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Zusammenfassung

Moderne und zukiinftige Beschleunigeranlagen — wie Energy Recovery Linacs
(ERLs),!? Freie-Elektronen-Laser (FELs)>* und Instrumente fiir ultraschnelle Elek-
tronenbeugung (UED)> — stellen zunehmend héhere Anforderungen an die Bril-
lanz und Robustheit der Elektronenquellen. Um diesen Anforderungen zu begeg-
nen, werden Photokathoden in verschiedenen Materialsystemen eingesetzt. Unter
diesen sind Multi-Alkali-Antimonid-Photokathoden vielversprechende Kandidaten
fiir hohe Brillanz aufgrund ihrer hohen Quanteneffizienz (QE) und ihrer niedrigen

intrinsischen Emittanz im sichtbaren Spektralbereich.®

Na—K-Sb-Photokathoden weisen dabei vergleichbare QE-Werte wie Cs—K—Sb
im sichtbaren Bereich auf und erreichen mehrere Prozent im griinen Spektral-
bereich,”® bei gleichzeitig iiberlegener thermischer Robustheit — einer entschei-
denden Eigenschaft fiir viele Anwendungen, zum Beispiel ERLs.” Trotz dieser
Vorteile wurde die breite Anwendung von Na—K-Sb-Photokathoden durch eine
geringe Reproduzierbarkeit und niedrige Erfolgsraten bei der Herstellung behin-
dert, die auf drei grundlegende Herausforderungen zuriickzufiihren sind: (1) ein
auBBergewohnlich schmales stochiometrisches Fenster fiir hohe QE, (2) der extrem
niedrige Gleichgewichts-Dampfdruck von Natrium, der fiir die hoch-effiziente
NayKSb-Phase erforderlich ist, und (3) eine unzureichende Kontrolle iiber Schliissel-
parameter wihrend der Abscheidung, insbesondere der Flussraten der Alkalimet-

alle.

In dieser Arbeit werden diese Herausforderungen systematisch angegangen,
durch den Entwurf und die Inbetriebnahme einer neuen Priparationskammer sowie
die Entwicklung einer optimierten Dreifachverdampfungsmethode, bei der die
drei Elemente gleichzeitig auf dem Substrat verdampfen. Mittels detaillierter
Charakterisierung der spektralen Empfindlichkeit und Rontgenphotoelektronen-
spektroskopie (XPS) wird erstmals das reproduzierbare Wachstum von Nay;KSb

Photokathoden unter hochkontrollierten Bedingungen auf Substraten demonstri-



ert, die fiir Elektronenbeschleuniger geeignet sind. Ein Kontrollvariablen-Ansatz
stellt klare Korrelationen zwischen Wachstumsparametern, Stochiometrie und pho-
toemissiven Eigenschaften her. Eine umfassende Analyse der QE-Homogenitit,
gestiitzt durch ein Wachstumsmodell, ermoglicht eine schnelle und prézise Ein-
stellung der QE. Dariiber hinaus wird eine umfangreiche XPS-Datenbank, basierend
auf der Stochiometrie, von iiber 35 Na—K—-Sb-Photokathoden erstellt. AbschlieSend
wird der erfolgreiche Betrieb eines supraleitenden Radiofrequenz (SRF) Photoin-
jektors unter Verwendung einer Nas KSb-Photokathode berichtet, bei dem im SEALab
SRF-Photoinjektor der erste Betrieb erzielt wurde.
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Abstract

State-of-the-art and future accelerators such as energy recovery linacs (ERLs),!?
free electron lasers (FELs)>* and ultra-fast electron diffraction (UED)° facilities
have increasing demands on the brightness and robustness of the electron source.
To meet these requirements, photocathodes are employed in a variety of material
systems. Among them, multi-alkali antimonide photocathodes are promising can-
didates for high-brightness applications due to their high quantum efficiency (QE)

and low intrinsic emittance in the visible range.5

Na—K-Sb photocathodes exhibit QE values comparable to Cs—K—Sb in the vis-
ible range, reaching several percent in the green region,” while offering superior
thermal robustness—a critical attribute for many applications, especially ERLs.’
Despite these advantages, the widespread adoption of Na—K-Sb photocathodes
has been hindered by poor reproducibility and low success rates, stemming from
three fundamental challenges: (1) an exceptionally narrow stoichiometric window
for high QE, (2) the extremely low equilibrium vapor pressure of sodium required
for the high-QE NayKSb phase, and (3) insufficient control over key deposition

parameters, particularly alkali metal flux rates.

In this work, these challenges are systematically addressed through the design
and commissioning of a new preparation chamber and the development of an op-
timized triple evaporation method. Through detailed spectral response and X-
ray photoelectron spectroscopy (XPS) characterization, the reproducible growth
of NayKSb photocathodes under highly controlled conditions is demonstrated for
the first time on substrates suitable for electron accelerators. A control variable
approach establishes clear correlations between growth parameters, stoichiome-
try, and photoemissive properties. Comprehensive analysis of QE homogeneity,
supported by a growth model, enables rapid and precise tuning of photoemissive
performance. Furthermore, an extensive XPS database is compiled from over 35

Na—K-Sb photocathodes based on their stoichiometry. Finally, the successful op-



X Abstract

eration of a superconducting radio-frequency (SRF) photoinjector using a Na,KSb

photocathode is reported, achieving first beam in the SEALab SRF photoinjector.
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1. Motivation

1.1. Motivation

Photoinjectors are capable of generating high-brightness electron beams for ad-
vanced electron accelerator applications, including energy recovery linac (ERL),!°
ultra-fast electron diffraction,!' and X-ray free electron laser.'>!? These applica-
tions place stringent demands on photocathodes, which serve as the critical sub-
system in the electron beam generating. Among various photocathode materials,
multi-alkali antimonides are particularly promising candidates due to their high
quantum efficiency (QE) and low intrinsic emittance in the visible range,® making
them ideally suitable for high-brightness applications.

At Helmholtz-Zentrum Berlin (HZB), a new generation of superconducting RF
(SRF) electron accelerators is being developed under the SEALab project. This
project establishes specific requirements for photocathode performance, includ-
ing: high quantum efficiency (>1%) at visible wavelengths, low emittance contri-
bution, long shelf and operational lifetime, and enhanced thermal stability under
high-current operation.

Na-K-Sb photocathodes present a particularly attractive option for meeting
these demanding specifications. Historical research has demonstrated that Na-
K-Sb films achieve QE comparable to Cs-K-Sb in the visible range, with values
reaching several percent at 520 nm.”® More significantly, Na-K-Sb photocathodes
exhibit superior thermal robustness compared to Cs-K-Sb cathodes,” a critical ad-
vantage in high-current applications such as ERL applications and electron beam
water treatment.

Despite these promising characteristics, the widespread adoption of Na-K-Sb
photocathodes in photoinjector applications has been consistently hindered by fun-
damental challenges in material synthesis. Over the past decades, poor repro-

ducibility and low success rates have resulted in significant variations of photoe-
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missive properties between growths. These limitations primarily stem from three
interrelated factors:

1. The exceptionally narrow stoichiometric window required for optimal pho-
toemissive performance

2. The extremely low equilibrium vapor pressure of Na required for forming of
the high-QE NasKSb phase

3. Insufficient control over critical deposition parameters, particularly alkali

metal flux rates
1.2. Thesis Outline

To address these challenges, a new photocathode laboratory was established at
Helmholtz-Zentrum Berlin in 2024, featuring a novel preparation chamber capable
of simultaneous deposition of all three elements with improved flux stability. This
thesis presents a comprehensive development program for Nas KSb photocathodes
as green photocathode for the SEALab SRF photoinjector.'*

The primary objectives of this work are:

1. Preliminary experiments using conventional dispenser chambers to under-
stand the basic growth mechanism of NasKSb photocathodes (December 2021-
June 2023)

2. Commissioning of novel triple evaporation system (July 2023- August 2024)

3. Developing triple evaporation growth recipes for NaoKSb photocathodes
and establishing precise correlations between growth parameters, stoichiometry,
and photoemissive properties through systematic experiments (September 2024-
May 2025)

4. Demonstrating reproducible fabrication of high-QE NayKSb photocathodes
with extended dark lifetime (June 2025- July 2025)

5. Validating photocathode performance through successful integration and op-
eration in the SEALab photoinjector (July 2025)

The research methodology includes the preliminary development in existing dis-
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penser growth chambers, followed by advanced optimization using the newly built
triple evaporation system. Characterization techniques mainly include spectral re-
sponse measurements of photoemissive properties and X-ray photoelectron spec-
troscopy of stoichiometry and chemical shifts. The successful transfer and char-
acterization of two NasKSb photocathodes in the SEALab photoinjector during
beam commissioning represents the ultimate validation of the developed method-
ologies.

This thesis is structured as follows: Chapter 2 covers the theoretical fundamen-
tals of SEALab photoinjector physics and photocathode physics and chemistry.
Chapter 3 details the experimental setups for photocathode growth, spectral re-
sponse measurement, and XPS characterization. Chapter 4 discusses the prepa-
ration methodology and research findings for Na-K-Sb photocathodes. Chapter 5
introduces the first beam achievement in the SEALab photoinjector. Chapter 6 fo-
cuses on XPS measurements and the establishment of a comprehensive database
for Na-K-Sb photocathodes, providing fundamental insights for future develop-

ment.
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2. Fundamentals

2.1. SEALab Photoinjector

Photoinjectors are critical for generating high-brightness electron beams re-
quired for advanced accelerator applications, including energy recovery linacs
(ERLs), !0 ultrafast electron diffraction (UED)'! and free electron lasers (FELs).>*
The primary types of photoinjectors developed for these purposes are DC pho-

toinjectors, %16 1718

normal conducting radio frequency (NCRF) photoinjectors,
superconducting RF (SRF) photoinjectors,'*!® and DC-SRF photoinjectors.2’

At HZB, a new generation of SRF photoinjector has been constructed under the
SEALab project. Based on beam dynamics studies, the photoinjector consists of
two main components: an SRF gun and an SRF booster. After years of dedicated
commissioning, first beam was successfully achieved in the SRF gun in March

2025. The structure of this SRF gun is illustrated in Figure 2.1.

SRF GUN MODULE WITH PHOTOCATHODE TRANSFER AND FIRST DIAGNOSTICS
N —— TAPER &
T 4 - VACUUM

TAPER &
VACUUM

LASER DIAGNOSTICS
IN/OUT  FOM/BPM/FCUP
CATHODE CAM

CATHODE
TRANSFER
DOCK

LASER DIAGNOSTICS
IN/OUT FOM/BPM/FCUP
CATHODE CAM

PHOTO GUN SOLENOID COLD 1 1m |
CATHODE CAVITY STEERER ! SECTION 1

Figure 2.1: SEALab SRF gun system for the first beam commissioning. Left: CAD
drawing, Right: First meter of diagnostics beam line."*

Prior to operation, a photocathode needs to be transferred into its operational

position in the back wall of the gun cavity via the cathode transfer system (transfer
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system 2).

For the first beam commissioning, a drive laser operating at a wavelength of
521 nm and a power of 2 W in continuous-wave (CW) mode was used, with a
tunable repetition rate of up to 50 MHz. The laser is delivered to the SRF gun (see
entrance in Figure 2.1b) through a 30-meter-long beam pipe, achieving a trans-
mission efficiency of 85%.'* A relay imaging system for optical transport and a
variable beam-shaping aperture located near the cathode are employed to stabilize

the beam against vibrations from nearby water cooling pumps.

During operation, the electron beam emitted from the photocathode is acceler-
ated within the core of the SRF gun, a niobium (Nb) cavity designed for 1.3 GHz
in CW operation. The superconducting state of the cavity is maintained via liquid
helium cooling at 4 K. Upon exiting the cavity, beam-based alignment is con-
ducted using a solenoid, and the beam position is adjusted in the X-Y plane by a
cold steerer. Initial beam characterization is performed using a viewscreen (FOM),
beam position monitors (BPMs), and a Faraday cup (FCUP) located within the first
meter of the diagnostic beamline. The beam current emitted from the cathode is
measured directly using a cathode bias power supply.

The SRF gun is a highly complex and integrated system, demanding metic-
ulous design and engineering of all subsystems—including power supplies, vac-
uum, cooling, drive laser, cavity, solenoid, and steerer, and, most critically, their

precise coordination.
2.2. Requirements of photocathodes

As a critical subsystem, the photocathode must be designed and operated in
close coordination with all other components. Its performance and integration
impose several specific requirements:

1) High Quantum Efficiency at visible wavelengths:

The photocathode must exhibit high quantum efficiency (QE >1%) at the op-

erational wavelength (521 nm at SEALab) to generate a high beam current within
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the limited power budget of the drive laser system. A high QE at visible wave-
lengths reduces the demands on the optical components and increase the flexibility
of the laser system, enables higher effective power on the cathode, and is essential
for high-current operation. Alkali-antimonide photocathodes are the only mate-
rials applied to SRF photoinjectors that currently meet this requirement. How-
ever, their extreme sensitivity to residual gases—particularly oxygen and water
vapor—necessitates an ultra-high vacuum (UHV) environment during both trans-
fer and operation in the photoinjector. The liquid helium-cooled superconduct-
ing cavity is an advantage in this regard, as it helps maintain the UHV environ-
ment. For instance, KyCsSb photocathodes have demonstrated high-current op-
eration (3—4% QE at 532 nm) with month-long lifetimes in SRF guns.!® Na,KSb
is a promising alternative, offering higher thermal stability and the potential for
longer operational lifetime and greater robustness, which is anticipated to benefit
the SEALab commissioning and operation. Its thermal stability also reduces the

risk of material evaporation and contamination of the superconducting cavity.
2) Thermal Coupling and Substrate Choice:

Since the photocathode is located at the back wall of the superconducting cav-
ity, efficient thermal management is crucial for transferring the heat from the pho-
tocathode out of the cryomodule. Insufficient heat transfer could raise the tem-
perature of the superconducting cavity beyond its critical transition temperature.
The photocathode subsystem must therefore maintain excellent thermal contact
with the cooling system, which uses 80 K gaseous helium. As detailed in previ-
ous work,?! the design of the cathode inserts and RF filters in the SEALab system
can maintain the cathode temperature below 300 K under a total thermal load of
30 W. This load comprises 5 W of RF power dissipation from the cavity and up to
25 W of incident laser power, based on the assumption of a 1% QE photocathode

to achieve the original ERL design goal of a 100 mA beam current.

Metallic molybdenum (Mo) was selected as the substrate due to its high thermal

conductivity, excellent chemical stability in air, and adequate machinability. A
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significant challenge, however, is polishing its surface to a roughness (Rq) of less
than 10 nm due to the material’s high hardness. Furthermore, the lattice mismatch
between Mo and alkali-antimonide films prevents the epitaxial growth of single-
crystal photocathodes. The surface roughness could increase the mean transverse
energy (MTE) of emitted electrons. Despite these drawbacks, Mo remains the
optimal substrate material, primarily due to its compatibility with the strict thermal
requirements of the cooling system.

3) Mitigation of Multipacting and Field Emission:

The photocathode subsystem must be designed to avoid negatively impacting
other subsystems. Specifically, the presence of photoemissive material on the side
of the plug (parallel to the cavity wall) can exacerbate multipacting, while depo-
sition on the sharp edges of the plug may cause field emission. To prevent these
unfavorable effects, the photoemissive film must be strictly confined to the center

of the plug, with no deposition on the sides or edges.

2.3. Photoinjector related Photoelectric Properties of Photocathodes
2.3.1. Quantum Efficiency

The quantum efficiency (QE) is the most critical photoelectric property of
photocathode materials, defined as the ratio of the number of emitted electrons
(Nelectron) to the number of incident photons (Nphoton), as expressed in Equation

2.1:
Nelectron o I-h-c

Nphoton ~ Pee- A
where [ is the measured photocurrent (A), P is the power (W) of the incident light,

QL =

Q2.1

A is its wavelength (m), & is Planck’s constant (6.626 x 1073*J - s), ¢ is the speed
of light (2.998 x 10%m/s), and e is the elementary charge (1.602 x 1071? C).

For the SEALab photoinjector at HZB, the maximum achievable beam current
can be estimated from the QE of photocathode, given the driving laser’s maximum
power (25 W) and operational wavelength (521 nm). High-QE photocathodes are
particularly beneficial for high-brightness applications such as ERLs.
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It is important to note that QE depends not only on the photocathode material
but also on the operational environment, including the driving laser wavelength.
Therefore, QE is usually plotted as a function of wavelength, known as a spectral

response curve. It is highly sensitive to the growth process as presented in Section
4.6.

2.3.2. Storage Lifetime

The storage lifetime of a photocathode depends on multiple factors, including
the material itself and the environment, especially vacuum conditions. Alkali-
antimonide photocathodes are highly sensitive to residual gases, particularly oxy-
gen and water vapor, which limits their storage lifetime. In photocathode lab, this
lifetime is measured in the growth chamber with UHV environment (< 1 x 10~
mbar), by monitoring the QE decay over time and fitting it to an exponential decay

model:

QE(t) = A x exp(—t/T) (2.2)

where t is time, A represents the initial QE, and the time constant 7 represents
the calculated storage lifetime, defined as the time required for the QE to decay to
1/e (approximately 37%) of its initial value. A long storage lifetime is a neces-
sary for practical application in a photoinjector. For instance, the cathode transfer
process at HZB takes approximately four days to a week, requiring QE to remain

stable.

In photocathode lab, the storage lifetime is measured under low illumination
(on the order of uyW). Under the UHV condition, as described in Section 3.2.2.1,
the measured lifetime primarily reflects the “intrinsic stability” of the photocath-
ode material, which is highly sensitive to the growth process. Consequently, it
serves as a key parameter for recipe development and optimization. With an ap-
propriate growth method, 7 usually exceed 500 hours for NasKSb photocathodes,

as to be discussed in Section 4.5.2.
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It is crucial to distinguish storage lifetime from operational lifetime. The latter
is measured within the photoinjector and is influenced by additional factors beyond
vacuum conditions, such as high beam density, high field gradient, and incidents

like multipacting, ion back-bombardment and field emission.

2.3.3. Photoemission Models

Photoemission models are essential for describing the photoemission process
of a photocathode. Here, we focus on models for p-type semiconductors, as all
alkali-antimonide materials demonstrating a QE exceeding 1% at 520 nm are p-
type, for instance, Cs3Sb, K,CsSb and Na,KSb.?

2.3.3.1. Three Step Model

The three-step model, first proposed by Spicer in 1960,%? remains widely used
for alkali-antimonide photocathodes as it provides a fundamental framework for
interpreting spectral response data. A schematic diagram of this model is shown
in Figure 2.2. The photoemission process is divided into three distinct steps: (1)
photon absorption and electron excitation, (2) transport of excited electrons toward

the surface, and (3) emission to vacuum.

Bulk Surface Vacuum
A |
1
2 13

e Q@ |+ @
A 1

Evac

EA
Conduction Band
e Gk A EEREEE
CBM Er |Ewr

Valence Band

Figure 2.2: Schematic of three step photoemission model, demonstrated with the
band structure of a p-type semiconductor.
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Step 1: Excitation

In photocathode material, The photon flux density J(x, hv) decays exponen-

tially with depth () into the material:

J(x, hv) = Jyexp(—ay(hv)z) (2.3)

where J; is the incident photon flux density ([number of photons] m~2 - s71).

An electron in the valence band absorbs the energy of an incident photon (hv)
and is excited to a higher energy state. The total optical absorption coefficient (cv)
is divided into a productive part, «,, representing transitions where the excited
electron’s energy exceeds the vacuum level (£y,.), and a non-productive part, o,
for transitions where the final energy remains below Fy,.

Step 2: Transport

The excited electrons (hot electrons with FEejecron > Fivac) travel toward the
surface. During this transport, a fraction of these electrons lose energy through
scattering processes (e.g., with phonon) and may fall below the vacuum energy
level, becoming unable to escape.

Step 3: Emission

Electrons that reach the surface with kinetic energy greater than the vacuum
level can be emitted into vacuum. Spicer combined the probabilities of steps 2 and

3 into an exponential escape probability function that also decays with depth:

P(x,hv) = B(hv) exp(—f(hv)z) (2.4)

where the parameters B(hv) and S(hv) depend on the photon energy. In met-
als, energy loss is dominated by efficient electron-electron scattering due to the
high electron density. In semiconductors like alkali-antimonides, electron-electron
scattering is negligible, and energy loss is primarily due to electron-phonon scat-
tering.?

Based on experimental observations near the threshold energy, Spicer proposed
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ap = C(hv — E1)3/2, where C is a constant and Er is the threshold energy (the
sum of the band gap Eg and electron affinity £»). The overall QE is obtained by

integrating the contributions over all depths:

OB(hw) = /oo apF(z, h;())P(x, hy)d:(: _

0

Ba,  B(hv — Er)3?
a+ B  (hv—Er)32 4~

(2.5)

where v = (¢ + 8)/C. Assuming «,, B, and [ are constants for a given mate-
rial, v can be treated as a constant fitting parameter. Thus, only three parameters
need to be fitted to the spectral response curve: Fr, B, and v, making the model
practical for application.

The Spicer model treats photoemission as a bulk effect, where excitation and
transport within the material are crucial, rather than a purely surface phenomenon.
As hv increases, a;, becomes comparable to a. + 3, causing the QE to increase

more slowly than a,.

TWH18/Spectral_Response_2025-04-14_10-35-03.txt
T

10_1 —— Spicer fit, E; =1.9 eV(2.0 eV - 3.0 eV fit), B = 0.19, y = 1.65
1072
w o
o
103
/ i
+ 1
104 I | . 1 . 1 . 1 . L .
1.8 2.0 2.2 2.4 2.6 2.8 3.0

Photon Energy (eV)

Figure 2.3: An example of spectral response curve (TWHIS) fitted with Spicer
model.

For our study of Na-K-Sb photocathodes, this model provides an good fit to

the experimental spectral response curve for photon energies above approximately
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2.0eV (E1r+0.1eV). The spectral response curve taken from TWH18 (Nas 3K; ¢Sby o)

is fitted with Spicer model and shown as an example in Figure 2.3.
2.3.3.2. Urbach Model

Interestingly, in the lower photon energy region (1.8—-1.9 eV in Figure 2.3), the
experimental spectral response data diverge from the three-step model, exhibit-
ing an exponential “tail” in quantum efficiency (QE) that requires a distinct fitting
function. This “tail” is an universal feature observed in alkali-antimonide photo-

cathodes.?*

One common explanation is that the originally sharp valence band maximum
(VBM) is broadened due to energy uncertainty, with additional density of states
(DOS) from impurities or disorders distributed exponentially above the VBM.
This phenomenon, known as the Urbach tail, was proposed to explain the ex-

ponential absorption edge in semiconductors:

hl/—EG

a(hv) = agexp < z
U

) . hv < Eg (2.6)

where «ay is a material-dependent coefficient, hv is the photon energy, Eg is
the band gap energy at 0 K, and Ey is the Urbach energy, which quantifies the
degree of band edge broadening. The Urbach energy Ey is related to temperature
and disorder, and can be expressed as Fy = kgT'or, where kp is the Boltzmann
constant, 7' is temperature, and o7 is a steepness parameter. According to Dow

and Redfield’s phonon theory,? o7 is given by:

2]€BT hv
= tanh 2.7
or 70 hv a <2kBT> ( )

where o 1s a temperature-independent constant. Near room temperature, or

varies slowly, and Ey can be approximated as proportional to kg7

To model the spectral response in the low-energy region, I similarly assume an

exponential distribution of density of states (g(F)) above the VBM (Figure 2.4):
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—(F — F
g(E) = exp ( ( X E(TXBMU . E> Eypwm (2.8)

where AFE(T) represents the energy broadening of the valence band at VBM,
which increases with temperature and impurity concentration, analogous to the

Urbach energy.

