
uum energy level as much as possible to simplify the transition, e.g., through the
deposition of a low work-function material, such as alkali-metals. As a consequence,
the vacuum level (FEy,.) is lowered close to the energy of the CB or in the optimal
condition, it even situates below the conduction band minimum (CBM), which is
called a negative NEA surface.

No band structure exists in metal photocathodes and thus photoelectrons have a
high probability to scatter with each other. As a consequence, many electrons that
are moving toward the surface lose nearly all of their energy and thus are not able
to escape the cathode’s surface, and only those electrons that have less than one
electron mean free path can reach the surface and enter into the vacuum. Therefore,
metal photocathodes provide a low QE due to their non-existent band gap and the
scattering events that occur when the electrons are traveling.

In contrast, semiconductors provide much higher QE compared to metal pho-
tocathodes whereby incident photons with energy higher than the band gap excite
electrons from the VB into the CB. Once the photoelectrons have entered into the
CB, almost no scattering from electron-electron collisions can occur. The mean
free path of photoelectrons in semiconductors is therefore much longer than that
in metals and, as a result, more photoelectrons are able to escape the surface and
contribute to the QE. Scattering processes in grain boundary or lattice scattering
still occur, but the photoelectrons only lose a small part of their energy and — in
most cases — still reach the surface [4].

Quantum Efficiency

QE is the most important factor when dealing with photocathodes and is de-
fined as the ratio of the number of generated photoelectrons (Ngjectrons) divided by
the number of incident photons (Npnotons) [34], as shown in Equation 4. Thus, for
photocathodes used in the injector, the QE depends on the incident photon beam
energy and can be more practically calculated by the ratio of A (Planck constant),
¢ (speed of light), and I (measured photocurrent from the photocathode) to g, (ele-
mentary charge of an electron), A (incident wavelength), and Bign (power of incident
light).
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The electronic structure of an emissive material and its relation to the outside
environment is defined by some basic key terms, such as WF, electron affinity (EA),
and Fermi level (Epemi). These key terms are summarized to convey a basic prin-
ciple of a photocathode and its relationship to the environment [58] and are shown
in Figure 14. The electronic structure of the material surface differs from sample to
sample and is caused by internal and external factors such as the lattice structure,
material defects, morphology, and surface composition and especially its surface
cleanness.

The energy levels of electron transport are defined as CB and VB. The CBM repre-
sents the lowest energy level of the unoccupied state of uncorrelated electrons and
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holes. In contrast, the valence band minimum (VBM) represents the highest energy
level of occupied states with correlated electrons. The energy difference between
these two levels is called the band gap (FEgp) while the highest occupied level where
electrons are flexible and can move around freely is defined as the Fgem; and marks
the boundary between the occupied and unoccupied states in a continuum of states.
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Fig. 14 Schematic representation of the fundamental key terms in photoemission processes.

An energy barrier such as the E,. prevents flexible electrons from escaping
from the material’s surface. Thus, E.,. defines the potential energy of an electron
positioned in a space outside of the solid. The FE,,. location is strongly influenced
by the nature of the material surface.

The energy difference between VBM and FE,,. is called the ionization energy (IE)
and refers to the minimum energy that is needed to remove an electron out of the
material whereas the EA is defined by the energy difference between F.,,..

The WF is defined as the minimum energy needed to remove an electron from the
Frermi and place it outside of the surface in free space.

The WF prevents a free electron at the Epem; from escaping from the solid into the
outside space and is influenced by two main components, namely a bulk component
(electronic density of states in the solid) and a surface component (redistribution of
charges at the surface). As a consequence of coulomb repulsion and Pauli exclusion
from adsorbates from the surface, the redistribution of the electron density can occur.
Therefore, any deposition of an electronegative adsorbate on the surface results in
an electron transfer that increases a surface dipole and influences the related surface
terms [58]. For semiconductors, the WF depends on FEpym; which is influenced by
the density of states, temperature, and carrier concentration.
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Metal Cathodes

Pure metal photocathodes such as Cu, Mg, or Pb have a high WF and require
UV-light, which is the biggest disadvantage for high average current applications.
However, metal photocathodes also display many advantages, the most important
of which is their high robustness which enables them to provide a long operational
lifetime [59, 60]. Mg is able to provide a QE of approximately 0.2 % when it under-
went a proper surface cleaning in advance and is illuminated with UV-light (258 nm)
[33]. Another big advantage is the simple preparation of metal photocathodes com-
pared to semiconductor photocathodes. One possibility for metal cathodes is a soft
chemical cleaning followed by a surface polishing until the cathode is polished to be
mirror-like. The surface is de-oxidized and the cleaned, mirror-like metal cathode is
stored under protection gas until it is installed in the UHV chamber.

Fig. 15 Photo of a 10 mm Mg cathode inside the UHV chamber. The middle bluish part
was cleaned with a laser of a spot size of 4 mm.

However, thermal vacuum cleaning is the most frequently used cleaning method
for metal cathodes. After the cathode is installed in a UHV chamber, it undergoes
a thermal cleaning step at a certain temperature with the aim to desorb adsorbates
such as water (H,O), molecular hydrogen (Hy), carbon monoxide (CO), and carbon
dioxide (COg) from its metal surface. Typical temperatures are between 200 °C—
300 °C for several hours up to one day. Besides the thermal cleaning in vacuum, UV
ozon (O3) laser cleaning, and hydrogen ion (H') or argon ion (Art) irradiation as a
sputter-cleaning can also be considered [59, 61, 62] and different cleaning methods
are used in various laboratories. For the Mg photocathode used in ELBE, a UV
laser cleaning is described in the following paragraph. The Mg cathode consists of
a 10 mm, high purity (99.999 %) plug whose surface is cleaned by a UV laser with
258 nm, 100 kHz repetition rate, and 100 mW laser power. The cleaned area can be
recognized as a 4 mm bluish spot in the middle of the 10 mm original Mg plug, as
shown in Figure 15. This cleaning process is highly repeatable and thus the cathode
can be re-used several times [33]. Even when the cathode was exposed to poisonous
gases and its surface re-oxidized, the UV laser cleaning approach can be used to
de-oxidize the surface to create a clean Mg surface once again.

Brief exposure to air is less hazardous for metal photocathodes than for cesiated
photocathodes [33]. The QE of the metal cathode drops less by a short exposure
than for semiconductor photocathodes. Of course, being exposed to gases for a
longer time causes oxidation and leads to a change of the surface WE. Other metal
photocathodes such as Cu [63] or Pb [64], which are used in Brookhaven National
Laboratory (BNL) and Deutsches Elektronen-Synchrotron (DESY), are prepared in
the same way.
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Metal cathodes show low QE values between 107* to 10~! compared to semiconduc-
tor photocathodes because of the energy loss due to scattering events and the low
probability of electrons within one electron mean path of entering the vacuum.

3.1.2 Storage Lifetime of Photocathodes

A photocathode’s lifetime and quality depend on many factors, especially on the
vacuum conditions. All cathodes require a UHV environment to ensure sufficient
QE and lifetime. Photocathodes have a naturally limited lifetime and thus their
efficiency degrades exponentially as described by Equation 5. The time constant 7
is the period of time that it takes for an exponentially decaying quantity to decay
to a fraction e~! of its initial value (QEg), which means for 1 x 7 it is 37 % of QEy.
The lifetime often shows a bi-exponential or a tri-exponential decay because, in most
cases, the photocathode surface needs some equilibrium time after the preparation
and is strongly influenced by the vacuum conditions and thus by the residual gases.

EIGS

QE, = QE, - ¢ () (5)

The quality of the UHV system influences the photocathodes largely because the
photoemissive layer is highly sensitive to any residual rest gases or molecules. The
adsorption of residual gases is typically less significant for metal photocathodes than
for semiconductor photocathodes. However, surface poisoning and the related QE
losses were reported for metal cathodes that were exposed to gases for a longer time
[61]. In contrast, semiconductors such as CsoTe or GaAs are immediately influenced
by any vacuum instabilities [65, 66]. In this context, the photocathode’s surface
and thus the photosensitive layer is immediately contaminated by the adsorption of
the residual gas. This poisoning leads to the increase of the EA and obstructs the
ejection of photoelectrons into the vacuum. The photoemissive cathode might also
react with the residual gas molecules, leading to a band structure change. It is thus
necessary to maintain the integrity of the vacuum as well as possible with the help of
vacuum pumps, especially for UHV applications, e.g., ion pumps and non-evaporable
getter (NEG) pumps. The combination of these pump types can guarantee a vacuum
between 10719 and 107" mbar. GaAs is especially sensitive to any residual gases
and require a 107" mbar (or better) vacuum. However, the incident photons of the
laser also warm up the photocathode surface and therefore have a significant impact
on the photocathodes’ degradation. Thus, the photocathode has to be cooled to
prevent any surface damage caused by laser irradiation.

3.1.3 Electrical Conductivity

Electrical conductivity plays a decisive role when dealing with photocathodes
because electrons are permanently released from the material surface. As a logical
consequence, the material’s surface remains ionized until the material can receive
new electrons from the contact with the cathode body and neutralize this ionization
state. If the photocathode cannot receive new electrons from the contact with the
cathode body, the surface remains ionized. Thus, the photocathode runs out of
electrons and consequently loses its QE.

The electrical conductivity of semiconductors depends on many factors such as the
temperature, pressure, and concentration of supplied impurities [4].



Definition of Photocathode Properties Jana Schaber
Page 24 PhD Thesis

The conductivity can be increased and varied through the implantation of im-
purities, so-called dopants, into the intrinsic semiconductor crystal lattice. Dopant
atoms replace native host atoms in the intrinsic crystal lattice and should have
nearly the same size with one more or one fewer electron in the valence shell than
the host atom.
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Fig. 16 Schematic drawing of n- and p-type doping, a) n-type Si with P as a dopant in
the Si lattice and b) p-type Si with B as a dopant atom.

The p-type semiconductors carry dopant atoms that have one less electron than
the host atom. Thus, these dopant atoms create holes (acceptor levels) in the in-
trinsic crystal structure [67, 68]. It takes only a little energy for electrons to be
promoted into this acceptor level, leaving another hole in the VB. Other bound
electrons are then able to jump and move into these holes and thus carry the elec-
trical current. An example of a p-type semiconductor is given by Si, doped with
boron (B), as shown in Figure 16. B has one less electron than Si, which has four
valence electrons in its outer shell, and thus an electron vacancy at this position is
created. The red circle in the outer B shell represents a hole in Figure 16.

For dopant atoms carrying an electron more than the host atom, a donor level at
a higher energy level than the VB is created [67]. These semiconductors are called
n-type semiconductors. Dopant electrons can easily overcome the small gap in the
CB and become free carriers. In this case, the dopant electron leaving for the CB
does not create a hole in the VB that is left behind. Figure 16 shows an example
of an n-type semiconductor made of Si doped with phosphorous (P). The electron
marked in red in the outer shell of P represents the additional electron compared to
Si. In n-type semiconductors, an electron excess always exists in the crystal lattice,
which can act as a free carrier.

The conductivity of semiconductors can be influenced by temperature. At 0K,
semiconductors show almost no conductivity because the VB is filled with electrons
and the CB remains empty. There is no thermal energy available to lift an elec-
tron from the VB into the CB. With the adsorption of thermal energy at a higher
temperature, the transition of an electron from VB to CB is possible. In contrast,
the conductivity of metals decreases at a higher temperature because more lattice
vibrations and atom-electron-scattering occur. However, semiconductors can com-
pensate for these losses with their band gap and thus by the thermal transition of
an electron from the VB to the CB.
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3.2 Semiconductor Photocathodes

Semiconductor photocathodes are subdivided into positive electron affinity (PEA)
cathodes and NEA cathodes based on the location of the E,,., as shown in Figure
17. For PEA cathodes, the E,. is above the CBM and for NEA the E,,. is below the
CBM [5]. CsyTe and bi-/multi-alkali antimonide cathodes belong to the category of
PEA cathodes, whereas GaAs and GaN belong to the NEA cathodes.

Negative electron affinity (NEA) Positive electron affinity (PEA)
ECBM e Evac ECBM I Evac
EFermi ------------------------------- EFerm| -------------------------------

Fig. 17 Illustration of the difference between PEA and NEA surfaces regarding the location
of the Ey,e.

The semiconductor photocathodes can be further subdivided according to their
production method: (i) crystals grown on a substrate or (ii) the surface activation
with a deposition of Cs and O, on an as-received semiconductor. CsyTe is typically
grown on a suitable substrate material, such as molybdenum (Mo) or Cu. A clean
substrate is required prior to the Cs and tellurium (Te) deposition to deposit a pure
crystal on it.

In contrast, semiconductors such as GaAs and GaN are commercially available
and deposition with Cs and an electronegative partner such as O, is needed. There-
fore, these semiconductor photocathodes belong to (ii).

3.2.1 p-type Gallium Nitride (GaN)

The family of [1I-nitride semiconductors consists of Al, gallium (Ga), and In com-
pounds. They are widely used for blue, green, and UV-LEDs [69] and their wide
and direct band gap makes these compound materials ideal for LEDs and detectors
[70, 71]. Their adsorption range in UV and visible light indicates the potential of
these compound materials for use as photocathodes [72]. The high thermal stability
of GaN makes this nitride semiconductor attractive for use in high-power and high-
temperature units [73, 74].

GaN as a photocathode seems to be more robust and achieves a higher QE than
other photocathodes [23, 26, 34]. The potential application in particle accelerator
injectors is quite new and has not been tested to date.
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3.2.1.1 Crystal Structure of p-GalN

The cubic zinc blende crystal and hexagonal wurtzite structures are the two pre-
ferred crystal structures of GaN. The wurtzite structure is the thermo- dynamically
more stable and energetically more favorable form. Each atom in the crystal lattice
has four neighboring atoms with an sp® hybridization and the atoms are tetrago-
nally arranged in the tightest sphere packing. The wurtzite type consists of two
staggered hexagonal sub-lattices and has an ABABAB stacking sequence as shown
in Figure 18. GaN is grown epitaxially along the c-axis, and the Ga or nitrogen (N)
atoms can terminate the final layer. GaN is thus often referred to as N- or Ga-polar.
Since the N atom is twice as electronegative as the Ga atom, strongly localized
charges are formed in the crystal and cause polarization [75, 76].

Fig. 18 Image of the hexagonal wurtzite crystal structure of GaN. Ga atoms are green
and N atoms are blue. The smallest unit (basic cell) of the crystal lattice is marked in
orange.

GaN is usually grown by MOCVD, molecular beam epitaxy (MBE), hydride va-
por phase epitaxy (HVPE), or other physical deposition processes such as magnetron
sputtering epitaxy (MSE) [67-69]. MOCVD is the most commonly applied method
for industrial quantities where trimethylgallium (TMG), ammonia (NHj), and bis-
cyclopentadienyl magnesium (CpsMg) are used as precursors for the crystal growth
of p-GaN. A constant flow of molecular nitrogen (N5) and Hj is used as the carrier
gas. The precursors decompose under high temperatures and are deposited as a
p-GaN crystal onto a hot substrate. During the growth phase, impurities from O,
H,, carbon (C), or other unwanted inclusions are incorporated into the crystal lat-
tice, which reduces the crystal quality or leads to a decrease in the carrier mobility.
CpoMg is used as a precursor for achieving the p-type in GaN. For this purpose, a
Ga atom is replaced by a Mg atom in the intrinsic lattice. Due to the Hy-containing
growth environment in MOCVD, the Mg atoms are often passivated by Hy and to-
gether form a neutral Mg-H complex [67, 77]. An ez-situ annealing is subsequently
used to remove the H atom and thus de-passivate the Mg-H complex. Depending
on the temperatures used for the crystal growth or in the ex-situ annealing, crystal
defects and facets are formed in the GaN lattice. Pyramidal facets that correspond
to intersections of screw-component dislocations are revealed at the surface and are
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formed when lower temperatures are used in the MOCVD process. These disloca-
tions are also called V-Pits and create step terminations that appear as hillocks on
the surface [78]. In contrast, when inverted V-Pits appear on the GaN surface, they
are called etching pits and they exactly represent the hexagonal crystal structure
of the GaN lattice. They mostly become visible when the surface is etched with

oxidizing detergents [79-81]. These etching pits or hexagonal void holes result from
poor coalescence during the initial stages of crystal growth.

3.2.1.2 Influence of the Substrate on the GalN Crystallinity

The choice of a suitable substrate is of great relevance for the crystal growth
and its quality, and hence a substrate has to be chosen with lattice parameters, and
chemical and physical properties that match the desired crystal layer. Although
most optoelectronic GaN devices have sapphire as a substrate and therefore a high
defect concentration, the devices do not display rapid degradation. While the lattice
mismatch is the main criterion in the selection of the substrate, it is not the only
relevant issue.The thermal expansion coefficient is relevant during the manufacturing
process because high temperatures of approximately 1000 °C are often used which
causes cracking in the deposited layers. A high crystal quality with low lattice
mismatch is necessary to obtain a photocathode with a high QE. A poorly fitting
thermal expansion coefficient causes strain in the epitaxial layer upon cooling. For
thicker layers, this means that cracking might occur.

The dielectric properties represent another limitation e.g., sapphire is an isolator
and thus an electrical contact should be mounted on the front side of the layer. In
contrast, silicon carbide (SiC) has high conductivity and hence the contact could be
mounted on the reverse side of the substrate.

Usually, a single crystalline or epitaxial film is grown on a substrate such as Si,
sapphire (Al,O3), SiC, or spinel (MgAl,O4) [82, 83].

A high defect rate is caused by a high lattice mismatch between the GaN layer
and its substrate. The most commonly used substrate is sapphire because of its
availability and low cost. Unfortunately, sapphire is not an ideal substrate, because
the lattice mismatch between sapphire and GaN crystal is between 16 and 17 %.
The high lattice mismatch results in a high concentration of dislocations inside of
the GaN crystal lattice that decreases the carrier mobility.

On the contrary, although SiC only has a lattice mismatch of 3% [74, 82|, the main
limitation of using SiC lies in its high cost.

Si is a superior material due to its high quality, and large wafer sizes could be
produced at a low cost. GaN layers grown on Si are of noticeably lower quality
than those on sapphire because Si has the tendency to form amorphous silicon
nitride (SiN) [74]. The biggest issue in applying GaN on Si substrates is their
different thermal expansion coefficients as Si has a two times lower thermal expansion
coefficient than GaN and this results in a potential cracking of GaN layers during
the cooling step. Many techniques, such as introducing an aluminum nitride (AIN)
buffer layer, a lower growth temperature, or Mg implantation, are implemented to
try to optimize the crystal quality, improve the doping concentration, and reduce the
lattice mismatch. As no ideal conditions have been found to date, these optimization
attempts are ongoing at present.
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3.2.1.3 Band Structure and Surface Requirements

Smith et al.. reported that wet chemical treatment on its own is not sufficient to
remove C and oxygen (O) compounds from semiconductor surfaces. Therefore, the
authors investigated additional thermal cleaning up to 800 °C where decomposition
of the semiconductor material can occur [28].
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Fig. 19 Schematic representation of the band structure of p-GaN when activated with Cs
and Os.

An alkali metal such as Cs can reduce the GaN surface WF with the aim of form-

ing an NEA surface. The photoemission of GaN and the role of Oy in its activation
process has been already discussed [84, 85]. It is widely accepted that the activation
procedures applied to GaN and GaAs photocathodes should not necessarily be the
same. Wang et al. reported on the activation of GaN with sequential Cs/O and
indicated that it does not lead to significant improvement compared to a simple
activation with only Cs.
For photoemission, p-doping is also needed in GaN. The p-doping is responsible for
the bend bending and producing a new reduced EA as shown in Figure 19. When
Cs is now applied to the GaN surface, the Ey,. is reduced by 3eV and is located
below the CB. Oy on the p-GaN:Cs surface would only reduce the E,. with a fur-
ther 0.2eV. Therefore, Os is not necessary and does not play any important role in
obtaining an NEA surface on p-GaN. This means that the activation of GaN with
Cs alone is more practicable and easier compared to other photocathodes, such as
GaAs or Cs,Te.

3.2.1.4 Performance as a Photocathode

Quantum efficiency (QE)

In 2000, Machuca et al. published their findings on Cs-activated GaN, which is
more robust than other photocathodes and can achieve a QE of 53% [23]. It is
shown that the Cs-activated GaN photocathode has a lower susceptibility to O,
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when exposed to O,. Therefore, the p-GaN photocathode is more robust and has a
longer lifetime than GaAs photocathodes.
Depending on their p-dopant concentration, about 70 % QE could be achieved [24],
which was the highest QE value ever reported for p-GaN. This means that an opti-

mal Mg dopant concentration is required to support photoelectrons to travel toward
the surface.

Lifetime

The degradation of NEA surfaces depending on the exposure to air and the ad-

sorption of several gases, such as Hy, Og, Ny, methane (CHy), CO, and CO,, was
carried out by Chanlek et al. and Sato et al. [21, 86]. The studies showed that the
NEA surface was strongly influenced by O5 and CO,, whereby the QE immediately
dropped to almost 0%. In contrast, CO only had a slight influence on the QE and
thus on the photocathode degradation. Surprisingly, Hy, CH4 and Ny did not affect
the photocathode quality at all. With an optimal temperature between 150-300 °C,
desorption of CO and CO; from the poisoned NEA surface is possible [66] which
means that a poisoned surface can be rejuvenated by applying a simple thermal
treatment.
Additionally, the recovery of QE of Cs/Os-activated p-GaN on sapphire by a ther-
mal treatment process was studied [86]. In this study, GaN was thermally cleaned
at 500 °C and 600 °C and activated by a YoYo process. In this research, the fresh
photocathode was exposed to Ny gas, which lowers the QE by three orders of magni-
tude. With a thermal treatment, the QE can recover 60 % of its initial value. Thus,
it is evident that the re-activation of NEA cathodes is possible, although further
studies are strongly recommended.