9E) A

hv

AE(q,

Evem Er Ecem E..c E

Figure 2.4: Schematic of the density of states of a p-type semiconductor photo-
cathode (e.g. KsCsSb and NasKSb), with an exponential tail distributed above the
VBM from impurities or disorders of the material.

Assuming all states in this exponential tail are filled (occupancy f(F) = 1
below the Fermi level), and the productive absorption coefficient ¢, is proportional
to the number of electrons distributing Ep — hv above Fygy before excitation. For
hv < Er, this yields:

ap(hv) = D Eooh exp <_<ZTE (];V)BM)) d(E—Eygm) = DAE(T) exp (%)

(2.9)
where D is a constant. Since o, < «y + 3 in this energy range, the QE is approx-

imately proportional to «y,. Substituting into the three-step model (Equation 2.5)
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gives:

x AE(T) exp (fZE;(TE)T)  hv < By (2.10)

Bay,

QE(hv) = P

For Na-K-Sb photocathodes, the Equation 2.10 reduce to the empirical fitting

function for the exponential QE tail:

QFE(hv) =expla+b-hv), hv< Er (2.11)

where a and b are fitting parameters, with b = 1/AFE(T) and a = In(QE(hv =
Er)) — bEr, and QE(hv = Er) is the QE value at the threshold energy.

2.4. Alkali-Antimonides as Photoemissive Materials

This section provides an overview of various alkali-antimonide compounds,
particularly Na-K-Sb system, as it is the focus of this study. In addition to the
photoelectric emission properties, I also discuss their crystal structure, thermal

stability, and the challenges encountered in the synthesis.

To address the challenges outlined in Section 2.1, photoemissive materials
operating efficiently at visible wavelengths are essential. Among these, alkali-
antimonide compounds are well known as photocathode materials demonstrating
a QE over 1% at green wavelengths, making them a suitable choice for SEALab
photoinjector. Properties of several alkali-antimonides are summarized in Table
2.1. Beyond the compounds listed, more complex multi-alkali-antimonides—such
as the well-known S-20 photocathode (NasKSb(Cs))—have been developed to
achieve even higher QE. A general correlation emerges between macroscopic pho-
toelectric properties and microscopic crystal structure: all high-QE, low-electron-
affinity compounds in this family exhibit cubic crystal structures and are naturally

p-type semiconductors due to alkali metal vacancies.
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Table 2.1: Summary of crystal structures, conductivity types, band gaps (Eg),
electron affinities (E,) and QF of common alkali-antimonide compounds

Material Crystal structure Conductivity type  Eg (eV) Ex(eV) QEat532nm

NazSb hexagonal ® n® 1.1% ~249 <0.1%*"

K3Sb hexagonal “*) n® 1.19 ~16%9  ~0.1% b0

K5Sb cubic “¥) p® 149 0.9 % > 0.1% %)
NaK,Sb  hexagonal © nM - - <01% M
Na,KSb cubic *°) p @ 1.0%,1.19  1.09,0.79 ~ 5% M
Cs3Sb cubic®®) p® 1.69 0.45 ~ 5% 9
Cs,KSb cubic © p® - - ~ 8% M
CsK,Sb cubic *°) p® 109,129 1.19,0.79 ~ 5% M

@) Ref ?2; ) Ref.20%7; ©) Ref.282%; 9) Ref.3%3!; ©) Ref.??; ") Experimental data at HZB.

2.4.1. Na-K-Sb Photocathode System

According to the X-ray powder diffraction results of Mccarroll,?® as shown in
Figure 2.5, the Na;_, K, Sb system can be divided into 6 phase zones as a function
of gross K3Sb content. In thermodynamic equilibrium state, the phase compo-
sition can be determined based on the chemical composition through the phase
diagram and the lever rule. From left to right, the 6 phase zones including 4 sig-
nal phase zones and 2 double phases zones: (1) hexagonal phase of Na3Sb; (2)
mixed phase of NasKSb and NasSb; (3) cubic phase of (Na,K);KSb; (4) mixed
phase of Na; 95K 05Sb and NaKsSb; (5) hexagonal phase of (Na,K)KsSb; and (6)
hexagonal phase of K3Sb.

2.4.1.1. Mono-Alkali-Antimonides: Na:Sb and K:Sb

The Na-K-Sb system includes two mono-alkali-antimonides with hexagonal
NasAs-type structures: NazSb and K3Sb. As shown in Table 2.1, both exhibit low
QE at 532 nm and have received only limited study, particularly NagSb. Its only
known use is as an intermediate, though very rare: P. Dolizy successfully trans-
formed Na3Sb films into the high-QE NayKSb phase by subsequent deposition of
Sb and K.3?
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Na,Sb Na,KSb NaK,Sb K,Sb
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j

Na,Sb (Hexgonal) [2| Na, oK, 45Sb (Cubic)

+ @ + (Na, K)K,Sb (Hexgonal)

Na,KSb (Cubic) S§ NaK,Sb (Hexgonal)
o
<

0 33.3 35 66.7 100
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Figure 2.5: Diagram showing the phases present in the Nas_.K,.Sb system as a
function of gross K3Sb content.*

K3Sb has been more extensively studied due to its role as a common interme-
diate in synthesizing Na;KSb and KyCsSb photocathodes. It exhibits two poly-
morphs: a common hexagonal phase and a metastable cubic phase. The hexago-
nal is readily synthesized by depositing excess K onto Sb at elevated temperatures
(~160 °C) and is relatively stable under thermal load and K excess. The cubic
phase (p-type), initially reported by Sommer,** is observed to deliver higher QE
up to 1% in green.?® Mixtures of hexagonal and cubic K5Sb can be synthesized
at lower temperatures (e.g.room temperature to 100 °C) with moderate K depo-
sition.?®?” As an intermediate, these two polymorphs have different impacts on
the synthesis of KoCsSb photocathode: Schubert concluded that the conversion of
K3Sb to KoCsSb proceeds most readily when the initial K3Sb is in the metastable
cubic phase rather than the stable hexagonal form.2” However, the synthesis of
pure cubic K3Sb films remains poorly explored since Sommer’s 1968 observation

that its formation may be related to the participation of oxygen during growth3*.
24.1.2. Bi-Alkali-Antimonides: Na:KSb and NaK.Sb

This thesis focuses on the two bi-alkali-antimonides in the Na-K-Sb system:
cubic NaKSb and hexagonal NaK,Sb, with their crystal structures shown in Fig-
ure 2.6.
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,.I—:: b ,4—-1—-."; b

Figure 2.6: Crystal structures of (a) cubic NayKSb and (b) hexagonal NaKsSbh.
Na atoms are shown in red, K in blue and Sb in black. Graphs is generated by
VESTA.?

Nay,KSb has a high-symmetry face-centered cubic (fcc) structure with a lat-
tice parameter of a=7.72 A.?® The single-phase region exists from stoichiometric
NayKSb down to approximately Na; 95K o5Sb, with the lattice parameter expand-
ing to 7.74 A, as larger K ions substitute smaller Na ions. Sommer’s early work’
identified the optimal composition for high QE to be near the Na:K=2:1 ratio. In
addition, considerably photosensitive Na-K-Sb layer only exists when Na:K from
2.5 to 1.0,28 corresponding to stoichiometry near Na,KSb single-phase region.
This narrow stoichiometric window for peak QE performance contrasts with the
broader range observed in the K-Cs-Sb system (Cs3Sb to K5 0sCsg 92Sb),%” making
the reproducible synthesis of high-QE NayKSb films particularly challenging.

NaK,Sb can be described as derivative of hexagonal K3Sb where Na atoms
partially substitute for K. This solid solution spans from pure K3Sb (a=6.03 A,
c=10.64 A) to approximately Nag g9Ks 01 Sb (a=5.61 A, ¢=10.93 A), with Na atoms
occupying specific positions as shown in red in Figure 2.6b. While no experimen-
tal evidence indicates high QE for NaK,Sb at visible wavelengths, recent theoret-
ical calculations using density functional theory (DFT) and many-body perturba-
tion theory (MBPT) predict a direct band gap and electronic properties favorable

for photoemission.®3” Consequently, the photoelectric properties of the NaK,Sb
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phase are also investigated in this work.
2.4.2. 'Thermal Stability of Na-K-Sb Compounds

The thermal stability of alkali-antimonide photocathodes is a critical property
for their practical application and for the reaction kinetics. In a seminal study, P.
Dolizy and F. Groliere (1986) systematically investigated the dissociation energies

of various alkali-antimonide phases to quantify their thermal stability.*®

Their experimental method involved depositing alkali-antimonide films on trans-
parent glass substrates and heating them to elevated temperatures. They used the
difference in optical absorption rates between the original phase (e.g., K3Sb) and
its dissociation products (e.g., KoSb) to evaluate the reaction progress. By mea-
suring the change in absorption over time, they calculated the reaction rates and

determined the dissociation energy for each alkali-antimonide film.

Their results, summarized in, Table 2.2 revealed a clear trend: the thermal dis-
sociation energy (®, in kJ-mol~!) decreases linearly with increasing alkali atomic

radius (7, in A), following the relationship:

d = —20r, + 81 (2.12)

Furthermore, within the Na-K-Sb system, Dolizy and Groliere found that disso-
ciation energy increases with Na content. To experimentally compare the stability
of NayKSb and NaKsSb, they subjected both compounds to isothermal annealing
at 180 °C and 200 °C. At 180 °C, NayKSb remained highly stable, while NaK,Sb
degraded significantly (only 60-70% remained after 120 minutes). At 200 °C,
NayKSb retained considerable stability, whereas NaKsSb almost completely dis-

sociated within the same duration.

These experiments demonstrate that the dissociation energy (®) of NayKSb is

significantly higher than that of NaKsSb, resulting in a markedly lower dissocia-
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Table 2.2: Summary of the dissociation energies and temperatures of various al-
kali antimonides.”

Compound Cs3Sb K3Sb  NaKsSb  NayKSb  NasSb
® (kcal - mol™')  29.6  33.7 ~37 40.5 44.6
O (°C) 117 170 - 257 309

tion rate. This relationship is quantitatively described by the Arrhenius equation:

k= Aexp <];—;}i> (2.13)

where £ is the rate coefficient of their dissociation reaction, A is the pre-exponential

factor, IR 1s the universal gas constant, 7" is the absolute temperature.

Based on these studies on thermal stability and the photoelectric properties, it
can be conclude that Na;KSb is a photocathode material with high thermal stabil-
ity in the alkali-antimonide family, making it particularly suitable for applications

demanding prolonged operational lifetime under thermal load.
2.4.3. Na:KSb Synthesis Method

The synthesis of NasKSb photocathodes has historically relied on sequential
deposition methods, as reported in prior studies.”** The established procedure
consists of four primary steps: (1) Deposition of a 20 nm Sb film at a substrate
temperature of 180 °C. (2) K deposition onto the Sb film at 160 °C until the QE
plateaus. (~0.1% at 532 nm), indicating the formation of K3Sb phase. (3) Na
deposition onto the K3Sb film at 220 °C. The process is monitored until the QE
peaks and suddenly begins to decline, signaling the formation of NasKSb phase
followed by unavoidable Na oversaturation. Halting the reaction precisely at the
ideal Na:K stoichiometric ratio of 2:1 has proven extremely challenging. (4) Fine-
tuning through alternating depositions of small amounts of Sb and K at 160 °C to

restore QE and optimize the stoichiometric ratio towards the desired composition.

In contrast, the synthesis of Cs-K-Sb photocathodes employs a comparatively
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simpler sequential recipe: (1) Deposition of a 10 nm Sb film at 100 °C. (2) K
deposition at 100 °C until the QE plateaus or stop at an certain thickness. (3) Cs
deposition at 90 °C until the QE reaches a stable maximum.*

The comparative synthesis methods reveals a significant difference in process
complexity. The Cs-K-Sb system allows for optimization in a quasi-static, con-
trolled manner, whereas the Na-K-Sb process is widely known as difficult to con-
trol, particularly during the Na substitution stage (step 3). This challenge arises
from the extremely low equilibrium vapor pressure of Na and a narrower optimal
stoichiometric window.’

To develop more efficient and reproducible synthesis recipes for Na-K-Sb, a
fundamental understanding of the underlying reaction thermodynamics is essen-

tial.

2.4.4. Thermodynamics of Na.KSb Synthesis

The thermodynamic principles governing NasKSb and KoCsSb synthesis were
intensively studied by B. Erjavec in the 1990s.4** Their work included calculating
the standard Gibbs free energy change (AGYT) and equilibrium constants (Kp)
for key reactions using the standard enthalpy of formation (A HJ,) and standard

entropy (SSgs):
AGT = AHjys — TASSs (2.14)
ASjos _ A Hayg

23R 23RT

where R is the universal gas constant (1.987 calK 'mol~!) and 7" is the abso-

log K, = (2.15)

lute temperature.
For mono-alkali-antimonide formation (e.g., K3Sb), the addition reaction and

its associated K equilibrium vapor pressure (pg) are considered:

K»Sb(s) + K(g) — K3Sb(s) (2.16)
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For bi-alkali-antimonide synthesis (corresponding to step 3 in sequential NasKSb
deposition), the substitution reaction and its equilibrium vapor pressure ratio (pg /pna)

are considered:
K3Sb(s) + 3Na(g) — NasSb(s) + 3K(g) (2.17)

Calculated values of AGY. and equilibrium vapor pressures are summarized in
Table 2.3. For mono-alkali-antimonide, the equilibrium vapor pressures at 200 °C
are pna = 5.1 x 10~ mbar for Na3Sb and px = 5.4 x 10~" mbar for K5Sb. For
bi-alkali-antimonide, the equilibrium ratio pg /pn, for the substitution reaction in
the Na-K-Sb system at 200 °C is approximately 230. While, this ratio is much
lower in Cs-K-Sb system, where px /pcs &~ 0.11 at 100 °C.

Table 2.3: Summary of equilibrium vapor pressure (mbar), ratio of various alkali
antimonides.?%4!

Reaction AGY. (calmol™!)  Equilibrium vapor pressure, ratio
NaSb(s) + 2Na(g) — Na;Sb(s) -83400+55.1T  logpa = 9.0 — 41700/(2.3RT)
K»Sb(s) + K(g) — K3Sb(s) -34000429.5T  logpx = 9.5 — 34000/ (2.3RT)
K;Sb(s) + 3Na(g) — NazSb(s) + 3K(g)  -16300+2.1T  Inpg/pra = —0.35 + 5450/(RT)
K3Sb(s) + 3Cs(g) — Cs3Sb(s) + 3K(g) 6700-3.4T Inpx/pes = 0.74 — 2230/ (RT)

These thermodynamic data reveal a critical challenge in Na;KSb photocathode
synthesis: the extremely low equilibrium vapor pressure of Na necessitates a high
PK/PNa ratio to maintain the phase stability of Na,KSb. However, considering the
reality, maintaining such a high ratio is neither efficient nor realistic. Unlike the
Cs-K-Sb system—where Cs and K substitution is reversible—the substitution of
K by Na is almost “irreversible” under typical growth temperatures. This irre-
versibility prevents the fine-tuning of stoichiometry and the optimization of QE
through quasi-static processes that rely on equilibrium vapor pressure (Section

4.1.4). Consequently, achieving highly reproducible Na,KSb photocathodes ne-
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cessitates a deposition method capable of precise kinetic control, as developed in
Section 4.2.1.

2.5. Challenges in Na-K-Sb Synthesis

As described in last section, among the (multi-)alkali antimonide photocath-
odes, Na-K-Sb films exhibit quantum efficiency (QE) comparable to that of Cs-
K-Sb in the visible range.® Additionally, Na-K-Sb photocathodes demonstrate su-
perior thermal robustness compared to Cs-K-Sb, making them suitable for high-
current operations, aligning with the goals of ERL applications.” However, the
widespread adoption of Na-K-Sb photocathodes in photoinjectors has been lim-
ited by low synthesis success rates and poor reproducibility, causing significant
QE variations between film growths. These challenges arise from three key fac-
tors:

(1) Stoichiometric Sensitivity:

High QE is confined to a narrow stoichiometric range. Both theoretical and ex-
perimental studies indicate that the Nay;KSb phase primarily contributes to QE,
with high photosensitivity achievable only within specific Na/K (2.5-1.0) mo-
lar ratios under alkali-sufficient conditions,?? while deviations from this window
severely degrade performance.

(2) Reaction Kinetics:

Na over-saturation remains a persistent issue, as Na readily substitutes for K
even in low vapor pressure.*’ This substitution is nearly irreversible under standard
growth conditions, rendering the final composition highly sensitive to reaction
kinetics (temperature and time). The narrow stoichiometric window for NasKSb
formation further exacerbates reproducibility challenges.

(3) Uncontrolled Alkali Flux:

Many synthesis methods rely on alkali dispensers, which exhibit large flux vari-
ations and unpredictable decay with time, likely due to inconsistencies in product

manufacture, mounting/contact resistance, and degassing duration.
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Due to the difficulties and uncertainties mentioned above, experiments often
highly rely on operators’ experience—factors that are difficult to standardize across
laboratories. Consequently, growth optimization often follows trial-and-error ap-
proach, though time consuming, yielding low reproducibility and limited knowl-
edge deepening.

Despite these challenges, our lab has its unique advantages through a combina-
tion of rigorous effort and recent improvements in alkali source technology:

(1) In-situ XPS:

As to be described in Section 3.4, XPS provides critical insights into contam-
ination and stoichiometry, enabling rapid and accurate diagnosis of problems in
film growth, especially for non-photosensitive films, as a common situation dur-
ing new recipe development. This ensures that each experiment yields valid data
for further optimization.

(2) Triple evaporation chamber with the controllable alkali sources:

The new chamber equips effusion cell loaded with SAES AlkaMax pills for
alkli source, which deliver more stable alkali flux (as measured by QCM in Section
3.2.2), enabling precise growth parameter control.

These technical advancements establish the foundation for quantitative growth
parameter optimization and provided the basis for all the results presented in this

study.
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3. Experimental methods

3.1. Substrate Preparation

Molybdenum (Mo) substrates were selected for film growth in this study due
to their high thermal and electrical conductivity, making them suitable for high-
current operation in RF photoinjectors. Additionally, Mo’s high melting point
(2623 °C) minimizes its diffusion into photocathode films, and its compatibility
with alkali antimonides film has been well studied by previous researchers.>43-44

As illustrated in Figure 3.1a, an all-Mo plug integrated with a flag-style sample
holder was used for routine experiments. This type of substrate was employed
for nearly all recipe development in this work, as it withstands repeated surface
cleaning at higher temperatures than the gun-compatible Mo plug, as called real-
Mo plug (Figure 3.1b). Its substrate is secured to the holder via a Cu-Be alloy
crown-shaped spring, specially designed for photocathode transfer to SEALab.*

The Mo substrate was mechanically polished sequentially with diamond paste
(6, 3, and 1 um) and finished with a 0.05 yum OP-U silica suspension to achieve
a smooth surface. Subsequent ultrasonic cleaning in acetone and isopropanol
(10 min each), followed by ionized nitrogen drying, removed residual polishing
compounds and organic contaminants.

White-light interferometry revealed a surface roughness (R,) of ~10 nm at the
plug center as shown in Figure 3.1c and d. Despite being made of high-purity
molybdenum and finely polished, relatively deep and wide scratches are still visi-
ble in random direction. As measured by AFM, the large scale scratch in the top
left corner of Figure 3.1f is approximately 100 nm in depth and 600 nm in width.

Additionally, surface particles were observed in Figure 3.1d and e. Dry ice
cleaning (CO, flakes + high-pressure Nj) could be a solution to remove these

surface contamination, however, at the risk of damaging the edge of the plug.

Before going in the deposition chamber, the Mo plug is placed in 0.1 M citric
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acid in ultrasonic bath for 10 minutes to dissolve the surface oxide and cleaned
with de-ionised water to remove the solution. Then it is cleaned with ultrasonic
bath in acetone and isopropanol and blown dry with nitrogen and transfer into the
preparation chamber, where the Mo plug is heated to 550 °C (all Mo plug)/230°C
(real Mo plug) and sputtered with argon (Ar) ions to ensure surface cleanliness.
This process is repeated until no contamination peaks, such as oxygen (O), carbon
(C) are detected in the XPS spectrum.

Figure 3.1: Mo substrates and their surface roughness measurements: Pictures
of all-Mo plug for recipe development (a) and real-Mo plug (b) designed for
SEALab; white light interferometry (WLI) images of real Mo plug in (c) 20x
magnification and (d) 50x magnification; (e) and (f) for atomic force microscopy
(AFM) images of real Mo plug in 10 um x 10 um area.

3.2. Na-K-Sb Photocathodes Growth Chamber

This section describes the two ultra-high vacuum (UHV) preparation chambers
used for the growth of Na-K-Sb photocathodes in this thesis: the dispenser cham-

ber and the triple evaporation chamber. The dispenser chamber was used for the
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experiments presented in Section 4.1, while the triple evaporation chamber was

used for the rest of the work.
3.2.1. Dispenser Chamber

Since 2014, a UHV system has been successfully used for the growth of Cs-
K-Sb photocathodes.? A detailed description of this system can be found in the
PhD thesis of Martin Schmeisser (2019).* Since 2019, several upgrades have been

implemented to this system, as shown in Figure 3.2:

Vacuum system: The original vertical manipulator was replaced with a new
one (UHV Design) with a micro-stepper motor for finer sample positioning and
reduced residual gases production during the movement. The initial pump was

also upgraded to a combination of a scroll pump and a turbo-molecular pump
(Pfeiffer HiCube).

Evaporation system: The anode was separated from the deposition aperture
to reduce measurement error and increase flexibility in experiments. The current
feedthroughs for the alkali dispensers were redesigned for better structural rigidity,

ensuring stable source positioning.

For this study on Na-K-Sb photocathodes, the original Cs dispensers were re-
placed with Na dispensers. The experimental configuration in the preparation
chamber is showing in Figure 3.2: An antimony (Sb) effusion cell, loaded with
99.999% purity Sb beads (Alfa Aesar), is positioned 50 mm from the sample. Op-
erated at 400 °C, it provides a constant deposition rate of 0.2 A/s, as calibrated by
a quartz crystal microbalance (QCM) at the sample position. Following Sb depo-
sition through an 8 mm diameter aperture, the sample is transferred vertically via
the manipulator to the position in front of the Na and K dispensers, where Na and
K can be deposited either sequentially or simultaneously through a 5 mm diame-
ter aperture. Each alkali metal is evaporated using two SAES dispensers, which
are mounted on current feedthroughs and positioned 60 mm from the sample at a

30-degree angle.
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Figure 3.2: (a) Photo of the UHV system in the photocathode lab (as of August
2023), including the preparation chamber, XPS chamber, and transfer system 1.
(D) Internal view of the preparation chamber.

However, a significant limitation of this chamber’s design is the vertical sepa-
ration of the sources: the Sb effusion cell and the QCM are on one level, while
the alkali dispensers are on a lower level. This geometry complicates recipe de-
velopment and prevents the deposition rate measurement of alkali metals. These
constraints have hindered systematic parameter studies and made the reproducible
growth of high-QE Na-K-Sb photocathodes extremely challenging. To overcome
these limitations, a new triple evaporation chamber was designed and commis-

sioned within the photocathode lab as described in next section.
3.2.2. Triple Evaporation Chamber

In June 2023, a cyberattack on HZB paralyzed the laboratory control systems.
And the photocathode team decided to use this time to move the photocathode lab
closer to the SEALab facility, thereby simplifying future cathode transfers, and to

construct a new triple evaporation system designed to overcome the limitations of



3.2 Na-K-Sb Photocathodes Growth Chamber 29

the previous chamber. After a year of dedicated commissioning, the new chamber
was finally in operation by June 2024.*” Following three months of testing and
optimization, the first high-performance Na-K-Sb photocathode (TWH11-2) with
a QE exceeding 5% was successfully synthesized in September 2024. Following I

introduce the key features of the new chamber.
3.2.2.1. Ultra-high Vacuum

The triple evaporation chamber uses the same pumping system as the dispenser
chamber, including a primary pump (Pfeiffer HiCube), a main turbo pump, an
ion getter pump (IGP), and a non-evaporable getter (NEG) pump.* Following a
standard vacuum commissioning procedure—including chamber baking, activa-
tion of the IGP and NEG pumps, and degassing of the Sb, K, and Na sources—the
preparation system achieves a base pressure below 1 x 107! mbar. The residual
gas analysis (RGA) spectrum in Figure 3.3, recorded during a photocathode stor-
age lifetime measurement, confirms a low partial pressure of residual gases (e.g.,
H>0, No/CO, COs). The oxygen signal (amu=32) is negligible and buried in the

background noise, indicating an excellent vacuum environment in the chamber.
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Figure 3.3: Residual gas analysis (RGA) spectrum for triple evaporation chamber,
measured on 19 February 2025, showing low partial pressure of residual gases.
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3.2.2.2. Deposition Geometry

The most significant improvement of this system is its capability for simultane-
ous deposition of three elements. The source configuration is illustrated in Figure
3.4: Sb is supplied by a thermal cracker cell (TCC) located 148 mm from the sub-
strate at a 52° angle from the surface normal. The cell is loaded with 99.999%
purity Sb beads (Alfa Aesar). And Na and K are evaporated from effusion cells
positioned 60 mm from the substrate (distance is adjustable) at a 30° angle. Each
cell is loaded with five SAES AlkaMax pills.

During growth, an aperture with an 8 mm diameter bevelled-edge hole is placed
in front of the 10 mm diameter substrate plug. This confines the deposited mate-
rial to the plug’s center, mitigating multipacting and field emission risks in the

photoinjector, as discussed in Section 2.1.

| Preparation
chamber

Jib) °

. e

Figure 3.4: (a) Photo of the newly built triple evaporation chamber for Na-K-Sb
photocathode preparation. (b) Schematic of the deposition geometry. A water-
cooled quartz crystal microbalance (QCM) can be moved into the sample position
to calibrate deposition rates.

The growth process is monitored in-situ via photoemission. Initially, a 520 nm
laser provides high illumination power to detect the small QE. For detailed spec-

tral response measurements, the light source is later switched to the to a Xenon
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lamp and monochromator setup, enabling QE measurements across a 370-700 nm

range.
3.2.2.3. Deposition Rate Measurement

The use of AlkaMax pills in effusion cells offers significant advantages over
traditional dispensers, including extended operational lifetime and superior control
over evaporation rates. This is particularly critical for Na, whose flux must be
carefully regulated during Na-K-Sb growth, as discussed in Section 4.3.2. A single
SAES Na pill contains 10 mg of sodium. With five pills loaded in effusion cell,
the total available Na content is 50 mg—more than a 10 times increase compared
to the 4.4 mg provided by two dispensers. Experimental confirms that this content
is sufficient to grow over fifteen 50 nm Na-K-Sb films. Furthermore, the effusion
cells provide exceptional temperature stability (0.1 °C), resulting in more stable
evaporation rate from Na pills. This is crucial for the success of the experiment
since even minor deviations of a few degrees in the crucible temperature can shift
the Na flux outside the optimal window required for Na; KSb synthesis.

To ensure reproducibility, the deposition rates of Sb, Na, and K are calibrated
before each growth using a water cooled QCM (20°C) positioned at the substrate
location. The element-dependent parameters used for the QCM are listed in Table
3.1.

Table 3.1: Parameters setup for QCM calibration (source: KJLC FTC-2800
operation manual).

Element Density (g/cm®) Acoustic impedance (10° g - cm™2s71)

Sb 6.62 11.49
Na 0.97 1.84
K 0.86 0.87

The calibration sequence follows Sb, Na and K. The Sb deposition rate from

the TCC at a crucible temperature of 420 °C is highly stable, maintaining 0.01A/s
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from the 5th (TWH14) to the 10th (TWH17) growth. During the measurement
the thickness is recorded every 60 seconds after temperature stabilization, and the

whole measurement takes 20 to 30 minutes, as shown in Figure 3.5a.
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Figure 3.5: Deposition rates calibrated by QCM for consecutive growths (TWH 14
to TWH17) at constant crucible temperatures: (a) Sb at 420 °C, (b) Na at 375 °C,
and (c) K at 370 °C.

While, Na deposition rate measurement is the most complicated among the
three elements-pure Na does not stick to a clean QCM crystal in UHV, preventing
direct measurement. Therefore, the Na rate is inferred from the mass increase
during the reaction of Na with a pre-deposited 2 nm Sb layer on the QCM. While

this indirect method yields noisier data, as shown in Figure 3.5b, the calculated
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deposition rate shows minor variations between growths.

The K deposition rate is measured after Na. A gradual decrease of 10-20% is
observed between consecutive growths, as shown in Figure 3.5c. To compensate,
the crucible temperature must be gradually raised after each use (approximately
4.5 hours of operation per growth) to maintain a consistent flux, as detailed in
Table 3.2.

Table 3.2: Crucible temperature settings for six consecutive NasKSb growths.

Crucible temperature (°C) Crucible temperature (°C)
Sample Sample
Sb Na K Sb Na K
(1) TWH14 420 372 370-375 (2) TWHI15 420 373 375
(3) SEAO0 420 375 377 (4) SEAO1 420 377 378-380
(5 TWH16 420 379 381 (6) TWHI17 420 381 383

3.2.2.4. Film Thickness Estimation

The final film thickness is a critical parameter, as it must exceed the electron
attenuation length to maximize QE. While X-ray reflectivity (XRR) is the standard
technique for measuring alkali-antimonide film thickness,*® it is not available in
the triple evaporation chamber. Therefore, the Nas KSb film thickness is estimated
from the calibrated Sb deposition, multiplied by a volume expansion factor of 3.8
as shown in Table 3.3.

There are two reasons to rely on Sb deposition rate to estimate the film thickness-
stability and sticking coefficient: Sb is evaporated from pure Sb beads in TCC,
provides a highly consistent deposition rate across growth runs. In addition, the
QCM is cooled to 20°C, while the growth is at the substrate temperature of 110°C.
Sb has a high desorption temperature (~400 °C), resulting in a sticking coefficient
of 1 at the growth temperature, which has been cross-calibrated with XRR.*® In
contrast, alkali metals have low desorption temperatures, and their temperature-
dependent sticking coefficients are unknown, making their direct QCM readings

unreliable for thickness estimation.
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Table 3.3: Crystal structure data and volume expansion factors for common
alkali-antimonides (source: Materials Project®).

Compound  Structure  Unit cell volume (A%) Sb position Volume expansion factor

Sb - 181.5 6¢C 1.0
Na3Sb hex 237.3 2c 3.9
Na,KSb cubic 463.7 4a 3.8
NaK,Sb hex 298.0 2c 4.5
K5Sb hex 338.2 2¢c 5.8
CsK,Sb cubic 639.4 4a 53
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Figure 3.6: Temperature calibration curves for (a) the all-Mo plug and (b) the
real-Mo plug.

3.2.2.5. Substrate Temperature Calibration

In the experiments, the substrate surface temperature (Tsampie) is not measured

directly but is calibrated from the stage temperature (Tsepge). The relationship
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between these two was calibrated by attaching a thermocouple to the surface of a
dummy plug (Figure 3.6). For consistency, all temperatures reported in subsequent

experimental sections refer to the stage temperature.
3.3. Spectral Response Setup

Spectral response measurements characterize the QE of a photocathode as a
function of the incident light wavelength. The reliability of this measurement
is critical, as the QE curve is used to fit photoemission models and determine
photoemissive properties such as the threshold energy, as detailed in Section 2.3.3.

The experimental setup, initially commissioned by Hans Kirschner,° was re-
cently upgraded by Jonas Dube in 2025. As shown in Figure 3.7, white light from
the Xe arc lamp passes through the monochromator to generate monochromated
light in selected wavelength; alternatively, a diode laser can be guided into the sys-
tem for higher power and sensitivity. The light is then split by a 50:50 beamsplit-
ter (BSW16, Thorlabs), directing one beam to the photocathode in the preparation
chamber and the other to the photodiode for simultaneous power monitoring. The
emitted photocurrent is collected by an anode and measured with pA-meter Keith-
ley 6487 with a bias voltage of 150 V.

Preparation i

b 4 e ' , Chamber
. = = = : _7 il

Figure 3.7: Schematic of the upgraded spectral response measurement setup.

For Na-K-Sb photocathodes, the spectral response is typically measured in vis-
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ible range (370-700 nm). The QE and its uncertainty (AQE) are calculated as

follows:
~1240(eV-nm) - (Jpn(A) — Ldark)

A (Pph()‘) - Pdark)

saroy=aron(31) ¢ (30) + (32) oo

where I;n(A) and Igu« are the measured photocurrent and dark current, Py ()

QE(X) 3.1

and Py, are the light power and dark power and A is the wavelength in nm.

The key advantages of this upgraded system are its high responsibility and
precision: Unlike the previous design, where the measurement of photocurrent
and light power have to be done sequentially with a rotatable periscope, now they
can be measured simultaneously. The fixed optical path maintains a consistent
light spot position on the sample, enabling direct comparison between successive
QE maps.

In addition, the fully enclosed light path minimizes background light, reducing
the detected background below 0.01 pW. This significantly reduces the QE uncer-
tainty, particularly in the high-energy range where monochromated light power is

low, as demonstrated in Figure 3.8.
3.4. X-ray Photoelectron Spectroscopy

In-situ X-ray photoelectron spectroscopy (XPS) is employed in this research
to investigate the stoichiometry and elemental chemical states on the surface of
thin-film alkali-antimonide photocathodes. This information is valuable for deeper
understanding the growth mechanism, correlating them with photoemissive prop-

erties, and finally guiding the optimization of growth processes.
3.4.1. Fundamental Principles

In XPS experiments, samples are irradiated with an X-ray beam, causing the
emission of photoelectrons that are subsequently analyzed by an electron spec-

trometer. For conductive materials, the sample’s Fermi level aligns with that of
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Figure 3.8: Comparison of spectral response curves measured with the old
(TWH15) and new (TWH25) optical setups, showing a significant reduction in
QF uncertainty at high photon energy region in the blue box.

the spectrometer. This alignment allows the principle of energy conservation to be
applied:”!
Ex = hv — Ef — ¢ (3.3)

where Fy is the measured kinetic energy of the emitted electron, Av is the incident
X-ray photon energy, Ef is the binding energy of the core-level electron relative to
the Fermi level, and ¢, is the work function of the spectrometer, calibrated using

a clean silver (Ag) sample.

Figure 3.9a shows a representative XPS survey spectrum taken during the cal-
ibration of electron spectrometer with a Ag sample, where intensity is plotted
against binding energy. The primary peaks corresponding to Ag core levels (3s, 3p,
3d, 4d) are clearly resolved, excited from the direct photoemission of core-level
electrons. Additionally, Ag MNN Auger peaks are present. Unlike photoelectron
peaks, Auger peaks appear at a fixed kinetic energy, independent of the excitation
source. This can sometimes lead to peak overlap, for example, the Na KL;Lo3

Auger peak coincides with the O 1s peak when using an Al Ko source. To miti-
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gate this, a Mg Ka source is often employed for detection of oxides in Na-K-Sb

films.
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Figure 3.9: XPS spectra from a cleaned Ag sample, measured with an Al anode for
spectrometer energy calibration (medium magnification mode, 7x20 mm entrance
slit, 10 eV pass energy): (a) Survey scan and (b) Ag 3d region scan, showing a
FWHM of around 1.07 €V for the Ag 3d5;, peak and peak area of 16.8 kcpseV over
background.

Although X-rays penetrate micrometers into the material, the detected signal is
highly surface-sensitive, typically originating from the top few nanometers. This
1s due to the short inelastic mean free path (IMFP) of electrons, which ranges from
5 A to 30 A for kinetic energies between 100-1500 eV.>> The sampling depth is
described by Beer-Lambert’s Law:

Lini(2) = Lint(0) exp(—2/Asin 6) (3.4)

where [y (2) is the intensity from atoms at depth z, [;,(0) is the intensity from
surface atoms, 6 is the electron take-off angle relative to the surface plane, and A
1s the IMFP. The characterization depth of XPS is usually expressed as the depth
of 3\ sin 6, because approximately 95% of the signal originates from this depth.
Varying the X-ray source (Al Ka at 1486.6 eV, Mg Ko at 1253.6 eV) changes the
kinetic energy of the photoelectrons and thus the IMFP, enabling depth-dependent

analysis. Angle-resolved measurements were not feasible in our setup due to the
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unfocused X-ray source, which would lead to an increased sampling area and sig-

nal contamination from the inhomogeneous film edges, as shown in Figure 4.9a.

The background signal in XPS spectra increases monotonically with binding
energy. This arises from photoelectrons that undergo inelastic scattering while
traveling to the surface, losing energy and contributing to the signal on the higher-

binding-energy side of primary peaks.
3.4.2. XPS Experimental Setup

As shown in Figure 3.4, the XPS analysis chamber is directly connected to
the preparation chamber, a configuration that was preserved during the laboratory
relocation. Samples are transferred between chambers under ultra-high vacuum
(UHV) conditions (pressure maintained in the 1071 mbar range) using the same

vertical manipulator.

Within the XPS chamber, the electron spectrometer (SPECS Phoibos 100 CCD)
is positioned at a 54° angle relative to the dual-anode X-ray source (SPECS XR-
50, Mg/Al) in the horizontal plane. The X-ray source is unfocused and non-
monochromatic, producing a broad illumination area. However, the acceptance
of the analyzer lens system imposes narrow constraints on the position and emis-

sion angle of the detected photoelectrons.

Consequently, alignment of the sample center is essential before each measure-
ment, particularly for triple evaporation samples which exhibit inhomogeneity in
the edge (Figure 4.9a). The sample plane is positioned 40 mm from the analyzer
to maximize signal acceptance. The center position (X, Y, Z) is calibrated by
translating the sample to maximize the peak intensity of the Sb 3d;, transition at
526.3 eV, with the final coordinates determined to be (0, 0, 641), as illustrated in
Figure 3.10.

The energy resolution of the instrument was characterized using the Ag 3d; /-

peak. The measured full-width-at-half-maximum (FWHM, A Egwpuwm) results from
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several contributions:
AEpwim = (AE + AE2 + AE2)'? (3.5)

where AFE, is the natural linewidth of Ag 3d;/, peak equals to 0.33 eV,> and
AFE,=0.85 eV is the energy width of Al Ka source.”* With a measured A Frwim
of 1.07 eV (from a fit using 60% Lorentzian and 40% Gaussian components), the
analyzer resolution AFa is calculated to be 0.56 eV at a pass energy of 10 eV,
contributing to an additional 0.15 eV FWHM.

Standard XPS operations were performed using either Al Ko radiation at 250 W
or Mg Ko at 200 W. The analyzer was operated in medium magnification mode
with a 7x20 mm entrance slit and a 10 eV pass energy for region scans, consistent

with the spectrometer setup described by Schmeisser.*¢
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Figure 3.10: Alignment of the Na-K-Sb film center for XPS measurement by max-
imizing the intensity of the Sb 3ds o peak at 526.3 eV.

3.4.3. Chemical Composition Calculation

The surface stoichiometry of the photocathodes was determined from high-
resolution region scans of the Na 1s (1065-1087 eV), K 2p (288-310 eV), and
Sb 3d (522-550 eV) core levels, acquired with a 10 eV pass energy. After applying

a Shirley background subtraction, the atomic concentration ratio of an alkali metal
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(A = Na or K) to antimony (B = Sb) is calculated using the standard formula:

C[A] _ ]int[A] . Tcs [B] ) /\imfp[B] ’Ttran[B] (3 6)
C[B] ]int[B] Ocs [A] : )\imfp [A] : 71tran [A] ’ .

where c is the atomic concentration, [j, is the peak intensity (background-subtracted
peak area), o is the photoionization cross-section,>> Aimfp 18 the inelastic mean
free path (IMFP),>%>7 and Ty, is the energy-dependent transmission function of
the electron analyzer.

A critical consideration is the difference in IMFP for the various core levels, as
summarized in Table 3.4. The IMFP for Na 1s photoelectrons is significantly lower
than for K 2p and Sb 3d, making the measured Na concentration more surface-
sensitive. In addition, the characterization depth of XPS (governed by the IMFP
of high-energy photoelectrons) is significantly smaller than the attenuation length
for the low-energy photoelectrons excited by green light, and will be discussed

further in Section 4.5.1.

Table 3.4: Inelastic mean free path (IMFP) and normalized photoionization cross-
sections for relevant core levels excited by Al Ko and Mg Ko radiation.>>%

Alka Mgka
Element
IMFP (A) Cross Section | IMFP (A) Cross Section
Na 1s 15.9 8.52 9.15 7.99
K 2p 35.4 3.97 29.9 4.04
Sb 3d 29.9 27.7 3.97 27.3

3.4.4. Chemical Shifts

The binding energy of a core-level electron is sensitive to its local chemical
environment. The resulting binding energy difference relative to the pure element,
is called the “chemical shift”.

In general, the formation of cations leads to an increase in binding energy (pos-

itive shift), while the formation of anions results in a decrease (negative shift).
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This is primarily an initial-state effect, governed by changes in the electrostatic

potential. A modified point charge model describes the chemical shift (AE}) as:!
AEi = ]qui + ZAVM + AER (37)

where kAg; represents the change in potential of atom ¢ due to the gain (nega-
tive) or loss (positive) of electrons, [AV)y is the change in the Madelung potential
from the surrounding crystal lattice, and A Fjy is the final-state relaxation energy

correction.

For many elements, the charge transfer term (kAgq;) dominates. This is clearly
observed in antimony, where the Sb 3d peak exhibits a linear shift with the charge
transfer.”’® Consequently, the Sb chemical shift serves as an effective indicator of
whether antimony has fully reacted with alkali metals to form A3Sb (A = Na or K)

compounds, as demonstrated in Section 6.2 for K-Sb series compounds.

However, for heavy alkali metals (K, Rb, Cs), the final-state relaxation term
(AER) is significant. Their large atomic radius leads to delocalized valence elec-
trons and extremely efficient relaxation in the metallic state. This results in a
greater relaxation energy in the pure metal than in its compounds, often caus-
ing a negative binding energy shift in their compound,®® as well as in alkali-

antimonides.3!-22-60

3.4.5. Interference and Solutions

When analyzing semiconductor materials like Na-K-Sb compounds, two phe-
nomena can interfere with the measured binding energies: charging effects and

Fermi level pinning at the surface.

Charging effect: Although the conductivity of small band gap semiconduc-
tors (for example the alkali-antimonides) are sufficient to maintain good electrical
contact with spectrometer, the possibility of surface charging during XPS analysis
must be ruled out: multiple region scans of the Sb 3d peak were acquired at the

beginning and end of each measurement sequence. As shown in Figure 3.11, the
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relative peak shift of the Sb 3d level was less than the measurement step size of
0.1 eV, confirming that no significant charge accumulation occurred.

A separate problem observed was a decrease in peak intensity (up to 5%) be-
tween the first and last scan. This is attributed to the degassing from the anode,
whose bypass is directed facing the sample surface, causing a pressure increase
to several 10~ mbar. This degassing also reduced the QE of the photocathode
by approximately 50%. While the exact mechanism remains unclear (as no RGA
data was collected and no obvious oxygen peak was detected), most of the lost QE

could be recovered by depositing a small amount of K at 110°C.
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Figure 3.11: Region scans of Sb 3ds o were acquired at the beginning (First scan,
Second scan and Third scan) and at the end (50 minutes later, Last scan) of the
XPS measurement sequence of TPOI1. The peak positions are highly consistent,
indicating no significant charge accumulation during XPS analysis.

Surface Band Bending: The Na-K-Sb system contains both n-type (e.g., hexag-
onal K3Sb, NasSb, NaK,Sb) and p-type (e.g., cubic K3Sb, NasKSb) semicon-
ductors, which exhibit different band bending behaviors at interfaces. Given that
the XPS characterization depth (5-11 nm) is much less than the film thickness
(~50 nm), the measured binding energies mainly reflect the band bending at the
surface.

At the surface, Fermi level pinning induces surface band bending (Figure 3.12).

For p-type semiconductors, this typically shifts core-level peaks to lower bind-
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ing energies, while n-type doping causes a shift to higher binding energies.®!-%?

The band bending in p-type alkali-antimonides like Cs3Sb has been estimated at
~0.3 eV with a space-charge region extending 10 nm.®® The exact magnitude de-
pends on carrier concentration and surface states, requiring experimental confir-
mation for each material, as discussed in Section 6.4.3.

The Auger Parameter: To minimize the energy reference problems including
surface band bending, the modified Auger parameter o/ can be used. It is defined
as the sum of the Auger electron kinetic energy (Fx(C1C5C3)) from C1, Cy and
('3 core level and the XPS photoelectron binding energy (Eg(C')) from core level
C:

o = Fx(C1Cy,C3) + E(C) (3.8)
Since both energies are similarly affected by band bending or charging, their in-
fluences largely cancel in the sum. While, the actual situation is much more com-

plicated than what is discussed, but the use of o/ can normally significantly reduce

the influence of surface band bending.

P~ Ps

Metal P-type Vacuum Metal N-type Vacuum
Semiconductor Semiconductor

Figure 3.12: Schematic band bending model of thick p-type (left) and n-type
(right) semiconductor films on metal substrate with a higher work function.’-%?
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4. Na-K-Sb Growth Studies

This chapter details the development of growth process for Na-K-Sb photo-
cathodes, with a primary focus on a novel triple evaporation method. This method
enables, for the first time, the reproducible growth of Na-K-Sb films with stoi-
chiometries approaching the ideal Na; KSb composition, achieving QE of approx-
imately 5% at 520 nm. Utilizing this controlled growth method, key photoemis-
sive properties of the Na-K-Sb photocathodes—including surface QE homogene-
ity, storage lifetime, and spectral response—are systematically investigated. This
work also establishes clear correlations between the key growth parameters, the
final stoichiometry, and the resulting photoemissive properties, thereby providing

a framework for the rapid optimization of Na-K-Sb photocathodes.
4.1. Dispenser Chamber Based Experiment

This section provides an overview of preliminary studies on the growth process
of Na-K-Sb photocathodes in the dispenser chamber, covering both sequential and
alkali co-deposition methods. Throughout this study, substrate temperature is rep-
resented by stage temperatures: a calibration curve between the two is provided in
Figure 3.6a (old chamber).