3.2.2 p-type Gallium Arsenide (GaAs)

In contrast to CsyTe, GaAs and GaN are already grown on a substrate and are

commercially available. The fact that suppliers can guarantee the desired quality
and the dopant concentrations is advantageous.
GaAs and its alloys found broad applications in photodetectors [87], electron mi-
croscopes [88], and photon-enhanced thermionic emission devices [89] since Scheer
and Laar proposed GaAs as a photoemitter [90]. Its good spectral responses to near
infrared (NIR) and low dark current meets the requirements for vacuum photodetec-
tors. The possibility of reaching a high current density under excitation by visible
lasers, spin-polarization, low thermal emittance, and a narrow energy distribution
match the requirements of high brightness electron sources for FEL, energy recov-
ery lines (ERL), and THz devices [91]. GaAs absorbs a broad wavelength spectrum
in the visible range and has the ability to emit spin-polarized photoelectrons when
illuminated with polarized NIR light [92]. In transmission electron microscopy, the
spin-polarized electrons are also combined with accelerator technology by using a
GaAs superlattice to dynamically observe magnetic field images with high resolu-
tions [4].
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Band Structure of the NEA Surface

GaAs is a semiconductor with a zinc blende structure and a direct band gap.

This means the CBM is located above the VBM which is energetically more favor-
able compared to indirect band gap semiconductors.
For photoemission, p-doping is needed, which yields some holes in the lattice struc-
ture. The p-doping is responsible for lowering the CB to produce a new reduced
EA energy, shown in Figure 20. By adding Cs only, the F,,. can be lowered to the
same energy level as the CB. For the photoelectrons, it is therefore not possible to
enter into the vacuum. By applying a strong electronegative oxidant such as O,
or nitrogen tri-fluoride (NF3) to the GaAs surface, the Fy,. can be further reduced
below the CBM and photoelectrons are able to leave the NEA surface [15, 93].
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Fig. 20 Schematic drawing of the band structure of p-GaAs, activated in a YoYo process
with Cs and Os.

The as-received commercially available GaAs has to undergo a surface cleaning
before it is activated with Cs and O,. The wet chemical cleaning process applied for
GaAs differs from lab to lab. Some labs prefer to use a simple solvent cleaning in
acetone (C3HgO) or ethanol (EtOH), while others apply an etching in hydrochloric
acid (HCIl) solutions or a mixture of sulfuric acid (HySO4) and hydrogen perox-
ide (HyO3) [94-97]. An alternative to wet chemical cleaning is ion-sputtering, which
produces an atomically clean surface [98]. This technique uses energetic ions, such
as Art or H", to bombard the semiconductor surface to remove adsorbates. The
disadvantage of ion sputtering lies in the potential risk of surface damage and de-
composition [99]. However, the more common and safer way is to thermally clean
GaAs at 500-600 °C for a minimum of half an hour. As mentioned, the aim of ther-
mal cleaning is to obtain a chemically clean and uniform GaAs surface, which can
be examined by ez-situ or in-situ surface studies such as XPS.

Dipole Model of the NEA Surface

After GaAs is thermally cleaned, it is activated in a so-called YoYo process to ob-
tain a GaAs photocathode. The YoYo process consists of the sequential deposition
of Cs and O to yield an NEA surface [100] as shown in Figure 21. The deposition
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process is monitored by in-situ photocurrent measurements. At first, Cs is exces-
sively deposited on the GaAs surface, as indicated by the descending photocurrent.
Afterward, Oy is added to the excessively cesiated surface. When the photocurrent
increases again, first reaching a maximum and descending again, the deposition of
O, is stopped. When this is repeated, the Cs deposition starts again. Each step is

repeated several times until a final photocurrent is achieved. Other oxidative gases

besides O,, such as NF3 could also be considered successful activation ingredients
[101].
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Fig. 21 Schematic drawing of a typical photocurrent evolution when a YoYo activation is
used (alternately applying Cs and Og).

There is no uniform recipe for GaAs preparation as different facilities follow
different activation conditions. Some researchers also prefer to deposit Cs all the
time and just occasionally turn on the Os to increase the photocurrent when it is
needed [102]. This approach represents a co-deposition, rather than a sequential
deposition. Recent research deals with the theory of a dipole model of Ga-O-Cs on
the photocathode’s surface and its importance for creating an NEA photocathode
[20, 86, 103].

Spin-Polarization

As mentioned, GaAs can produce spin-polarized electrons. The nature of this
polarization lies in the spin-orbit splitting of the valence band. The valence p band
is split into fourfold ps/; levels and twofold py /o levels, as shown in Figure 22.

The energy difference between these levels is 0.34 €V and the electron transition rule
is om = +1. This means that for positive helicity light m is +1 and for negative
helicity light it is —1. Some transitions are more favorable than others and thus
the probability for positive helicity light is three times higher as more electrons are
lifted into the m = —1/2 state than into the m = +1/2 state [92]. When electrons
are excited from the spin-orbit-split-off band, no polarization occurs. In contrast,
maximum polarization is obtained for photon energy exceeding the band gap energy
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for less than 0.1eV. A big advantage is the easily achievable polarization reversibility
as the incident irradiation can be changed externally.

The main drawback of GaAs for high polarization is its reduced QE. However,
usually, the electron spin-polarization yield (ESP) is between 30-50 %, depending
on dopant concentration, temperature, and the operation mode for unstrained bulk
GaAs [104, 105]. Demonstrations at Stanford Linear Accelerator Center (SLAC)
showed that a polarization yield of up to 80 % was achieved with high-gradient
doped strained GaAs [102]. However, the highest polarization yield of 84 % at 6.4 %
QE was reported on superlattice structured GaAs with a distributed Bragg reflec-
tor (DBR) [106].
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Fig. 22 Schematic representation of the electron transitions for the generation of spin-
polarized electrons in GaAs photocathodes.

Performance as a Photocathode

GaAs photocathodes provide a high QE (over 10 %) in visible light and are often

used to produce polarized electron beams when illuminated with NIR light [92].
The main advantage of this material is that it does not require UV-light to produce
polarized electrons. Thus, using visible light or NIR is a great advantage for laser
instrumentation. Studies dealing with GaAs-layered structures and superlattices
show that they lead to higher polarization values but result in less QE [17].
The QE of GaAs is affected by many other factors than those discussed in the
sections above. In addition to the vacuum, material quality, incident wavelength,
cathode temperature, Schottky effect, and surface contaminations, the thickness of
the GaAs layer, dopant concentration, and NEA conditions play a significant role
in the successful operation of this material and its optimization is still a hot topic
in modern research.

GaAs is successfully applied in DC Guns [20] and its potential application in RF
injectors is still in the testing phase [107].
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Reaching a long lifetime of GaAs photocathodes is still a challenging task be-

cause they degrade rapidly [66] as GaAs is very sensitive to any residual gases in
the UHV regime and thus requires optimal UHV conditions. The main causes of
degradation are ion back-bombardments, the application of a high-voltage, and the
destructive heat load under intensive illumination. Ion back-bombardment and sub-
optimal vacuum conditions negatively influence the surface composition, resulting
in a poisoned surface preventing the desired photoemission [21]. The lifetime can be
improved if the activation process is optimized. Possible approaches for this opti-
mization include the application of different novel oxidants as well as the elucidation
of the role of Ny [20, 101].
In recent years, research was carried out to protect the GaAs with a CsyTe [17, 94]
or a multi-alkali antimonide protection layer [22]. The CsyTe protection layer is
beneficial for the GaAs’s lifetime, resulting in a five times slower QE decay than for
a GaAs photocathode without a protection layer [108].

3.2.3 Cesium Telluride (Cs,Te)

One of the most commonly used semiconductor photocathodes in photoinjectors
is Csy'Te, which provides a long operational lifetime and a high QE.
Many factors such as the quality of the evaporators, the thickness of the deposited
layer, and gas impurities inside the UHV chamber influence the QE. Under ideal
conditions, CsyTe can reach a QE of 10 % or more [6]. The CsyTe can be grown in a
sequential deposition or in a co-deposition and the typical layer sequence is shown
in Figure 23.
The standard process was established by Di Bona et al. [65] by using a sequential
deposition in which Te and Cs are deposited on a mirror-like polished and 120°C
hot Cu or Mo substrate. The preparation of CsysTe photocathodes for ELBE SRF
Gun II is described and discussed in Section 5.2 in detail.
Besides this sequential deposition process, a co-evaporation of Cs and Te is optional
[109]. Both preparation techniques result in high QE of the CsyTe photocathodes,
but it is assumed that Cu atoms diffuse into Te and cause some island growth.
Therefore, these islands yield a lower QE compared to the CsyTe cathode on a Mo
substrate [65]. However, the thickness of the grown CsyTe layers also plays a key role
in the QE performance and is still under optimization at different facilities [110, 111].

cesium (Cs)

0 nm tellurium (Te)

substrate

heater

Fig. 23 Schematic overview of a typical layer sequence for a CseTe photocathode, based
on the original approach taken from [65].

High QEs of CsyTe can only be achieved under UV excitation, which is the
biggest disadvantage of this photocathode compared to Sb-based photocathodes or
GaAs photocathodes. Another disadvantage is the high sensitivity to any residual
COg4 or Og in the UHV system. The adsorption of any of these gas molecules changes
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the surface WF in the way that the QE drops rapidly and hence the lifetime of the
cathodes is strongly influenced by the vacuum conditions [112].
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4 Technical Aspects of the Realization of In-Situ
XPS Capability

4.1 Setup of Preparation Chamber and Challenges

4.1.1 Preparation Chamber with Ultra-High Vacuum

A visual representation of the preparation chamber as it was at the beginning
of the project is shown in Figure 24. The spherical UHV chamber, with an average
pressure of 5x 107! mbar, is connected to a loading chamber that has an average
pressure of 1x10~7 mbar, and the vacuum between the preparation chamber and
loading chamber is separated by a metal gate valve. A manipulator picks up a Mo
flag including a square-shaped sample and transports it from the loading chamber
into the preparation chamber. The preparation chamber is equipped with a SRS®
mass spectrometer to detect the rest gases inside the system. A SAES® NEG pump
plus an Agilent® ion pump, placed at the bottom of the chamber, is required for
achieving UHV conditions.

thermo sensor

Fig. 24 Photos of the UHV preparation chamber (left) and the interior of the preparation
chamber with all required parts for the photocathode preparation (right). Both photos
show the initial status at the beginning of the project.

A rotatable and retractable sample holder is located in the middle inside the
preparation chamber which has an integrated thermal sensor for temperature mea-
surements (shown in Figure 24). Furthermore, a halogen lamp, a Cu anode, and a
Cs dispenser are the main and necessary instruments for the preparation of III-V
semiconductor photocathodes. An Oy bottle is attached outside of the chamber
which is mostly used for GaAs samples and thus needed in YoYo activations. All
necessary parts were constructionally designed by HZDR and are shown in the photo
in Figure 24. The preparation chamber for III-V semiconductors and its parts were
systematically improved during the working period.
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4.1.2 Thermal Cleaning and Temperature Measurement

The thermal cleaning with the halogen lamp and especially the temperature mea-
surement of the heated sample posed a special challenge, which was solved within
the scope of this thesis. For this thermal cleaning of the samples, a commercially
available 400 W OSRAM® halogen lamp was used (see Figure 25). The glass bulb
of the halogen lamp contained a small hole, which was necessary to prevent leaking
due to rest gases inside the bulb. The glass bulb itself, which surrounded the tung-
sten filament, was kept to protect the sample from any tungsten traces that were
potentially released during the thermal cleaning. The relevance of this glass bulb as
a protection shield could be seen from a used halogen lamp that contained tungsten
marks on the glass, as shown in Figure 25.

Fig. 25 Photo of a used halogen lamp (left), showing evaporated tungsten on its bulb, and
a photo taken during the construction of the new halogen lamp with an advanced stainless
steel reflector (right).

Another undesirable effect during the thermal cleaning was that the preparation
chamber walls heated up, which could be observed by a deterioration of the vacuum.
To counteract this, a steel reflector surrounding the halogen lamp was implemented.
The assembly was performed in the cleanroom which is shown on the right side in
Figure 25. The steel reflector is used to focus the irradiation of the halogen lamp
onto the semiconductor surface to avoid additional heating of the UHV preparation
chamber, as shown in Figure 26.

At the same time, the old Cs dispenser was replaced by two new Cs dispensers
that were placed behind the ring anode (see Figure 26). Additionally, a mesh was
installed at the bottom of the spherical chamber to prevent a sample drop into the
ion getter pump and the potential risk of pump damage.

In the beginning, the temperature of the samples was measured by the internal
thermo-sensor on the sample holder inside the preparation chamber shown in Fig-
ure 26. Because the sensor was located about 1 cm underneath the sample, it was
out of focus of the halogen lamp irradiation and thus a little bit offset. The real
temperature on the sample surface was therefore unknown. A calibration was at-
tempted between the sample temperature and sensor by moving the sensor into the
halogen lamp focus. A difference of 260 °C between the sensor temperature and
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the "real" temperature on the sample was found, which is shown in the calibration
curve for a p-GaN on a sapphire sample in Figure A 1 in the Appendix. Considering
different thermal absorption coefficients, p-GaN on Si behaved differently than p-
GaN on sapphire which is why the temperature measurements were inaccurate and
the prediction of the real temperature was not clearly determined. Therefore, the
chamber was equipped with an infrared (IR) sensor on the outside of the chamber
at a window. The IR sensor is able to measure metal and semiconductor surfaces
through the chamber window without absorption losses and was already calibrated
by the supplier.

sample
on Mo flag

thermo sensor.

s+ reflector

mesh -~
\ .

to NEG pump

Fig. 26 Photo of the interior of the preparation chamber showing the new setup of the
halogen lamp during a thermal cleaning (left) and the two new Cs dispensers from a side
view (right).

" to loading chamber

4.1.3 Anode Drawbacks and Improvements

The Cu ring anode was replaced by a steel anode during the working period,

as shown in Figure 27. The Cu anode always caused a small vacuum deterioration
when it was turned on to track the photocathode current.
The partial vacuum deterioration was presumably caused by the generation of extra,
undesired electrons, the release of adsorbed molecules, or other secondary processes
when the photoelectrons hit the Cu surface of the anode because the Cu anode had
no degas option. The vacuum conditions were improved by a steel anode that en-
sured better vacuum stability during the photocurrent measurement. Furthermore,
the new steel anode has a degassing option through which a current of maximum
8 A can be applied through, shown in Figure 27. The outgassing has the aim to
desorb any adsorbates and generate a contaminant-free anode surface and thus re-
lieve the vacuum during photocurrent measurements. The outgassing of the anode
is necessary after each bake-out of the preparation chamber.
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Fig. 27 Photo of the old Cu ring anode (left), including the Cs dispensers, and the improved
stainless steel ring anode from a side view and top view (right).

4.1.4 Ultraviolet Light Sources for Photoelectron Excitation

The semiconductor sample has to be illuminated by UV-light at a wavelength of
310 nm during the activation to follow the deposition of Cs which is detected as an
in-situ photocurrent. The photocathode was only partially illuminated afterward to
measure its lifetime and its QE decay.

The UV-LED is placed outside of the chamber at a window (see Figure 28) and
hence the incident light has to be guided from the outside of the chamber to the
inside of the chamber and has to be focused on the square-shaped sample with the
help of optical lenses and tubes, as shown in Figure 28. The focusing of the UV-light
to a sample distance of 23 cm and the measurement of the UV-light output power
was carried out outside of the chamber with a power meter.

The absorption of the UV-light from the window plays a significant role in the correct
QE calculation, shown in Equation 4, and thus the UV absorption from the window
has to be checked. The chamber was initially equipped with a boron-silicate window
that absorbed approximately 90 % of the incident UV-light at 310 nm. The boron-
silicate window was replaced by a quartz window that showed an 85 % transmission
of UV-light at a wavelength of 310 nm. The incident power of the UV-light on the
sample was measured at 50 uW.

An adjustable aperture in front of the UV-LED reduces the incident light power
on the semiconductor sample to relieve the vacuum during the photocurrent mea-
surements. The spectral response and width of the UV-LED used were determined
by spectral response measurements in the range of 240-340 nm. The emitted wave-
length of the UV-LED was measured at 310nm with a spread of £10nm. The
spectral width gained is shown in Figure A 2 in the Appendix.
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Fig. 28 Photo of the setup of the UV-LED outside of the preparation chamber which
guides the UV-light through a quartz window onto the sample inside the chamber via
lenses and a mirror.

Spectral Response Measurements

The spectral response measurement aims to specify the band gap of p-GaN:Cs
photocathodes by illuminating them with different wavelengths in the UV range.
For this purpose, a deuterium lamp was set up with a monochromator that covered
a wavelength range of 200-500 nm. A focusing of the pathway of the incident light
via lenses and mirrors was necessary to guide the light onto the p-GaN inside the
preparation chamber. The setup and pathway of the guided light are shown in blue
in Figure 29. The power of the incident light from the deuterium lamp depending
on the wavelength was measured in advance and is shown in Figure A 3 in the
Appendix.

Fig. 29 Photo of the setup of the spectral response measurements, in which the blue arrows
show the guided pathway from the deuterium lamp (UV-light source) into the preparation
chamber.
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4.1.5 Sample Holder and Manipulator

The sample holder consists of an OMICRON™ Mo flag, on which a square-
shaped sample can be fixed (shown in Figure 30). The semiconductor dice was
mounted onto the flag under dry N, atmosphere in a glovebox with the help of two
steel screws and washers. The washers and screws hold the sample on the flag and
thereby ensure that the sample does not drop. Furthermore, the washers provide
electrical contact between the semiconductor p-GaN layer on top and the conductive
flag.

molybdenﬁm flag + GaN sample‘

Fig. 30 Photos of the OMICRON™ sample flags, showing the original flag, the Mo flag
with a p-GaN sample, and a modified Mo flag with a hole for the thermal cleaning of the
sample from the backside which is shown on the left side. The sample transportation of
the flag with the help of the manipulator is shown on the right side.

The p-GaN samples were transported into the loading chamber via a suitcase

under a dry Ny atmosphere. The manipulator can grasp the perturbation of the flag
on the left side to ensure the sample transportation, as shown in Figure 30.

N, cooling #

ol

thermo coupler

—

Fig. 31 Photo of the new sample holder inside the preparation chamber, showing the
thermo elements and the Ng cooling capability.
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In later experiments, the sample holder inside the UHV preparation chamber was
exchanged for a new one with an integrated thermo coupler that has the option to
heat the sample from the backside. The thermo coupler is connected to the thermo
sensor above the sample and a feedback loop controls the temperature which was set
externally on a device. A special type of flag with a hole was developed for thermal
cleaning from the backside, as shown in Figure 30.

The new sample holder has the additional option to cool the sample with a Ny
supply from the back of the holder, as shown in Figure 31.

4.1.6 Loading Chamber with Transportable Sample Suitcase

After the samples were wet chemically cleaned and mounted onto the Mo flag
under a dry N, atmosphere, they were installed into a home-built suitcase that can
be added to the loading chamber, as shown in Figure 32.

(green) Holder with three samples

(red) transport chamber
with rubber gasket
(gasket not shown here)

Cover to close the chamber
P. Murcek

" (white) standard DN63-DN40 cross

(red) transport chamber
Linear manipultor with rubber gasket

P. Murcek

Fig. 32 Photo of the loading chamber part where the suitcase is adopted. 3D models show
the retractable interior of the suitcase with the possibility to carry up to three samples
under a dry Ny atmosphere.

This suitcase was designed to avoid a re-oxidation of the sample surface after the
wet chemical cleaning. The inner part of the suitcase can carry up to three Mo flags
which are marked in green in Figure 32. The red part in Figure 32 is retractable and
the suitcase is equipped with rubber sealing to hold the dry Ny atmosphere during
transportation. Adapted to the loading chamber, the inner part of the suitcase is
extended and the samples are placed under the vacuum of the loading chamber
(average pressure of 1x 1077 mbar). The advantage of this suitcase is that it allows
collaborators from other labs to prepare, install, and transport samples to HZDR
under a dry Ny atmosphere.
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4.1.7 Software for Controlling the Preparation Process

In-house software was developed to control all the necessary functionalities for

the photocathode preparation. The software was developed by D. Bujdo (University
of Applied Science, Dresden) within the framework of an internship and was written
with LabView. A screenshot of the software user interface is depicted in Figure 33.
On the left side, a file directory can be selected and the high voltage (HV) for the
piezo-controller of the Oy bottle is controlled in the same window. In the bottom
corner of the window, a selection between different operation modes of the UV-LED
can be made whereby the user can select between the operation mode "switched
on, off or pulsed mode (A.O. = alternating operation)." For the pulsed mode, the
LED is switched on and off every second. When the LED is off, the dark current is
taken as a background value while vice versa, when the LED is on, the photocurrent
from the photocathode is measured. The software calculates the photocurrent as
the difference between the photocurrent of the photocathode subtracted from the
dark current (background). The calculated photocurrent is displayed as an in-situ
photocurrent as a function of time in the upper right corner of Figure 33.
The lower right corner in Figure 33 displays the vacuum measurement of the loading
chamber or of the preparation chamber. In the upper right corner of the window, the
voltage of the steel anode is chosen and the in-situ photocurrent can be illustrated
as a function of time. A power supply controls the halogen lamp and regulates the
applied current through the Cs dispensers as shown on the left side of the window
in Figure 33. All devices used for the preparation of III-V photocathodes are listed
in Table A 1 in the Appendix.

- o X
C

valtage/v
_— ma =

G 25 3 as 1 oEs 18 - ¢ 2 s s me w0
CurrentfA Equivalent voltage
4:51:03 - ?

e = e

CalksersstamDesklop EBspenments | e

©| Csvaponzer(d) |-

Voltage/v

0o a0 s

2,00 1Ea- 6.220E-10
HV OFF

BT HY OH/OFF |
valtage

DS Fxternyintem | a

nimibar

=800 |

Diade A.C.

4270 24290 24310 24330 24354 2335E 23600 2300 24000 24200 24375
Adtivatanchamber v

Confirm TemperaturesC Temperaturesc
_ Power/W 1,80526 Cpalhude 240297 TranspkMamher 33,4563

Fig. 33 Screenshot of the software user interface of the HZDR internally-developed software
for the preparation of III-V semiconductor photocathodes.
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4.2 Introduction of In-Situ XPS Analysis

The focus of this thesis was to extend the preparation chamber with a suitable
analysis method that is able to characterize the sample surface without leaving the
UHYV environment. The challenge was to find a suitable method that operates under
a UHV environment and can easily be adapted to the preparation chamber to ensure
vacuum sample transportation.

An SEM with EDX analysis is an effective and cost-efficient choice but the SEM
sample chamber only provides a vacuum at an average pressure of 5x 10~ mbar
which would mean that all the sealing rings have to be replaced by Cu sealings to
achieve UHV and there is no guarantee that the SEM electronics still work under
these extreme UHV conditions.

Therefore, an XPS that already operates under UHV conditions represented the
better choice although it is more expensive than an SEM. The difficulties and chal-
lenges that were faced during the connection of the XPS chamber to the preparation
chamber, shown in Figure 34, are listed and discussed in the following subsections.

XPS chamber |

spherical UHV
preparation chamber

‘/{ manipulator (90 cm) ‘

C

 <.

‘ loading camber

Fig. 34 3D model of the UHV preparation chamber including the loading chamber with the
suitcase adaption and the connection of the XPS analysis chamber, which is represented
by the white boxes (courtesy of P. Murcek).

4.2.1 Adaption Challenges between Preparation and XPS Chambers

Both chambers consist of a main spherical part where the sample is located in
the chamber middle. Free flanges at the sides of both of the main spheres were used
for the adaption and sample transportation between the chambers. A metal gate
valve was placed between the two chambers to separate both UHV environments
from each other, as shown in Figure 35. Additionally, the metal gate valve has the
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aim to shield potential X-ray radiation from the X-ray dual anode of the XPS. A
suitable X-ray irradiation safety and shielding protocol must be considered when
the XPS chamber is opened and re-arranged for the extension of additional features
such as a connection to another UHV chamber.

Both chambers should be equal in height to ensure that the connection tube and
valve are aligned straight. This is necessary to prevent the bumping of the manipu-
lator against the walls and thereby ensure safe sample transportation, as shown in
Figure 35.

4.2.2 Sample Transportation under Ultra-High Vacuum

The in-situ transportation represented the most difficult part to ensure safe sam-

ple transportation under UHV conditions and avoid any complications such as sam-
ple dropping or bumping against the walls.
The sample is located vertically inside the preparation chamber, whereas in the XPS
chamber the sample is located horizontally. Therefore, the preparation chamber was
equipped with a 90 cm long manipulator with the ability to rotate the grasped sam-
ple vertically and horizontally, as shown schematically in Figure 34. When the long
manipulator grasps the sample, the sample holder of the preparation chamber has
to be retracted upwards to clear the way for the manipulator to move toward the
XPS chamber.

=

ol
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Z =
Z
Z

Fig. 35 Photos of the metal gate valve and adjustment of the manipulator (Cu jaws)
between preparation and XPS chambers.

The valve between both chambers has to be opened and the manipulator in-
cluding the sample can slowly be moved toward the XPS main chamber, as shown
in Figure 35. It is necessary to move slowly to prevent any vacuum deterioration
during transportation. The transportation can be followed by ethernet cameras to
prevent blind driving. It is important to note that transportation along this long
distance should not be carried out alone to prevent a sample bumping against the
sample holders or other interior parts.
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When the sample is inserted into the XPS sample holder, the manipulator is ex-
tracted back into the preparation chamber and the valve between both chambers is
closed.

4.2.3 XPS Sample Puck Modification

Both chambers use different sample holders with different sample orientations.
Therefore, the XPS sample holder had to be re-constructed to fit the Mo flag used
in the preparation chamber. The original XPS sample holder had a discoidal shape
(also called "puck") and was made of Mo on which samples can be fixed on the puck
sites with Cu springs (shown in Figure 36).

Fig. 36 Photos of the original XPS puck with GaN samples on it (left) and the modified
puck with a cut edge and clamps (right) to fit the sample flag of the preparation chamber.
The modified puck holding a p-GaN sample on the Mo flag is shown at the bottom.

The XPS puck was cut at an edge so that the manipulator can move far enough
to put the sample flag onto the puck. Two clamps were attached to hold the flag
in place and allow the manipulator to retract after the sample is placed onto the
modified puck. The Mo flag is driven under these clamps and the sample flag is
placed on the modified puck. The procedure of picking up the sample and placing it
on the XPS puck is the most difficult part as the movements involved require high
sensitivity and have to be trained.

It is essential to contact the sample properly because photoelectron spectroscopy
is ion spectroscopy and the sample surface will be ionized if no proper contact is
given whereby energy shifts in the spectrum or other artifacts occur from surface
charging as a potential consequence.
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4.3 Procedure for Ultra-High Vacuum Achievement

4.3.1 Preparation Chamber

The usage of turbo- and ion- pumps alone allow to achieve a vacuum of 10~ mbar.
Therefore, a so-called "bake-out" process was required to achieve UHV conditions at
10~ mbar. This meant that the preparation and loading chamber had to undergo
a bake-out procedure at 120-160 °C for several days. For this purpose, the activa-
tion and loading chambers were equipped with different layers consisting of Al foil,
thermo-sensors, bake-out cables, a second layer of Al foil, and glass-fiber cloths to
shield the hot chamber (see Figure 37). The Al foil had the aim to keep the heat
from the bake-out cables onto the chamber.

Fig. 37 Photo of the preparation chamber during the bake-out procedure, wrapped with
bake-out cables, layers of Al foil, and glass fiber cloths to achieve UHV conditions.

The bake-out cables were connected to a power supply and controlled by a feed-
back loop with thermo-sensors that were placed onto the chamber surface. The
temperature was increased stepwise by applying a current through the cables. Dur-
ing the first day, the chamber was heated up to 120°C to find an equilibrium at
which HyO was desorbed. On subsequent days, the system was baked-out at 160 °C,
but the loading chamber part in which the suitcase was located was excluded from
exposure to the 160 °C temperature because the rubber sealing of the suitcase can-
not withstand higher temperatures. The manipulators were kept at 120 °C because
the magnets were not made for temperatures above 80 °C. Dismounting the magnets
prior to the bake-out would also be possible to prevent any magnet damage.
Figure 38 depicts the vacuum measurement against the time during the bake-out
procedure. The vacuum deteriorated to 107> mbar and improved in the following
days whereby the decreasing vacuum was an indicator of the successful removal
of adsorbates inside the chamber. The manipulators in the loading and prepara-
tion chambers were moved slightly to ensure the complete removal of HyO in these
locations.
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Fig. 38 Vacuum curve as a function of time during the bake-out procedure of the prepa-
ration chamber.

The bake-out was stopped after 200 hours and the NEG pump was regenerated.
NEG pumps contain a mixture of different metals and metal alloys (Al, Zn, iron
(Fe)) that have to be activated once in an activation process at a high temperature
which meant that the NEG pump has to be heated to approximately 400°C for
1h. Afterward, the pump is able to absorb gases and molecules and provide a UHV
environment.

The halogen lamp, steel anode, and Cs dispensers were outgassed by applying a
current through them for a few minutes.

4.3.2 XPS Chamber

The bake-out procedure for the XPS chamber was easier compared to that of
the preparation chamber as the XPS chamber had a bake-out tent and integrated
heating tubes and fences. The tent had to be thrown over the main parts of the XPS
chamber, as shown in Figure 39. The bake-out button was subsequently switched
on which started the heating and its distribution through the fences. Integrated
thermo-sensors regulated the temperature with a feedback loop and the external
load-lock of the XPS was excluded from the bake-out altogether.

4.4 Status-Quo

The current status of the preparation and XPS chambers is shown in Figure 40.
The swiveling sample holder including a p-GaN sample on the Mo flag is located in
the middle of the preparation chamber and the sample holder is retractable upwards
to clear the way for the 90 cm long manipulator to drive forward into the XPS
chamber. The sample holder also provides a heating option and an optional Nj
cooling from the backside.

The improved steel ring anode and two Cs dispensers are shown on the right
side in Figure 40. The steel anode could be outgassed after each bake-out to keep
the anode surface contaminant-free and prevent a vacuum deterioration during pho-
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Fig. 39 Photo of the XPS chamber with its bake-out tent for the achievement of UHV
conditions.

tocurrent measurements. The halogen lamp, surrounded by the steel reflector, is
located behind the sample. The reflector is used to focus the heat onto the sample
without warming up the chamber walls. The Cu head of the 90 cm long manipulator
which grasps the sample flag and transports it into the XPS chamber is shown on
the left side in Figure 40.

In the XPS chamber, the sample flag is placed onto the modified XPS sample puck
and the manipulator is retracted after which the sample is ready for XPS analysis.
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Fig. 40 The interior of the UHV preparation chamber (showing a sample holder, a halogen
lamp with a reflector, a steel ring anode, and Cs dispensers) and the XPS analysis chamber
connected to the preparation chamber via a manipulator.
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5 Materials and Experimental Parameters

5.1 p-GaN

5.1.1 Specifications of the Samples Used

Several commercially available p-GaN samples were grown by MOCVD on differ-
ent substrates such as sapphire, Si, and TiN [113]. All samples contained a different
Mg concentration and thus had a different carrier concentration. They also vary in
their layer structures, as shown in detail in Table 1. A GaAs sample that contained
a Zn doping for its p-type was also measured. For GaAs and some GaN samples, no
specifications were provided by the supplier and thus no values can be given here.

Tab. 1 p-GaN samples used with their properties (if known).

p-GaN thickness substrate buffer layer Mg conc. carrier conc.
(pm) (pm) (pm) (em™) (em™)
5 pm 625 pum sapphire - N/A 6 x 10 - 1 x 1017
2 pm 430 pm Si 0.8 pm AlGaN 2 x 10 -
N/A TiN n-GaN N/A 2 x 107

The cleaning process consisted of several steps, starting with a wet chemical
cleaning, followed by a vacuum thermal cleaning at various temperatures, going to
the activation with Cs and ended with the measurement of the storage lifetime.

5.1.2 Wet Chemical Cleaning

The p-GaN samples were processed by a wet chemical cleaning step to ensure
successful activation. The purpose of wet chemical cleaning was to remove residual
attached contaminants such as air molecules or dust particles from the surface.
Several solvents such as methanol (CH30H), iso-propanol (C3HgO), C3HgO, and
EtOH were studied to determine their effect on the p-GaN surface. Additionally,
the effect on the semiconductor surface of etchant solutions, such as hydrofluoric
acid (HF) and “piranha” solution (HySO4:H202) was studied, because these etchants
are commonly applied in the semiconductor industry.

The p-GaN samples were cleaned in 99 % pure EtOH in an ultrasonic bath for
15min. Afterward, the samples were treated with a mixture of HySO, (98 %) and
Hy05 (30%) (1:1 by volume), a so-called “piranha” solution, at 140°C for 15min
before the semiconductors were etched in a 0.5 % or 40 % HF solution for two minutes
and subsequently rinsed in a H,O bath for a minimum of 10 min. In the last step,
the samples were dipped into EtOH and a mixture of benzol (C¢Hg)/C3HsO (1:3 by
volume).

An alternative cleaning process with only “piranha” solution was carried out to
avoid handling of hazardous HF acid. Therefore, the p-GaN samples were cleaned
in 99 % pure EtOH in an ultrasonic bath for 15min. Afterward, the samples were
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treated with a “piranha” solution at 140 °C for 15 min. In the last step, the samples

were dipped into HCI (36 %) and rinsed with deionized HoO and 99 % EtOH.

The “piranha” solution is a strong oxidizing agent and can remove most organic

contaminants, whereas HCI removes metal ions from the surface.

Not all samples and substrates were acid resistant, such as GaAs and p-GaN on TiN,

and thus these samples were only cleaned in an ultrasonic bath with 99 % EtOH.

The effect of the wet chemical etching process was studied by AFM, XPS, and SEM
measurements.

5.1.3 Thermal Cleaning

The wet chemically cleaned samples were mounted with steel washers on the Mo
flag and were transported under a dry Ny atmosphere into a UHV chamber. In the
UHV chamber, a thermal cleaning was carried out using a 400 W halogen lamp with
a metal reflector. The temperature on the p-GaN surface was measured with an IR
Sensor.

Alternatively, some samples were thermally cleaned through their substrate via a
thermo element from the backside.

The thermal cleaning process could be followed by monitoring the vacuum. Prior to
the thermal cleaning process, the pressure of the UHV chamber is 3x 1071 mbar on
average. Depending on the applied current to the halogen lamp or thermo element,
an increase in the vacuum indicated a release of desorbed gases or molecules. The
thermal cleaning was carried out at a minimum of 30 min for each sample and at
different temperatures. The samples were analyzed concerning their surface quality
and compared according to the applied thermal cleaning temperature and the QE
values obtained.

5.1.4 Activation Process

with Cesium

After the wet chemical and thermal cleaning, the sample was activated with Cs
to obtain an NEA surface to produce a p-GaN:Cs photocathode. The p-GaN was
activated with a thin layer of Cs when it was cooled down to room temperature.
The thermal cleaning was repeated in every activation cycle. The current applied
through the Cs dispenser caused a partial vacuum deterioration which stabilized
again after several minutes. The current was increased stepwise until no gases were
desorbed anymore and a constant Cs flux was guaranteed. The typical Cs dispenser
currents were between 3-4 A and the deposition process was monitored by in-situ
photocurrent measurements. In the beginning, no photocurrent was detected after
the Cs deposition had been started. After 10-20 min, the photocurrent started to
rise slowly and steadily until it reached a maximum. An aperture reduced the UV-
light power and consequently the photocurrent during the Cs deposition, which was
a relief for the vacuum. In the end, when the photocurrent reached a maximum, the
aperture was opened to take the maximum photocurrent value.
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YoYo Activation

The YoYo activation represented a special requirement for achieving an NEA
surface of GaAs. Furthermore, this process was tested on p-GaN samples although
O, was not required for a successful activation of p-GaN. The YoYo process consisted
of the sequential deposition of Cs and Os, shown as an example in Figure 21. The
deposition of Cs and O, was monitored by in-situ photocurrent measurements. At
first, Cs was deposited which was followed by a deposition of Oy. Afterward, the
Cs and Os deposition was repeated several times until a final photocurrent was
achieved.

5.1.5 Re-activation Process

After the photocathode was measured in its degradation, meaning the lifetime
and thus the QE decay, the photocathode was thermally cleaned again and once
more activated with Cs, and optional O, was applied. The procedure of thermal
cleaning, activation, and lifetime measurement was defined as one cycle. Therefore,
one sample can be re-used several times and was studied in its photocathode quality
compared to its first activation cycle.

5.2 Crystal Growth of Cs,Te

5.2.1 Preparation Chamber of Cs;Te without Analytical Capabilities

The CsyTe preparation chamber was located in the cleanroom to ensure a particle-
free environment and thus to prevent any dust particles from being released in the
particle accelerator. An image of the main parts inside the CsyTe chamber is shown
in Figure 41.

| Thickness monitor 1 Shutter

7

Fig. 41 The interior of the CsyTe preparation chamber, showing a cathode body with
a plug, shutter, a mask which is also an anode, two thickness monitors, and Cs and Te
evaporators.

The chamber contained a 15 cm long Cu cathode body on which a substrate plug
was screwed at the front. In front of the cathode body, there was a ring anode which
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was also used as a mask. A shutter protected the cathode from laser irradiation and
the evaporator flux. Six evaporators from SAES® were placed in front of the cathode
body with a plug on it, as shown in Figure 41. Two of them contained Te and the
other four contained Cs. Twice as much Cs as Te was needed for the production
of CsyTe. Two monitors detect the Te and Cs layer thickness by a quartz crystal
microbalance.

A transport chamber was adapted to the preparation chamber and separated in the
vacuum by a metal gate valve. The transport chamber can store up to six cathodes
simultaneously and was used to store the photocathodes after production because it

provided a better vacuum than the preparation chamber. Furthermore, the chamber
transported the CsyTe cathodes into the SRF Gun II.

5.2.2 Substrate Preparation

Prior to the CsyTe deposition, a clean and smooth substrate surface was required
to ensure a high photocathode quality. Cu and Mo are both suitable substrates for
CsoTe. At HZDR, Cu was used as a substrate which consisted of a 7-8 mm long Cu
plug which had a diameter of 10 mm.

Fig. 42 Photos of the polishing results on the Cu surface after each polishing step.

The Cu needs to be polished to a mirror-like surface prior to the CsyTe deposition.
Different polishing cloths and SiC suspensions were used on the Cu surface in a
TEGRAMIN polishing machine. The surface roughness after the final polishing
step is about 20nm. The optical result of the polishing steps is shown in Figure 42
while the detailed polishing steps are summarized in Table A 6 in the Appendix.

5.2.3 Preparation of Cs,Te

The preparation process of CsyTe at HZDR was oriented according to the original
approach developed by Istituto Nazionale di Fisica Nucleare (INFN) from Di Bona
[65]. The mirror-like polished Cu plug was screwed on the cathode body and loaded
into the UHV preparation chamber. Prior to the Csy;Te deposition, the Cu plug was
heated up to 250 °C for several hours to desorb any residual gases or molecules from
the Cu surface. Afterward, the Cu temperature was kept at 120 °C.

Outgassing of the evaporators was necessary to degas the adsorbed gases whereby
rest molecules might be incorporated as impurities into the grown CssTe film and
change the photoemissive properties if no outgassing was applied.

The relevant parameters that were observed during the CsyTe preparation process
are shown in Figure 43. The green line shows the monitored thickness of the de-
posited layer while the power applied to the evaporator (Te or Cs) is shown in
magenta. The temperature of the Cu substrate is shown in orange and the black
line represents the measured vacuum inside the preparation chamber. The vacuum



Jana Schaber
PhD Thesis

Crystal Growth of CsyTe

Page 53

was kept below 6x 10~ mbar during the whole preparation process. A Te layer of
8 nm thickness was first deposited on the Cu substrate at a temperature of 120 °C.
A voltage of 100V was applied to the anode, and the Cu plug including its Te layer
was illuminated by a UV-LED at a wavelength of 260nm and 340 nm to measure
the in-situ photocurrent during the Cs deposition, as shown in Figure 44.
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Fig. 43 Monitored parameters during the preparation of a CsyTe photocathode (sample
E1), measured Cs and Te thickness (green), dispenser power (magenta), Cu temperature
(orange), and vacuum curve (black).
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Fig. 44 In-situ photocurrent curves of CseTe (sample E1) during the deposition of Cs when
illuminated with UV-light at a wavelength of 340 nm (green) and at 260 nm (magenta).
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The photocurrent increased slowly at the beginning of the Cs deposition, for both

wavelengths. After reaching a maximum, the photocurrent decreased whereby the
maximum in the photocurrent was observed more clearly at a wavelength of 340 nm
than 260 nm. However, the maximum indicated that the cathode was saturated with
Cs and thus the Cs deposition was stopped. A 40nm thick Cs layer was applied to
the 8 nm thick Te layer. It should be noted that the thicknesses did not correlate
with the chemical composition of the Cs,Te film.
The freshly prepared CssTe photocathode was subsequently stored in the transport
chamber. Figure 45 shows a photo of the freshly deposited CsyTe layer on the Cu
substrate. The CsyTe film was observed as a 4 mm spot in the middle of the 10 mm
Cu plug. The borders of the 4mm spot appeared darker because the deposited
layers (Te and Cs) did not overlap exactly and were slightly offset. Thus, these
border areas had a locally different thickness. The surface morphology of these
offset border areas was assumed to have a different QE than the cathode center and
was later studied in detail with SEM and EDX in Section 8.2.3.

Fig. 45 Photo of a freshly deposited CsyTe layer (4 mm in diameter) on a Cu plug (10 mm
in diameter).
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5.3 Instrumental Parameters of the Analytical Methods
5.3.1 In-Situ XPS

The UHV preparation chamber was directly connected to an XPS, as shown in
Figure 34 and Figure 40, and the sample surface was studied after each treatment
step. The sample was transported under UHV conditions from the preparation
chamber into the XPS chamber via a manipulator. The XPS sample holder was a
home-built construction fitting the Mo flag with the sample on top.

XPS experiments were performed using an X-ray photoelectron spectrometer
(PHI 5600) at an average pressure of 5x 10~ mbar. The XPS spectra were conducted
using an Al K, line (hv = 1486eV) and a Mg K, line (hv = 1254¢eV) from a non-
monochromatized dual X-ray source with a 4 mm aperture. The XPS spectra were
collected using a commercial system equipped with a hemispherical energy analyzer.
Survey spectra were taken with a pass energy of 117.4eV and a step energy of 1.0eV
while detailed spectra were taken with a pass energy of 58.8eV and an energy step
of 0.25eV. The energy scale was calibrated to the peak positions of Cu 2p3z/, and
gold (Au) 4f7/5. The fitting of the experimental data was obtained using Casa
XPS® and a Gaussian—Lorentzian shape with a fixed area ratio of 1.5. A Shirley
background was applied to all spectra.

5.3.2 FEx-Situ AFM

The AFM images were taken on an Asylum Research Cypher AFM Microscope in
AC mode (tapping mode) with an AC-160 cantilever (Si with an silver (Ag) coating,
tip radius of 10nm). The measured area of the sample surface was 0.2 to 30 pm with
a resolution of 256 or 512 points whereby 1 Hz was used for the tip frequency and
285-287 kHz for the drive frequency. All AFM images have different set points and
drive amplitudes.

Gwyddion (Version 2.53) was used for the evaluation of the AFM images and for
the prediction of the surface root mean square (RMS) roughness.

5.3.3 Ez-Situ SEM/EDX

The SEM images were captured using a Zeiss NVision 40 FIB/SEM microscope
with an electron beam energy of 10-20kV and an SE or Inlens (BSE) detector. The
semiconductor samples were grounded with Cu tape on the SEM sample holder to
ensure the conductivity of the samples.

The EDX measurements were performed at a working distance below 10 mm and
carried out with a Bruker QUANTAX EDS spectrometer.
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6 Surface Characterization of p-GalN on Sapphire

This section is the main chapter of the thesis and deals with the intensive study
and surface characterization of p-GaN on sapphire. A detailed study was carried out
on p-GaN grown on sapphire because of its low costs and widespread availability.