4.1.1. Modified Sequential Deposition

The modified sequential deposition protocol follows Cultrera’s recipe,” but em-
ploys a lower substrate temperature due to reduced alkali metal flow rates caused
by the large dispenser-to-sample distance in the chamber (see Section 3.2.1).

The growth process begins with the deposition of 40 nm Sb at 90 °C (rate: 0.2 A/s)
through a 5 mm diameter aperture. Subsequently, K dispensers are activated (6 A
per dispenser), while the photocurrent is monitored under 515 nm illumination
(Figure 4.1). At this temperature, K reacts with Sb to form K3Sb, typically achiev-
ing a QE of ~0.1% upon a duration of ~3 hours. XPS study of the K-Sb phases
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is detailed in Section 6.2.

Following K3Sb formation, the substrate temperature is increased to approx-
imately 150 °C for Na deposition. The photocurrent drops to zero shortly, as
the K3Sb phase become unstable at elevated temperatures. Previous studies have
shown that K3Sb dissociates at temperatures above 120 °C.38

At 130 °C, Na dispensers are activated (5.75-6 A per dispenser), while K dis-
pensers remain on to compensate for K loss at high temperatures. The photocur-
rent initially rises, peaks, and then declines due to Na oversaturation—a conse-
quence of the low Na/K equilibrium vapor pressure ratio in Na-K-Sb phases.”*°
For instance, in the growth of sample WH13 (Figure 4.1), the Na dispensers were
turned off 5 minutes after the photocurrent plateaued at 150 °C, resulting in a
slightly Na-oversaturated Nas 2K 9Sb film. Notably, the photocurrent decreases

as the substrate cools (Figure 4.1, after 250 minutes).

7x107°
\q\ Pressure (mbar) J14x10°
4 1x10°
Temperature (°C) | 188
4 50
K dispgnseron | |
. 40 F . Naon _ |
< | Lo §
£ 30l Switch of Na dispenser L
e (5 mins after current stable) /1|
o : S
g 20f | | _
-g Optimize : : :
i 10 aperture position : |, decreases as
\1 f\ r temperature goes down,
0 Ltaia ey 2 indicating Na oversaturation.
145 207 225
0 50 100 150 200 250 300 350
Time (min)

Figure 4.1: Sequential growth process of Na-K-Sb photocathode film (WH13).

Although Na oversaturation can theoretically be compensated by additional Sb
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and K deposition,” the dispenser chamber’s design—where Sb and alkali sources
located in two height layers—makes this impractical. Thus, Na dispensers must
be turned off immediately after photocurrent plateauing to minimize this oversat-

uration.
4.1.2. Alkali Co-Deposition

The alkali co-deposition method was developed to enhance the success rate
(>50%) and simplify the growth process, offering a more practical approach for
routine fabrication by providing a larger time window for each step.

As shown in Figure 4.2, this method also begins with the deposition of a 40 nm
Sb layer, followed by direct heating of the substrate to 150 °C. At this temper-
ature, both K and Na dispensers are activated (K: 5.75-6 A per dispenser; Na:
5.25-5.5 A per dispenser), with the K flow rate maintained significantly higher
than that of Na. Alkali co-deposition proceeds for approximately 3 hours, during
which the photocurrent rises. To accelerate the formation of NayKSb phases, the
substrate temperature can optionally be increased. Typically, in the final stage, the
temperature is raised to 180 °C for 20 minutes before the Na dispensers are turned
off. The sample is then cooled with the K dispensers remaining active until 90 °C
to minimize decomposition of the Na-K-Sb phases.

This recipe mitigates the Na oversaturation, a common issue in earlier exper-
iments. However, the resulting stoichiometric Na/K ratio (<2.0) often deviates
from the optimal value reported by Sommer.” Consequently, the measured QE

(515 nm) for co-deposited films—e.g., WH17 (Na; 5K; 3Sb) at 2.3%—remains

lower than literature values over 5% in 515 nm.2*

4.1.3. Discussion of the Two Growth Procedures

The co-deposition method enhances both the success rate and practicality of
Na-K-Sb photocathode growth by exploiting the low equilibrium vapor pressure
ratio of Na to K required for NapKSb phase formation. Compared to the sequen-

tial method, co-deposition employs a significantly lower Na flow rate and longer
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Figure 4.2: Alkali metal co-deposition growth process of Na-K-Sb photocathode
film (WH17).

deposition time, reducing the need for precise control.

In the sequential method, achieving the phase transition from K3Sb to Na; KSb
necessitates a higher Na deposition rate, resulting in an extremely short response
window. For instance, delaying the termination of Na deposition by just 5 minutes
after photocurrent plateauing leads to oversaturation (Figure 4.1). In contrast,
the co-deposition method provides a larger time window for Na deposition. As
long as the final K/Sb stoichiometric ratio remains between 1.0 and 2.0, the QE

consistently exceeds 1% (Section 4.1.5).
4.1.4. Reaction Mechanism in Alkli Co-Deposition

Combining the possible phases in Na-K-Sb system?® and multiple experimental

data, the co-deposition growth process is concluded into two key steps:

(1) Addition Reaction:
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K and Na simultaneously react with Sb, while the higher K flow rate enhances
the formation of K dominated phase, yielding a Na-K-Sb compound with K/Na >
2. Since no NapKSb phase is generated, no photocurrent is observed in this stage

(Figure 4.2, 0—125 min), the reaction is described by:

(2+m)K(g) + (1 — m)Na(g) + Sb(s) — (Naj;_,,,, K;;,)KaSb(s), 0<m < 1.
@.1)

(2) Substitution Reaction:
At 150-180 °C, Na gradually substitutes K resulting in the formation of NasKSb

and increasing photocurrent:

(Naj_,,,, K;;,)KoSb(s) + mNa(g) — NaKySb(s) + mK(g), 0<m < 1. (4.2)
NaK,Sb(s) + Na(g) — NayKSb(s) + K(g) 4.3)

Prolonged Na deposition leads to NasSb formation and photocurrent decay:

Nay,KSb(s) + Na(g) — NasSb(s) + K(g) 4.4)

Samples WH14 and WH16 (Table 4.1), grown under identical co-deposition
conditions (K flow > Na), demonstrate this mechanism: WH16 extended 6-hour
reaction (vs. WHI14’s 3 hours) reduced the K/Sb ratio from 1.6 to 0.5 due to
continued Na substitution. These results align with literature reports of a Na/K
equilibrium vapor pressure ratio < 1:50.3840

Furthermore, the high stability of Na-rich phase like NasSb was confirmed by
depositing K for 2 hours on the Na-oversaturated sample WHOG6 (Table 4.1). The
negligible change in K/Sb ratio confirms that Na-Sb phases are more stable*® and
cannot be reversed by subsequent K deposition alone.

These experiments further proved the two critical aspects governing Na-K-Sb
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Table 4.1: Stoichiometry and QF at 515 nm of 15 Na-K-Sb photocathodes grown
in dispenser chamber

Sample Method QE  Stoichiometry (Na:K:Sb) Na/K (Na+K)/Sb

WHO04 co-dep 0% 1.3:0.6:1.0 23 1.9
WHO05 co-dep 0% 2.2:0.8:1.0 2.7 3.0
WHO06 co-dep 0.5% 2.3:0.4:1.0 5.9 2.7
WHO06+K - 0.4% 2.6:0.6:1.0 4.8 3.2
WHO07 seq 0% 1.8:0.5:1.0 3.7 2.3
WHO08 seq 0.2% 0.9:2.1:1.0 0.4 3.1
WHO09 seq 2.6% 2.1:1.2:1.0 1.7 34
WHI0 seq 0.5% 0.7:1.3:1.0 0.6 2.0
WHI11 seq 0.5% 2.4:0.7:1.0 33 3.1
WHI12 seq 0.3% 2.6:0.4:1.0 6.7 29
WH13 seq 1.3% 2.2:0.9:1.0 2.5 3.1
WH14 co-dep 2.3% 1.7:1.6:1.0 1.1 33
WH15 seq 0% 0.9:2.3:1.0 0.4 3.2
WHI16 co-dep 0% 2.4:0.5:1.0 4.5 2.9
WH17 co-dep 1.9% 1.5:1.8:1.0 0.8 34

photocathode growth: The extremely low equilibrium vapor pressure of NasKSb
phase and high stability of Na-rich phase. These two characteristics also highlight
the differences between Na-K-Sb and Cs-K-Sb film growth. In Cs-K-Sb system,
the substitution reaction of K by Cs is reversible, and can be adjust in equilibrium
conditions: During alkali co-deposition of Cs-K-Sb, the Cs-to-K flow rate can
be maintained at approximately 1:1% and the final Cs/K stoichiometric ratio in
the film can be adjusted and depends on the Cs-to-K flow rate.*® However, the
substitution reaction of K by Na is irreversible, and the extent of reaction has to
depend on the control of reaction speed (temperature/ alkali flow rate) and reaction

time.
4.1.5. Stoichiometry and Quantum Efficiency

To identify the optimal stoichiometric range for high QE, I analyzed the surface

composition of 15 Na-K-Sb films using XPS. Measurements were performed at
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room temperature within 12-24 hours post-growth. The K/Sb ratio is more reliable
than Na/Sb due to the similar inelastic mean free paths (IMFP) of Sb 3d and K 2p,
whereas the IMFP of Na 1s is only half that of Sb 3d in Al Ka.

As shown in Table 4.1, samples with QE > 1.0% consistently satisfy two cri-
teria: sufficient alkali content and optimal K/Sb ratio. All high-QE films (WHO09,
WH13, WH14, WH17) meet the stochiometric conditions of alkali to Sb ratio ~
3, and the K to Sb ratio between 0.9 to 1.8.
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Figure 4.3: Chemical Composition (given by K/Sb ratio) and QF of Na-K-Sb and
Cs-K-Sb*° photocathode films, QE for Na-K-Sb measured at 515 nm and for Cs-
K-Sb at 532 nm.

In order to explore the impact of stoichiometry as a single factor on the QE,
excluding the alkali-deficient samples (WH04, WHO7 and WH10), the QE values
of 12 Na-K-Sb and 9 Cs-K-Sb films and their stoichiometry in K to Sb ratio are
shown in Figure 4.3. Cs-K-Sb system exhibits a broad stoichiometric window
(Cs3Sb to CsKySb) with QE > 2%, and the maximum QE is over 7%. In contrast,
the acceptable window in Na-K-Sb system is narrower, with peak QE observed
for WHO9 (Na, 1K 5Sb) at 2.6%. However, the ideal Na;KSb phase (K/Sb = 2.0),

predicted to achieve at least 5% QE at 515 nm,>* is absent in our database. If
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such a high QE sample exists, it should be present in the gap between WH13
(Nas 9K 9Sb) and WHO09 (Na, 1K; »Sb), which will be discussed in Section 4.5.1.
This very narrow gap underscores the need for finer control of growth parameters,

especially the alkali metal flow rate, for high-QE Na;KSb phase.
4.1.6. Storage Lifetime

The storage lifetime for both Na-K-Sb and Cs-K-Sb photocathode films is pre-
sented in Figure 4.4. All QE measurements were performed in preparation cham-
ber under ultra-high vacuum conditions (base pressure in low 10~ mbar). Here
the storage lifetime (7) is defined as the duration (in days) during which the QE

remains above 1.0% - the optimal operational requirement for photocathodes in
SEALab.

Na-K-Sb films consistently demonstrate superior storage lifetime compared to
Cs-K-Sb. Notably, samples WH14 and WHO09 show exceptional stability, with QE
degradation of <20% after two weeks. In contrast, WH17 (with suboptimal K/Sb
stoichiometry) exhibits significantly reduced stability (7 = 16 days), indicating the

correlation between chemical composition and storage lifetime.
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Figure 4.4: Storage lifetime of Na-K-Sb and Cs-K-Sb*° photocathode films, QE
for Na-K-Sb measured at 515 nm and for Cs-K-Sb at 532 nm.
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Additionally, samples WH09 and WH13 display a QE increase during the first
72 hours, potentially attributable to: evaporation of excess alkali metals or gradual
formation of the NayKSb phase through diffusion. A similar QE increase process

has been reported in Cs-K-Sb systems, though it occurs over a shorter timescale.®
4.1.7. Conclusion

The preliminary experiments successfully demonstrate the growth of Na-K-Sb
photocathode films on Mo plugs, achieving a QE >2% at 515 nm with week-
scale stability. However, the maximum QE achieved (2.6%) remains significantly
lower than literature values (7% at 532 nm),” highlighting unresolved challenges
in stoichiometric control.

Despite depositing 15 films with different compositions, none reached the ideal
NasKSb stoichiometry. Low equilibrium vapor pressure of Na often leads to un-
avoidable Na oversaturation samples and resulting in low QE. While alkali co-
deposition improved success rates, the narrow stoichiometric window for high QE
(Na/K = 2.0) demands finer control.

Additionally, unpredictable alkali flow rates from dispensers led to inconsis-
tent results—identical parameters yielded varying stoichiometries and QE values,

producing irreproducibility and complicating systematic optimization.
4.2. Triple Evaporation Chamber Based Experiments

To address the irreproducibility and stoichiometric control challenges outlined
earlier, critical upgrades have been implemented in the triple evaporation chamber,
including stabilized alkali flow rates via effusion cells loaded with AlkaMax pills
and the triple evaporation setup for simultaneous Na-K-Sb deposition.

This section provides an overview of the studies on the triple evaporation of
Na-K-Sb photocathodes in the triple evaporation chamber. Substrate-stage tem-
perature correlations are calibrated (Figure 3.6, new chamber). However, during
Sb deposition, radiated heating from the Sb thermal crack cell (700 °C, 148 mm

distance) elevates the actual substrate temperature beyond calibrated values.
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For triple evaporation, preliminary experiment (TWH13) revealed a lower thresh-
old at around 110 °C for the growth of high-QE Na-K-Sb photocathode.*’ No pho-
tocurrent was observed at 100 °C, while a 10 °C increase activates the NasKSb
phase formation with the increasing of photocurrent. Therefore, 110 °C was
adopted to conserve alkali sources in the following studies, while theoretically
the combination of higher substrate temperatures and larger alkali flow rates is

also feasible.

Optimal deposition rates were established at 0.01 A/s for Sb, 0.04 A/s for Na
(requiring precise control as it directly governed QE development) and 0.14 A/s
for K (tolerable down to 0.08 A/s or lower). Before each growth, the deposition
rates of the three element are measured with the QCM and adjusted to the optimal
values (Sec. Section 3.2.2). The system demonstrated stable operation without
flux adjustment during growth for the first 10 cycles after AlkaMax pill refills,
after which Na flux decay necessitated manual temperature compensation—for
example, during TWH22 growth (15th film growth), the Na cell required a 0.3 °C
increase every 10 minutes to maintain the increase of photocurrent. Neverthe-
less, this refined growth system represents a significant advancement toward re-

producible high-QE NayKSb photocathodes with precise stoichiometry control.
4.2.1. Triple Evaporation Method

The NasKSb triple evaporation growth procedure, illustrated in Figure 4.5, in-
cludes three phases: simultaneous Na-K-Sb co-deposition at 110 °C (Phase I),
controlled K and Sb deposition for stoichiometric tuning (Phase II) and low-rate

K deposition during cooling to mitigate alkali loss (Phase III).

In Phase I, during simultaneous evaporation of Na, K, and Sb (substrate tem-
perature: 110 °C), QE is monitored via 520 nm laser illumination, and can typi-
cally be observed within 10 minutes after opening source shutter. The increase of
QE follows the logistic growth, and peaking at 4.5% £0.5% in 100 to 150 min-

utes (6-9 nm Sb)—approximately twice as fast as Cs-K-Sb systems, suggesting
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differences in low-energy-photoelectron escape depths (2.4 eV) between the two
systems.** The subsequent QE decline (5-10%) likely causes by Na flux decay.

At the end of Phase I, Na and K deposition rate can be adjusted to maximize QE.
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Figure 4.5: QF (at 520 nm) and substrate temperature in triple evaporation
growth (Tri-1) of four NasKSb photocathode films. (a) TWHI14 (4th growth), (b)
TWH15 (5th growth), (c) TWH16 (8th growth) and (d) TWH17 (9th growth).

In Phase II, the shutter of the Na 1s closed, while Sb and K are continue to
evaporate on the substrate at a desired temperature. This phase is required to obtain
the ideal stoichiometry and improved the lifetime of the photocathode. This phase
1s still in developing process, here we demonstrate 2 recipes (Tri-1 and Tri-2): In

Tri-1, lower substrate temperature (around 90 °C) is adopt to induce surface n-type
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NaKsSb phase formation, aiming at creating downward band bending to reduce
threshold energy.®® In Tri-2, substrate temperature is kept at 110 °C, enhancing
the Na diffusion and the in-depth homogeneity of NasKSb films, as detailed in
Section 5.2.1.

Focusing on Tri-1 (employed for TWH14-TWH17), Phase Il duration varied
from 10 to 35 minutes to refine stoichiometry. For TWHI15-TWHI17, total Sb
deposition (Phases I+II) maintained 220 minutes (rate: 0.01 Als £5%), yielding
13 nm Sb, assuming a sticking coefficient of 1 as measured by Liang .*®* Account-
ing for the 3.8 times lattice space expansion from Sb to NayKSb (Section 2.4.1.2),
final film thickness reached around 50 nm.

In phase III, the Sb shutter is closed and the heater of the sample stage is turned
off to cool down the photocathode to room temperature at 5 °C/min. K deposi-
tion continues at reduced rates (10 °C lower than Phase I) until QE saturation or
substrate temperature below 75 °C. This process mitigates alkali deficiency, pre-

serving QE and storage lifetime.*’

4.2.2. Stoichiometry and Photoemissive Properties

All photocathodes were monitored for four days post-growth to determine their
1/e storage lifetime, followed by spectral response measurements, QE mapping
and XPS analysis. This section presents these results and explores the correlation

between stoichiometry and photoemissive performance.
4.2.2.1. Stoichiometry of the Photocathodes

XPS measurements were conducted after photoelectric characterization, as the
QE was observed to degrade after XPS analysis—Ilikely due to the pressure in-
creases from degassing of the X-ray gun or radiation damage.

The core-level peak shapes and positions for Na, Sb, and K demonstrated high
consistency across all samples (Figure 4.6), highlighting the reproducibility of the
triple evaporation method. The Na 1s peak appeared at 1071.5 eV in all samples,

with no detectable oxide formation of second peak as shown in Figure 4.6a.
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Figure 4.6b shows the region scans of Sb 3d with annotations of Sb’, Sb3~
peaks locating in 528.2 eV and 526.5 eV.°%" The Sb 3d;,, and Sb 3d;, main
peak lie in 526.5 eV and 535.9 eV, respectively, comprising approximately 95 %
intensity. A minor peak is observed at higher binding energy (around 528.0 eV)
corresponding to metallic Sb, likely due to the shadowing effects (Figure 4.9a)
rather than alkali deficiency.

The peak at 532.6 eV between the Sb 3d doublet peaks corresponds to the
Na KL;Ls3 auger peak, which overlaps with the O 1s peak. The samples did not
undergo severe oxidation since no second peaks of Na or K oxides were found in

their spectra, though the peak intensity of the O 1s peak is not measured directly.

— TWH14 Na 1s — TWH14 SbSb3-
— TWH15 — TWHI5 Sb 34 512
— TWH16 — TWH16

— TWH17 — TWH17

(b) sb3d 32
Na KL;Lz3

Norm. intensity (a.u.)
Norm. intensity (a.u.)

ar

1074 1072 1070 1068 545 540 535 530 525

Binding energy (eV) Binding energy (eV)
— TWH14 AE=+0.2eV
T TWHIS 2p 3/2
— TWH16
— TWH17
(C) K2p 1l/2

Norm. intensity (a.u.)

300 298 296 294 292 290
Binding energy (eV)

Figure 4.6: Al Ka XPS spectra of four NayKSb photocathodes synthesis by triple

evaporation method (Tri-1). (a), (b) and (c) are the region scans of Na 1s, Sb 3d

and K 2p, respectively.
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The K 2p3/, binding energy increased progressively from TWH14 (293.2 eV)
to TWH17 (293.4 eV). This shift suggests extended Phase II duration in TWHI16
and TWH17 potentially influencing their peak positions by enhanced surface NaK,Sb
formation. Further investigation of this trend is presented in Section 6.4.3.

Additionally, stoichiometry calculated from XPS (Al ka) (Table 4.2) revealed
high Na mobility during growth. For sample in TWH17, despite depositing an
additional 2.2 nm Sb (corresponding to 12.7 nm of hexagonal K3Sb) during Phase
IT - a thickness exceeding the 3 times IMFP (4.8 nm) of Na 1s photoelectrons - a
considerable Na concentration is still detected on the surface. This high mobility
of Na helps to explain why the K/Sb ratio plateaued at 1.2 for both TWHI16 and
TWH17 despite extended Phase II deposition times. These observations demon-
strate that Na exhibits high mobility in Na-K-Sb phases in the presence of metallic
Sb.

Table 4.2: Summary of growth parameters, stoichiometry and photoemissive
properties of the four Nas KSb photocathodes

Sample Phase II/Total Thickness of Sb ~ Stoichiometry Peak QE 1/e Lifetime

TWH14 0.7/8nm Nay 4K oSbig 6.8% 63h
TWHI15 1.3/13nm Nag2K;2Sbiy  5.6% 220h
TWHI16 1.8/13nm Na; gK;12Sbig  3.1% >500h
TWH17 2.2/13nm Na; gK;12Sbig  3.4% >500h

4.2.2.2. Storage Lifetime and Spectral Response

The photoelectric properties were characterized at the center of photocathode,
the same as the growth monitoring position. The peak QE (highest QE achieved
post-growth) and storage lifetime (7) were measured once the sample stage cooled
below 50 °C. Lifetime values were calculated by fitting the QE decay to function
QF = A x exp(—t/T), where A represents the initial QE as shown in Figure 4.7a
and summarized in Table 4.2.

TWH14 achieved the highest peak QE (6.8%) but the shortest lifetime (63 h),
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correlating to its Na-rich surface (Na/Sb = 2.4, (Na+K)/Sb = 3.4), deviating from
the ideal Nay,KSb stoichiometry. This suggests Na surface enrichment may ac-
celerate the QE degradation (further studied in Section 4.5.2). TWHI15-TWHI17
demonstrated improved stability (7 = 220-500h+) but at the cost of reduced QE
(5.6% to 3.4%). This performance decline correlates with suboptimal Na/K ratios
(<2.0) and increased NaKsSb surface content during extended Phase II deposition
at lower temperatures. These results reveal the limitation of the Tri-1 recipe: the
competing requirements for high QE (needing NayKSb stoichiometry) and long
lifetime (avoiding Na-rich surfaces) cannot be simultaneously optimized. The for-
mation of NaK,Sb on the surface was hypothesized to lower the threshold energy
through band bending, however, this phase instead significantly degraded the QE
because of its low intrinsic QE (Section 6.4). To resolve this, we developed the Tri-
2 recipe that enhances the formation of more homogeneous NasKSb layers with
higher substrate temperature at Phase II, achieving better compatibility between

performance and stability as to be discussed in Section 5.2.1.
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Figure 4.7: Storage lifetime and spectral response of the four Na,KSb photocath-
odes: (a) storage lifetime of NasKSb photocathodes, (b) spectral response curve
taken four days after growth.