The sample treatment in this work consisted of several steps, starting with a
wet chemical cleaning, followed by a vacuum thermal cleaning, going to the ac-
tivation, and subsequently the measurement of the degradation of the p-GaN:Cs
photocathode. Each treatment step is discussed separately in the following sections
and all sample series are compared regarding the QE values achieved and the storage
lifetimes.

Special attention was paid to the degradation mechanism of the p-GaN:Cs pho-
tocathodes influenced by remaining surface C contaminations. Furthermore, the in-
fluence of X-ray irradiation on photocathode performance was determined in lengthy
X-ray experiments.

6.1 Surface Analysis of As-received p-GalN Wafer

Figure 46 shows the surface of an untreated as-received p-GaN on a sapphire
sample. The p-GaN sample exhibited a smooth, well-defined, uniform surface with
an average RMS roughness of 1.7 nm for the examined area (see Figure 46 on the left
side). Bright spots that correspond to intersections of screw-component dislocations
were found all over the surface. These dislocations create step terminations and
cause lattice defects, which were the reason for hillock formations [78]. The AFM
measurements were carried out at different surface areas and on several samples to
improve the statistical accuracy.

24.8 nm
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Fig. 46 AFM images of original p-GaN surface grown on sapphire by MOCVD, as received
from Xiamen [113].

Additionally, dark spots were detected on the p-GaN surface. These correspond
to dislocations within the crystal growth (see Figure 46 on the right side). This
so-called etching pit exactly represented the hexagonal crystal structure of the GaN
lattice and became visible when the surface was etched with oxidizing detergents
[79-81]. The observed pit had a width of 360 nm and a depth of several pum, which
indicated that these hexagonal void holes result from poor coalescence at the begin-
ning of the crystal growth.

In addition, SEM was used to study the original p- GaN surface. In the SEM
image (see Figure 47), the original p-GaN surface exhibited a smooth and uniform
surface. Etch pits were also observed in SEM, confirming the hexagonal shape of
these pits.
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Fig. 47 SEM images of the original p-GaN surface that was grown on sapphire.

6.2 Influence of the Wet Chemical Cleaning

The p-GaN samples were processed by a wet chemical cleaning to ensure suc-
cessful activation. The purpose of wet chemical cleaning was to remove residual
attached contaminants, such as air molecules or dust particles, from the surface.
Several different cleaning processes of the GaN on the sapphire surface were carried
out and studied by AFM and SEM. It was essential to remove almost all adsorbed
gases such as Oy and other particles that were attached to the surface before the
sample was transported into the preparation chamber.

6.2.1 Surface Analysis after Solvent Cleaning

The p-GaN samples were cleaned with different solvents such as CH3OH, C3HgO,
C3HgO, and EtOH in an ultrasonic bath for 15 min and were studied immediately
using AFM to follow the cleaning effect on the surface. AFM images from the cleaned
p-GaN on sapphire surfaces treated with these simple solvents are summarized in
Figure 48.

The AFM images revealed that, in most cases, after cleaning with such solvents
the p-GaN surface did not yield a sufficient result. The surface was inhomogeneous
and showed many round irregularities when it was cleaned with CH3OH, C3HgO,
and C3HgO. These inhomogeneities led to an increase in the surface roughness and
it seemed that even more molecules were attached to the p-GaN surface after this
cleaning than before. An SEM image of a p-GaN surface cleaned with C3HgO is
shown in Figure 49. The SEM image revealed several dark spots on the surface that
confirmed the AFM measurements.

In contrast, the p-GaN surface showed a different effect when it was cleaned with
99 % pure EtOH as a smooth surface with typical hillocks was observed. The p-GaN
surface looked almost the same as the original surface after cleaning with EtOH,
shown in Figure 46. Cleaning with EtOH was shown to be the optimal approach.
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Fig. 48 AFM images of the p-GaN, grown on sapphire, surface cleaned with C3HgO,
CH3OH, C3HgO, and EtOH.
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Fig. 49 SEM images of p-GaN on sapphire after cleaning in C3HgO in an ultrasonic bath.

6.2.2 Hydrofluoric Acid (HF) Cleaning

An etching process using HF was tried, which is a common and widely used

cleaning process in the semiconductor industry, to develop a suitable wet chemical
cleaning approach for the p-GaN surface.This cleaning procedure is described in
Section 5.
The p-GaN surface was significantly influenced by the HF solutions used with dif-
ferent concentrations, namely 0.5 % and 40 % (see Figure 50). The p-GaN surface
was very smooth and less rough when 0.5 % HF was used. In contrast, the surface
roughness increased and the smooth surface disappeared when 40 % HF was used to
clean the p-GaN surface.
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Fig. 50 AFM images of the p-GaN surface after cleaning in 0.5 % and 40 %HF solution.

With SEM, large crystals of several ym in size were found on the p-GaN surface
after cleaning with 0.5 % HF (see Figure 51). A treatment with HF solution led to
an etching of the first top p-GaN layers, causing an increase in the surface roughness.
Additionally, it seemed to cause the formation of surface crystals when the etched
surface is exposed to air. The cleaning with HF solution might be a good choice
when air can be excluded to avoid the growth of such surface crystals. However, a
wet chemical cleaning approach without using highly toxic HF acid is desirable.

GaN_gerein 20.0kV x5.00k SE(M)

Fig. 51 SEM images of a p-GaN surface after a cleaning in 0.5 % HF solution and exposure
to air.

6.2.3 “Piranha” Cleaning

A wet chemical cleaning was carried out in which “piranha” solution was used
instead of HF. The effect of the wet chemical etching process with the “piranha”
solution was studied using AFM measurements that were processed under a normal
air environment. After cleaning with the "piranha' solution, the samples were dipped
into HCI and rinsed in H,O and EtOH, as described in Section 5.1.2.
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Fig. 52 In-situ AFM images of a cleaned p-GaN surface showing the appearance of surface
peaks with ongoing exposure time under an air environment.

At the beginning (on the left of the AFM image in Figure 52), the surface was still
smooth and had many hillocks that represented screw dislocations in the hexagonal
crystal structure. At this stage, the surface had an average RMS roughness of 1.7 nm,
which is similar to that of the untreated sample (Figure 46). During the ongoing
measurement, some additional bright peaks became visible, whose appearance was
even more pronounced with the measurement time. At the end of the measurement,
at the bottom of the image, the surface was completely covered with bright peaks.
These bright peaks contain a maximum height of approximately 77nm and are
illustrated more clearly in the 3D AFM image (see Figure 52, right side). It was
assumed that the wet chemical cleaning uncovers free, unbound Ga atoms on the
p-GaN surface. With exposure to O,, these free Ga atoms start to form gallium
oxide (Ga,;O,) on the surface. With increasing time, these islands were converted
into a homogeneous oxide layer that covered the complete p-GaN surface. As a
result, the importance of O, exclusion was clearly observed in these experiments.

In the following experiments, all samples were immediately prepared and trans-
ported under a dry Ny environment after the wet chemical cleaning with “piranha”
solution to prevent this oxidation process.

Surface Composition (XPS)

The XPS spectra of O 1s, C 1s, and Ga 2p3; are shown in Figure 53 as a
comparison between the original and wet chemically cleaned surfaces. The spectra
were normalized to their backgrounds to be comparable in the intensities of the
related photoemission peaks.

The original p-GaN surface represented the p-GaN surface prior to any treat-
ment. The XPS spectra of the original p-GaN surface were deconvoluted into three
sub-peaks. In the O 1s photoemission spectrum, the main peak was located at a BE
of 532 eV and accompanied by a small shoulder at 529 eV, which was derived from a
less intense photoemission peak of Ga,O,. The third sub peak was located at a BE
of approximately 534 eV, which was caused by adsorbed HyO or a carbonyl (C=0)
compound.

A C peak at 284.9eV was found in the C 1s spectra, which was derived from ad-
ventitious C. At a higher BE, a small shoulder at 286.4eV was observed, which
corresponded to a hydroxyl (C-OH) compound.
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Fig. 53 O 1s, C 1s, and Ga 3d3/; photoelectron spectra for the original p-GaN surface
(line 0), cleaned with EtOH only (line 1) and after a "piranha" cleaning procedure (line
2).

The Ga 2ps3/; peak showed a deconvolution into two components. The main peak
was located at approximately 1117 eV and caused by the GaN component, while the
sub peak at 1118.5eV was derived from a Ga,O, component.

The N 1s spectra were not shown because the Al excitation was inconvenient, as it
led to the superposition of the photoemission N 1s peak and the Auger Ga electron
transition between L- and M- shells (LMM). Therefore, it was difficult to predict a
proper fitting for the N 1s photoemission peak.

Compared to the original p-GaN surface, the O 1s and C 1s photoemission peaks
increased when the p-GaN was cleaned with 99 % pure EtOH whereby especially the
C component at 284.5¢€V increased (line 1 in Figure 53). A broad shoulder at 286 eV
derived from C-OH components of EtOH was observed. The O 1s peak showed a
splitting into two components. One of the sub peaks arose from adsorbed molec-
ular Os (530.9€V), while the other sub peak was derived from a C-OH compound
(5632.2¢V) in the 99% pure EtOH solution. The decrease of the Ga 2ps, peak
intensity was therefore caused by the C and O contamination layer of the solvent
residuals from the EtOH solution on the p-GaN surface.

Less O and C were yielded when the p-GaN surface was treated with “piranha”
solution and the C—-OH compound at 286 eV, which appeared for the EtOH-cleaned
surface, disappeared almost completely.

The Ga 2p3/; peak at a BE of 1118.5 eV disappeared almost completely which meant
that the Ga,O, compound was also reduced due to the “piranha” cleaning. Addi-
tionally, the O concentration was also reduced because the O 1s peak intensity
decreased after the cleaning with the “piranha” solution. Therefore, the “piranha”
cleaning was able to reduce the C and O contamination layer on the p-GaN surface
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and consequently, the Ga 2ps/, intensity increased.
After the “piranha” treatment, a shift toward lower BEs in all XPS photoemission
peaks was observed, which was an effect of the reduction of C and O compounds on

the p-GaN surface.

The wet chemical cleaning using the “piranha” procedure was an efficient pre-
cleaning step to reduce the C and O concentration on the p-GaN surface. In contrast,
using EtOH only led to an increase of O and C as solvent residuals remaining on

the p-GaN surface.

6.3 Influence of the Thermal Cleaning

6.3.1 Surface Analysis after Halogen Lamp Irradiation

Because an atomically clean surface was not achieved by a wet chemical cleaning,
the p-GaN sample underwent a subsequential thermal cleaning. The temperature
was measured on the p-GaN sample surface via an IR sensor, which was calibrated

for semiconductor surfaces.
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Fig. 54 O 1s and C 1s photoelectron spectra for the p-GaN surface cleaned with EtOH
(line 0) and after thermal cleaning at 450 °C (line 1).

Detailed XPS spectra of O 1s and C 1s spectra of the p-GaN surface cleaned
with 99 % EtOH (line 0) and of the p-GaN surface, thermally cleaned at 450 °C (line
1) are compared in Figure 54. The O 1s photoemission peak showed a splitting into
two components for the EtOH-cleaned p-GaN surface. The sub-peak at 531.4eV
was assigned to adsorbed Oy and other O compounds, and that at a BE of 532.2eV
to a C-OH compound.

The C 1s peak displayed the main C component at 284.5¢V, which is derived from
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adventitious C. Besides this main C peak, a broad shoulder at 285.9¢eV resulting
from C-OH components of EtOH was observed. The contaminations were reduced
in their peak intensities, when the p-GaN surface was thermally treated at 450°C
for 1 hour (see line 1 in Figure 54). The C-OH compound disappeared completely in
both spectra, in the O 1s and C 1s, respectively, and only a small O peak remained on
the p-GaN surface. It was assumed that this O peak originated from interstitial O in
the sublayers of the crystal lattice as an unwanted impurity from the growth by using
MOCVD. Furthermore, the C was not removed completely, but the C 1s peak was
reduced in its peak intensity by the thermal cleaning. Therefore, an atomically clean
surface was also not achieved by a vacuum thermal cleaning. However, the thermal
cleaning reduced the C and O contaminations in their peak intensities which meant
that they must be lowered in their relative concentrations on the p-GaN surface.

6.3.2 Surface Analysis after Backside Heating

The p-GaN layer was furthermore studied by a vacuum thermal cleaning at
different temperatures through the sapphire substrate by using a thermo element
from the backside.
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Fig. 55 O 1s and C 1s photoelectron spectra for the p-GaN surface (sample A9) cleaned
at several temperatures (lines 0-6) from the backside.

The changes in the O and C photoemission peak intensities, which depended on
the applied temperature, are shown in lines 1 to 6 in Figure 55. Several temperatures
between 320-650 °C were applied to the p-GaN sample to remove surface O and C.
The XPS measurements were carried out when the sample was cooled down to
room temperature, but after the thermal cleaning the presence of O and C was
always observed on the p-GaN surface and only a partial reduction of the C and O
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concentration was achieved. Even at a temperature of 650°C, it was not possible
to remove the C and O completely as a residual amount of O and C remained on
the surface, resulting in a small, broad peak that was still detectable. It is well
known that C, O, and other impurities were incorporated into the crystal lattice as
unwanted impurities and that C remained on the surface when a semiconductor is
manufactured by MOCVD [114-116]. The crystal quality and carrier mobility can
suffer due to these unwanted impurities that also have an undesirable effect on the
photocathode performance.

6.3.3 QE Performance Depending on Surface Quality

After the wet chemical cleaning and the thermal cleaning, the samples were
activated with Cs to obtain an NEA surface and thereby produce p-GaN:Cs pho-
tocathodes. The colors that are used in the following diagrams represent different
temperatures used in the thermal cleanings and follow a logical ordering as shown
in Figure 56. All QE values obtained, including the activation conditions, are sum-
marized in Table A 2 in the Appendix.

0°C

220 °C

300 °C

320 °C

350 °C label sample material

400 °C A p-GaN on sapphire
B GaAs
C p-GaN on silicon (Si)
D p-GaN on

titanium nitride (TiN)

E Cs,Te

Fig. 56 Color labels for the temperatures used in the thermal cleaning (left), and an extra
label for the different sample materials (right).

Figure 57 shows a comparison of the QE values obtained for different p-GaN:Cs
on sapphire photocathodes, depending on the applied cleaning temperature. All
samples shown in Figure 57 were thermally cleaned by using the halogen lamp and
the cycles of heating and activation were repeated several times for each sample to
improve the statistical accuracy.
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Fig. 57 QE values obtained for a series of p-GaN:Cs photocathodes that were thermally
cleaned with a halogen lamp.

The ordinate in Figure 57 shows the QE of the freshly activated p-GaN:Cs photo-
cathodes, whereas the x-axis shows the sample number, followed by its cycle number.
The p-GaN samples examined show different QE values depending on the applied
temperature. Low QE values were obtained for samples where a temperature over
600 °C was applied, while samples that were thermally cleaned at lower tempera-
tures showed higher QE values. The highest QE (> 10 %) was achieved for sample
A5 when the p-GaN was cleaned at 500 °C. Thermally cleaned at a temperature
above 600 °C, samples A1-A4 yielded lower QE values than those obtained from a
lower thermal cleaning temperature (400-500°C). The remaining C and O concen-
tration on the semiconductor surface influenced the semiconductor surface quality,
especially its ability to form an NEA surface. To determine the reason for the low
QE after the thermal cleaning at high temperatures, surface studies with XPS and
SEM were carried out as described in Sections 6.7.1 and 6.7.3.

The QE values obtained for samples A7 and A8 are shown separately in Fig-
ure H8. The two samples were thermally cleaned through their sapphire substrates
from the backside. The temperature was measured on the p-GaN layer at the
frontside with the IR sensor. Figure 58 thus shows a comparison of the QE val-
ues obtained for these two p-GaN:Cs on sapphire photocathodes, depending on the
cleaning temperature applied from the backside. The two p-GaN samples showed
different QE values and no QE value was obtained for sample A7 where no thermal
cleaning was applied prior to the activation. Higher QE values were obtained for
sample A7 when thermally cleaned at higher temperatures (220-600 °C). For sam-
ple A8 which was thermally cleaned above 600°C, lower QE values were obtained
compared to those for sample A7. The highest QE (nearly 10%) was obtained
for sample A7 in the third cycle, when p-GaN was cleaned at 320°C. The results
confirmed the statements that temperatures above 300°C were required for NEA
surfaces to effectively remove C and O contaminations and to rejuvenate an NEA
surface [66]. However, no higher QE values were obtained for samples A7 and A8,
thermally cleaned from the backside, compared to those QE values from samples
A1-A14, cleaned using the halogen lamp.
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Fig. 58 QE values obtained for a series of p-GaN:Cs photocathodes that were thermally
cleaned through the sapphire substrate from the backside.

6.3.4 Storage Lifetime vs. Thermal Cleaning Temperature

A comparison between the measured storage lifetimes of the p-GaN:Cs photo-
cathodes is shown in Figure 59. In the experiments conducted, the storage lifetime
is defined as the time interval from the completion of the activation to the time when
the QE drops down to 1%. For a reasonable comparison, the QE was tracked for
several days, and a prediction of the lifetime was made from its exponential decay
fitted by a suitable tri-exponential model shown in Equation 6 [117].

y=1yo+ A - e(—(@=z0)/t1) + Ay - e(—(z=w0)/t2) + As - e(—(@=z0)/t3) (6)

The activated p-GaN:Cs photocathodes were stored under a stable UHV en-
vironment during the lifetime measurement. The p-GaN:Cs on sapphire samples
A3 and A4, cleaned above 600°C, showed storage lifetimes of less than 50 h. This
meant that after the Cs deposition, the QE decayed rapidly to 1% within 50 h.
These photocathodes survived longer after the first activation than after their re-
activation, where significantly shorter lifetimes of less than 50 h were measured. The
storage lifetime could be increased for the p-GaN:Cs photocathode A5, which was
thermally cleaned at 500 °C. For the p-GaN:Cs photocathode A6, cleaned at a tem-
perature between 400-450 °C, the lifetime was also increased. The storage lifetime
was extrapolated to over 5000 h for the first cycle in the experiment. For all other
photocathodes (A7-A14) no lifetimes can be provided because too few points were
measured to provide a reliable extrapolation of the storage lifetimes. Additionally,
some of these samples (A10-A14) were negatively influenced by the X-ray irradiation
of the XPS measurements which caused a significant QE loss.

In summary, the p-GaN:Cs photocathode A5, thermally cleaned at 500 °C, showed
the highest QE (> 10 %), while the GaN:Cs photocathode A6, cleaned at 400-450°C,
showed the longest lifetime (>5000h). The first activation cycle of sample A6 re-
sulted in 9.5 % QE and the longest lifetime, and thus treating the p-GaN thermally
at 400-450 °C represented the best compromise to obtain the required QE and stor-
age lifetime result.
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Fig. 59 Storage lifetimes and extrapolated lifetimes for a series of p-GaN:Cs photocathodes
thermally cleaned with a halogen lamp.

6.4 Influence of Argon Ion Irradiation

6.4.1 On p-GaN Surface

C and O remained on the p-GaN surface and were not removed completely by a
thermal cleaning. The p-GaN surface was therefore irradiated by Ar™ with 1.5keV
energy for 10 min. Figure 60 shows a comparison of detailed XPS spectra of O 1s,
C 1s, and Ga 2ps/, of a thermally cleaned p-GaN surface at 650°C and an Ar*
irradiated surface. After the Ar™ irradiation, neither O nor C was detectable on the
p-GaN surface. This indicated that the C and O were located at the surface or in
the sub-surface of p-GaN because the Art were able to remove those contaminants.
A shift toward a lower BE in the Ga 2p3/, photoemission peak occurred after the
p-GaN surface underwent the Art bombardment. This shifting might indicate a
charging effect from the remaining Art of the p-GaN surface or be caused by the
removal of the C and O contaminations.

6.4.2 On p-GaN:Cs Photocathode Surface

The effect of Ar™ on a p-GaN:Cs photocathode surface was also studied using
XPS. For this purpose, a p-GaN:Cs photocathode (sample A13) with 2% QE was
irradiated with Ar™ of an energy of 1.5kV for 10min. The same sample was irra-
diated again with Art at higher energy than the previous Ar™ bombardment. The
Art had an energy of 2.5kV in the second Ar"™ bombardment that was applied for
5min to the p-GaN surface. The Ga 3d3/, and N 1s photoemission peaks from the
survey spectra were used for the quantification and the calculation of the Ga:N ratio
that changed in response to the Ar™ bombardment. The XPS survey spectra are
shown in Figures A 4-A 6 in the Appendix.
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Fig. 60 O 1s, C 1s, and Ga 2p3/, photoemission spectra for the p-GaN surface after
thermal cleaning at 650 °C from the backside (red line), and after Ar™ irradiation at an
energy of 1.5kV for 10 min (green line).

Table 2 summarizes the quantitative values that were obtained from the survey
spectra. A Ga:N ratio of 1 was measured for the initial p-GaN:Cs photocathode
with 2% QE. The original GaN ratio began to change and turned into 1:4 when
the surface was irradiated with Ar™ of an energy of 1.5kV. Irradiated with Ar™
of a higher energy at 2.5kV, the Ga:N ratio changed to 1:8 and thus the surface
was enriched with Ga atoms, thereby indicating that a depletion in the N atoms
occurred.

Tab. 2 Atomic concentrations derived from the survey spectra for a p-GalN surface with
2% QE and after Ar™ sputtering.

treatment Ga 3d N 1s Cs 3ds2 O 1s Ga:N ratio
(at-%)  (at-%)  (at-%)  (at.-%)

2% QE 21.08 20.85 48.53 9.74 1.01

1.5 keV 59.37 40.63 - - 1.4

2.5 keV 64.83 35.17 - - 1.8

Cs and O were present before the sputtering but disappeared under the Ar™
bombardment on the p-GaN surface.



Influence of Argon Ion Irradiation Jana Schaber
Page 70 PhD Thesis

6.4.3 Surface Morphology after Thermal Cleaning, Argon Ion Irradia-
tion and Activation

SEM and EDX measurements were carried out to study the p-GaN surface mor-
phology after the p-GaN underwent a wet chemical cleaning, several thermal clean-
ings, Art sputtering, and an activation cycle.

10 um = = 00° - R
EHT = 20.00 kv StageatT= 0.0 Mag 800 X HLDR

WD = 6.7 mm Tilt Angle = 70.0 ° Signal A = SESI 25 Mar 2022

Fig. 61 SEM image of a p-GaN:Cs surface (sample A9) that underwent thermal cleaning
at 650°C, ArT sputtering and a Cs activation. The EDX measurements showed depletion
in N atoms at positions 1 and 2 at the surface.

Figure 61 shows an SEM image of a p-GaN surface (sample A9) that under-
went a wet chemical cleaning, a thermal cleaning at different temperatures, Ar*
ion irradiation, and a Cs activation. The extensively treated p-GaN surface showed
irregularities in the surface morphology and large black holes were found. The ex-
cessive thermal cleaning might have caused the appearance of these holes, where
the original p-GaN layer was destroyed. EDX measurements confirmed that the
composition of N and Ga atoms changed in this area. The N atomic concentration
inside the black holes was half of that of the Ga atoms when EDX was measured at
position 2 in Figure 61. Furthermore, the p-GaN surface showed an unequal GaN
ratio of 1:0.84 at position 1 in Figure 61 in which depletion of N atoms must also
have occurred.

Round crates were found at the surface (see Figure 62). The appearance of these
round crates was associated with a damaging effect due to Ar™ irradiation. The
crates were consistent and had almost the same diameter. Therefore, it is assumed
that the Art irradiation caused an unwanted change in the surface morphology.
These sputtering results showed that a depletion in N atoms occurred and thus
the examined p-GaN surfaces showed a preferential sputtering of N atoms when
irradiated with Ar*.
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Fig. 62 SEM images of a p-GaN:Cs surface (sample A9) that underwent a thermal cleaning
at 650°C and ArT sputtering that resulted into surface crates and destroyed the p-GaN
surface.

6.5 Surface Analysis of the p-GaN Surface after Cesium Ac-
tivation

A successful activation by applying Cs to the p-GaN surface was possible, al-

though some C and O remained on the p-GaN surface after the thermal cleaning.
p-GaN on sapphire (sample A5) was wet chemically cleaned and then thermally
cleaned at 500 °C. It was activated with a thin layer of Cs when it was cooled down
to room temperature. The same thermal cleaning was repeated in every activation
cycle. Typical photocurrent curves during the activation are shown in Figure 63
for sample A5 as an example. An aperture reduced the UV-light power and conse-
quently the photocurrent, which provided relief for the vacuum. In the beginning,
no photocurrent could be detected after the Cs deposition started. After 10-20 min,
the photocurrent slowly and steadily started to increase until it reached a maximum.
Finally, when the photocurrent reached this maximum, the aperture was opened to
take the maximum photocurrent value. The starting points and speed of growth
depend on the current applied to the Cs dispenser. The maximum achieved QE
values for all samples are summarized in Table A 2 in the Appendix.
The QE decay curves after a successful activation are also shown for sample A5 in
Figure63. The QE dropped exponentially during the hours following the activa-
tion and stabilized after a certain time. The same sample was thermally cleaned
again when the QE reached 1%. After the thermal cleaning, before the sample
was activated with Cs again, some photocurrent was observed. This indicated that
the thermal cleaning did not remove all of the Cs from the p-GaN surface and this
phenomenon was observed for samples A5 and A6, but not for sample A4, which
was treated at a higher temperature. For samples A7-A14, XPS measurements
confirmed that in some cases Cs indeed remained on the p-GaN surface after the
thermal cleaning.
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Fig. 63 Photocurrent curves of p-GaN (sample A5), which was thermally cleaned at 500 °C
and activated with Cs for four cycles (left), and QE decay curves of the same p-GaN:Cs
photocathode after activation (right).

XPS analysis was used to study the effect of the Cs deposition on the chemical
composition of the p-GaN surface. The N 1s, O 1s, C 1s, and Ga 3d3/, photoemission
peaks are depicted in Figure 64 to compare the p-GaN surface (sample A10) before
(line 0) and after (line 1) the Cs activation was applied. For the N 1s and Ga 3dj)-
peaks, a shift of approximately 0.50eV to a higher BE was observed. The electron
density of these photoemission peaks changed due to the high electron input from
the Cs on the p-GaN’s surface. This shift indicated the successful adsorption of the
Cs on the p-GaN surface. No shift in the BE for O 1s was observed, which means
that the detected O was not influenced by the Cs deposition and was located in
deeper surface sublayers. The C 1s photoemission peak was mainly influenced by
the deposition of Cs. As shown in the previous section, adventitious C was still
present after the thermal cleaning and could not entirely be removed from the p-
GaN surface. It is well known that undesirable O and C impurities, in particular,
are incorporated into the p-GaN crystal lattice during MOCVD growth [114-116].
However, a new C component appeared at a BE of approximately 286eV when
the Cs was deposited. A small sub-peak, originating from adventitious C, was still
detectable but decreased in intensity. The component at a higher BE (286 eV) must
have been C surrounded by a higher electron density. Thus, this new component
showed the formation of a cesium carbide (Cs,C,) species. The freshly deposited
Cs appeared more attracted to the residual C than to the p-GaN surface. A similar
effect of the C photoemission peak shifting toward a higher BE depending on the Cs
amount was reported for the adsorption of Cs on graphite [118, 119]. Significantly,
there are few studies on alkali metal carbides.
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Fig. 64 Ga 3dz/;, N 1s, O 1s, and C 1s photoelectron spectra for the p-GaN surface
(sample A10) after thermal cleaning at 450 °C (line 0) and after Cs activation with 7.7 %
QE (line 1).

Detailed XPS spectra were also taken in the Cs 3d core level region. They ex-
hibited a typical paired structure due to spin-orbit splitting (739.75eV for 3ds/, and
725.75¢eV for 3ds/2), as shown in the survey spectrum in Figure A 7 in the Appendix.
The resulting spin-orbit shifted exactly 14 eV between corresponding peaks. Only
the Cs 3ds/, photoemission peak was considered for further evaluation and thus
showed a detailed Cs 3ds/, photoemission spectrum. The 3ds/; photoemission peak
shifted toward a lower BE with respect to the metallic Cs® (Cs 3d;,, = 726.4¢€V),
as shown in Figure 65. The main Cs peak of 725.75eV represented the adsorbed
Cs on the p-GaN surface. The surface Cs was expected to be positively charged
(Cs™) in relation to the bulk Cs. This shift toward a lower BE for Cs adsorbates
on metal substrates has previously been observed and discussed [120]. Furthermore,
a few publications have noted oxidation states of Cs oxides and the Cs peak shifting
toward lower BE when the oxidation state changed to +1 (Cs™) [121-123].

The O 1s photoemission peak usually appears at a BE of approximately 530eV,
within the typical BE range of an alkali metal oxide [124, 125]. In contrast, the O
1s peak was not influenced by the Cs and hence it was assumed that the Cs was
attached to the p-GaN surface in a Cs™' chemical state or as a Cs,C,, which must
also be in a Cs™! state.

A broad peak at approximately 729 eV was identified from Cs plasmons [43] while
a further sub-peak at 722.6eV could have originated from a charging artifact [126],
although its appearance is rarely reported.
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Fig. 65 Cs 3d5/, photoemission spectrum of the adsorbed Cs on the p-GaN surface, with
the peak fitting showing three components.

6.5.1 Spectral Response of the p-GalN:Cs Photocathode

The spectral response was measured for the p-GaN:Cs photocathode (sample

A12) to determine its cut-off wavelength.
The QE showed an almost negative linear dependency with increasing wavelength,

spectral response of sample A12
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Fig. 66 Spectral response of a p-GaN:Cs photocathode (sample A12) showing its cut-off
edge at 360 nm, which is related to a band gap of 3.4¢V.

as shown in Figure 66. The cut-off wavelength for sample A12 was found at 360 nm
where the QE dropped significantly to zero. The QE remained zero at wavelengths
longer than 360nm because photoelectrons were no longer able to overcome the
band gap.
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The QE value increased at shorter wavelengths due to the effect that the photoelec-
trons gained more FEy;, and thus these electrons had a higher probability to reach
the surface. The photoelectrons thus had a longer IMFP. Sample A12 showed a
maximum QE value of 21 % at a wavelength of 290 nm.

The spectral response experiment was repeated with another p-GaN:Cs photocath-
ode (sample A11) that showed the same cut-off wavelength at 360 nm. The spectral
response curve for sample A1l is shown in Figure A 8 in the Appendix.

The cut-off wavelength for the p-GaN photocathodes was reported at 360 nm
[127] which aligned with the experimental results obtained in this work. There-
fore, a slight relief of the UV-laser system can be ensured when using p-GaN:Cs
photocathodes in photoinjectors.

6.5.2 Surface Composition after YoYo Activation

A YoYo activation (with Cs and Oj) and its potential benefit for the p-GaN
photocathode performance was studied, although O, was not required for achieving
a p-GaN photocathode. Figure 67 depicts an example of the photocurrent curve of a
p-GaN surface (sample A14), alternately activated with Cs and O, during the YoYo
activation.
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Fig. 67 Photocurrent curve during a YoYo activation of p-GaN (sample A14), in which
Cs and O» are alternately applied.

Sample A14 was exclusively activated with Cs in the previous cycle, and thus
this YoYo activation represented the second cycle. As usual, the p-GaN surface of
sample A14 was thermally cleaned at 450°C with the halogen lamp prior to the
application of the YoYo activation.

Cs was then deposited first until the photocurrent saturated to a plateau (see Fig-
ure 67) and O, was subsequently applied to the cesiated p-GaN surface so that the
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pressure was raised to 10~®mbar. Typically, the photocurrent should have been
increased by the Oy as shown in other YoYo activations for p-GaN [20, 128, 129].
However, in this YoYo activation, the photocurrent dropped during the application
of Og, as shown in Figure 67. After an O application of about 10min, Cs was
deposited until a saturation plateau was reached again. This time, the photocurrent
reached a higher value compared to the previous photocurrent plateau. Another de-
position of Oy and Cs was applied until a maximum photocurrent of 1033 nA (7.8 %
QE) was achieved.
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Fig. 68 O 1s, C 1s, and Cs 3d;/; photoemission spectra of the p-GaN:Cs surface before
YoYo activation was carried out (line 0) and after the p-GaN surface was YoYo activated
(line 1).

The YoYo-activated photocathode was transported into the XPS chamber to

study its chemical surface composition. As indicated previously, this YoYo activation
represented the second activation cycle for sample A14. After the first cycle, the
p-GaN surface was thermally cleaned at 460°C but Cs remained on the p-GaN
surface. The remaining Cs did not hinder the freshly deposited Cs of the following
cycle to form an NEA surface. In contrast, if some Cs was left on the surface from
the previous thermal cleaning, it mostly was beneficial for achieving a higher QE
value. Therefore, Cs was present in the XPS spectra before the YoYo activation was
carried out. The survey spectra are shown in Figure A 9 in the Appendix.
Figure 68 shows the detailed XPS spectra of O 1s, C 1s, and Cs 3d5,, as a comparison
between the p-GaN:Cs surface after the thermal cleaning (line 0) and the p-GaN
surface after the YoYo activation with 7.8 % QE. The O 1s spectrum showed one
O component at approximately 530.80¢eV for the p-GaN surface after the thermal
cleaning (line 0) which was not influenced by the YoYo activation (line 1).
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A C component was found at 285.35¢eV after the thermal cleaning that turned into
two components after the YoYo activation. One component was found at a BE of
284.08 eV and the second component at a BE of 285.89¢eV. The C component at a
higher BE indicated a formation of a Cs,C, species. The C component at the BE
of 284 eV was associated with adventitious C.

Several components appeared in the Cs 3ds, spectra and the main component was
found at a BE of 725.05eV (line 0). Besides this main component, sub-peaks at a
BE of 723.57eV, 726.71eV and 729.14eV were found. The sub-peak at 729.14eV
was derived from Cs plasmons.

When the p-GaN surface was YoYo activated, the main Cs peak shifted 0.34eV
toward a BE at 725.39eV. Additionally, the BE of the sub-peak at 726.71 eV shifted
0.2eV toward a BE at 723.57eV. The component at 726.95eV remained in its
position and did not shift at all.

The main Cs peak was located at a lower BE (at approximately 725eV) compared
to the bulk metallic Cs? (at 726.4eV). This meant that the Cs inside the Cs-O layer
contained a positive charge. This result aligns with the reported results of a Cs™!-
0%*-Cs™ dipole layer [130-132]. The component at approximately 726V might
derive from metallic Cs because Cs was used excessively in the YoYo activation.
The component with the lower peak intensity at a BE of approximately 723 eV was
derived from a charging artifact.

Figure 69 shows the QE values obtained for YoYo-activated p-GaN samples (sam-
ples A6, A7, and A14). The photocurrent curves for the YoYo activations for samples
A6 and A7 are also shown in Figures A 10 and A 11 in the Appendix.

All YoYo activations were carried out as a re-activation which meant that a small
amount of Cs was present in the XPS spectra before the YoYo activation was applied.

For the YoYo-activated p-GaN surfaces, QE values between 6-8 % were achieved
whereby the QE values did not significantly differ from those values in which ex-
clusively Cs was used. Samples A6 and A7 could be re-activated again without
additional thermal cleaning, while sample A14 showed a higher QE when it was
thermally cleaned at 450 °C prior to the YoYo activation. The photocurrent was in-
creased when O, was also applied in the activation process, as shown as an example
in the photocurrent curve in Figure 69.

The YoYo process was more challenging compared to activation with only Cs
and has the potential risk to release a large amount of Os into the UHV chamber.
One thus has to be careful when using O, inside the UHV chamber and avoid any
uncontrolled oxidation.
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Fig. 69 QFE values obtained for two p-GaN:Cs photocathodes that were activated with a
YoYo process (Cs and Oy).

6.6 Degradation of p-GalN:Cs Photocathodes

6.6.1 Influence of Surface Carbon on the QE Decay

Photocathodes undergo natural degradation caused by residual gases in a vac-
uum environment [34]. Even in an ideal UHV environment, photocathodes loose
QE. Thus, the surface chemical state under UHV conditions at different times dur-
ing storage was studied to investigate the correlation between the mechanism of
cathode degradation and the surface chemical state change. A detailed XPS analy-
sis allowed to identify and quantify the relative elemental composition of the surface
and distinguish between the chemical bonding states of the main elements. Differ-
ent photoemission peaks from the p-GaN:Cs photocathode were acquired at different
stages of QE decay, as shown in Figure 70. The freshly prepared photocathode ini-
tially had a 7.7 % QE. A QE drop accompanied each XPS measurement due to X-ray
damage, which is discussed in Section 6.4. Between the XPS measurements, the QE
decayed exponentially, as it is typical of this material. Figure 70 indicates that a
shift of 0.35eV toward a lower BE was measured for Ga 3ds/, Cs 3ds/2, C 1s, and
O 1s along with the QE decay. The N 1s spectra are not shown here because Al
excitation is ineffective for N analysis due to the superposition of the photoemission
N 1s line and the Auger Ga (the LMM Auger process) transition [43, 49, 126].

In general, a shift toward a lower BE means that the electronic structure of the
observed element changes, and its oxidation state subsequently changes. The BE is,
therefore, often regarded as a "chemical shift" [43, 49].
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Fig. 70 The QE decay of the p-GaN:Cs photocathode (sample A10) and the Ga 3d3/, Cs
3ds/2, and O 1s photoemission spectra at different times during their decay.

The relative concentration and the peak intensity of Cs did not change during

the photocathode degradation and thus a loss of Cs was excluded. No additional
Cs compound was found, which implied that the Cs had not changed its chemical
state. At the C 1s photoemission peak, the intensity of the Cs,C, species, at a BE
of 286 eV, increased significantly, and its peak width became narrower during QE
decay, as shown in Figure 71.
It was thus assumed that the adhesion between Cs and the p-GaN surface became
weaker, which was reflected by the shift toward lower BEs. This shift also indicated
that the surface might be positively charged and that charging effects might occur
[133]. Consequently, the GaN-Cs bonding became less pronounced, and the EA in-
creased until Cs,C, islands dominated the p-GaN:Cs photocathode surface, thereby
disturbing the NEA surface which subsequently disappeared. The possible reasons
for changing an XPS’s peak intensity are typically (i) a change in the number of
atoms associated with the respective oxidative state of the surface or (ii) a change
in the depth distribution of such atoms caused by diffusion processes [43, 49]. It
was thus concluded that the number of Cs,C, species was increasing during this
degradation and that the additional diffusion of the C atoms from the bulk toward
the surface could have contributed to the formation of Cs,C,. The formation of
Cs;C, and such islands during the operation of Cs-activated photocathodes has not
previously been reported. Accordingly, the previously mentioned explanations must
be viewed with caution and encourage other researchers working on improving the
p-GaN photocathodes to note this phenomenon, as it may be one of the critical
factors for determining the QE and these systems’ lifetimes.
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Fig. 71 The C 1s photoemission spectrum showing the evolution of the Cs,C, species and
the degradation of the p-GaN:Cs photocathode (sample A10) on the left side and the shift
to a lower BE along with the degradation of the p-GaN:Cs photocathode (right side).

6.6.2 Surface Model of Cesium-Carbide Island Growth

A surface model of a freshly prepared p-GaN:Cs photocathode is schematically
illustrated in Figure 72.

Fig. 72 The surface model of a freshly prepared p-GaN:Cs photocathode, in which the
surface C attracts a part of the Cs (left). The surface model of an aged p-GaN:Cs photo-
cathode showing the formation of Cs,C, islands (right).

This model indicates that the formation and growth of Cs,C, species caused
QE degradation. The p-GaN has a hexagonal crystal lattice that grows along the
c-plane (0001), and the surface is mostly Ga terminated. In addition, O may have
been present in the crystal lattice and C in the surface layers, both as unwanted
impurities from the MOCVD process [115, 116]. TMG is used as a precursor for Ga
in the MOCVD process, and high temperatures are necessary for its decomposition.
Lee et al. showed that the decomposition of TMG depended on the applied temper-
ature and that a low C concentration could be detected in semiconductor sublayers
[114]. While the residual C concentration reduction could be controlled during
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crystal growth, the C could not entirely be removed. In contrast to the O, the con-
centration of C associated with the surface was always higher than in the bulk [115,
116]. Thus, an atomically clean surface was not obtained, as some residual C from
the growth process was always present. When the Cs was applied, it was deposited
on the p-GaN surface next to and on top of those contaminants. With increasing
storage time, the Cs atoms began moving toward the C atoms, and the adhesion
between Cs and p-GaN became weaker, as illustrated in Figure 72 on the right side.
The C began to form a bond with Cs, that is, a Cs,C, species. It was assumed that
in this process some Cs,C, islands were formed, which caused the photocathode to
age.

6.6.3 Influence of X-ray Irradiation

The p-GaN:Cs photocathodes lost QE after every transport into the XPS analysis
chamber. The QE decay curve for sample A10 is shown as an example in Figure 70.
The QE dropped significantly during the hours following activation, especially after
the sample was analyzed using XPS. Typically, the QE decays exponentially for p-
GaN:Cs photocathodes, as indicated in another publication [26]. The QE stabilized
when the sample was returned to the UHV preparation chamber. It was shown that
the rapid QE loss after the XPS analysis was not the result of transportation but
was most likely caused by the X-ray’s influence from the dual anode.

The studies on the effects of X-rays during XPS analysis were conducted using a
lengthy irradiation experiment. For this purpose, p-GaN (sample A14) was treated
the same way as samples A10-A12: it was cleaned with 99 % pure EtOH, ther-
mal cleaned for 1h, and activated with Cs. The resulting p-GaN:Cs photocathode
showed 7% QE after the Cs deposition. Sample Al4 was subsequently irradiated
for 5.5h with X-rays from the Mg source at a beam power of 100 W and 11 keV.
The photocathode was neither transported nor moved. Thus, transportation did not
influence these experiments. The Cs 3ds/; and Cs 3ds3/, spin-orbit photoemission
peaks with suitable fittings, in relation to the X-ray exposure time, are shown in
Figure 73. A shift of 0.25eV toward a lower BE with increasing irradiation time
was observed. The Cs 3d peak shape and the Cs concentration remained constant
during this experiment.

The main peak at 725.5eV was derived from adsorbed Cs with a positive charge
(Cs™) on the p-GaN surface, while the sub-peak at 723 eV belonged to a charge
artifact, as noted in the previous Section 6.6.1. When the irradiation time increased
in lines 1-3, a Cs component of approximately 726 eV appeared in the photoemission
spectra that was not observed for the freshly prepared photocathode (line 0). This
photoemission peak of 726 eV originated from metallic Cs®. The X-ray irradiation
caused surface melting and unwanted heating, which resulted in a change in the
surface composition. Thus, the bulk Cs” component was not observable at the be-
ginning of the experiment when the photocathode was freshly prepared. The X-ray
beam thermalized the sample and caused external aging of the photocathode. Fur-
thermore, the Cs concentration did not change during an X-ray exposure of 5.5 h and
it was assumed that redistribution in the sample strongly influenced the adhesion
between GaN and Cs as it is well known that X-ray irradiation significantly impacts
semiconductors and their surfaces [49]. Consequently, the adsorbed Cs on p-GaN
could be redistributed under X-ray heating conditions, thereby building metallic
Cs. However, the sample was neither cooled nor measured in its temperature. The
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X-ray beam power reduction or the sample cooling down could prevent, or at least
decrease the X-ray damage. Sample Al4 had 7% QE before XPS analysis and
yielded only 1.2% QE after being treated by X-ray irradiation for 5.5h. It was
assumed that the X-ray damage also caused the QE losses observed in all other
samples measured with XPS. Transportation effects that might negatively influence
QE decay in these experiments were excluded. It is recommended considering this
X-ray damage risk when working with cesiated semiconductor photocathodes with
X-ray-based analytical devices (XPS or X-ray diffraction (XRD)).
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Fig. 73 Cs 3d spectra of a p-GaN:Cs photocathode (sample A14) influenced by the X-ray
irradiation time.
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6.7 Influence of Re-activations on the p-GaN Surface

6.7.1 After Thermal Cleaning

When the QE had a value below 1%, sample A10 was thermally cleaned before
the subsequent Cs activation. After the new thermal cleaning, the photocurrent was
partially restored even before the subsequent Cs activation was conducted. In a pre-
vious publication, it was noted that this phenomenon occurred during re-activation,
but it could only occur if Cs remained on the p-GaN’s surface [26]. As shown in
Figure 74, the XPS data confirmed that the Cs was not entirely removed from the
p-GaN surface after thermal cleaning.
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Fig. 74 The Ga 3d3/2, Cs 3d5/2, O 1s, and C 1s photoelectron spectra of the p-GaN:Cs
surface before (line 0) and after (line 1) renewed thermal cleaning at 500 °C.