Following storage lifetime characterization, spectral response curves were ac-

quired for all four samples four days post-growth (Figure 4.7b). The curve for
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TWH14 is significantly suppressed across the measured spectrum, consistent with
its shorter storage lifetime. In contrast, the spectra for TWHI15, TWH16, and
TWHI17, while similar, exhibit distinct fine structures: the QE of TWHI15 rises
more rapidly between 2.1 and 2.5 eV. These differences in shape suggest varia-

tions in the surface structure, which will be explored in Section 4.6.

4.2.2.3. Surface QE Homogenetiy

To investigate the QE distribution across the film, QE maps were measured 4
days after the growth. Measurements were performed at 520 nm wavelength using
a 2 mm diameter light spot with 1 mm step resolution.

As shown in Figure 4.8, TWHIS5 (Na/K ~ 2.0) exhibited the most homoge-
neous QE distribution, consistent with its near-ideal stoichiometry. Na-oversaturated
TWH14 showed a QE gradient opposite to that of Na-deficient TWH16 and TWH17,
indicating a correlation between QE gradient and stoichiometry variation, which

will be discussed in next section.
4.3. Surface Homogeneity of Na-K-Sb Photocathode Films

This section presents a systematic investigation of surface homogeneity in Na-
K-Sb photocathodes through combined experimental and modeling approaches,
aiming at reducing the inhomogeneity and maximizing the QE in the center of the
film, which is critical for photoinjector applications.

In Photoninjecter, cathode position is fixed and the photocathode laser is focus
on the center of the cathode to make sure the electron beam aligning with the
center line of cavity. However, QE mapping reveals significant QE variations
across the 4 mm radius films (Figure 4.8), with the edge of the film marked by the
white contour line with QE= 1%. The peak QE does not always coincide with the
geometric center, especially for TWH14 and TWHI16.

Given the sensitivity of QE to stoichiometry shown in Figure 4.3 as well as

7,22

indicated by previous researches,”“~ it is reasonable to assume the QE inhomo-

geneity originates from the variations in Na/K stoichiometric ratio, though direct
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Figure 4.8: QF maps of NasKSb photocathodes measured at 520 nm: (a) TWH14,
(b) TWHI5, (c) TWHI6, and (d) TWHI7.

experimental verification proves challenging:

Accurate XPS analysis is avoid by both shadowing effects at the film edges
(Figure 4.9a), and the unfocused X-ray source limiting spatial resolution. The
XPS results (Figure 4.9b) show a K-rich and a Na-rich regions lying on the far left
and far right of the film, corresponding to the K-Sb and Na-Sb corner in Figure
4.9a. The central area (-2 to +2 mm) exhibits a weak gradients of Na/K ratio, but
not clear enough for definitive interpretation. Furthermore, the recipe-dependent
nature of very surface-sensitive stoichiometry measured by Al Ko (Section 4.5.1)

precludes simple universal correlations between different samples.
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Figure 4.9: Demonstration and local stoichiometry measurement of the TWH 14
Na-K-Sb film: (a) illustration of the Na-K-Sb film with shadowing effect in the
edge of the film, and (b) stoichiometry calculated from XPS (Al Ka) in different
positions along the horizontal centerline of the film.

To overcome these limitations, a model has been built to calculate the stoichio-
metric gradients based on geometric parameters, then correlates these predictions
with measured QE maps. This integrated approach enables establishing relation-
ships between growth parameters, reaction kinetics and QE maps, as well as guid-

ing the optimization of the QE.
4.3.1. Model Flux Density on the Film

A coordinate system is established for flux calculations as shown in Figure
4.10, with the Mo substrate positioned in the X-Y vertical plane centered at the
origin. Each effusion cell 1s oriented such that its crucible opening at coordinates
(Xx, Y&, Zi) directs flux toward the substrate center. Given the relatively low sub-
strate temperatures, we neglect surface diffusion effects and model the effusion
cells as ideal Knudsen sources,’® where the angular flux distribution follows the

cosine law.

The flux density J(A) at any point A on the substrate decreases with the inverse
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Effusion cell

Figure 4.10: Schematic of effusion cell, substrate in coordinate system to calcu-
late the flux density distribution across the film.

square of the distance d = |AK| from the source. Considering the oblique angle «
between the flux direction and substrate normal, the effective flux density is:
JTotal - cos(a) JTotal + | 2|
J(A) = 0 = 0)———=- 4.5
(4) = cos(6) ==L = cos(t) s @5)

where Jyo.1 represents the total source flux and 6 is the emission angle relative to

the crucible normal. Normalizing to the central flux density at origin O yields:

J(A) _ [AK[?
70) ~ cos(0) OK|"

Our calculations reveal flux variations across the 4 mm radius film: for Na/K

(4.6)

sources, boundary values range from 90% to 110%, while Sb shows slightly bet-
ter uniformity (94-107%). Figure 4.11 presents the calculated flux density ratios
(Na/Sb, Na/K, and K/Sb), with the film boundary indicated by a white circle.

These flux gradients provide the foundation for understanding stoichiometric vari-
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Figure 4.11: Calculated flux density ratio of (a) Na/Sb, (b) K/Sb and (c) Na/K.

ations across the photocathode surface.
4.3.2. Reaction Model and Stoichiometry

To establish the relationship between flux gradients and stoichiometric varia-
tions in the Na-K-Sb ternary system, a reaction model need to be built, accounting
for the possible competitive reaction between alkali metals and Sb. Unlike binary
systems where stoichiometry directly follows flux density gradients, the ternary

system introduces complexity through competing reactions:

Sb(s) + aNa(g) = Na,Sb(s), 0<a <3. (4.7)
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Sb(s) + bK(g) 3 K,Sb(s), 0<b<3. (4.8)

We consider three distinct kinetic regimes based on the relative reaction rates of 1;

and ro:

Case 1: Sodium-Dominated Kinetics (r; > r9)
This is the most likely scenario, since Na-rich films exhibit higher stability at
elevated temperature as supported by Section 2.4.2, proceeds through two sequen-

tial non-competitive reactions, with the intermediate product of Na,,,Sb:

Sb(s) +mNa(g) — Na,,,Sb(s), 0<m <3. 4.9)
Na,,Sb(s) + (3 — m)K(g) — Na,,K3_,,Sb(s) (4.10)

The Na/K stoichiometry gradient in film center aligns with the Na/Sb flux ratio,
yielding a gradient of vector A =(0.194, 24°).

Case 2: Potassium-Dominated Kinetics (] < 75)

The reverse reaction pathway occurs with the intermediate product of K,,Sb:

Sb(s) + nK(g) — K,Sb(s), 0<n < 3. 4.11)
K, Sb(s) + (3 —m)Na(g) — Nas_,K,,Sb(s) (4.12)

Here, the Na/K stoichiometry gradient follows K/Sb flux, producing vector B =
(0.063, -39°).
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Case 3: Competitive Kinetics (7] ~ 73)

When both reactions compete, the resultant gradient vector C becomes a linear
combination:
C=aA+(1—-0a)B (4.13)

where a € [0,1] represents the relative competitiveness (a = 0.5 for r; = r9 yields
C = (0.092, 0°)).

The model predictions are verified by comparing calculated gradient vectors
(ff, B, C) with measured QE gradient directions in Figure 4.12. This analysis also
provides deeper insights into the reaction kinetics of NayKSb formation in triple

evaporation growth.
4.3.3. Correlation with QE Maps

QE mapping is performed using 520 nm monochromatic light across a 5x5 mm
active area, with measurements taken at the cross of 1x1 mm grid (spot radius ~1
mm). To enable continuous data analysis across the surface, linear interpolation is
applied to the discrete QE data. The QE gradient direction at the center (0,0) was
determined by calculating the angle between maximum and minimum QE values
within a 1 mm radius circle - this approach minimizes uncertainties from both the

exact center position determination and limited active area.

As shown in Figure 4.12, generally, the QE gradient aligns with the Na/Sb flux
density gradient, supporting Case 1 (r; > 79) from the reaction model. This
confirms that under excess K deposition, the QE and stoichiometry are primarily
governed by the Na/Sb flux ratio, consistent with our experimental observations

during film growth.
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Figure 4.12: Experimental measured QF gradient and simulated Na/K stoichio-
metric gradient, where Case 1, Case 2, and Case 3 represent Na-dominant, K-
dominant, and competitive kinetics, respectively. (a) and (b) represent the Na-
deficient (Na/K<2) samples, (c) and (d) represent the samples with near-ideal
stoichiometry (Na/K~2), and (e) and (f) represent the Na-oversaturated samples

(Na/K>2).
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The QE gradients can be categorized into three distinct groups with different

stoichiometric ratio between Na and K, each exhibiting characteristic behavior:

Group 1: Na-deficient samples (Na/K<2)

As shown in Figure 4.12a and b, they display positive correlation between QE
and Na/K ratio, and demonstrate QE gradient directions parallel to Na/Sb flux

gradient.

Group 2: Near-ideal stoichiometry (Na/K~2)

As shown in Figure 4.12¢ and d, They have a near-ideal stoichiometry and show

irregular gradient direction as the optimal composition is achieved near center.

Group 3: Na-oversaturated samples (Na/K>2)

As shown in Figure 4.12e and f, they show an inverse correlation between QE

and Na/K ratio, with the direction of QE gradient anti-parallel to Na/Sb gradient.

This systematic analysis demonstrates that the QE gradient direction serves as an
effective indicator of the stoichiometry. Therefore, theoretically, we are able to
do appropriate fine-tuning after growth to achieve the optimal stoichiometry and

approaching the maximal QE of NasKSb film.
4.4. Maximizing QE in the Center of the Na-K-Sb Photocathode Films

To validate the relationships between QE and stoichiometric gradient estab-
lished in previous sections, we conducted systematic experiments to optimize
the QE in Na-K-Sb photocathodes. Two distinct sample series (TWH22 and
TWHI19) were used to demonstrate fine-tuning methods for Na-oversaturated and

Na-deficient films, respectively.
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4.4.1. Maximizing QE for Na Oversaturated Samples

TWH22 was a slightly Na oversaturated sample synthesis using triple evapo-
ration method described in Section 4.2.1, the duration of Phase II was set to O to
create a Na oversaturated sample. Following initial growth, I implemented step-
wise Sb+K compensation to it including a co-deposition of extra 0.3 nm (5 min,
0.01A/s) Sb and excessive K (0.04A/s) until QE peaks at 110 °C, followed by
standard Phase III, corresponding to Tri-2 recipe. 48-hour storage lifetime mea-
surement and QE mapping was implemented after the initial growth and each 5-
min-Sb+K compensation.

As shown in Figure 4.13, this approach progressive tuned the film properties.
Initial QE gradient of TWH22 (-151°) confirmed Na over-saturation with relative
low QE (4.0%) in the center of the film (Figure 4.13a). After 5 minutes compensa-
tion, 6.0% QE with homogeneous distribution (Figure 4.13b) was achieved. After
10 min compensation, peak QE increased to over 6.5%, locating in the lower left
corner, as shown in Figure 4.13c. After 15 min compensation, the film was tran-
sited to a Na-deficient sample (QE gradient 27°, center QE reduced to 5.5%, as
shown in Figure 4.13d.

This series experiment demonstrates that controlled Sb+K compensation can

effectively optimize Na-oversaturated films to achieve 6% in the center of the film.
4.4.2. Maximizing QE for Na deficient samples

TWH19 series is a parallel experiments on Na deficient sample. The initial
growth procedure is in consist with TWH?22, apart form a reduced Na deposition
rate in Phase I. After the initial deposition, extra 1.8 nm (10 min, 0.03A/s) Na
was deposited onto the film at 170 °C, with K effusion cell on to compensate
K loss until sample cooling down. 24-hour storage lifetime measurement, QE
mapping and XPS was implemented between the initial growth and each 10-min-

Na deposition.

After initial deposition, TWH19 is a Na deficient sample, with 1.4% central
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Figure 4.13: QF maps of TWH22, measured at 520 nm: (a) TWH22, (b) TWH22
+ 5 min Sb+K, (c) TWH22 + 10 min Sb+K, and (d) TWH22 + 15 min Sb+K.

QE, which is too low for QE mapping. After 10 minutes Na-deposition (Fig-

ure 4.14a), the QE gradient is measured to be 19°, corresponding to Na deficient

samples with the center QE increased to 3.8%. After 20 minutes Na-deposition

(Figure 4.14b), the QE in the center increased further to 5.5%, indicating the pos-

itive effect of the QE fine-tuning. After 30 minutes and 40 minutes Na-deposition
(Figure 4.14¢ and d), the center QE fall back to 3.9% and 2.2%, respectively. They

were transited to Na oversaturated sample with their QE gradients measured to be

at around -150°.

This series experiment confirms the Na compensation on Na deficient sample
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Figure 4.14: QF maps of TWH19, measured at 520 nm: (a) TWHI19 + 10 mins
Na, (b) TWHI19 + 20 mins Na, (c) TWHI19 + 30 mins Na, and (d) TWHI19 + 40
mins Na.

can elevate the QE of Na deficient films above 5%.

4.4.3. Reducing Inhomogeneity by Decreasing the Angular Separation
between Na and Sb Sources

The requirements for high-current applications, such as Energy Recovery Linac
(ERL) projects, necessitate photocathodes with a large, homogeneous active area
exhibiting high QE in the center. A larger laser spot size is often employed to

enhance the operational lifetime of photocathode in the gun, making surface QE
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uniformity an important requirement of photocathode. In addition, chemical ho-
mogeneity also helps reduce the MTE of the emitted electron beam and improve

beam brightness in photoinjector.

As established in the previous section, the QE gradient directly aligns with the
Na/Sb flux gradient. Our calculations indicated that the magnitude of this flux gra-
dient, and by extension the resulting stoichiometric and QE inhomogeneity, could
be significantly reduced by minimizing the angular separation between the Na and
Sb sources. To experimentally validate this hypothesis, the source positions is re-
configured, reducing the angle between the Na and Sb sources from 69° to 45°,

the calculation predicting a reduced in inhomogeneity to 61%.

The QE maps of samples TWH25 and TWH26, grown using the Tri-2 triple
evaporation method with this new geometry, are presented in Figure 4.15. Both
maps demonstrate a markedly more homogeneous QE distribution over a large
area compared to films produced with the previous setup (e.g., Figure 4.13), thereby
conclusively confirming the correctness of our assumption that geometric source

arrangement is a key factor in achieving high QE homogeneity.
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Figure 4.15: QF maps measured at 520 nm of (a) TWH25 and (b) TWH26, with
Tri-2 triple evaporation method and reduced angular separation between the Na
and Sb sources.
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4.5. Statistical Results of Stoichiometry and Photoemissive Properties

This section presents the statistical results between XPS calculated stoichiom-
etry and the photoemissive properties of Na-K-Sb series photocathodes, including

QE and storage lifetime, and explores the correlation between them.
4.5.1. QE and Stoichiometry

The QE (measured at 515 nm or 520 nm) and stoichiometry calculated from
Al Ko of 37 Na-K-Sb films is shown in Figure 4.16. Here, we have proved the
assumption from Section 4.1.5, that the qualified Na-K-Sb samples (QE > 3 %,
Storage lifetime > 150 h ) mostly occurs within the optimal stoichiometry zone
of the K/Sb ratio between 0.90 and 1.25, with only 2 exceptional samples grown
with sequential method (TWH12, TWH19+2Na). When the K/Sb ratio is smaller
than 0.90, the photocathode film is either a low QE or exhibiting extremely low
storage lifetime. And when the K/Sb ratio is larger than 1.25, the photocathode
film have a low QE. Additionally, we can see the benefit of triple evaporation
method (square) in fine stoichiometry controlling compared with sequential/alkali-
codepostion method (triangle), since it has a relative smaller K/Sb distribution than

the latter, resulting in a high reproducibility in high-QE photocathode production.

The next step is to explore the correlation between stoichiometry and QE of
the Na-K-Sb photocathode system in the similar experiment condition. Two se-
ries of samples grown with different methods are demonstrated in Figure 4.17,
the growth protocol within the experiment series is same. For both series, the
trend of the curve is similar: there is a optimized K/Sb ratio for the highest QE
sample. However, for Tri-1 series samples, the peak QE (6.3%) occurs at a K/Sb
ratio of 0.95. While, for TWHI19 series samples, which can be seen as sequential
method samples with stepwise Na deposition (details in Section 4.4.2), the peak
QE (5.9%) occurs at a K/Sb ratio of 0.78, much lower than the triple evaporation
samples. Additionally, the K/Sb ratio of TWH19+4+3Na and TWH19+4Na is appar-
ently much higher than acceptable range for photonsentive Na,KSb films,?? but
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Figure 4.16: Surface stoichiometry (from Al Ka) and QFE of 37 Na-K-Sb films
with different growth methods, including triple evaporation in new chamber and
sequential/alkali-codepostion in new and old chamber, with shaded area repre-

senting the optimal stoichiometric zone for high-QF and long-storage-lifetime Na-
K-Sb photocathodes.

still remains over 2% QE.

This illustrates that the attempt of finding universal correlations across different
growth methods is challenging, due to that the growth protocol within the exper-
iments are different. Therefore, as shown in Figure 4.16, the distribution of QE
and K/Sb ratio seems to be quite random within the narrow optimal stoichiometry

Zzone.

This random “misalignment” between QE and stoichiometry possibly can be
explained by the high surface sensitive of XPS analysis. Its characterization depth
1s much shorter than the QE resolving depth, which is assumed to be controlled
by the electron attenuation length with regard to the electron energy. Although no
study found for the direct measurement of the electron attenuation lengths in Na-
K-Sb material system. The attenuation length in another alkali-antimonide Cs3Sb

1s reported to be of is 26 nm for 2.34 eV photoelectrons excited with 530 nm laser
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Figure 4.17: Stoichiometry, QF and storage lifetime of triple evaporated (Tri-1
series) and stepwise Na sequential evaporated (TWH19 series) Na-K-Sb photo-
cathodes.

based on the study of the Seah and Dench, several related experiments or calcu-
lations also obtained similar results.?>317%7! This value is on the same order of
magnitude as the minimal thickness of NasKSb for QE saturation with 2.4 eV in-
cident light during growth, assumed to be 23 to 34 nm. Meanwhile, the IMFP of
photoelectrons excited by Mg Ka and Al Ka X-rays from Na, K and Sb core level
range from 0.9 to 3.5 nm, resulting in a characterization depth (3 times IMFP) only
count for around 30% of the thickness related to photoelectric properties. There-
fore, if the elements are not distributed homogeneous in depth, the stoichiometry
calculated form XPS layer can not reflex the average stoichiometry in the whole
QE resolving thickness.

To instigate the in-depth stoichiometry distribution, XPS is measured with both
Al Ka and Mg Ka X-ray source to conduct the depth-dependent composition anal-
ysis. Al Ka has a relative higher energy than Mg Ko, resulting in a 74%, 19%
and 24% deeper probing for Na 1s, K 2p and Sb 3d core level, respectively. The

stoichiometric gradient of Na, K and Sb is therefore calculated form dividing their
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stoichiometry in Mg Ka (more surface sensitive) by that in Al Ka (less surface
sensitive), with a higher value representing more surface concentrated. Here, to
determine their stoichiometric gradient, the peak areas are collected from the spec-
tra of the Na 1s (1075 - 1068 eV), K 2p (310 - 290 eV) and Sb 3d (550 - 522 eV)
region scans with Shirley background subtraction applied. The energy loss peak
1s not counting in for Na 1s, since it resulting in large uncertainty after Shirley
background subtraction, especially for Mg Ko spectra, where the Na 1s has a high

background noise.

The gradients of Na/Sb and K/Sb and their stoichiometry measured are sum-
marized in Table 4.3 with their maximal QE and storage lifetime (smoothed with
5 pts FFT smooth method and fitting with function QF = A x exp(—t/7)). In
TWH19-series samples, as more Na deposits on the surface, the gradient of Na/Sb
increases gradually from 1.07 in TWH19 to 1.35 in TWH19+4Na, suggesting ex-
tra Na deposition creating a highly Na concentrated surface. Until this value is
similar to the Na/Sb value in Na-Sb system, suggesting the trend of Na sticking to
the surface of the film, which could possibly be explained by the property of Na in
the vacuum.”>”® As a comparison, the gradient of Na/Sb is stable at around 1.16
for triple evaporation samples, except for TWHI16, since the Na diffusion possibly

weakened by the the low substrate temperature during Phase I1.

The result demonstrated that the different deposition methods may resulting
in in-depth inhomogeneity of the the film. This contributes to the deviation in
stoichiometry measurement of the Na-K-Sb film, making it difficult to find the

universal correlations between stoichiometry and QE with current data.
4.5.2. Storage Lifetime and Stoichiometry

The similar analysis process is also adopt to this section, to test the assumption
in Section 4.2.2.2: Na oversaturated will negative affect the storage lifetime of the

sample.

First is to explore the correlation between stoichiometry and lifetime in same
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Table 4.3: Summary of photoemissive properties, stoichiometry and in-depth sto-
ichiometic gradient of NasKSb photocathodes prepared with stepwise sequential
method (TWH19 series), and triple evaporation method with different Phase 11
temperature (TWH22 series, TWH25 and TWHI14-TWH17). Full data is shown in
Section A 4.

Sample Peak QE Lifetime Stoichiometry Na/K Na/Sb and K/Sb Gradient
TWHI19 1.4% 388h*  NagoK;2Sbiy 1.6 1.07/1.10
TWHI19+Na 3.9% 288h  NaysK;1Sbiy 2.0 1.11/1.23
TWH19+2Na 5.9% 263h*  Nag;KpsSbyo 3.1 1.28/1.22
TWH19+3Na 4.2% 80h Nag 9KoSbio 5.0 1.34/-
TWHI19+4Na 2.5% 89h Naz 1Ko 4Sbio 7.8 1.35/-
Na-Sb 0% - Nas oSby o - 1.35/-
TWH22(110°C) 4.7% 500h+ - - -

TWH22+KSb(110°C) 6.2% 500h+ - - -
TWH22+2KSb(110°C)  6.5% 526h - - -

TWH22+3KSb(110°C)  6.3% 279h  Nag3KpoSbiog 2.5 1.16/1.31
TWH25(110°C) 5.1% 500h+*  Na; sKpoSbio 2.0 1.17/1.28
TWH17(95°C) 3.4% 500h+ Na; 9K;2Sb;o 1.5 1.15/1.27
TWH16(73°C) 3.1% 500h+ Na; gK;oSb;g 1.6 1.03/1.25
TWHI15(100°C) 5.6% 220h  NagoK;2Sbiy 1.9 -
TWH14(90°C) 6.7% 63h Nay 4K, 0Sb; o 2.6 -

*The coefficient of determination (COD) of the fitted lifetime curve is smaller than 0.85, due to
the short measurement time.

sample series. As plotted in Figure 4.18 and summarized in Table 4.3, storage
lifetime dropped as the decrease of the K/Sb within the range of 1.3 to 0.4 for
both TWHI19 series and triple evaporation (Tri-1) samples. For TWHI9 series, as
shown in Figure 4.18a, the QE of TWH19 shows only minimal degradation during
the 20 hours’ measurement period, its storage lifetime is assumed to be around
388 hours. As further Na deposition, the 1/e lifetime decreases to around 200-
300 hours for TWH19+Na and TWH19+2Na and around 80-90 hours for sample
TWH19+3Na and TWH19+4Na.