A comparison of the photoemission peaks from sample A10 (with 1% remaining
QE) before (line 0) and after (line 1) the thermal cleaning at 500°C is shown in
Figure 74. For O 1s and Ga 3ps/2, no difference before and after the thermal treat-
ment was observed. The thermal cleaning also did not affect the Cs peak because it
remained on the p-GaN surface and did not decrease in intensity or atomic concen-
tration. The most substantial effect of the thermal cleaning was again observed at
the C 1s peak, especially for the Cs,C, species. The intensity of the Cs,C, species
decreased after the thermal cleaning and, vice versa the intensity of adventitious
C increased. The sample was thermally cleaned at 500 °C for 120 min without suc-
cessfully removing all the Cs and the Cs,C, species. It was assumed that during
the thermal cleaning of the p-GaN:Cs photocathode, the Cs,C, species decomposed
into metallic Cs and adventitious C.

To ensure the reproducibility of the results, two more p-GaN on sapphire samples



Influence of Re-activations on the p-GaN Surface Jana Schaber
Page 84 PhD Thesis

(samples A1l and A12) underwent similar treatments, and their XPS spectra are
shown in Figures A 12-A 15 in the Appendix. Similar behaviors for these samples
were also observed during activation, degradation, and re-activation.

6.7.2 Influence of Cesium after the Re-activation

The p-GaN was re-activated with the deposition of freshly applied Cs, although
some remaining Cs from the previous activation remained on the p-GaN’s surface.
This time, the p-GaN:Cs photocathodes reached a QE of 9.2 %, which was slightly
higher than in the first activation. Thus, the Cs that had remained on the p-GaN
surface did not negatively impact the re-activation process and it was even beneficial

and led to a higher QE.
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Fig. 75 The QE decay curve of the re-activated p-GaN:Cs photocathode (sample A10)
with the corresponding Ga 3d3/2, Cs 3d5/2, and O 1s photoemission spectra, taken at
different points in the decay curve.

The degradation of the re-activated p-GaN:Cs photocathode, followed by XPS
analysis, is shown in Figure 75. The same effect in the degradation was observed
as explained in the previous section. The N 1s and Ga 3d3/, peaks shifted 0.35eV,
whereas the Cs 3ds/, and C 1s peaks shifted 0.5eV toward a lower BE. These sig-
nificant shifts indicated that the Cs and C amounts might correlate and that their
behavior primarily caused the degradation.
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6.7.3 Surface Morphology

The cleaned and activated p-GaN:Cs photocathodes were studied with SEM
to examine their surface morphology. Additionally, the surface composition was
characterized by EDX spectroscopy whereby the p-GaN:Cs samples were taken out
of the UHV chamber. Hence, the resulting EDX spectra might not show the original
surface conditions because the p-GaN:Cs photocathodes were exposed to air. In
particular, the Cs oxidized into a cesium peroxide (CsyOs) or cesium hydroxide
(CsOH) compound, and thus the original surface composition changed.

200 pm EHT=2000kV  Sta = 00° =
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Fig. 76 SEM image of a p-GaN:Cs photocathode (sample A1), treated several times above
600 °C followed by numerous Cs activations.

Figure 76 shows an SEM image of a part of the 9 x 9mm? p-GaN:Cs photo-
cathode (sample A1l). Sample Al underwent four cycles of thermal cleaning above
600 °C, each followed by Cs activations. The different brightness values in the SEM
image indicated an inhomogeneous p-GaN:Cs surface. The half-round, bright area
on the left side in Figure 76 is derived from a round steel washer, which was used
to fix the p-GaN sample on the sample holder. The original p-GaN:Cs surface on
the right side in Figure 76 appeared darker. Therefore, the brighter area on the left
side contained heavier elements compared to the rest of the p-GaN:Cs surface.

Fe was found in the bright area where the washer was located, as confirmed by EDX
measurements, and shown in Figures A 16 and A 17 in the Appendix.

In contrast, the p-GaN:Cs photocathode (sample A5) was thermally cleaned at
500°C and then activated for four cycles. A part of the sample A5 surface is shown
in the SEM image in Figure 77. This image was taken additionally to compare the
influence of the thermal cleaning on the surface morphology to sample A1, as shown
in Figure 76. Therefore, both SEM images were taken in the area where the samples
were fixed with the steel washer.

In Figure 77, the surface of sample A5 appeared homogeneous. In addition, other
parts of sample A5 were examined by SEM, and no discrepancies were observed.
The surface composition was proven by an EDX measurement showing an expected
ratio of 1:1 for Ga:N, which is shown in Figure A 18 in the Appendix. Thus, the
SEM/EDX measurements have reinforced the statement that the thermal clean-
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ing at temperatures up to 500 °C neither changed the original p-GaN surface nor
destroyed the original p-GaN composition.
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Fig. 77 SEM image of a p-GaN:Cs photocathode (sample A5), several times treated above
500 °C, followed by several Cs activations.

The surface of sample A5 additionally showed several round particles when it
was measured using AFM (see Figure 78). These small particles sometimes appeared
on the surface of a p-GaN:Cs photocathode that was activated several times. The
particles are also observed under SEM for sample C2 (see Figure 85) and were iden-
tified as CsOH or Cs compounds by EDX measurements (see Figure A 19 in the
Appendix).
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Fig. 78 2D and 3D AFM images of a p-GaN:Cs photocathode (sample A5) which was
treated several times above 500 °C and Cs activated.
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7 p-GalN:Cs Photocathode Performance on other
Substrates

The main focus of the thesis was the intensive study of p-GaN surfaces grown
on sapphire and their potential to function as photocathodes with high QE. As
mentioned, p-GaN on sapphire is cheap and easily commercially available but, due
to some factors such as its isolation properties, it is not the best choice for the GaN
layer. Apart from p-GaN grown on sapphire, p-GaN layers grown on Si and TiN were
also studied with in-situ and ex-situ analytical methods to determine their potential
to be photocathodes. This Section 7 serves as a minor side-study supplementing the
detailed study of p-GaN grown on sapphire (Section 6).
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Fig. 80 AFM images of the p-GaN on Si surface after cleaning with the “piranha” proce-
dure.

An AFM image of the original, untreated p-GaN on a Si surface is shown in Fig-
ure 79. The original p-GaN on Si exhibited a smooth and uniform surface and only a
few particles and dust contaminations were found, resulting in an RMS roughness of
approximately 3.0nm. The p-GaN on Si samples were wet chemically cleaned with
the “piranha” procedure, and the etched surface topography is shown in Figure 80.
The wet chemical cleaning resulted in the removal of contaminants and oxide layers
from the sample surface. Consequently, the terrace-like structure of p-GaN on Si
was observed (see Figure 80). This structure was derived from the different rates
of crystal growth on the AIN buffer layer. Therefore, the p-GaN on Si showed a
different structure than p-GaN on sapphire [74].

The black spots (see Figure 80)were identified as etching pits, exactly represent-
ing the hexagonal structure of the grown p-GaN crystal. It is well known that
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the lattice mismatch between p-GaN and Si is similar to the lattice mismatch of
sapphire. The p-GaN on Si showed significantly more etching pits than p-GaN on
sapphire, which indicated a higher defect rate in the crystal lattice that was not
fully compensated by the AIN buffer [74, 82, 134]. Owing to the wet chemical clean-
ing, the RMS roughness of p-GaN on Si could be reduced to 0.5nm, which was a
significant improvement and beneficial for future applications in the injector system.
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Fig. 81 AFM image of the original p-GaN surface on TiN.

An AFM image of the untreated p-GaN on the TiN surface is shown in Figure 81.
The original p-GaN on the TiN surface also showed a terrace-like structure, similar
to the one of the p-GaN on Si in Figure 80. In general, it exhibited a uniform surface.
The p-GaN on TiN was not cleaned with “piranha” or any other etchant solutions
and only a cleaning with 99 % pure EtOH in an ultrasonic bath was applied.

7.1 QE vs. Thermal Cleaning Temperature

After the p-GaNs on Si samples were wet chemically cleaned, the samples were
transported under a Ny atmosphere into the UHV chamber, where they underwent
a thermal cleaning process prior to the Cs activation. The QE values obtained from
different p-GaN:Cs on Si photocathodes, thermally cleaned at various temperatures,
are summarized in Figure 82. The thermal cleaning followed by the activation was
repeated several times for each sample. Sample C1 displayed the lowest QE and was
destroyed by thermal cleaning above 600°C. As a result, no re-activation could be
carried out for C1. Sample C2, cleaned at a temperature of 500 °C, demonstrated a
slightly higher QE (2.5 %) which was reproduced for five activation cycles.

QE values of approximately 4 % were obtained with sample C3 and were reproduced
in three cycles. The best QE (4.3 %) was obtained in the third cycle with sample
C4, which was thermally cleaned at 500 °C.

Sample C4 showed a low QE when thermally treated at only 300 °C. This QE value
could be improved when the same sample was thermally cleaned at higher temper-
atures.

p-GaN:Cs photocathodes on Si showed significantly lower QE values than p-
GaN:Cs photocathodes on sapphire. This is assumed to be due to the higher etching
pit rate on the p-GaN on Si surface.



Jana Schaber QE vs. Thermal Cleaning Temperature
PhD Thesis Page 89

p-GaN on TiN showed similar QE values (see Figure 83) to those of p-GaN on
Si (see Figure 82). Sample D1 showed no QE in its first cycle, which was thermally
cleaned at 450 °C and it was assumed that residual C and O remained on the surface
that hindered the formation of an NEA surface. The QE could be improved when
the same sample was thermally cleaned at higher temperatures.
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Fig. 82 QE values obtained for a series of p-GaN:Cs photocathodes that were grown on
Si and thermally cleaned with a halogen lamp.

The highest QE was measured in the third cycle for sample D1. A QE of ap-
proximately 4 % was obtained in the fourth cycle in which D1 was not thermally
cleaned but activated by a YoYo activation.

Similar QE values were derived from sample D2, which was thermally cleaned from
the backside at 600 °C in each cycle. However, no improvement in the QE value was
observed from the thermal cleaning at the backside.
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Fig. 83 QE values obtained for two p-GaN:Cs photocathodes that were grown on TiN.
Sample D1 was thermally cleaned with a halogen lamp, and sample D2 was thermally
cleaned from the backside through the TiN substrate.
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7.2 Storage Lifetime of p-GalN:Cs Photocathodes on Si

The storage lifetimes of the p-GaN:Cs on Si samples were also examined and are
shown in Figure 84. For sample C1, no lifetime could be determined because the
sample was destroyed after the thermal cleaning and the activation. The thermal
cleaning at this high temperature caused crystal tension, and hence the sample burst
after Cs was deposited to the surface.
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Fig. 84 Storage lifetimes obtained for a series of p-GaN:Cs photocathodes on Si.

Samples C2 and C3 displayed much shorter lifetimes compared to those of p-
GaN:Cs on sapphire, shown in Figure 59.

The QE decay of samples C2 and C3 was followed for several hours and days. Sample
C2, which was cleaned at 500°C, showed lifetimes between 30 and 120 h whereby
its lifetime increased with every activation cycle. Therefore, the longest lifetime of
almost 120 h was achieved in the fifth cycle.

In contrast, the storage lifetime of sample C3, which was cleaned at 400°C, was
between 50 and 60h and similar for each activation cycle. For samples C4-C5 no
lifetimes can be given because these samples were influenced by X-ray irradiation
in XPS measurements or were measured at too few points to provide a reasonable
extrapolation concerning their storage lifetime.

In summary, sample C2, cleaned at 500 °C, showed a lower QE but a longer life-
time than sample C3, thermally cleaned at 400 °C. Sample C1, cleaned above 600 °C,
showed the lowest QE and was destroyed at this temperature. In accordance with
the results obtained for p-GaN:Cs on sapphire photocathodes, a thermal cleaning
at temperatures of 400-500°C is more beneficial for the QE and the lifetime of
p-GaN:Cs on Si photocathodes.
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7.3 Surface Morphology after Cleaning and Activation

The surface morphology of the p-GaN:Cs on a Si photocathode (sample C2),
which was thermally cleaned at 500°C and activated five times, was examined by
SEM, as shown in Figure 85.
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Fig. 85 SEM image of a p-GaN:Cs on Si photocathode (sample C2), thermally cleaned at
500 °C and activated with Cs for five cycles.

The examined p-GaN:Cs photocathode (sample C2) was taken out of the UHV
chamber and exposed to air. Its surface components, such as Cs, were probably
oxidized as, in general, Figure 85 shows a smooth and uniform p-GaN:Cs surface.
The Cs appeared as round and small particles and was found all over the surface.
The Cs was oxidized to a Csy05 or a CsOH compound due to exposure to natural
air and moisture. Although it is difficult to examine monolayer thin films by EDX,
Cs as an oxide compound could be detected here as evidenced by EDX spectroscopy
in Figure A 19 in the Appendix.

The p-GaN:Cs on the Si surface of sample C2 appeared homogeneous, and no
significant irregularities were observed. The thermal cleaning at 500 °C was proven
to be safe for the p-GaN surface and led to the effective production of a p-GaN:Cs
photocathode.
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8 Analytical Methods applied on other Photo-
cathodes

This section deals with surface studies of other semiconductor photocathodes
such as GaAs and CsyTe. Both photocathodes should be regarded as comparative
materials to p-GaN and therefore play a minor role in this thesis. Fz-situ and in-situ
methods were used for GaAs to compare its surface conditions to the p-GaN surface
in the same way.

Only ez-situ methods were available for the surface characterization of CsyTe.
The CsyTe photocathodes were taken out of the UHV chamber because the CsyTe
preparation chamber was not equipped with an in-situ analytical capability.

8.1 Surface Characterization of GaAs Photocathodes

8.1.1 Surface Composition Depending on Cleaning Process

Solvent-Cleaned Surface

The original GaAs surface was examined by AFM and XPS prior to the vacuum
thermal cleaning. AFM displayed a smooth surface providing an average RMS
roughness of 0.85nm (see Figure 86). In addition, the surface displayed several
scratches and inhomogeneities at a height of approximately 31 nm. The scratches
might have resulted from the polishing process by the supplier because a diamond
suspension is mostly used to polish semiconductor surfaces. Furthermore, the GaAs
surface showed a granular structure with some peaks on it which might represent the
adsorbed O, on the GaAs surface. The adsorption of Oy under the air environment
was observed for p-GaN by in-situ AFM measurements in Section 6.2.3.
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Fig. 86 2D and 3D AFM images of the GaAs surface, cleaned with EtOH only.

Detailed XPS spectra of the photoemission peaks of O 1s, C 1s, Ga 2p3/2, and
arsen (As) 3d are shown for a GaAs surface, cleaned with 99% pure EtOH, in
Figure 87. The spectra were normalized to their backgrounds to be comparable in
the intensities of the related photoemission peaks.
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The O 1s photoemission spectrum displayed one broad peak, shown in the upper
left corner in Figure 87. This O peak (531.9¢eV) could derive from a C-OH compound
of EtOH or from O, that were weakly adsorbed on the GaAs surface and it was thus
challenging to predict the number of components from this broad O peak.
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Fig. 87 O 1s, C 1s, Ga 2p3/9, and As 3d photoemission spectra of the EtOH-cleaned GaAs
surface.

The excitation with the Mg X-ray source was inconvenient because a Ga Auger
LMM peak at a BE of 281.52eV overlapped with the C 1s photoemission peaks.
However, although this broad Ga Auger peak appeared in the C 1s spectrum, the
main C peak at 284.46eV was found which derived from adventitious C (C-C or
C-H bonds). Besides this main C peak, a broad shoulder at a BE of 286.2 eV from
a C-OH compound and a smaller peak at 287.68 eV from a C=0O compound were
observed. This supported the presence of a C—-OH compound, observed in the O 1s
photoemission spectrum.

The main photoemission peak appeared at 1116.8eV in the Ga 2ps/, spectrum that
derived from the GaAs compound. The main Ga 2p3/» peak was accompanied by a
small sub peak at 1113.9¢V from metal Ga, while a Ga,O, component appeared at
a higher BE of 1118.2eV. The spin-orbit splitting of the corresponding Ga 2ps,, at
1143 eV was not shown here.

The As 3d photoemission peak showed a spin-orbit splitting of 0.68 eV between its
two spin states, As 3ds/, and As 3ds/s, respectively. The main peak was found at
40.3 eV that derived from As 3ds/,, whereas the As 3ds/, appeared at 41.04eV. Both
As components were derived from the GaAs compound. Two additional peaks were
observed at a higher BE, at 41.8 and 42.6 eV, that must belong to a higher oxidation
state of 3d3/2 and 3ds/p of the As compounds and they potentially belonged to an



Jana Schaber Surface Characterization of GaAs Photocathodes
PhD Thesis Page 95

arsen oxide (AsyO3) compound.

Thermal Cleaned Surface

The GaAs sample was vacuum thermally cleaned at 550 °C (2h), followed by a
thermal cleaning at 600 °C (30min) from the backside. The related detailed XPS
spectra are shown in Figure 88. O was removed almost completely after the thermal
cleaning, while the C remained on the surface (see Figure 88). No proper fitting can
be given for C 1s because the Ga LMM Auger peak overlapped with those peaks of
the C 1s. However, it is assumed that there was a peak at a BE of approximately
284 eV caused by adventitious C.
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Fig. 88 O 1s and C 1s photoemission spectra of the GaAs surface, thermally cleaned at
550°C (line 0) and 600°C (line 1).

The thermal cleaning was not able to remove the C completely but reduced
its peak intensity. The O was removed completely after 550 °C but appeared again
after a thermal cleaning at 600 °C. This effect might be caused by diffusion processes
of incorporated O from sublayers that travel toward the surface during annealing.
However, an atomically clean surface was not achieved.

8.1.2 QE vs. Surface Conditions

Cs and Og were required to achieve an NEA surface on GaAs. The YoYo process
was carried out for two GaAs samples which were compared regarding their QE
values. The photocurrent activation curves and the QE decay curves are shown in
Figures A 20-A 23 in the Appendix for both samples and all cycles.

Sample B1 was thermally cleaned at 350°C by the halogen lamp and showed
no photoemission at all after the YoYo activation. When the same sample was
thermally cleaned at 450 °C and YoYo activated again, a QE of 0.8 % was obtained.
XPS measurements were not available at this time to study the sample surface of B1,
but it is assumed that a high concentration of C and O remained on the GaAs surface
after the thermal cleaning. The contaminations prevented a successful formation of
an NEA surface and thus no QE or only a low QE was obtained.

In contrast, sample B2 was thermally cleaned at higher temperatures than sample
B1 (550°C and at 600 °C) from the backside. A reduction of C and O, that built
a surface contamination layer, was traceable by XPS measurements. Therefore, the
surface quality influenced the maximum achievable QE. For sample B2, QE values
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of 7.7 and 8.2 % were obtained because the O and C concentrations were lowered.
Figure 89 shows a comparison between the QE values of the two samples B1 and
B2, depending on the applied thermal cleaning temperature. The first activation of
sample B2 was not successful and thus no QE can be shown.
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Fig. 89 The QE values that were obtained for two GaAs samples for which different
thermal cleaning temperatures were used.

8.1.3 Influence of Carbon Impurities on QE Decay

The surface composition was studied by in-situ XPS after the GaAs surface was
activated by the YoYo process in its second activation cycle. The first activation of
sample B2 yielded no QE value and thus XPS spectra of the second activation cycle
are shown.

As mentioned, the thermal cleaning did not completely remove the C from the
surface and thus an atomically clean surface was not obtained prior to the deposition
of Cs and O,. After the YoYo activation, Cs and O were observed in the photoe-
mission spectra shown in Figure 90. The Cs 3d displayed a spin-orbit splitting of
14eV between the Cs 3ds/, and 3ds/, peaks. For further evaluation, only the spin
state of Cs 3ds5/2 was considered.

The main Cs peak was located at a BE of 725.3 eV, accompanied by a smaller sub-
peak at 722.8eV. The main peak at 725.3¢eV is derived from the Cs inside the Cs—O
dipole layer (Cs™-0%"-Cs™) [132] whereas the sub-peak at 722.8 €V is derived from
a charging artifact [126]. A ghost signal from the Mg excitation source at a BE of
728 eV and Cs plasmons at 730 eV were also observed [43]. Both peaks also appeared
at higher BE in the 3ds3/, state, respectively.

The deposition of Cs had the greatest influence on the C 1s peak, especially on the
C peak at a BE of approximately 284 eV that was derived from adventitious C. After
the YoYo activation, a shift toward a higher BE at 286eV and an increase in the
peak intensity in the C 1s peak was observed. The appearance of the C 1s peak at
a higher BE than before indicated the formation of a so-called Cs,C, species. Addi-
tionally, the formation of a Cs—O compound, probably a CsOH or a Cs;O, at a BE
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at approximately 533 eV and weakly absorbed O, or peroxide ion (O3™) at approx-
imately 531eV were observed in the O 1s spectrum [119-121, 135]. However, the
Ga 2p3/» and the As 3d photoemission peaks remained in their positions at 1116 eV
and 41 eV, respectively, and thus were unaffected by the Cs and O, deposition.
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Fig. 90 O 1s, C 1s, Cs 3d, Ga 2p3/; and As 3d photoemission spectra of the GaAs surface,
after a thermal cleaning at 550 °C (line 0) and 600 °C (line 1), and after YoYo activation
(line 2).