For further confirm the correctness of the above result, all samples prepared in

triple evaporation chamber is shown in Figure 4.19 with their storage lifetime and
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Figure 4.18: Storage lifetime of TWH19 series and TWH22 series Na-K-Sb pho-
tocathodes, (a) TWH19 series, (b) TWH22 series.

500} e eee 500 | . -
S400 1 « ° S 4001 . .
j—? 2 3001 e ., & 300+ . e
B 200t ° e é 200} e
100 . ~ 100 o
r . L °
a [ ) 'Y ° b [ ) )
0 ( ) L 1 1 1 1 0 |( ) 1 1 1 1 1
16 20 24 28 32 386 04 06 08 10 12 14
Na/Sb (Alka) K/Sb (Alka)
500 + o0 o 500+ . ° o o
=400 « ° < 400 o« °
U N N
5| £300¢ o . & 300+ . . .
=| ©200f 82001
100 . 400 .
B [ ] ®
’l(c) - ") *
16 20 24 28 32 36 04 06 08 10 12 14
Na/Sb (Mgka) K/Sb (Mgka)

Figure 4.19: Storage lifetime is shown in the function of the stoichiometry of Na-
K-Sb photocathodes films, (a) and (b) measured in Al Ko, (c) and (d) in Mg Ko.

stoichiometry measured in Al Ka and Mg Ka. And the result show the Pear-
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son correlation coefficient between lifetime and Na/Sb and K/Sb measured with
Mg Ko are -0.84 and 0.88 and that of Na/Sb and K/Sb measured with Al Ko are
-0.73 and 0.72. Therefore, we can consider that the Na oversaturated, is correlated

to the short storage lifetime in Na-K-Sb system.

It is crucial to distinguish that the storage lifetime measured in this UHV envi-
ronment primarily reflects the degradation kinetics of the high-QE NasKSb phase,
rather than its resistance to oxidation. Under this UHV conditions (Section 3.2.2.1),
the partial pressure of residual gases is negligible, as indicated by low O 1s peak in-
tensity in XPS spectra (Figure 6.6f). Therefore, attributing the observed QE decay
to oxidation processes under these conditions is not supported by the evidence. A
definitive evaluation of the material’s oxidation resistance requires dedicated, con-
trolled studies involving exposure to defined partial pressures of oxygen or water

vapor.

4.6. Spectral Response Curve

4.6.1. Photoemission Models and Curve Fitting

This section presents the spectral response curve fitting for Nay,KSb photocath-

odes, following the theoretical models introduced in Section 2.3.3.

The spectral response curve of a representative Na,KSb photocathode (TWH?25,
Na:K ~ 2) is shown in Figure 4.20 and was fitted using three distinct models across

different photon energy ranges:

Urbach model (QE(hv) = exp(A + B - hv)) was applied to the low-energy
exponential tail (1.8-1.9 eV, hv < FEr).

Kane model (QFE(hv) = C(hv — Er)") was used near the threshold (2.0-2.4

eV, hv > Er) to determine the power-law dependence.”

D(hv—Er)3/?
(hv—Er)3/2+~
) 22

Spicer three-step model (QFE(hv) =
mary response range (2.0-3.0 eV, hv > Er

) was fitted across the pri-
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Figure 4.20: Spectral response curve of TWH25, fitted by Urbach, Kane and
Spicer model. Left: QF shown in linear y-axis. Right: QF shown in logarithmic
y-axis.

The fitting parameters for four Tri-2-grown NasKSb photocathodes are sum-
marized in Table 4.4, revealing several key findings:

Threshold Energy Consistency: The threshold energy Fr determined from
both Urbach and Kane models consistently falls between 1.90 and 1.95 eV, with
a difference of less than 0.02 eV between the two methods. This aligns with val-
ues reported in prior publications.®?> An exception was observed in Na-surface-
enriched samples, where Et dropped below 1.8 eV, consistent with Fisher’s re-

t.”> This situation will be discussed separately in Section 4.6.2.

por

Variable Shape Factor: The Kane model shape factor n is not constant across
samples, indicating variations in photon absorption, carrier scattering, or electron
escape mechanisms. This variability contradicts the fixed n = 1.5 assumption in
the Spicer model, leading to larger errors in Ey determination when that model is
used. The value of n is influenced by the growth procedure, as to be discussed in

Section 4.6.2.
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Urbach Energy and Temperature Dependence: The valence band energy
broadening AFE/(T'), derived from the Urbach parameter B (B = 1/AFE(T)), is
approximately 0.04 eV at room temperature. This value is consistent with reports
for polycrystalline Cs3Sb films?® and is typical for the exponential tail width in
disordered semiconductors.’® As theoretically predicted, AE(T) increases with
temperature due to enhanced disorder, rising from 0.043 eV at room temperature
to 0.053 eV at 110 °C for sample TWHI18 (see Section A.3.1). While verifying
the quantitative relationship requires additional experiments at cryogenic temper-
atures.

Table 4.4: Urbach, Kane and Spicer fitting of the four Na;,KSb photocathodes
grown by triple evaporation (Tri-2) method.

Urbach Kane Spicer
Sample QEs200m
B ET C n ET D Y ET
TWH25 | 239 190 | 0.13 136 190|043 276 188 | 5.1%
SEA03 | 259 1.89|0.13 1.18 190|060 396 185| 54%
TWH26 | 25.0 193] 0.09 132 191|060 491 193 | 3.4%
TPO1 | 255 193 |0.10 1.08 195|059 565 1.84 | 4.0%
Average | 25.1 191 |0.11 124 192|056 432 1.88 -

STD | 0.87 0.02|0.02 0.13 0.02 |0.08 1.25 0.04 -

4.6.2. Spectral Response Dependence on Growth Method

This section compares the spectral response of the TWHI19 and TWH22 se-
ries (growth parameters detailed in Section 4.4) to explain the impact of different
synthesis methods.

The spectral response curves (Figure 4.21, summarized in Table 4.5) reveal
distinct trends: For TWH22 (Tri-2 method), the threshold energy Er remained
nearly constant as extra K-Sb layers were deposited. While for TWH19 (sequen-
tial Na deposition), Et decreased from over 1.9 eV to below 1.8 eV after the third
and fourth Na deposition. The latter value is close to the 1.75 eV threshold re-
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ported by Fisher.”” The lower Fr may result from the formation of stoichiometric
NasKSb or from an n-type NagSb surface layer inducing downward band bending

on a p-type Na,KSb bulk.
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Figure 4.21: Spectral response curve of TWH19 and TWH22 series NasKSb pho-
tocathodes. (a) TWH22 series, (b) TWH19 series.

Table 4.5: Urbach and Kane fitting of TWH19 and TWH22 series NasKSb photo-
cathodes.

Urbach Kane Urbach Kane
TWH22 QE TWHI19 QE
B ET n ET B ET n ET
Original | 21.1 192 | 1.37 192 | 4.4% | Original | 223 198 | 1.37 1.92 | 1.3%

+KSb [ 220 189 1.12 193 | 5.8% +Na 21.6 197|147 195 | 3.8%
+2KSb | 22.1 1.89 | 1.09 194 | 59% +2Na 217 182|140 1.82|57%
+3KSb | 220 190 | 1.07 194 | 53% +3Na - - 1.47 1.76 | 3.8%

+4Na - - 145 1.78 | 2.2%

The growth method also influences the Kane shape factor n. The initial n
for both TWH22 and TWHI19 was 1.37. Subsequent K-Sb deposition (TWH22

series) decreased n, while additional Na deposition (TWH19 series) increased it.
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Furthermore, as shown in Section A.3.2, within a single sample, areas with higher
Na concentration exhibit a larger n. However, more experimental data are needed

to determine the correlation between stoichiometry/grown method and factor n.






5. Beam Commissioning at SEALab with Na2KSb Photocathodes 85

5. Beam Commissioning at SEALab with Na:KSb
Photocathodes

This chapter introduces the performance of NasKSb photocathodes as a sub-
system during the beam commissioning at SEALab, conducted from winter 2024

to summer 2025.

The experiment setup of the SRF gun system (detailed in Section 2.1) was
completed in summer 2024. Subsequently, three Na; KSb photocathodes (SEA01-
SEAQ03) were sequentially transferred into the gun for commissioning. The initial
attempt with SEAO1 in winter 2024 was interrupted due to a technical incident
involving the RF-power supply, which resulted in damage to the warm section of
the high-power RF input window. Consequently, no operational photocathode data

were obtained during this first attempt.
5.1. First Successful Beam Commissioning with SEA(2

After the repair, the second commissioning attempt using photocathode SEA02
in spring 2025 successfully achieved first beam in March 2025. The gun sub-
sequently operated for 13 weeks from March to May.'* During this period, the
NasKSb photocathode shows good compatibility with the SRF electron gun and
supported the commissioning of other subsystems—including the laser, cavity, and
solenoid—by providing a stable electron beam at low average currents (1-10 pA),
maintaining a QE between 103 to 10~* despite several vacuum events producing
pressure bursts up to 1 x 107° mbar.

While this demonstrated basic functionality, the achieved QE was insufficient
for high-current applications. Analysis following the run identified two critical
problems requiring urgent optimization before the next commissioning phase in

July 2025:
1) Growth Recipe Optimization
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As discussed in Section 4.1.2, the initial triple evaporation recipe presented a
fundamental trade-off: extended storage lifetime (>500 hours) was achieved at
the cost of reduced QE (~3%), a value less than half that reported in literature®.
Therefore, optimizing a growth recipe capable of simultaneously delivering high
QE and long storage lifetime remained a primary challenge.

2) Transfer Process

Photocathode SEAQ2 exhibited a QE of 2.5% at 521 nm post-growth in the
preparation chamber. However, the QE degraded by one order of magnitude dur-
ing the transfer procedure and lost another order of magnitude after moving from
the warm to the cold section of the SRF gun. The main problem was probably
the surface oxidation due to a high partial pressure of water vapor in the transfer
system, as shown by residual gas analysis (RGA) data in Figure 5.1.

It is urgent to solve these two problems—recipe refinement and transfer in-

duced degradation— for the success of the subsequent beam commissioning.
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Figure 5.1: Residual gas analysis (RGA) spectrum of transfer system 2, measured
on 13 March 2025, one week prior to the transfer of SEAO2. The high ion current
of water vapor is observed.

5.2. Second Beam Commissioning with SEA03

This section presents the experimental progress and performance of the latest

Nay;KSb photocathode (SEA03) during the second beam commissioning at the
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SEALab photoinjector, including its growth, transfer, and operational results.
5.2.1. Growth of SEA03

Photocathode SEAQ03 was prepared using the optimized triple-evaporation method
(Tri-2), demonstrating reproducibility, and high QE (~5%) with long storage life-
time (>500h). A substrate (real-Mo plug) designed for SEALab was employed.*
Due to the different geometry and thermal mass of this real-Mo plug compared
to the standard full-Mo plug (Figure 3.1), the sample stage temperature was set
to 100 °C during growth. This adjustment compensated for the increased ther-
mal effect due to reduced mass, ensuring the substrate surface temperature was
equivalent to that of previous photocathodes. To improve surface homogeneity,
the positions of the Na and K effusion cells were swapped, reducing the angular
separation between the Na and Sb sources and thereby minimizing the QE gradient

across the film, as discussed in Section 4.4.3.

As shown in Figure 5.2a, the Tri-2 recipe was designed to enhance the com-
patibility between high QE and storage lifetime. In phase I, simultaneous co-
deposition of Sb (0.01 A/s), Na (0.04 A/s), and K (0.12 A/s) proceeded for ap-
proximately 200 minutes, with a Sb thickness of 12 nm. During phase II, the Na
shutter was closed while additional Sb and K were deposited for 7 minutes (0.4 nm
Sb). Crucially, the substrate temperature was maintained at the phase I to enhance
the formation of more homogeneous Nay;KSb layer. In phase III, the Sb shutter
was closed and the sample was cooled while a lower flux of K was maintained.
One day post-growth, the central QE was measured at 5.4%. The color of the film
was similar to sample TWH14 in Figure 4.9.

The QE maps of the SEA-series samples are compared in Figure 5.3. SEA03,
produced with the Tri-2 method, exhibits a significantly higher QE than SEAQ00-
SEAO02 (Tri-1 method). The inhomogeneity, quantified as (Q Fiax—Q Fmin) /@ Fmax
within a 1 mm radius, was 0.14 for SEAQ3, significantly lower than the values of
0.44, 0.30, and 0.46 for SEA00, SEAO1, and SEAO02, respectively. This improve-
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Figure 5.2: The photocathode SEAO3 prepared for the commissioning of SEALab:
(a) QF (at 520 nm) and stage temperature in triple evaporation growth; (b) Spec-
tral response of SEAO3 one day after growth; and (c) Image of the SEAO3 in pho-
tocathode lab in transfer system 1 before transferred into suitcase.

ment in homogeneity is due to the geometry optimization as described in Section
4.4.3.

Due to the urgent schedule for transfer to the photoinjector, the storage life-
time was monitored for only one night, and XPS characterization was cancelled to
avoild QE degradation. The QE was stable over night, with a 1/e storage lifetime

exceeding 500 hours.
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Figure 5.3: QF maps of Na,KSb photocathodes prepared on real-Mo plug for
SEALab, measured at 520 nm in preparation chamber: (a) SEA00, (b) SEAOI, (c)
SEAOQ2 and (d) SEAO3.

5.2.2. Transfer to SEALab

The transfer of the photocathode from the photocathode lab to the SEALab pho-
toinjector involved several steps. The photocathode is first transferred via transfer
system 1 to a compact UHV vacuum suitcase. During the transfer, which lasted
approximately 30 minutes, the base pressure increase to low 10~? mbar due to
residual degassing from the moving transfer arm of duration of about half an hour.
Experimental verification of SEAOO confirmed that this transient pressure rise does

not cause instant measurable degradation of the QE of NasKSb photocathodes.
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The UHYV suitcase itself is pumped by a combination of a non evaporable getter
(NEG) and an ion pump (IGP), achieving a base pressure of 2 x 107! mbar. This
suitcase is designed for safe transport between transfer system 1 at the photocath-
ode lab and transfer system 2 at the SEALab facility.”’

Under ideal conditions, the entire transfer process can be completed within four
days. However, an incident occurred during the transfer from the UHV suitcase
to transfer system 2: a limit screw in the pincer loosened when picking up the
sample, requiring the system to be vented, repaired, pumped down, and baked out.
Consequently, the photocathode (SEA03) was inserted into the cold section of the
photoinjector 14 days post-growth. The pressure profile throughout the transfer is
shown in Figure 5.4. The base pressure in transfer system 2 before transfer was
approximately 4 x 10~ mbar, a great improvement over previous transfers of
SEAQ2. The transfer from the suitcase into transfer system 2 is particularly chal-
lenging, requiring approximately 7 hours due to issues with the pincer mechanism.
The subsequent transfer from system 2 into the main gun chamber was completed
in about 1 hour, causing a pressure increase to several 10~ mbar in the main
chamber. Following the transfer, the photocathode was cooled from room tem-

perature to 80 K, during which the gun pressure stabilized in the low 10~ mbar

range.
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Figure 5.4: Pressure change during the transfer of photocathode SEAO3 from the
UHYV suitcase into the SRF gun via transfer system 2 at SEALab.
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5.2.3. Performance in SEALab

After transfer to the back wall of the cavity in the main chamber in gun, the QE
1s measured by the drain current with a constant applied voltage of 5000 V, without
applying RF-field to the cavity. This measurement was conducted by Jonas and
Guido in the HBB team. The drive laser (521 nm, 1 MHz repetition rate, 4 ps
bunch length, 1 mW power, 1 mm spot diameter) was used for QE mapping via
motorized mirrors. Figure 5.5a shows the laser positioned at the edge of the plug
for alignment purposes.

As shown in Figure 5.5b, the QE map is directly measured on 17 July 2025,
revealed a center QE of 0.42%, approximately one order of magnitude lower than
that after growth. This degradation is attributed mainly to surface oxidation dur-
ing transfer. In beam commissioning on 21 July 2025, as shown in Figure 5.5¢, a
focused electron beam was successfully observed on the viewscreen in the diag-
nostic beamline with a cavity gradient of 4 MV/m.

Despite the premature termination of the experiment, the operational data con-
firmed a significant performance improvement of the SEAO3 photocathode over
previous attempts. It maintained a functional QE of ~0.4% post-transfer and
demonstrated robustness against operational incidents such as field emission and
electron back-bombardment. This enhanced performance is attributed to two crit-
ical advancements: (1) The optimized triple evaporation (Tri-2) recipe produced
a film with a more homogeneous and stoichiometric NaoKSb phase by suppress-
ing Na surface enrichment and the formation of low-QE secondary phases (e.g.,
NaKsSb), thereby improving the compromise between initial QE and operational
stability. (2) Optimizations to the cathode transfer chain, including more thor-
ough baking of transfer system 2, achieved a superior vacuum, which significantly
reduced oxidation during transfer.

While shortcomings remain, these results provide a foundation for continued
optimization of growth recipes and transfer process to achieve photocathodes with

higher QE and robustness for future commissioning and operations.
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Figure 5.5: (a) The photocathode aligned in the center of the back wall of the
gun cavity with the photocathode laser at the edge of the cathode plug. (b) The
QF map of the SEAO3 photocathode measured in SEALab directly after cathode
transfer with Q Eceper = 0.42%, via the drain current at 5 kV DC bias and with
photocathode laser (521 nm, 1 mm spot diameter); (c) Focused electron beam on
viewscreen (FOM) in diagnostic beam line with a cavity gradient of 4 MV/m.
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6. XPS

This chapter presents a systematic XPS analysis of Sb layers, Na-Sb and K-Sb
binary systems, and the Na-K-Sb ternary system. The main focus of this research
is on the Na-K-Sb ternary system, establishing a comprehensive database of core
level peak shifts, energy separations, and Auger parameters. Data for relevant

alkali metal oxides are also included.

All measurements were conducted following the procedures detailed in Section
3.4. Spectra were processed using CasaXPS software. For both Al Ka and Mg Ka
spectra, the Sb, K, and Na peaks were fitted with a line shape of 80% Lorentzian
and 20% Gaussian protocol. The Sb 3d and K 2p peaks exhibit spin-orbit split-
ting, and the doublets were separated by 9.4 eV and 2.8 eV, respectively.’®%” The
intensity of the Sb 3d3/, peak was constrained to two-thirds that of the Sb 3d; 5
peak, and the K 2p,/, peak was constrained to half the intensity of the K 2p3/»

peak. Shirley background was subtracted from all spectra.’®
6.1. Pure Metallic Antimony

A reference layer of pure metallic antimony was deposited via thermal cracker
cell at a rate of 0.15 A/s for 30 minutes with the substrate held at 70 °C. The

corresponding XPS spectra are shown in Figure 6.1.

Figure 6.1a displays the survey scan. The spectrum confirms the presence of
Sb core levels (3s, 3p, 3d, 4d) and the Sb MNN Auger peak series. The Sb 3d
doublet exhibits the highest intensity and was therefore selected for detailed region
scans in subsequent studies. Minor satellite peaks are attributed to plasmon loss
features from photoelectron scattering. The absence of carbon (C 1s) and oxygen
(O 1s) contaminants confirms the cleanliness of the UHV environment and the Sb

evaporation source, a prerequisite for synthesizing high quality Na-K-Sb films.

Peak fitting is applied to the Sb 3d region scan in Figure 6.1b, the Sb 3d5» and
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Sb 3d3/» peaks are located at 528.2 eV and 537.6 eV, respectively, with a spin-orbit
splitting of 9.4 eV and an intensity ratio consistent with the theoretical 3:2 value.
The Sb 3d;/, binding energy aligns well with literature values for metallic Sb,
which range from 528.1 eV®"7, 528.2 eV® to 528.3 eV®’, while the amorphous
Sb layers typically exhibit a slightly higher value near 529.3 eV3!.

The full width half maximum (FWHM) of the Sb 3d peaks is approximately
1.3 eV, broader than the 0.8 eV reported using monochromatic X-ray sources,
a consequence of the non-monochromatic source. The peak fitting is satisfied
overall, though a slight asymmetry on the high-binding-energy side of the Sb 3d; -

peak is observed, a feature also reported in earlier studies.®?
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Figure 6.1: XPS spectra of a pure Sb layer acquired with Al Ka: (a) survey scan
and (b) high-resolution Sb 3d region scan with peak fitting.

6.2. K-Sb System

K-Sb phases are studied as intermediates in the sequential growth of both Na-
K-Sb and Cs-K-Sb photocathodes, as discussed in Section 2.4.1.1. Films with
mixed K-Sb phases, such as samples PO7 and WH135, typically exhibit a QE of
0.1-0.3% at 520 nm.

This section presents the XPS characterization of four K-Sb films with in-
creased K/Sb ratio, including two samples (P06, PO7) from Martin’s dissertation*®

and two newly prepared samples (WHO04, TWH23). Stoichiometries were cal-
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culated from survey scans (P06, PO7) and high-resolution region scans (WHO04,
TWH23) of the K 2p (288-309 eV) and Sb 3d (521-548 eV) regions, acquired
with a 10 eV pass energy.

Figure 6.3a shows a survey scan of the PO7 (K5 7Sb) film, confirming the pres-
ence of Sb and K core level peaks. The region scan of Sb d region is shown in
Figure 6.3b, and the spin orbit splitting between 3d;/, and Sb 3d3» peak is 9.4 eV

with the intensity ratio close to 3:2.

High-resolution Sb 3d spectra for all four films are shown in Figure 6.2a. The
binding energies of Sb?, Sb~, Sb3~ states are annotated at 528.2 eV, 527.5 eV, and

526.3 eV, respectively.-34

As the K/Sb ratio increases, the spectra systematically
shift to lower binding energies with the successive appearance of Sb’, Sb~, Sb3~
peaks. The increased FWHM in WHO04 (1.7 eV), P06 (2.5 eV), and P07 (1.7 eV)
compared to pure Sb (1.3 eV) indicates the coexistence of multiple phases. WH04
likely contains metallic Sb and KSb, while P06 is a mixture of metallic Sb, KSb
and K3Sb. In P07, the metallic Sb component vanishes, and the phase ratio is ap-
proximately 35% KSb to 65% K3Sb. For the K-saturated sample TWH23 (7nm
Sb+70nm K at 90°C substrate temperature), the FWHM narrows to 1.3 eV, indi-
cating a single phase of K3Sb. A 0.3 eV positive binding energy shift suggests
a transition to a n-type hexagonal K3Sb structure, while no QE (< 0.1%) was
detected in this sample. These observations are consistent with XRD results?%27-
cubic K3Sb (p-type, high QE phase) transfer to a more stable hexagonal structure
(n-type, low QE) with excess K deposition. In addition, an O 1s peak is detectable

in K-rich samples (P07, TWH23), indicating slight surface oxidation.

The K 2p region scans (Figure 6.2b) show a K 2p3 ; peak at 293.7 eV (FWHM
of 1.3 eV) in K-deficient samples (WHO04, P06). In P07, the peak broadens to
1.7 eV and shifts to 293.4 eV, consistent with reported values for Ks 4Sb.®’ This
broadening suggests a mixed-phase region of cubic and hexagonal K3Sb. While,
the FWHM narrows again to 1.3 eV in TWH23, indicating single-phase hexagonal
K3Sb.
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To mitigate surface band bending effects, the binding energy separation be-
tween the K 2ps 5 and Sb 3d;,, peaks was calculated.® As shown in Figure 6.2c,
this separation increases from —234.2 eV for KSb to -232.9 eV for hexagonal
K3Sb, reflecting enhanced charge transfer from K to Sb with increasing K content.
The value for the high-QE cubic K3Sb phase likely lies slightly above that for
hexagonal K3Sb, though its precise position remains unknown due to challenges
in synthesizing the pure cubic phase K3Sb films, and please refer to Section A.1.4

for more study on this topic.
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Figure 6.2: Al Ko XPS region scan of four K-Sb films with increased K to Sb ratio:
(a) Sb 3d region scan, (b) K 2p region scan and (c) binding energy separation
between Sb 3ds;, and K 2p3 .
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Figure 6.3: XPS spectra of a K7Sb film (P07) with Al Ka: (a) survey scan and
(D) high-resolution Sb 3d region scan with peak fitting.

6.3. Na-Sb System

As discussed in Section 4.1.4, Na-Sb phases may exists as by-products in Na-
saturated Na-K-Sb films due to the low equilibrium vapor pressure of Na, often
degrading photocathode performance. This section establishes a reference XPS

database by characterizing a NazSb film.

The film was synthesized by co-depositing Na and Sb at a substrate temperature
of 110 °C for two hours (Sb rate: 0.01 A/s, Sb thickness: 5.4 nm). The resulting
NasSb thickness was estimated to be 21 nm, based on a 3.9 times volume expan-
sion from metallic Sb. The sample was subsequently held at 70 °C for 12 hours to

evaporate the excess Na, which may exist on the surface.

The XPS spectra, acquired with Mg Ka to avoid overlap between the Na
KL;Ly3 Auger peak and the O 1s signal, are shown in Figure 6.4. The calcu-
lated stoichiometry was Nag 3Sb, with the slight Na excess potentially due to the
surface adsorbed Na or calculation uncertainty, since the characterization depth is
9.15 A for Na 1s and 24.1 A for Sb 3d in Mg Ka. As shown in Figure 6.4a, the
Na 1Is peak is located at 1071.7 eV with FWHM of 1.3 eV.

As shown in Figure 6.4b, peak fitting of the Sb 3d region reveals contributions
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from Na3Sb and a Na-deficient phase (e.g., NaSb), with Sb 3ds/, peaks fitted at
526.8 eV and 527.9 eV, respectively.

The positive binding energy shift of NasSb relative to K3Sb can be attributed
to its n-type character, which induces upwards surface band bending that shifts
core levels to higher binding energies. Free from this effect, the binding energy
separation between the Na Is and Sb 3d;/, peaks was calculated. This separation
increases from 543.9 eV for NaSb to 544.9 eV for Na3Sb, confirming a greater

charge transfer from Na to Sb in the more Na-rich compound.%

The Sb 3d doublet maintains the expected 9.4 eV spin-orbit splitting. However,
the intensity ratio of the 3ds/» to 3d3/» peaks is consistently 5-10% higher than the
theoretical 3:2 value. This deviation is observed only in Na-containing films (Na-
Sb and Na-K-Sb). The effect is unrelated to Na Auger peaks or the presence of
oxides, as it persists when using different X-ray sources and the O 1s peak for
Na oxides does not appear in such high binding energy (~536 V). The physical

origin of this deviation remains unclear.
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Figure 6.4: Mg ka XPS spectra of a Na-Sb film, the stoichiometry is calculated to
be Nas3Sb: (a) Na 1s region scan, (b) Sb 3d region scan.
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6.4. Na-K-Sb System

This section presents a detailed XPS study of the Na,K;_,Sb ternary sys-
tem. As outlined in Section 2.4.1, the Na,Kj3_,Sb system can be divided into six
phase zones as a function of K3Sb content. Our focus here is on the single-phase

(Na,K)2KSb zone and the two adjacent dual-phase zones.
6.4.1. Phase Transformation from Na:KSb to NaK.Sb

As discussed in Section 4.5.1, the QE peaks for K/Sb ratios between 0.90 and
1.25, suggesting that NasKSb is the primary photoemissive phase, while NaKsSb

1S not.
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Figure 6.5: Al Ka XPS spectra of TWHI1-1 (Nay2K>0Sb) and TWHI1-2

(Nas oK1.0Sb) photocathodes. (a) Na 1s region scan, (b) Sb 3d region scan and

(c) K 2p region scan.
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To investigate this, we synthesized a Na; oK (Sb film (TWHI11-1) via sequen-
tial deposition, which exhibited no photocurrent (QE<0.1% at 520 nm) at room
temperature. Subsequent deposition of additional Na at an elevated substrate tem-
perature of 170 °C converted the film to Nay (K; (Sb (TWH11-2), yielding a QE

of 6.5% after cooling down.

A comparison of the background-subtracted and normalized XPS spectra for
both samples is shown in Figure 6.5. A consistent shift of 0.2-0.3 eV to lower
binding energy is observed for all core levels—Na 1s, Sb 3d, K 2p, as well as
Auger peak Na KL;Lys3—upon conversion to the high-QE NayKSb phase. This
systematic shift indicates a transition from an n-type (hexagonal NaK,Sb) to a p-
type (cubic Nay;KSb) semiconductor. The similar trend is also observed in sample
TWH?24 as shown in Section A.1.2.

6.4.2. Phase Transformation from Na.KSb to Na:Sb

To study the surface phase transformation to Na-rich compositions, stepwise
Na deposition was performed on sample TWH19, transitioning it from Nas (K; 2Sb
to Nas 1K 4Sb. The normalized, background-subtracted XPS spectra (Al Ka and
Mg Ka) for the TWHI19 series are shown in Figure 6.6.

A concurrent positive shift of 0.2-0.3 eV is observed for the Na 1s, Na KL;Lo3
and Sb 3d peaks in Figure 6.6, with the Sb 3d;/, peak moving from 526.5 eV
(TWHI19+Na) to 526.7 eV (TWHI19+4Na). These shifts are consistent with a
partial surface transformation from p-type Na;KSb to n-type NasSb. While, the
initial TWH19 spectrum is also slightly positive shifted relative to TWH19+Na,
likely due to the presence of n-type NaKsSb.

The O 1s peak area shows a slight increase for the last two samples (TWH19+3Na,
TWH19+4Na) at 532.8 eV, as indicated in the subplot of Figure 6.6e. However,
it 1s difficult to determine the type of the oxides due to the low peak intensity and

numerous possible candidates.

In contrast to other elements, the K 2p3/, peak shifts to a lower binding energy,
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Figure 6.6: XPS spectra of TWHI9 series NasKSb photocathodes. (a), (c¢) and
(e) are the region scans of Na 1s, Sb 3d and K 2p by Alka. (b), (d) and (f) are the
region scans of Na 1s, Sb 3d and K 2p by Mgka.
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from 293.5 eV (TWH19) to 293.2 eV (TWH19+4Na), as shown in Figure 6.6¢ and
f. This trend is opposite to that expected from a simple n-type to p-type transition,
which will be further investigated in Section 6.4.3.

K deficiency in the surface layer helps the detection of K oxides by reducing
the signal from the bulk Na-K-Sb phase. And the peak fitting of the K 2p re-
gion for TWH19+3Na and TWH19+4Na reveals a secondary component at 294.4
eV, which is attributed to K-O species.’*®” As summarized in Table 6.1, the K
oxidation level—defined as the ratio of the K-O peak area to the total K 2p3/s
area—increases with successive deposition, likely due to prolonged exposure to
residual gases during deposition or the XPS measurement. The K-O contribu-
tion is more pronounced in the more surface-sensitive Mg Ka spectra than in the
Al Ka spectra, confirming that oxidation is a surface phenomenon rather than bulk.
In contrast, a parallel analysis for Na oxides is not feasible, as the high mobility
of Na prevents the formation of a Na-deficient surface necessary for quantifying
Na-O species in slightly oxidized films. In Section 6.5.2 more oxidized Na-K-Sb

samples will be analyzed in detail.

Table 6.1: Summary of peak fitting results and oxidation level in K 2p region scan
for TWHI19+3Na and TWHI19+4Na.

K 2p3/, peak area (cps*eV)

Sample X-ray source K oxidation level
K-O Na-K-Sb
TWHI19+3Na Al Ko 80 415 16%
TWHI19+3Na Mg Ko 117 410 22%
TWHI19+4Na Al Ko 100 259 28%
TWHI19+4Na Mg Ko 129 276 32%

6.4.3. Core Level Peak Shifts

To establish a comprehensive overview of core-level binding energy shifts in
the Na-K-Sb system, we analyzed the Na Is, K 2p3/5, and Sb 3d;/, peak posi-

tions from 21 photocathode samples across the stoichiometric range from NazSb
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to NaK,Sb, as shown in Figure 6.7. Peak shifts are calculated relative to the metal-
lic phases of Na (1071.8 eV), K (294.4 eV), and Sb (528.2 eV),®® with an esti-
mated uncertainty of £0.05 eV. Alkali-deficient samples (TWHI10, TWH20) were

excluded to ensure statistical accuracy.
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Figure 6.7: Na Is, K 2p3/, and Sb 3ds 5 core level peak shifts of Nas_.K,Sb pho-
tocathode films, present as a function of K/Sb ratio. From left to right listed:
NasSb, TWHI19+4Na, TWHI19+3Na, TWHI13, TWHI19+2Na, TWH22, TWH21,
TWH25, TWHI4, TWHIS, TWHI1-2, SEA00, TWHI9+Na, TWHI15, TWHI9,
TPOI, TWHI16, TWHI17, TWHI12, TWHI1-1, TWH23(Hex-K3Sb).

The Na 1s and Sb 3ds;/, peaks exhibit similar behavior, shifting by +0.2 eV
upon transitioning from the NayKSb phase to NaKsSb, and by +0.3 eV upon tran-
sitioning to NagSb. These positive shifts are likely caused by surface band bending
with a change from a p-type (NagKSb) to a n-type (NaK,Sb, NasSb) semiconduc-
tor.

In contrast, the K 2p3/» peak shows a significant and gradual negative shift
of approximately -0.3 eV across the compositional range from the NaKsSb to
NayKSb. For the Na;KSb phase, the K 2p;3 > binding energy is around 293.3 eV,
similar to the value reported for p-type Cs-K-Sb phases (293.2 eV).5° A slight
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further decrease of 0.1 eV is observed in zone 2, despite the only K contained
phase in both zones 2 and 3 is the NayKSb phase. This minor difference may arise
from systematic errors in stoichiometry calculation or inhomogeneity within the
film.

To mitigate effects from energy referencing and surface band bending, I exam-
ined the Auger parameter and core-level energy separations, which are shown in

Figure 6.8 as a function of K/Sb ratio.
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Figure 6.8: Na Auger parameter (1s, KLiLo3), and core level binding energy sep-
aration between K 2p3, and Sb 3ds;, Na Is and Sb 3ds ), in Nas_ K, Sb photo-
cathodes.

The energy separation between Na Is and Sb 3ds/, increases with the K/Sb
ratio from Na3Sb to NaK,Sb, with one exception. Similarly, the K 2p3o-Sb 3d;
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separation increases from NaK,Sb to K3Sb. These trends can be qualitatively
explained by a larger effective charge transfer from K to Sb compared to Na, con-
sistent with the larger electronegativity difference between K and Sb than Na and
Sb.

However, this simplified charge-transfer model fails to explain the behavior of
the Na Auger parameter, which peaks at 2025.9 eV at K/Sb=0.6—approximately
0.3 eV higher than the values for NasSb or NaK,Sb, a trend also noted in the
NIST database.®® A complete interpretation of this non-monotonic behavior likely
requires more refined models, which can account for localized electron configura-

tions and final-state effects.
6.5. Thermal Dissociation and Oxidation of Na2KSb Photocathodes

This section presents a systematic investigation into two primary mechanisms
responsible for QE degradation in Na;KSb photocathodes: thermal dissociation
and surface oxidation. Understanding these failure modes is critical for improving

photocathode transfer process and operational stability.
6.5.1. Thermal Dissociation

This section presents an XPS analysis of the effect of thermal load on the sur-
face composition of Nay;KSb photocathodes. As introduced in Section 2.4, a prin-
cipal advantage of Na-K-Sb photocathodes over Cs-K-Sb is their superior ther-
mal stability, a property critical for applications involving significant thermal load,
such as normal-conducting radio frequency (NCRF) guns. While the primary ap-
plication within this thesis is the SEALab superconducting RF (SRF) photoinjec-
tor, which provides sufficient cooling as discussed in Section 2.1. Understanding
thermal degradation remains essential for characterizing the material’s fundamen-
tal properties.

Following the XPS analysis in Sec. Section 4.2.2.1, the thermal stability of
photocathodes TWH14-TWH17 was investigated. The QE of these samples had
degraded to between 1.5% and 2.0% after the initial XPS measurement. The sam-
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ples were subsequently following a step-wise heating protocol, with temperatures
held at 70 °C, 90 °C, 110 °C, and finally 130 °C for two hours at each step.

The QE evolution during heating, shown in Figure 6.9, reveals distinct behav-
iors. Samples TWHI14 and TWHIS5, which have stoichiometries closest to the
ideal Na,KSb composition, remained relatively stable until a rapid QE decay oc-
curred at 130 °C. In contrast, TWH16 and TWH17 exhibited more complex degra-
dation profiles, potentially due to the dissociation of less thermally stable phases
such as NaK,Sb within the film.
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Figure 6.9: Thermal stability experiment of the four NasKSb photocathodes. The

samples were step-wise heating to a sample temperature of 70°C, 90°C, 110°C,
and 130°C, with 2 hours step.

Here the XPS spectra before and after the thermal test of TWHI1S5 is analyzed
in detail, due to its stoichiometric close to ideal NayKSb. The full dataset and
supplementary experiments are provided in Appendix Section A.2.1.

The background-subtracted spectra of Na 1s, Sb 3d, and K 2p are shown in
Figure 6.10. All three spectra exhibit significant changes after thermal testing.
The calculated stoichiometry changed from Nas oK; 2Sb; ¢ to Nas 6K gSb; . This
trend is visually apparent in the Na 1s and K 2p spectra, where the Na 1s peak
intensity increased by 33% and the K 2p3/, intensity decreased by 27%, as sum-
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Table 6.2: Summary of peak fitting results of NasKSb photocathode before
(TWHI15) and after (TWHI15T) thermal dissociation test, including binding en-
ergy (BE) in eV, peak width (FWHM) in eV and peak intensity (I) in cps*eV.

Sb 3d5/2 K 2p3/2 Na Is
Sample Primary peak  Secondary peak | Primary peak | Primary peak  Secondary peak
BE/FWHM/I BE/FWHM/I | BE/FWHM/I BE/FWHM/I BE/FWHM/I

TWHI1S5 | 526.4/1.3/4207  528.0/1.3/239 | 293.3/1.3/908 | 1071.5/1.3/4918 -/-1-
TWHIST | 526.4/1.3/3685 527.8/1.3/1062 | 293.3/1.3/666 | 1071.6/1.3/5067 1072.2/1.3/1450

marized in the peak fitting results in Table 6.2.

The total intensity of the Sb 3d;/, peak increased slightly by 6%. Furthermore,
a secondary peak attributed to Sb™ appeared at 527.8 eV, accounting for 22% of the
total Sb 3ds/» intensity. A corresponding secondary peak is also observed in the
Na 1s spectrum. The energy separation between Na Is and Sb 3ds/» in this “sec-
ondary phase” is 544.4 eV, which lies between the values for Na3Sb (544.9 eV)
and NaSb (534.9 eV), as discussed in Section 6.3. This indicates a mixture of
the two phases. This result aligns with previous research on the thermal disso-
ciation of NayKSb,?® which concludes that dissociation begins with K loss and a
phase transformation to Na3gSb and NaSb, as these phases have higher dissociation

energies than NayKSb.
6.5.2. Oxidation

As detailed in Section 5.2, the QE of the SEA03 NayKSb photocathode de-
graded from 5% to 0.4% after transfer from the preparation lab to the SEALab
photoinjector. This significant QE loss is attributed to surface oxidation resulting
from several vacuum incidents during the transfer procedure. To understand the
chemical processes underlying this degradation, we conducted an XPS study on
the effect of residual gases—H>0O and O,—on the surface composition of NayKSb.
The analysis compares samples exhibiting progressively higher oxidation levels,
quantified by the O 1s/Sb 3d peak area ratio. It should be noted that this study
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Figure 6.10: Al Ko XPS region scans of TWHI15 before and after the thermal
dissociation test.

examines naturally occurring oxidation under complex vacuum conditions, while
a controlled study involving single component of residual gases with controllable

partial pressures is not included in this study.

The Mg Ka XPS spectra of the Na 1s, Sb 3d, and K 2p region scans of four
photocathodes are presented in Figure 6.11. Spectra were fitted with constraints:
the FWHM for Na 1s, Sb 3d, and K 2p peaks was set to 1.25 eV (based on sample
TWH16), except for the oxidized Na 1s component, which was set to 1.50 eV
(based on spectrum cl). The Sb3~ peak position served as an internal energy
reference for minor to moderately oxidized samples. For the heavily oxidized

sample (d2), the Sb>~ peak was undetectable, and influences from surface charging
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or band bending could not be ruled out.

A general positive chemical shift to higher oxidation states is observed across
all core levels (Na 1s, Sb 3d, and K 2p) with increasing oxidation. The Na 1s
peak shows a clear example, shifting from 1071.5 eV (al) to 1072.5 eV (a3). The
final value corresponds to the reported binding energies for Na,O (1072.5 eV?®%)
or NaOH (1072.6 eV?).

The K 2p3/, region is more complex, developing components at 293.4 €V,
294.4 eV, and 295.0 eV upon oxidation. The latter two match the range for ox-
idized K (294.7-294.8 eV) formed upon exposure to 40—45 Langmuirs of oxy-
gen. 887 A reduction in plasmon loss features is also noted.

The O 1s peak appears at approximately 532.0 eV in a2, b2, c2 and 532.5 eV
in d2, a value consistent with several alkali oxides and hydroxides, including sub-
oxide K30 (532.1 eV in Cs-K-Sb”!, suboxide Na,O (529.2 eV¥, 529.6 eV®), hy-
droxide NaOH (532.2 eV, 532.7 eV®) and peroxide Ky, (532.1eV?7,531.3eV)).

In the Sb 3d region, the appearance of Sb~ (527.7 eV) and Sb’ (528.2 eV)
components indicates the decomposition of Na;KSb caused by the formation of
alkali oxides. In the heavily oxidized sample (d2), the appearance of an Sb*" peak

suggests catalytic oxidation of Sb in the presence of alkali oxides.”!
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Figure 6.11: XPS spectra of oxidized Nas KSb photocathodes, Na 1s (al, bl, cl, dI), Sb 3d (a2, b2, c2, d2) and K
2p (a3, b3, c3, d3) region scans are taken with Mgka. al-a3 are XPS spectra of minor oxidized NasKSb (TWH16),
with QE=3.1% at 520nm. b1-b3 are XPS spectra of low-level oxidized NasKSb (TWH16-2), with QE=1.5%. cl-
c3 are XPS spectra of moderate oxidized NasKSb (TWH11-2, oxidized), with QE=0. dIl-d3 are XPS spectra of
heavy oxidized Na;KSb (SEAQ1, oxidized), with QE=0.
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6.6. Summary of XPS peak fitting results

This section summarizes the peak fitting results for Na-K-Sb material system in Table 6.3. It is important to

note that absolute binding energies are influenced by surface band bending, leading to systematically overesti-

mated values for n-type semiconductors (hexagonal K3Sb, NaK,Sb, Na3Sb) and underestimated values for p-type

semiconductors (Nas KSb). In contrast, the energy separations and Auger parameters provide more reliable values,

as they are largely unaffected by energy reference problems from surface charging or band bending.

Table 6.3: Summary of peak fitting results of Sb, K-Sb, Na-K-Sb and Na-Sb films acquired from lab based XPS

region scans in Alka.

Core level binding energy (eV)

Energy separation (eV)

Auger parameter (eV)

Sample Sb 3ds/, K 2ps/, Na s K2p3/9-Sb3ds/>  Nals-Sb3ds, Na (1s, KL{Ls3)
BE FWHM BE FWHM BE FWHM Energy Energy Energy
Sb 528.2 1.3
KSb 527.8 1.3 293.7 1.3 -234.2
K3Sb Mixed | 526.3 1.3 293.5% >1.3
K3Sb Hex 526.6 1.3 293.7 1.3 -232.9
NaK,Sb 526.6 1.3 293.6 1.3 1071.7 1.3 -233.0 545.1 2025.6
Na;KSb 526.4(5) 1.3 293.3 1.3 1071.5 1.3 -233.2 545.0 2025.8
NaSb 527.9 1.3 1071.8 1.3 543.9
Na3Sb 526.8 1.3 1071.8 1.3 544.9 2025.6

*This value may fluctuate due to changes in the concentration of the cubic and hexagonal K3Sb phases.
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7. Conclusion and Outlook

7.1. Conclusion

This work reported the novel synthesis method and application of high-QE
Na;KSb photocathodes as electron sources for the SEALab superconducting radio-
frequency (SRF) photoinjector. Though Na;KSb demonstrated better robustness
than Cs-K-Sb photocathodes and demonstrated capability for high-current opera-

tion in photoinjectors,”®

its adoption has historically been hindered by poor re-
producibility and consequent large variations in its photoemissive properties in-
cluding QE and dark lifetime.

Initial development conducted in dispenser chamber confirmed the limitations
of traditional sequential deposition. The subsequent development of an alkali co-
deposition method extended the time window for achieving optimal QE (QE >1%
at 515 nm) and improved the success rate to over 50%. Despite this progress,
preparation system limitations—including suboptimal geometry and unstable al-
kali flux—making the reproducible synthesis of high-performance photocathode
films extremely difficult. The maximum QE achieved in this chamber was 2.6% at
515 nm, significantly lower than literature values’ and with suboptimal stoichiom-
etry from the ideal NasKSb composition.

To solve these limitations, a dedicated evaporation chamber was designed,
commissioned, and a novel triple evaporation growth procedure has been de-
veloped. This development achieved a significant improvement, increasing the
success rate to nearly 100% (after initial calibration) and consistently producing
NasKSb photocathodes with QE values between 3% and 7% at 520 nm. For the
first time, this enabled precise stoichiometric control within the narrow compo-
sition window required for optimal performance, simultaneously enhancing both

QE and dark lifetime.