The QE value obtained for sample B2 was 7.7 % in the second activation cycle,
which decayed exponentially as a function of time as shown in Figure A 22 in the
Appendix. A significant QE loss was observed after each XPS measurement which
was an undesirable side effect of the X-ray irradiation (see Section 6.4). Furthermore,
the XPS spectra shed light on the behavior of the Cs,C, compound. Figure 91 shows
detailed XPS spectra depending on the QE decay (at 7.7, 2.0, and 0.8 % QE). With
ongoing degradation, a shift of 0.27eV toward a lower BE in the Ga and As peaks
was observed. The Cs 3d5/, peaks also shifted 0.2 eV toward a lower BE. In contrast,
the O and C photoemission peaks showed a completely different behavior.

The peak intensity of the Cs,C, increased with ongoing degradation, which is shown
in Figure 91 in the C 1s photoemission spectra. It is assumed that the residual
surface C attracted the freshly deposited Cs to form a Cs,C, species. The peak
intensity is directly linked to the number of atoms with the respective oxidation
state. This would mean that a formation of these Cs,C, islands is preferred and
causes an increase in intensity. The change in intensity can also be caused by
diffusive processes because the intensity depends on the depth distribution of the
atoms [43, 49]. In this case, it would mean that C atoms diffused toward the
surface, bonded to the Cs, and were observed as an increase in the intensity of
the Cs,C, species. Interestingly, no literature concerning the formation of Cs,C,
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and such island formation exists, and hence the observations and interpretations in
this section must be treated with caution. The adhesion between Cs and the GaAs
surface became weaker and an NEA surface was no longer obtained when Cs formed
a Cs,C, species.

Only a small amount of O was detectable after the YoYo activation which must have
been derived from O in sublayers of the Cs—O dipole layer. Cs was deposited last
and therefore represented the end termination layer.
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Fig. 91 O 1s, C 1s, Cs 3ds5/2, Ga 2p3/o, and As 3d photoemission spectra of the GaAs
surface during its degradation, showing 7.7 % QE (line 0), 2.0% QE (line 1), and 0.8 %
QE (line 2).

During the degradation, the O peak increased in its peak intensity and was de-
convoluted into two main components. The main peak at approximately 533 eV
was accompanied by a smaller sub-peak at a lower BE (approximately 531€eV) that
derived from weakly adsorbed O, or O3~ and was already observed on the freshly
prepared surface. However, the existence of these O peaks indicated that there were
a minimum of two O components with different chemical states on the GaAs sur-
face. The O component at a higher BE might be derived from a Cs;O5 or a CsOH
compound. The effect of OH™ to form a Cs—OH species inside of the Cs—O dipole
layer has been discussed in previous studies [132].

The O and C peaks increased in their intensity while the photocathode lost its QE.
In contrast, the Ga 3ds/s, As 3d, and Cs 3ds/ photoemission peaks decreased in
their intensities during the degradation. This meant that the surface was covered
with an O or R-OH compound layer including an additional Cs,C, compound.

After the second activation cycle, a white spot was observed on the GaAs sample
and the sample cracked between the washers, as shown in Figure 92. In the O 1s
spectrum, almost no O was observed after the thermal cleaning, thereby indicating
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that the thermal cleaning must have been successful. It also indicated that the heat
might be localized on the GaAs surface and the heat dissipation inside the GaAs
was inhomogeneous. Consequently, the sample burst between the washers because
of different temperatures during the cooldown that caused strain forces in the GaAs
lattice.

EHT=2000kV StageatT= 00° Mag= 1473KX
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Fig. 92 Photo of the GaAs sample B2 (left) and ez-situ SEM images for the same sample
after it was taken out of the UHV preparation chamber, showing two different crystal
structures on the GaAs surface.

SEM and EDX measurements showed that two different crystal structures existed
in this area, including a tetrahedral structure in which the Ga:As ratio was found
to be 1 and an orthorhombic structure in which two times more Ga than As was
detected. The related EDX spectra are shown in Figure A 24 in the Appendix.
Apart from this area, where the sample cracked, the surface was more homogeneous,
as shown in Figure 93.
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Fig. 93 Ez-situ SEM image of the GaAs photocathode surface measured in other areas
than shown in Figure 92.

Since the GaAs was taken out of the UHV chamber, as a result of which the
surface composition changed, no clear statement about the surface under UHV con-
ditions can be made.



Surface Characterization of GaAs Photocathodes Jana Schaber
Page 100 PhD Thesis

8.1.4 Surface Behavior in Re-activations

Sample B2 was thermally cleaned again at 600 °C when the QE decayed below
1% in its second activation cycle. The results that are shown in Figure 95 thus
represent the third activation cycle for sample B2.

The thermal cleaning was successful in the removal of Cs but not of C and O. It is
assumed that the thermal cleaning at 600°C led to a decomposition of the Cs,C,
into C and Cs. The Cs was subsequently removed completely by the thermal clean-
ing and Cs atoms left the GaAs surface, and were no longer detectable. After the
thermal cleaning, a C peak at a BE of 284.5eV was found in the C 1s spectra that
derived from adventitious C. Furthermore, the O components were also not removed
and both O components (at approximately 533 and 531 eV) remained on the surface.
After an additional thermal cleaning at 600 °C, the C and O peaks remained and
even increased in their intensity. C and O might thus have diffused from deeper
layers to the GaAs surface.

However, when Cs and Oy were applied to the GaAs surface in a new YoYo activa-
tion, the same effect as already seen in the previous activations was observed. Cs
had the strongest influence on the C and built a Cs,C, species that increased in
its intensity with the ongoing degradation of the photocathode. A shift of 0.2¢eV
toward a higher BE at 533V for the O peak was recognized. This meant that the
O component located near the surface was significantly influenced by the deposition
of Cs.
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Fig. 94 O 1s and C 1s photoemission spectra for the GaAs surface after a renewed thermal

cleaning at 600 °C (line 0), and again 600 °C (line 1), and after YoYo activation with 8.2 %
QE (line 2), and degrading with 3.7 % QE (line 3), and 1.3% QE (line 4).

In the third activation cycle, a maximum QE of 8.2% was obtained. This QE
value was higher than for the second cycle activation in which a QE of 7.7 % was
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achieved. Therefore, the O and C remaining after the thermal cleaning did not
hinder a successful formation of an NEA surface and seemed even more beneficial
for the photocathode performance in the following activation cycle.
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Fig. 95 Ga 3d3/, and Cs 3d5/, photoemission spectra for the GaAs surface, studied in its
degradation after a renewed (3rd time) YoYo activation with 8.2 % QE (line 0), with 3.7 %
QE (line 1), and 1.3 % QE (line 2). The Ga 3ds/, spectra show a shift toward a lower BE,
while the Cs 3d5/, spectra show a shift toward a higher BE.

However, with ongoing degradation, a shift of 0.22eV toward a lower BE in the
Ga 3d3/, was observed, as shown in Figure 95. The main reason for the degradation
was the formation of Cs,C, which negatively influenced the GaAs photocathode’s
performance. Furthermore, an additional component at a higher BE of around
286.5eV was observed which represented a C component with a strong electroneg-
ative partner [43]. It might be a C-OH or C=0 component. Additionally, a shift
of 0.12eV toward a higher BE was observed in the Cs 3ds/; spectrum. The Cs
might also have bonded to a strong electronegative partner such as O, whereby one
possible component would be a C-OH in combination with a Cs compound.
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8.2 Surface Characterization of Cs;Te Photocathodes

8.2.1 Surface Analysis of Cu Substrates

The surface topography and morphology of the unpolished and the mirror-like
polished Cu surface were studied using AFM and SEM measurements before CsyTe
was deposited on the Cu surface.
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Fig. 96 SEM images of the unpolished Cu plug surface.

An SEM image of a non-polished Cu plug surface is shown in Figure 96, reveal-
ing a concentric Cu surface. Many grooves and notches were found which built a
concentric structure from the middle of the plug center. The grooves were generated
by the drilling machine of the workshop.

The AFM images shown in Figure 97 confirmed the concentric structure observed in
the SEM. The non-polished Cu had an average roughness of approximately 106 nm
which indicated a non-smooth, rough surface.
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Fig. 97 AFM images of the unpolished Cu plug, drilled by the workshop.
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After the polishing (described in Section 5.2.2) the Cu surface appeared optically
as a mirror-like surface. An SEM image of a polished Cu surface is shown in Fig-
ure 98. The concentric structure disappeared and no grooves were found anymore.
The polished surface exhibited a smooth surface and showed a RMS roughness of
20 nm according to AFM.
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Fig. 98 SEM images of the polishing result on the polished Cu plug surface.

The Cu surface contained several scratches, which might be an undesirable side
effect of the polishing suspension. These scratches might originate from the Cu
structure itself, from deeper layers, or they might be caused externally by the pol-
ishing using SiC suspensions. Some SiC particles, which were identified as residuals
from the polishing suspension, were found at the surface and were identified with
EDX, as shown in Figure A 25 in the Appendix.

The initial grain size of the Cu was furthermore revealed by the polishing and was
observed by AFM measurements that are shown in Figure 99.
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Fig. 99 AFM images of the polished Cu plug surface.

The improvement of the polishing of the Cu surface and the comparison between
the unpolished and polished Cu surface was noticeable and was highly significant
for the CsyTe quality. The mirror-like Cu was subsequently transported to the
cleanroom and rinsed with C3HgO, 5% citric acid (C¢gHgO7) solution, and CgHg.
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8.2.2 QE Performance of Cs,Te during Operation in SRF Gun II

The survivability under RF fields is one of the requirements for a robust pho-
tocathode. The CsyTe photocathodes generally show good survivability under RF
fields compared to other semiconductor photocathodes such as GaAs. Nevertheless,
the CsyTe at HZDR was always affected by the applied RF field and all photocath-
odes showed a typical QE loss during their operational lifetime. A QE decay curve
and the QE maps for a CsyTe photocathode (sample E1), used in ELBE SRF Gun
IT, are shown in Figure 100.

A QE map is a 3D image of the QE distribution of the photoemissive layer
generated by scanning the surface with a laser. The photocathode surface is scanned
area by area and measured in terms of its QE. It thus shows a specific QE value
for a given surface. An inhomogeneous QE distribution of the photocathode thus
indicates inhomogeneities and surface changes within the CsyTe layer.
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Fig. 100 QE decay curve of CseTe (sample E1) during its operational lifetime in the SRF
Gun IT with corresponding QE maps, taken at three different points in the decay curve.

The QE map with number 1 in Figure 100 was taken when the cathode was
freshly inserted into the SRF Gun II. The QE map indicated a homogenous CsyTe
layer because the same QE value was measured in the photoemissive area of 4 mm.
With ongoing operation in the SRF Gun II, the photocathode lost QE as shown
in the QE decay curve in Figure 100. QE map number 2 showed less QE in the
middle of the photocathode compared to QE map number 1. The QE became
even more inhomogeneous when the RF field was applied to the photocathode, as
shown in QE map number 3. The QE especially decreased in the middle of the
photoemissive layer compared to the border regions. Omne reason for this might
be ion back-bombardment which happens when residual gases are ionized and are
accelerated backward onto the cathode surface, damaging the Cs,Te photoemissive
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layer. Another reason might be that photoelectrons hit the cavity wall and release
attached gases, which contaminate the cathode surface. However, it is evident that
the QE was negatively influenced during the RF operation with the consequence of
significant QE losses in the middle of the photoemissive Cs,Te layer.

The chemical composition in the middle of the CsyTe layer was assumed to be
different from the chemical composition at the border region, where the Cs and Te
layers were deposited slightly offset from each other. Further investigations of the
chemical composition before and after SRF operation were discussed in Section 8.2.3.
However, the high impact of the RF field on the photoemissive layer and its influence

on the surface area, especially localized in the central region, was illustrated by the
QE map.

8.2.3 Analysis of the Degraded Cs,;Te Surface

The QE decay of the CsyTe photocathode (sample E1) is shown in Figure 101.
The photocathode lifetime was measured at a wavelength of 260 nm with a power of
140 uW whereby a voltage of 350 V was applied to the anode. The freshly prepared
photocathode showed a QE of 6.1 % but it lost approximately half of its initial QE
during its transportation into the transport chamber. This QE drop signalized that
the photoemissive layer was sensitive to the motion in vacuum and thus to any
vacuum instabilities which caused the release of gases or molecules. The transport
chamber was moved from the cleanroom to the ELBE SRF Gun II. During this
transportation, the CsyTe did not lose much QE and its QE value stayed almost
constant. The photocathode showed a residual QE of 2.3% when it was inserted
into the SRF Gun II. During the operation, the cathode was influenced by the
applied RF field and lost the QE further.
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Fig. 101 QE decay of sample E1 after the preparation, storage in the transport chamber
and transportation to the SRF Gun II, measured at a A of 260 nm and with a bias of 350 V
on the anode.

After the use in the SRF Gun II, the photocathode was stored in the transport
chamber for several months and the used photocathode was subsequently taken out
for ex-situ surface measurements.
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Chemical Composition with XPS

Two CsyTe photocathodes (samples E1 and E2) were compared in their chemical
compositions using XPS measurements.

Sample E2 contained a 6 nm Te layer and a 32nm Cs layer, while sample E1 had
a 8nm Te layer and a 40 nm Cs layer. Sample E1 was used in the SRF Gun II while
sample E2 was not. Both Cs,Te layers of the samples were deposited on Cu.
The two photocathodes were taken out of the UHV preparation chamber and there-
fore the resulting XPS spectra might not show the original surface conditions because
the Csy'Te photocathodes were exposed to air. Nevertheless, a comparison of Te and
Cs photoemission peaks reflecting the chemical composition of two samples allowed
to receive an information about the influence of the RF field.

The XPS survey spectra of both samples were normalized to their backgrounds
and showed a large amount of O and C that was derived from the air environment
(see Figure 102).
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Fig. 102 Photoemission survey spectra of CsgTe surfaces for sample E1 (green line) and
sample E2 (red line), showing a large amount of C and O for both CsyTe surfaces because
the samples were taken out of the CsyTe UHV preparation chamber.

Figure 103 shows the detailed spectra of the Cs 3ds/; photoemission peaks from
samples E1 and E2 as a comparison. The Cs 3ds/, peaks showed a shift toward a
lower BE compared to the Cs’ (726.4¢V) [43]. The main photoemission peak was
therefore observed at a BE of 724.1 €V for both samples. The location of this Cs peak
at a lower BE than for the bulk Cs indicated that the Cs component might have been
derived from a Cs compound in which the Cs contained an oxidation state of +41.
The Cs probably turned into a Csy;04 or a CsOH on exposure to the air environment
[132]. Furthermore, a sub peak at approximately 725.5eV appeared, which might
be derived from CsyO9 [118]. A third sub peak showed up at approximately 722 eV
which was a charging artifact and occurred in almost all of the XPS spectra [126].
The oxidation of Cs into a Cs;O or CsOH was further supported by the location
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of the O 1s photoemission peak in the BE as the O peak was found at a BE of
530€V in the survey spectra for both samples. At this BE, metal or alkali-metal
oxides typically appear in the spectra [43, 124, 125] Additionally, a large amount
of C at a BE of 284.15eV was found that represented adventitious C. The detailed
XPS spectra of the O and C peaks are shown in Figure A 26 in the Appendix.
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Fig. 103 Te 3d and Cs 3d5/, photoemission spectra for the CsoTe photocathode surface,
used in SRF Gun II (sample E1, green), and as a prepared CsyTe photocathode surface
(sample E2; red).

Interestingly, the Te photoemission peak showed a significant difference between
the two samples, as indicated in Figure 103. The Te peak for sample E2, which
was not used in the SRF Gun II, showed a lower peak intensity compared to the Te
peak of sample E1, which was used in the SRF Gun II. One reason might be that
sample E2 generally contained a lower amount of Te, resulting in a less intensive
peak. In contrast, sample E1 contained a slightly higher amount of Te with a 2nm
thicker layer than that of sample E2. Another reason for the difference in the peak
intensities was that the Cs layer of sample E1 was influenced by the RF field during
its operation in the SRF Gun II. This meant that the Cs layer is thin enough to
detect a higher amount of Te in sample E1 because a part of the Cs atoms might
have left the CsyTe surface under the RF field.

Additionally, the Te 3d peak of sample E1 showed a decomposition into two
components, while in sample E2 only one Te component was observed. The main
Te peak was measured at a BE of 575.88 eV, accompanied by a small sub peak at
577.71eV. In general, higher oxidation states are found at higher BE. Thus, this
shift toward a higher BE meant that the Te must have a higher oxidation state
compared to the bulk tellurium (Te°) at 573 eV [43]. The Te probably turned into
tellurium oxide (TeOs) or tellurium trioxide (TeOs), in which the Te ion has an
oxidation state of +4 and +6. Apart from the difference in their peak intensities,
the Te peak showed different BE values for the two samples. For sample E2, the
main Te 3d peak was found at a BE of 576.63 ¢V as a single component. As a CsyTe
compound, Te is located at a BE of 571eV, where the Te has an oxidation state
of -2 [65, 136]. For both samples, no Te™? state and thus no Csy;Te compound was
found in the Te 3d spectra.

The XPS measurements showed that sample E1 differed significantly in the Te
signal, especially in the Te chemical state and intensity, when compared to the Te
signal of sample E2. This implied that the RF field and thus an operation in the
SRF Gun II had an influence on the CsyTe photoemissive layer. However, no clear
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statement concerning the original chemical composition can be made because the
samples were taken out of the vacuum environment. It is worth mentioning that
in-situ analysis is essential to avoid surface oxidation and to analyze the original
composition under UHV conditions.

Surface Morphology with SEM and EDX

A CsyTe photocathode (sample E3), which had a 10nm Te layer and a 45nm
Cs layer, was taken to the SEM. The SEM measurements of this sample aimed to
study the surface morphology in the surface regions in which the Cs and Te layers
were deposited slightly offset from each other.
As sample E3 was taken out of the UHV chamber, the resulting EDX spectra might
not show the original surface conditions because the CssTe photocathodes were
exposed to air. In particular, the Cs oxidized into a Cs;0O9 or CsOH compound, and
thus the original surface composition changed.

Cu substrate
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Fig. 104 FEz-situ SEM image of the CsyTe surface in its border region, where Cs and Te
were deposited off-set to each other, and an SEM image at higher magnification of the
off-set region.

An SEM image of the border region of sample E3 is shown in Figure 104. The
CsyTe photocathode showed inhomogeneities in the border region of the deposited
layer as the border region was different in its morphology compared to the middle
region. The area at the bottom right belonged to the middle of the photocathode,
where the CsyTe layer was deposited. Next to the middle area, a circle with a
different morphology was observed, representing the off-set region. Cu from the Cu
substrate was found in the outer part of this circular region. An SEM image at
higher magnification from the outer border region is also shown on the left side in
Figure 104. At this magnification, the crystal growth of CsyTe along the Cu grains
and surface scratches were observed which meant that no clear boundary existed for
the deposited CsyTe. EDX was used to identify whether the different borders differ
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in their chemical composition or were homogenous.

EDX is not a surface-sensitive method because the detected X-rays were generated
from about 1um depth of the material as mentioned in Section2.2.3. Therefore,
Te within a 45nm thick CsyTe layer was hard to detect. More Cs was detectable
in the middle region of the photocathode than in the outer areas. Additionally, in
the middle area, Cs particles were found all over the surface, as shown in detail in
Figure 105. The Cs particles were not observed in the circular border region.

2um  EMT=2000kv  Stag - 00" Mag- , _
=20. geatT= 0.0 Mag= 6.10 KX = —
— WD=78mm  TitAngle= 0.0°  SignalA=Inlens 6 Jul 2021 HZDR|

Fig. 105 Fx-situ SEM images of surface particles found in the middle area of sample E3.
EDX identified the particles as a Cs—O compound, which probably is a CsOH compound.

EDX measurements identified these particles as a Cs oxide compound, probably
a CsOH, and a small amount of Te was also detectable. The EDX spectrum of the
CsOH particle is shown in Figure A 27 in the Appendix.
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9 Conclusions

The cleaning and activation of commercially available p-doped gallium nitride

(p-GaN) samples, grown on sapphire by MOCVD was successfully demonstrated
in lengthy experiments. A III-V semiconductor photocathode preparation chamber
with an average UHV pressure of 5x 1071 mbar and all the necessary functionalities
was successfully commissioned. The different functionalities inside the preparation
chamber, such as the anode, the sample holder with a heating and cooling option
from the backside, and a halogen lamp, were developed and continuously improved
in the last few years.
The adaption of an in-situ XPS to the preparation chamber, which represented one
of the main goals of this thesis, was furthermore successfully realized. The surface
chemical composition and the surface changes of the p-GaN:Cs photocathodes were
studied without leaving the UHV environment, which opened up a new opportu-
nity to trace chemical surface states and thus the surface quality. Many technical
challenges such as the equalization of the different sample holders, the alignment
of the chamber heights, the adjustment of the connection tubes, and the sample
transportation were addressed and discussed in this work.

The thesis focussed on the detailed surface study of p-GaN grown on sapphire.
Different wet chemical cleaning processes were validated via ex-situ AFM measure-
ments, showing that the cleaned surface possesses an average RMS roughness of
1.7nm for p-GaN samples grown on sapphire. Etching pits were observed on the
surface that represented the hexagonal crystal structure.

Furthermore, AFM measurements confirmed the adsorption of Oy on the p-GaN

surface when the freshly cleaned samples were exposed to air. Consequently, it is
crucial to protect the p-GaN sample from the air environment to avoid oxidation.
The cleaning process was carried out under dry Nj in a glovebox, and the p-GaN
samples were subsequently transported into the UHV preparation chamber under
this dry Ny atmosphere. A suitcase that ensured the exclosure of air gases after
the wet chemical cleaning and provided for sample transportation under a dry Ny
atmosphere was developed and successfully used.
Although a wet chemical cleaning with “piranha” solution (HySO4:H204) was found
to be the best choice because low C and O concentrations were found on the cleaned
p-GaN surface, a cleaning with 99 % EtOH followed by a subsequential vacuum ther-
mal cleaning at 450 °C represented a simple cleaning procedure that is manageable
for all laboratories.

After the wet chemical cleaning, the p-GaN samples underwent a subsequential
vacuum thermal cleaning. The presence of O during the sample handling, as well
as the temperature applied during the thermal cleaning, significantly influenced the
surface morphology and affected the QE and lifetime. Moderate temperatures of
400-500°C were found to be more beneficial for the p-GaN surface quality, which
was reflected by achieving higher QE values. SEM investigations showed that the
surface morphology of p-GaN was changed at temperatures above 600 °C.

In-situ XPS measurements showed that the vacuum thermal treatment was not able
to remove C and O entirely but the thermal cleaning reduced the peak intensities
and thus their relative concentrations on the surface. The remaining O and C
contaminations were assumed to be residuals from the MOCVD process.

The complete removal of these contaminants can only be achieved by Ar* irradiation
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on the p-GaN surface, which was accompanied by a strong depletion of the N atoms.

The excessive thermal cleaning and Ar" irradiation consequently caused a large

number of defects on the semiconductor surface, which could be validated by SEM
and EDX.

After the thermal cleaning, the samples were activated with a thin layer of Cs
at an average pressure of approximately 1x107% mbar. The activation method with
Cs alone was feasible and practically reliable. With p-GaN:Cs on sapphire photo-
cathodes, a high QE of over 10 % and an extrapolated storage lifetime of over 5000 h
were demonstrated.

The XPS measurements shed light on the surface composition after the deposi-
tion of Cs and helped to study the degradation mechanism of p-GaN:Cs photocath-
odes. A shift toward a higher BE was observed in the XPS spectra of the N 1s and
Ga 3ds/, photoemission peaks. This shift indicated that the electron-rich Cs was
successfully adsorbed onto the p-GaN surface.

Before the Cs activation, adventitious C at a BE of 284 eV was found, which was
also present after the Cs activation but did not shift in terms of its BE. The presence
of this remaining C had a significant effect on photocathode degradation. After the
activation with Cs, a new C compound at a higher BE (approximately 286¢eV) in
the C 1s spectrum appeared, which was identified as a Cs,C,, species. With ongoing
degradation of the photocathode, the photoemission peak intensity of the Cs,C,
species increased. The formation and continuous growth of the Cs,C, species on
the p-GaN surface were assumed to cause a shift of the related photoemission peaks
back toward a lower BE.

Cs showed an oxidation state of Cs™ which was observable at a lower BE than for
the metal Cs®. This meant that the Cs was positively charged after it was deposited
on the p-GaN surface and also kept this oxidation state during its transformation
into a Cs,C, species.

The re-activation of p-GaN:Cs photocathodes was practical and reproducible.
Some remaining photocurrent was measured after the samples were thermally cleaned
prior to the next Cs activation and the in-situ XPS measurements revealed that Cs
was not removed completely from the surface. However, the remained Cs seemed
beneficial for the re-activations because higher QE values were achieved compared
to those QE values achieved in the first activations.

The QE of the photocathodes decayed exponentially and an extrapolation helped

to predict the photocathode’s total storage lifetime without measuring the "real" life-
time until the QE vanished completely.
However, significant QE losses were always measured after the p-GaN:Cs photocath-
odes were studied by XPS. The origin of the QE loss derived from the incident X-rays
as an external influence. Cs and its adhesion on the p-GaN surface were strongly
influenced by the incident X-ray irradiation, which led to accelerated external aging
of p-GaN photocathodes, which was observed by a shifting of the Cs photoemission
peaks toward a lower BE. It is therefore recommended to use a lower X-ray beam
power or to cool the samples to prevent X-ray damage to cesiated photocathodes.

The surface morphology was studied ez-situ with SEM and EDX after the sam-
ples were thermally cleaned and activated with Cs. The results showed that the
surface appeared inhomogeneous when the sample was thermally cleaned at a high
temperature above 600 °C. A thermal cleaning from the backside through the sap-
phire substrate represented an alternative to thermal cleaning with a halogen lamp.
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However, the thermal cleaning from the backside resulted in nearly the same QE
values and thus no benefit was gained from using this thermal cleaning method.

In addition to the intensive study of p-GaN grown on sapphire, extensive experi-
ments were also conducted on p-GaN grown on other substrates such as Si and TiN.
The QE values and storage lifetimes of p-GaN:Cs on Si were significantly lower than
those achieved for p-GaN:Cs on sapphire, which was related to the p-GaN crystal
quality that was influenced by the substrate. However, the p-GaN photocathodes
grown on these substrates also showed a high potential to be future electron sources
for accelerators.

A few experiments were conducted on GaAs photocathodes in which the surface

quality was characterized with in-situ and ex-situ methods. The studies on GaAs
were intended to show that p-GaN and its activation are more practical and more
feasible.
The in-situ XPS measurements helped to explain the surface changes of YoYo-
activated GaAs. A successful reduction of O and C on the GaAs surface was achieved
after the thermal cleaning at temperatures of 600°C. As a result, higher QE values
of 7-8 % were obtained. The main reason for the GaAs photocathode degradation
was found to be the formation of a Cs,C, species that increased in its peak intensity
with ongoing QE decay.

In this work, YoYo-activated p-GaN was studied in addition to the p-GaN ac-
tivated with Cs alone. QE values between 6-8 % were obtained for p-GaN surfaces
in which the YoYo activation was applied. Because the YoYo activation required
molecular O, the activation was more complex compared to the activation with Cs
alone because the Oy partial pressure has to be controlled and set precisely to avoid
O, overdosing of the sample. An activation with solely Cs was the better choice for
p-GaN because it is more practical and comparable QE values were obtained.

Less extensive studies were also carried out on CsyTe photocathodes to highlight

the necessity of in-situ analytical capabilities.
CsyTe photocathodes are the preferred photocathodes for the ELBE SRF Gun II at
the moment. The elaborate preparation of the grown crystal of CssTe on Cu was
demonstrated in which a maximum QE value of approximately 6 % was achieved.
During the transportation into the SRF Gun II, and due to the operation in the
SRF Gun II, the CsyTe photocathode lost approximately half of its initial QE. The
reason for this QE loss and the surface conditions under vacuum could not be studied
because no analytical capabilities were available in the CsyTe preparation chamber.
Fx-situ analysis of the CsyTe photocathodes was not able to show the "real" surface
because the Cs and Te oxidized into hydroxide and/or oxide compounds on exposure
to air.

Overall, twice as high QE values were achievable for p-GaN:Cs on sapphire pho-
tocathodes than for CsyTe photocathodes. Furthermore, p-GaN:Cs photocathodes
showed higher QE values than GaAs whose activation is more complex because it
requires Oy and Cs. In-situ XPS measurements revealed that C and O were in-
corporated as unwanted impurities into the p-GaN lattice, which resulted from the
growth of MOCVD. The remaining surface C contamination was found to be the
main reason for the photocathode degradation. The in-situ XPS showed that an
undesired formation of a Cs,C, species on the surface increased in its intensity which
caused the degradation of the p-GaN:Cs photocathodes.

In this thesis, the chemical composition of p-GaN as a III-V semiconductor pho-
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tocathode was studied because an adaption of an XPS system to a UHV preparation
chamber has been successfully realized. The in-situ XPS measurements allowed for
studying surface changes of the photocathodes without leaving the UHV environ-
ment. The capability to study samples with an in-situ method helped to shed light
on different treatments, especially in the cleaning and activation, to examine the

photocathode performance regarding the surface quality. Special attention was paid
to elucidating the photocathode degradation mechanism more clearly.

10 Outlook

p-GaN is a promising candidate for a future novel electron source in particle
accelerators [26, 137]. Although p-GaN requires UV-light, its spectral response is
adjustable by the manipulation of the band gap with suitable dopant atoms [70, 73].
These dopants, e.g. In, are able to shift the band gap into the wavelength range of
visible light. Furthermore, p-GaN can be more easily prepared compared to other
semiconductor photocathodes such as CsyTe or GaAs. Another advantage is the
possibility to juvenile this cathode with subsequent thermal treatment, followed by
a Cs activation when the photocathode is degraded. A detailed study of the p-
GaN:Cs photocathode degradation under the exposure of several gases such as CHy,
CO, COg, Hy, and O, is required to study the lifetime and hence the robustness of
the photocathode.

Other substrate materials besides sapphire such as Si, SiC, or TiN can be also
considered as suitable substrates for p-GaN. While p-GaN on other substrates might
not be easily available and more expensive, the photocathode performance, espe-
cially the QE, might be improved by a higher p-GaN crystallinity in which no C
and O is incorporated into the crystal lattice and fewer crystal defects arise. The
proposal of using a conductive substrate (such as Cu) for p-GaN would be ideal to
dissipate the heat inside the SRF Gun II and is extensively studied [10].

Commercially available p-GaN, grown by MBE or HVPE represents another
alternative with a higher crystallinity compared to p-GaN grown with MOCVD.

The remaining surface impurities, especially C and O, could potentially be re-
movable by an ion bombardment of He, Hy, or argon (Ar) clusters at low energies.
To date, no sufficient ion bombardment was reported in which a p-GaN surface was
irradiated with helium ion (He™) or Ht and examined on its surface with XPS. A
suitable sputtering method might yield a C-free p-GaN surface without damaging
it which consequently would lead to higher QE and thus to a better photocathode
performance.

Due to time constraints, no reference materials were measured and thus no quan-
tifications were provided for the examined samples. Hence, suitable reference sub-
stances are needed to provide an XPS quantification.

The Mg dopant concentration — and thus its carrier concentration — is important
for photocathode performance. If the concentration is too low, no photoemission
takes place because the photoelectrons cannot travel toward the surface. Hence,
a sufficient concentration of 1x10®-1x10' cm™! would be desirable but is hardly
achievable in the growth mechanism. Further studies on highly Mg-doped p-GaN
samples are desirable.

One goal of this work was the study of p-GaN on sapphire from the material
point of view. The potential application in the ELBE SRF Gun II needs intensive



Jana Schaber Outlook @
PhD Thesis Page 115

pre-studies of the operational performance of this material before it can be used as
an electron source. Information concerning the operational parameters and the be-
havior in the injector system is not available at the moment but is essential for future
work. Measurements of a cooled p-GaN:Cs photocathode and its QE performance
during the application of an RF field have not been tested to date. Furthermore, a
QFE map would be helpful for determining whether the QE distribution is homoge-
nous on the cesiated p-GaN surface.

The lifetime of GaAs photocathodes is improved by a protecting CssTe layer [94],
which might be also a good choice for p-GaN:Cs photocathodes. HZDR is already
experienced in the growth of CsyTe and the activation of p-GaN and GaAs. The ap-
proach of combining both semiconductor materials and creating a new photocathode
(p-GaN:CsyTe) might pave the way for the next generation of photocathodes with
high QE. The production and surface behavior of new potential photocathodes and
their surface qualities are now traceable with in-situ XPS studies which will help to
achieve better photocathode properties for the ELBE SRF Gun II in the future.
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Tab. A 1 Used electronic devices for the preparation chamber that were controlled by the

internal software.

device specification function
Keithley 1024 1100 V source meter photocurrent
Heinziger LNC 300-20 pos O, flow

Delta Electronica

SM 70-AR-24

power supply

for Cs and halogen lamp

RHC VG Scienta

Eurotherm 2408

power supply
for backside heating

Tonivac

vacuum gauge

Varian

Ion pump controller

Roithner UV-LED

DUV310-HL5N

UV-light source

SAES Getter

CS/MNF/4.1/12 FT10+10

Cs dispenser

OSRAM

halogen lamp

National Instruments

cRIO9074

software controller

OPTRIS IR sensor

CT 3MH1-CF3-CB3

temperature measurement

OCEAN Optics

deuterium lamp

Princeton Instruments

Acton SP2150

monochromator
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Tab. A 2 Measured p-GaN samples with activation parameters; applied Cs dispenser
current, photocurrent of p-GaN:Cs photocathode, used UV-light power, and QE from
Equation 4. Sample A9 was thermally cleaned stepwise, beginning at 320°C, 500°C,
570°C, 610°C, 625°C and ending with 650 °C. Afterwards A9 was irradiated with Ar™ at
1.5keV and unsuccessfully Cs activated. Sample A13 was used for preferential sputtering
of Ar™ at 1.5keV and at 2.5keV energy.

sample T Cs current  photocurrent Pyy_jigne  QE
(°C) (A) (nA) (W) (%)

Al > 600 3.3 373 110 1.31
3.4 230 110 0.81

3.5 178 110 0.63

A2 > 600 3.6 242 110 0.85
3.7 895 110 3.15

3.0 600 110 2.11

3.3 283 110 0.99

A3 > 600 3.4 1200 110 4.22
3.45 510 110 1.79

3.55 580 110 2.04

A4 > 600 3.5 1335 110 4.69
3.4 1198 110 4.21

3.3 572 110 2.01

3.4 586 110 2.06

A5 500 3.3 3228 125 9.99
3.3 3710 125 11.48

> 600 3.3 3720 125 11.52

> 600 3.3 3660 125 11.33

A6 430 3.3 1260 51 9.56
450 3.3 830 51 6.30

460 3.3 720 51 5.46

YoYo 0 3.3 770 51 5.84
AT 0 3.3 0 51 0.00
220 3.3 720 51 5.46

320 3.4 1330 51 10.09

430 3.5 580 51 4.40

YoYo 0 3.5 730 51 5.54
A8 600 3.8 1031 51 7.82
650 3.8 530 51 4.02

700 3.7 375 51 2.85

A10 420 3.4 1014 51 7.69
500 3.3 1214 51 9.21

0 3.2 1039 51 7.88

All 460 3.5 480 51 3.64
460 3.3 780 51 5.92

Al2 420 3.3 780 51 5.92
500 3.3 1010 51 7.66

Al4 470 3.8 935 51 7.10

YoYo 455 3.6 1033 o1 7.84
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Tab. A 3 Activation parameters of GaAs samples.

sample T  Cscurrent photocurrent Pyy_rigne QE

C) (A (nA) (W) (%)
Bl 350 3.6 0 51 0
450 3.7 103 51 0.78
B2 600 3.4 0 51 0
600 3.9 1023 51 7.76
600 3.8 1083 51 821

Tab. A 4 Activation parameters of p-GaN on Si samples.

sample T Cs current photocurrent Pyy_rigne  QE
(°C) (A) (nA) (W) (%)

C1 > 600 3.5 124 125 0.38
C2 500 3.5 760 125 2.35
500 3.4 762 125 2.36

500 3.3 822 125 2.54

500 3.2 850 125 2.63

500 3.2 824 125 2.55

C3 410 3.4 1204 125 3.73
400 3.3 1288 125 3.98

400 3.3 1222 125 3.78

C4 300 3.5 20 51 0.15
400 3.5 230 51 1.75

500 3.6 570 51 4.33

Ch 400 3.5 200 51 2.9
400 3.5 230 51 3.00

Tab. A 5 Activation parameters of p-GaN on TiN samples.

sample T  Cs current photocurrent Ppyy_rigne QE

(°C) (A) (nA) (W) (%)
DI 450 3.7 0 51 0
530 3.7 450 51 3.41
560 3.7 620 51 4.70
0 3.7 535 51 4.06
D2 500 3.9 570 51 4.33
550 3.8 565 51 4.28
600 4.0 446 51 3.38

650 4.1 390 51 2.96




@ Appendix Jana Schaber
Page IV PhD Thesis

Tab. A 6 Polishing steps that were used for achieving a mirror-like surface of the Cu
plugs, used afterwards as a substrate for CsyTe.

polishing cloth suspension
SiC #2000 H,0O
SiC #4000 H,0O
MD-DAC diamont (3 pm)
MD-DAC diamont (1 pm)
MD-NAP non-dry

In the first step the Cu was polished with SiC #2000 foil of a grain size of
10 um. The Cu was rotated with 150 revolutions per minute and pressed with a
force of 30 N against the polishing clothes. In the first step only H,O was used as a
polishing solution. In the second step, a SiC foil #4000 was used with the same force
parameters as in step 1. This foil included a grain size of 5 um. In the third step
an MD-DAC cloth was installed. This cloth was satin-woven acetate and was made
wet with lubricant and a 3 um diamond solution. In the 4th step only the diamond
solution changed to 1 um. At last a MD-NAP cloths with non-dry solution was used
to finalize the polishing process. The MD-NAP was used in the final polishing step.
Between each step the Cu plugs were rinsed with cold H,O . All in all not more than
0.3 mm were removed from the initial Cu surface.

Tab. A 7 Studied CsyTe photocathodes on Cu substrate with the thickness of deposited
Cs and Te layer and initial QE value.

sample Te thickness Cs thickness QE

() (m) (%)
E1 8 40 6.1
E2 6 32 6.5

E3 10 45 2.5
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Fig. A 1 Temperature calibration of the thermo sensor when the sample (red) was in
focus of the halogen lamp and when the thermo sensor (blue) was set in focus.
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Fig. A 2 Measured spectral width of the commercially available UV-LED with a maximum
A at 310 nm.



@ Appendix Jana Schaber
Page VI PhD Thesis

0,25 T T T T T T T
Deuterium lamp = run2
2021-12-08 e run3
0,20 A run4
g 0,15 b
a3
pug
g
2 0,10+ h
o " A s
™
- "
0,05 - ®s, .
."ol -
.
0,004 = i

T T T T T T T
200 250 300 350 400 450 500
wavelength [nm]

Fig. A 3 Measured output power of the deuterium lamp according to the used wavelength.
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Fig. A 4 XPS survey spectrum of sample A13 with 2% QE, before A13 underwent an
Ar™ irradiation.
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Fig. A 5 XPS survey spectrum of the surface of sample A13 after Ar™ irradiation at an
energy of 1.5keV.
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Fig. A 6 XPS survey spectrum of the surface of sample A13 after Art irradiation at an
energy of 2.5keV.
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Fig. A 7 Cs 3d photoemission spectrum of the activated p-GaN surface, showing an Cs
3d spin-orbit splitting of exactly 14 eV between the 3d3/, and 3ds/, spin state.

spectral response of sample A11
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Fig. A 8 Spectral response of a p-GaN:Cs photocathode (sample A11) showing its cut-off
edge at 360 nm, which is related to a band gap of 3.4¢V.
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Fig. A 9 XPS survey spectra of the surface of sample A14 after thermally cleaned at 450
°C (red) and after YoYo activated (green).
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Fig. A 10 In-situ photocurrent curve of sample A6 during a YoYo activation; showing a
photocurrent increase when Cs was applied and a decrease when Os was applied.
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Fig. A 11 In-situ photocurrent curve of sample A7 during a YoYo activation; showing the
influence of the alternating application of Cs and O on the photocurrent of sample A7.
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Fig. A 12 The Ga 3d3/2, Cs 3d5/2, O 1s, and C 1s photoelectron spectra of the p-GaN:Cs
surface (sample A11) before (line 0) and after (line 1) renewed thermal cleaning at 500 °C
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Fig. A 13 The Ga 3d3/3, Cs 3d5/2, O 1s, and C 1s photoelectron spectra of the p-GaN:Cs
surface (sample A1l) with 3.6 % QE (line 0, red) and with 1.3 % QE (line 1, green).
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Fig. A 14 The Ga 3d3/3, Cs 3d5/2, O 1s, and C 1s photoelectron spectra of the p-GaN:Cs
surface (sample A12) after thermal cleaning at 460 °C (line 0) and after Cs activation (line

1).
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Fig. A 15 The Ga 3d3/3, Cs 3d5/2, O 1s, and C 1s photoelectron spectra of the p-GaN:Cs
surface (sample A12) with 5.9 % QE (line 0) and with 1.6 % QE (line 1).
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Fig. A 16 Ez-situ SEM images of the p-GaN:Cs on sapphire photocathode (sample Al)
taken in the area where the steel washer fixed the sample on the sample holder and a higher
magnification where the chemical composition by EDX (see Figure A 17) was measured.
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Fig. A 17 Ez-situ EDX measurement of p-GaN:Cs on sapphire photocathode (sample
A1) showing the difference between the bright (steel washer area, blue dots) and dark
area (p-GaN:Cs photocathode surface, black line); EDX was taken from SEM image (see
Figure A 16).
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Fig. A 18 Ez-situ EDX measurement of p-GaN:Cs on sapphire photocathode (sample
A5), showing a Ga:N ratio of approximately 1.
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Fig. A 19 FEz-situ EDX measurement on the p-GaN:Cs on Si photocathode (sample
C2), thermally cleaned at 500 °C and activated with Cs for five cycles; showing the EDX
spectra of the original p-GaN surface (black line) and the Cs particle (blue dots), which
was probably an CsOH particle.
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Fig. A 20 In-situ photocurrent curve of sample B1 during two YoYo activation cycles; the
first cycle (left) resulted in no photocurrent while the second cycle (right side) shows the
Cs application in orange and the Os application in blue; the In-situ photocurrent reached
120 nA.
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Fig. A 21 In-situ photocurrent curve of sample B2 during the first YoYo activation cycle.
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Fig. A 22 [n-situ photocurrent curve of sample B2 during the second YoYo activation
cycle (left); the Cs application is marked in orange, while the Oy application is marked
in blue; QE decay curve of the GaAs photocathode (right) with the QE points where the
XPS measurements were taken (marked in red).
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Fig. A 23 In-situ photocurrent curve of sample B2 during the third YoYo activation cycle
(left); the Cs application is marked in orange, while the Og application is marked in blue;
the QE decay curve of the GaAs photocathode (right) where the QE dropped significantly
when XPS measurements were taken.
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Fig. A 24 FEz-situ SEM of GaAs (sample B2) in the middle area, showing different
crystal structures (left); EDX measurements (right) showed different Ga:As ratios inside
the different crystal structures.
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Fig. A 25 SEM Image of the surface of mirror-like polished Cu with a particle on the
surface; EDX measurements identified the particle as a SiC particle from the polishing
suspension.
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Fig. A 26 O 1s and C 1s photoemission spectra of sample E1 (green line) and sample E2
(red line); taken from the survey spectrum as a zoom of the sample E1 and E2.
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Fig. A 27 Ez-situ EDX measurement; focussed on the particle on the CsqTe surface of
sample E3; identifying the particle as a CsOH.
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