To push performance beyond the resolution of conventional XPS analysis, a
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analytical model was developed to correlate stoichiometry with spatial QE homo-
geneity. This model guided a post-growth optimization method, whereby the QE
gradient was used to guide fine-tuning, successfully elevating the central QE of

both Na-oversaturated and Na-deficient samples to approximately 6%.

Statistical analysis established clear correlations between final stoichiometry
and photoelectric properties. High-QE films with extended dark lifetime were con-
sistently achieved within the optimal stoichiometry zone of the K/Sb ratio between
0.90 and 1.25 without Na enrichment. While in some conditions, Na-surface-
enriched samples exhibited a lower photoemission threshold energy (~1.8 eV),

however, resulting in lower dark lifetime.

The highlight of this work was the validation of a Na;KSb photocathode (SEA03)
within the SEALab photoinjector. Grown with the optimized triple evaporation
recipe, the photocathode exhibited a QE of 5.4% at 520 nm and a dark lifetime ex-
ceeding 500 hours. Its successful integration demonstrated, for the first time, the
operation of an SRF photoinjector with a NasKSb photocathode. Despite a QE
reduction to 0.4% post-transfer, the photocathode demonstrated good robustness,
maintaining functionality through operational incidents including field emission

and electron back-bombardment.

This thesis also establishes a comprehensive XPS database for the Na-K-Sb
system, including core-level peak shifts, energy separations and Auger parameters
with the accompanying analysis of oxidation and thermal dissociation, providing

a foundational resource for future research and development on this material.
7.2. Outlook

While this work has established a reproducible growth procedure for high-
performance Na,KSb photocathodes on molybdenum substrates and demonstrated
their successful operation in SEALab SRF photoinjector, several works for funda-
mental understanding and performance enhancement remain. The following re-

search directions are proposed to further advance the development of this promis-
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ing material.
7.2.1. Synchrotron Radiation Based X-ray Characterization

Synchrotron radiation facilities offer X-ray beams with high brightness, su-
perior collimation, and tunable wavelength, enabling a detailed characterization
of electronic structure beyond the capabilities of laboratory-based XPS. An initial
transfer and characterization of a NasKSb sample at the EMIL beamline at BESSY
IT (HZB) was conducted in October 2024. Unfortunately, vacuum degradation at
the interface between the transport suitcase and the beamline load-lock led to se-
vere sample oxidation, as evidenced by the HAXPES spectrum of the Sb 3d3/,
core level shown in Figure 7.1. The high-resolution data revealed the presence of
multiple antimony oxidation states (Sb3~, Sb—, Sb’, Sb3*, Sb°*, with FWHM of
0.8 V), highlighting the potential of the technique, though the complex oxidized

surface precluded a meaningful analysis of the original Na;KSb material.

To enable successful future studies, the UHV suitcase has been redesigned and
recommissioned in 2025 for a scheduled beamtime in December 2025 with up-

graded interface. The planned experiment includes:

Depth-Dependent Compositional Analysis: As discussed in Section 4.5.1,
the surface stoichiometry can differ from the bulk due to alkali metal segregation.
Tunable synchrotron X-rays will be used for non-destructive depth profiling to
quantify the homogeneity of Na,KSb films and correlate it with growth parame-

ters.

X-ray Absorption Near Edge Structure (XANES) Studies: XANES will be
employed to investigate the electronic structure, oxidation states, and local coor-
dination symmetry of the elements. These experimental results will be integrated
into a feedback loop with ab initio calculations performed by collaborators to re-

fine theoretical models of Na-K-Sb compounds.

High-Resolution photoelectron spectroscopy: This will involve precise mea-

surement of the valence band structure, band gap, electron affinity, and doping type
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for Nas KSb, NaK,Sb and K3Sb films with soft X-ray. In addition, high-resolution
photoelectron spectroscopy will also be used to verify the peak shifts and Auger

parameters established in Chapter 6.
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Figure 7.1: HAXPES spectrum of the Sb 3d3 5 core level from an oxidized Na; KSb
sample (TWH11), measured at a photon energy of 3550 eV in EMIL beamline.

7.2.2. Epitaxial Growth

Epitaxial growth of alkali-antimonides is an emerging frontier aimed at mini-
mizing beam emittance by improving surface uniformity. The surface non-
uniformities, such as physical roughness and work function variations increase the
mean transverse energy (MTE) of the emitted electron beam, thereby degrading
the beam brightness. While the new source geometry has reduced work function
variations to below 0.03 eV over a 4 mm diameter area (as shown in Table A.1 for
sample TWH25), physical roughness remains a key parameter for optimization.

The current polycrystalline NasKSb films are deposited onto polycrystalline
Mo substrates with a surface roughness (Rq) of approximately 10 nm (Section
3.1). The polycrystalline nature of the film itself may further increase this rough-
ness. Consequently, developing single-crystal or large-grained epitaxial films with
low surface roughness could be the new direction for minimizing emittance. Stud-

1es on related alkali-antimonides, such Cs3Sb and KyCsSb, have demonstrated
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that epitaxial films exhibit significantly lower surface roughness and consequently
lower roughness-induced MTE compared to the polycrystalline samples in control
group across the commonly used field gradient range in photoinjectors.”>%3%4
The existing triple evaporation chamber at photocathode lab, with its highly
stable evaporation sources operating at low deposition rates, provides a suitable
platform for initial epitaxial growth experiments. The primary challenge lies in
selecting an appropriate single-crystal substrate that lattice-matches with the cu-
bic NasKSb phase. Single-crystal Si(100) 1s a promising candidate due to its low
lattice mismatching with Na,KSb(100). In addition, it has excellent availability,
well-established surface cleaning procedures, and relative high electrical and ther-

mal conductivity (with doping) for the integration into a photoinjector.
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A. Appendix

A.1. Additional XPS Studies

A.1.1. Sequential and Triple Evaporation

This section compares the XPS spectra of quasi-NayKSb photocathode films
synthesised via traditional sequential evaporation (TWHI11.2, Na:K ratio=2.0, QE
=6.6%) and triple evaporation (TWH15, Na:K ratio=1.9, QE=5.6%). As shown in
Figure A.1, the core-level peak positions for Na 1s, Sb 3d, and K 2p are highly
consistent between the two samples, indicating that both growth methods pro-
duced the same NayKSb phase.

As shown in Figure A.1b, the primary Sb 3d;/, peak is located at 526.4(5) eV
for both samples. For the sequentially evaporated TWH11.2, peak fitting reveals
a minor component at 527.7 eV, accounting for 14% of the total signal, which in-
dicates the presence of an alkali-deficient phase. In contrast, the triple-evaporated
TWH15 exhibits a much smaller secondary peak at 528.1 eV (5% of total sig-
nal), potentially attributable to the shutter shadowing effect during deposition, as

previously discussed for Figure 4.9a.

The K 2p spectra, displayed in Figure A.lc, show the K 2p3/; binding energy
at 293.3 eV for both films. Similarly, the Na 1s spectra in Figure A.1d share a
main peak at 1071.5 eV. While a difference is observed in the Na Is line shape:
TWHIS (triple evaporation) exhibits a single, sharp peak with a FWHM of 1.3 eV,
whereas TWH11.2 (sequential evaporation) peak fitting reveals a second compo-
nent at 1072.1 eV (16% of total intensity). The energy separation of this second
component between Na 1s peak and Sb 3d5/» peak is 544.4 eV. This value is sim-
ilar to that of the secondary phase identified in the thermally dissociated study

(Section 6.5.1), suggesting a similar alkali-deficient composition.
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Figure A.1: Al Ka XPS spectra of NasKSb photocathodes synthesis by two dif-

ferent growth methods. TWHI11.2 (NayoK10Sb1) for typical sequential growth

method and TWH15 (Nas oK1 2Sby ) for triple evaporation method: (a) Sb 3d re-

gions of metallic Sb; (b), (c) and (d) for Sb 3d, K 2p, and Na 1s regions of the two
NayKSb films.

A.1.2. Transformation from Na:KSb to NaK.Sb

This section present TWH?24 (Figure A.2) as another comparison between NaK,Sb
and Na,KSb film. The TWH24-1 (Nay 3K ¢Sb) is synthesised via sequential de-
position, which exhibited no photocurrent at room temperature. Subsequent depo-
sition of additional Na at an elevated substrate temperature of 170 °C converted
the film to Nas 2K Sb (TWH24-2), yielding a QE of 3.4% after cooling to room
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Figure A.2: Al Ka XPS spectra of TWH24-1 (NaysK,¢Sb) and TWH24-2
(Nas 5K (Sb) photocathodes. (a), (b) and (c) are the region scans of Na 1s, K 2p
and Sb 3d, respectively.

A.1.3. High-QE K-Sb Film

This section details an accidentally formation of a high-QE K-Sb film, which
exhibited a QE exceeding 1% at 520 nm. This result occurred due to an incomplete
degassing procedure of the effusion cell. As discussed in Section 2.4.1.1, the high
QE is attributed to the formation of a cubic K3Sb phase, induced by the presence of
oxygen during growth. This hypothesis is supported by a high O 1s peak intensity
in the XPS region scan (Figure A.3a) and is consistent with the known oxygen-
enhanced formation of high-QE K-Sb photocathode films.?*
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Figure A.3: Al Ka XPS spectra and spectral response curve of TWHO09
(Nay 3K3558b1 o) with high oxygen concentration. (a), (b) are the region scans of
K 2p and Sb 3d, and (c) is the spectral response curve showing a QF of 1.1% at
520 nm.

A.1.4. Valence Band Structure

Valence band XPS spectra were acquired using Al Ka for three samples: a
metallic Sb film (TWH23-0), a hexagonal K3Sb film (TWH23, QE<0.1%), and a
Na,KSb film (TWH25, QE=5.1%). The probe depth, calculated from three times
the IMFP, is approximately 12 nm.

Although the signal-to-noise ratio was insufficient for a precise quantitative de-
termination of the valence band maximum (VBM) position relative to the Fermi
level, a qualitative comparison is possible. The spectra indicate that the VBM of

hexagonal K3Sb is closer to the Fermi level than that of Nas KSb. This observation
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Figure A.4: Al Ka XPS spectra of valence band structures of metallic Sb
film (TWH23-Sb), hexagonal K3Sb film (TWH23, QE<0.1%), and NasKSb film
(TWH25, QE=5.1%).

1s consistent with the established electronic character of these materials, confirm-

ing the n-type nature of hexagonal K3Sb and the p-type nature of NasKSb.
A.2. Thermal Stability of Na2KSb Photocathodes

More experimental results conducted on this topic are presented here as a sup-

plement to Section 6.5.1.
A.2.1. Thermal Stability of TWH15-17

XPS analysis was performed before and after the thermal test using both Mg Ko
(Figure A.5) and Al Ka (Figure A.6)sources. The primary effects of thermal load-
ing on the Na,KSb films were: (1) A decrease in surface K content. (2) An in-
crease in surface Na content, except TWHI17. (3) A secondary peak appeared in
the Sb 3d spectra at higher binding energy, indicating the appearance of an alkali-
deficient phase. (4) More pronounced stochiometric changes in the Mg Ka spec-
tra (higher surface sensitivity) compared to the Al Ko, confirming the changes are
surface-preferred. The extent of these changes varied between samples and was
accompanied by minor peak shifts. A definitive correlation between the initial

stoichiometry and the thermal stability requires further investigation.
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540

535 530 525
Binding energy (eV)

298

296

294
Binding energy (eV)

292

(f)

Intensity (a.u.)

K2p 1/2

—— TWH17 after growth
—— TWH17 130°C

K 2p 3/2

298

296

294
Binding energy (eV)

(d) for Na 1s region scans; (b), (e) for Sb 3d region scans; (c), (f) for K 2p region scans.

292

290

144!

sapoIed030Yd qSSITeN Jo AN[Iqe)S [BULdY], TV



—— TWH15 after growth

—— TWH15 after growth

SbP sh-

—— TWH15 after growth

290

(d) Na 1s

Intensity (a.u.)

(e)

Intensity (a.u.)

Sb 3d 3/2

Na KLiLz3

Sb 3d 5/2

(f)

K2p 1/2

Intensity (a.u.)

—— TWH15 130°C —— TWH15 130°C —— TWH15 130°C
K2p 3/2
-((@) Na 1s -((b) sz~ (c)
3 2 3
2 z Sb 3d 312 z K2p 1/2
> > >
£ £ £
vl v wi
c c c
g 2 z
1= = Na KLiLz3 =
1 L 1 L 1 L " " " 1 " L L " 1 M PR L 1 " L L L 1 M " " 1 " 1 " 1 1
1074 1072 1070 1068 545 540 535 530 525 300 298 296 294 292
Binding energy (eV) Binding energy (eV) Binding energy (eV)
Sb® Sb?-
—— TWH16 after growth —— TWHI16 after growth —— TWH16 after growth
—— TWH16 130°C —— TWH16 130°C —— TWH16 130°C
K2p 3/2

L 1 1
1074 1072 1070

P T S S [ S
545 540

PR T S S S R S S
535 530

PR B
525

n 1 L 1 n 1
300 298 296 294

1
292

290

Intensity (a.u.)

Intensity (a.u.)

Sb 3d 3/2

Na KLiLz3

K2p 1/2

Intensity (a.u.)

1068
Binding energy (eV) Binding energy (eV) Binding energy (eV)
—— TWH17 after growth —— TWHL17 after growth Sh? sp*~ —— TWH17 after growth
—— TWH17 130°C —— TWH17 130°C TWH17 130°C K 2p 312
(g) Na 1s (h) Sb 3d 5/2 (i)

L 1 1
1074 1072 1070
Binding energy (eV)

Figure A.6: Al Ka XPS region scans of TWH15, TWH16 and TWH17 before and after the thermal dissociation
test. (a), (d), (g) for Na s region scans; (b), (e), (h) for Sb 3d region scans; (c), (f), (i) for K 2p region scans.

1068

P T S S [ S
545 540

Binding energy (eV)

PR T S S S R S S
535 530

PR B
525

n 1 L 1 n 1
300 298 296 294
Binding energy (eV)

1
292

290

sapoIed030Yd qSSIZeN Jo AN[Iqe)S [eWIdY Y, TV

STl



126 A.2 Thermal Stability of Na2KSb Photocathodes

A.2.2. Thermal Stability of WH17 in Dispenser Based Chamber

Another thermal stability investigation was conducted on sample WH17, which
was synthesized via alkali co-deposition in the dispenser chamber in 2023. This
sample exhibited a surface stoichiometry of Na; 5K gSb, deviating from the ideal
NaKsSb composition, resulting in the low QE and short dark lifetime as reported
in Section 4.1.6.

The thermal stability test was conducted on WH17 after an 18-day dark lifetime
measurement. The sample followed a stepwise heating protocol: 70 °C, 90 °C,
110 °C, and 130 °C, with each temperature maintained for 24 hours. Following
each step, the sample was cooled to room temperature for XPS analysis. The QE
evolution and corresponding XPS spectra are presented in Figure A.7.

At temperatures below 90 °C, the QE demonstrated full recovery to 1.1% upon
cooling, with XPS revealing no detectable changes in stoichiometry or core-level
peak positions.

An irreversible QE drop to 0.9% occurred after the second XPS measurement,
conducted before heating up to 110 °C. This degradation is attributed to poten-
tial beam damage or a minor pressure increase during XPS analysis, although no
evidence of oxidation (e.g., oxide peaks in K 2p or Na 1s spectra) was observed.

Subsequent heating to 110 °C and 130 °C led to further QE decline, while the
effects of repeated XPS measurements could not be ruled out. The evidence of
stoichiometric changes related to thermal dissociation happened after the 130 °C
step, showing similar result as discussed in last section: A decrease in peak inten-
sity for K 2p, an increase of Na and an appearance of a secondary peak in Sb 3d

region.
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A.2 Thermal Stability of Na2KSb Photocathodes

A.2.3. Temperature-Dependent QE Behavior of Na-oversaturated Samples

This subsection presents the temperature-dependent QE of the slightly Na-

oversaturated sample TWH13 (Nas 2K 9Sbq ). As shown in the post-growth cool-

ing curve of Figure 4.1, the QE of this sample decrease during cooling down.

Meanwhile, a heating up could recover the QE as shown in Figure A.8a.
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Figure A.8: Temperature-dependent QF behavior of Na-oversaturated samples:
(a) QF versus substrate temperature for TWHI13 (Nas 2Ky 9Sb); (b) Spectral re-
sponse of TWH 13 measured at 23 °C and 75 °C; (c) QFE versus substrate temper-
ature for WHI11 (Nas 4K 7Sb).

To investigate this phenomenon further, spectral response curves were mea-
sured. The QE at 75 °C is found to exceed that at 23 °C across the entire spec-
tral range, as shown in Figure A.8b. This positive correlation between QE and

temperature is not unique to TWH13, a similar trend was observed in other Na-
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oversaturated samples, such as WH11 (Nay 4K 7Sb), as demonstrated in Figure
A.8c.

A.3. Additional Spectral Response Studies

A.3.1. Spectral Response at increased Temperature

To quantify the relationship between the energy broadening AF/(7T") and sub-
strate temperature, the spectral response of sample TWH18 was measured at room
temperature, 70 °C, 90 °C, and 110 °C. The corresponding values of AF/(T") were
determined to be 0.043 eV, 0.050 eV, 0.052 eV, and 0.053 eV by Urbach fitting,
respectively. These results demonstrate a positive correlation, where AF/(T) in-

creases with rising temperature.
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Figure A.9: Spectral response curve of TWH 18 measured at sample temperature
of room temperature, 70°C, 90°C and 110°C.
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A.3.2. Spectral Response at different positions

Table A.1: Urbach and Kane fitting of TWH22 (old geometry) and TWH25 (new
geometry) spectral response curves in four sample positions. These four points lie
on a straight line passing through the center of the film, and the distance between
two adjacent points is 1.4 mm, with stoichiometric ratio of Na:K in position 1<
position 2< position 3< position 4.

Old geometry New geometry
Urbach Kane Urbach Kane
TWH22 QE | TWH25 QE
B ET n ET B ET n ET

Positionl 22.1 191 136 192 4.4% | Positionl 23.8 190 130 192 5.0%
Position2 219 191 1.33 191 4.4% | Position2 239 190 134 190 5.1%
Position3 22.2 193 141 193 3.7% | Position3 239 190 136 190 5.1%
Position4 223 195 141 193 2.8% | Position4 243 190 1.39 1.89 5.0%

A.4. Full Dataset

The full dataset of Na-K-Sb photocathodes deposited from September. 2024 to
August. 2025 1s listed in Table A.2 and Table A.3.



Table A.2: QF (at 520 nm), dark lifetime and stoichiometry of Na-K-Sb photocathodes deposited from Septem-
ber.2024 to April.2025

Sample Method max QE Lifetime Stoichiometry(AlKa) Stoichiometry(MgKa) Na/Sb and K/Sb gradient Sb gradient

TWH10 seq (test) 0% - Na; 4K 2Sbq g - - -
TWHI11 seq (test) 0% - Na; 5K oSby g - - -
TWHI11+Na extraNa  6.6% low Nay oK1 0Sb; o Naj 3K, 2Sb; g 1.70/1.25 0.78

TWHI12 seq >3.3% + Naj sK; 7Sby Na; 7Ky 5Sb; 1.11/1.22 0.79
TWHI13 tri-1 5.2% 67h Nay 5K 7Sby o - - 0.83
TWHI14 tri-1 6.7% 63h Nay 4K ¢Sby - - -
TWHI15 tri-1 5.6% 220h Nay 5K 2Sb; o - - 0.81
TWHI15-1 thermal - - Nas 6K.5Sbq g - - 0.85
SEA00 tri-1 5.0% 223h Nay oK;1Sby g - - -
SEAO1 tri-1 >4.0% + - - - -
TWHI16 tri-1 3.1% 500h+ Na; 9K;5Sb; g Na; gKj 4Sby g 1.03/1.25 0.84
TWHI16-1 thermal - - Na; sK;.1Sby g Nay oK;.3Sby 1.07/1.28 0.85
TWHI16-2 extra K - - Na; 4K;.9Sb; g Nay 4K5 3Sb; o 1.31/1.32 0.79
TWHI17 tri-1 3.4% 500h+ Na; 9K 5Sby g Nay 5K 5Sb; o 1.15/1.27 0.82
TWH17-1 thermal - - Na; 6K;.2Sby g Nay 1K 4Sby g 1.16/1.28 0.83
SEA02 tri-1%* 3.6% 108h - - - -
TWHI18 tri-1%* 3.7% 410h Na, 3K ¢Sb; g Na, 3K; 3Sb; o 1.07/1.37 0.83
TWHI19 tri-1%* 1.4% 388h Nay oK;5Sb; Nay oK;2Sby g 1.07/1.10 0.86
TWHI19+Na extraNa 3.9% 288h Nay 5K;1Sby Nay 5K 3Sb; 1.11/1.23 0.89
TWHI19+2Na extraNa 59% 263h Nay 5K 8Sby o Nay gK.9Sby o 1.28/1.22 0.85
TWHI19+3Na extraNa 4.2% 80h Nay 9K 6Sby .o Nas 4K 6Sby .o 1.34/1.21 0.84
TWHI19+4Na extraNa 2.5% 89h Naz 1K 4Sby g Naz Ko 4Sby o 1.35/1.06 0.84
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Table A.3: QF (at 520 nm), dark lifetime and stoichiometry of Na-K-Sb photocathodes deposited from May.2025

(43!

to August.2025
Sample Method  max QE Lifetime Stoichiometry(AlKa) Stoichiometry(MgKa) Na/Sb and K/Sb gradient Sb gradient
TWH20 tri-1* 2.3% 115h Nas 2K 8Sb1 g Nas 5Ko.8Sb1 g 1.21/1.22 0.85
TWH21 tri-1* >2.4% + Nas 2K.9Sby o Nay 4K;.1Sb; g 1.18/1.24 0.82
TWH22 tri-2 (test) 4.7% 500h+ - - - -
TWH22-1 extraK+Sb  6.2% 500h+ - - - -
TWH22-2 extraK+Sb  6.5% 526h - - - -
TWH22-3 extraK+Sb  6.3% 27%h Nas 3Ko.9Sbi o Nas 5K, 1Sb; 1.16/1.31 0.83
TWH23 seq (test) 0% - Na3 0Kg.1Sb; g Nag 9Kg.0Sbi o 1.54/- 0.75
TWH24 tri-2 (test) 0% - Nay sK; 6Sbi g Na; 4K;6Sb1o 1.51/1.09 0.82
TWH24+Na  extra Na 3.4% 500h+ Nas 2K oSby g Nas 2Ky 0Sby 1.55/1.19 0.79
TWH25 tri-2 5.1% 500h+ Na; gKy.9Sbi g Nas oK;.1Sb; 1.17/1.28 0.83
SEAO03 tri-2 5.5% 500h+ - - - -
TPO1 tri-2 4.0% 500h+ Na; 7K 2Sb; Nay 2K 3Sb; 1.49/1.13 0.82
Na-Sb - 0% - Naz 2Sb; Nay oSbi o 1.35/- 0.84
K-Sb - 0% - K30Sb10 - -

*partially depleted Na source
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