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Negative Electron Affinity (NEA) GaAs photocathodes are widely employed
for generating spin-polarized electron beams, but their extreme sensitivity to
chemical poisoning significantly limits their operational lifetime. This thesis in-
vestigates strategies to enhance the longevity of spin-polarized electron sources.
First, the evolution of beam polarization during photocathode degradation is
characterized both experimentally and theoretically. A novel cesium iodide
(CsI) surface treatment is then shown to improve lifetime performance. Ad-
ditionally, GaAs photocathodes incorporating a robust antimony (Sb) layer into
the NEA activation are tested under high-current conditions, where ion back-
bombardment dominates degradation. Finally, spin-polarized electron emis-
sion from GaN photocathodes is measured and characterized for the first time

in both hexagonal and cubic crystal orientations.
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CHAPTER 1
INTRODUCTION

1.1 Spin-Polarized Electron Beams

1.1.1 Spin

Spin is a fundamental quantum property of particles giving them intrinsic
angular momentum [5]. Unlike classical angular momentum, spin is quantized,
meaning it can only take certain discrete values, typically expressed in half-
integer or integer units of the reduced Planck constant (~). Electrons have a

1=2 spin, meaning they can exist in one of two spin states: “spin-up” or “spin-
down,” relative to a specific axis. Spin is central to phenomena like magnetism
and the Pauli exclusion principle [6] and can dictate particle behavior in quan-
tum mechanics, affecting their statistical properties and interactions in systems

like atoms, molecules, and solid-state materials [7].

Experimental research on spin physics began over a century ago. In 1922,
Stern and Gerlach fired a beam of silver atoms through a nonuniform magnetic
tield and observed the beam split into discrete components as opposed to form-
ing a continuous distribution [8], providing the first experimental evidence of
spin quantization. In 1925, Uhlenbeck and Goudsmit introduced the concept of
intrinsic electron spin to explain atomic spectral fine structure, offering a theo-
retical foundation for the Stern—Gerlach experiment [9]. This led Pauli to intro-
duce a spin-1/2 extension of the Schrédinger equation to account for electron

spin [10].



1.1.2 Spin-Polarized Beams

Since the early spin physics experiments, beams of spin-polarized electrons
have been used across a wide range of scientific fields, including nuclear and
particle physics, materials characterization, surface science, and the advance-
ment of spintronic technologies. A beam is considered spin-polarized when
there is an imbalance between the number of spin-up (N-) and spin-down elec-
trons (Ny). The degree of electron spin polarization (ESP), denoted by P, is de-
fined as:

P=_ (1.1)

Several previous discoveries in nuclear and particle physics have relied on
spin-polarized electron beams. At SLAC, the E158 experiment used a polarized
electron beam to observe parity violation in Moller scattering [11]. MIT-Bates
used polarized electrons to probe nucleon structure, with the BLAST experi-
ment illuminating spin-dependent electromagnetic interactions in few-nucleon
systems [12]. At Jefferson Lab (JLab), the Continuous Electron Beam Accelerator
Facility (CEBAF) utilized a spin-polarized beam for elastic scattering measure-
ments that reshaped our understanding of the proton’s charge and magneti-
zation structure [13]. Later, JLab’s HAPPEX and G° experiments, using similar
polarized sources, showed that strange quark contributions to nucleon form fac-
tors are minimal [14,15]. Meanwhile, the HERMES experiment at DESY used
spin-polarized electrons (polarized via the Sokolov-Ternov effect [16]) to per-
form deep inelastic scattering from polarized gas targets, finding that quark
spins contribute only a small fraction to the proton’s total spin [17]. Still in
operation today, the Mainzer Microtron (MAMI) in Germany operates with po-

larized electron beams up to 100 A at 1.5 GeV, and focuses on measurements of



nucleon form factors [18]. JLab recently upgraded to a 12 GeV polarized electron

beam at CEBAF to continue the next generation of nuclear physics research [19].

Looking ahead, Brookhaven National Laboratory (BNL) is developing the
Electron-Ion Collider (EIC), which will utilize polarized electron and ion beams,
aiming to resolve how the spins of quarks and gluons combine to produce the
overall spin of the proton [20-22]. The proposed International Linear Collider
(ILC) [23,24], Future Circular Collider (FCC) [25], Cool Copper Collider (c3) [26]
and Compact Linear Collider (CLIC) [27, 28] all plan to utilize spin-polarized
beams as well for probing new physics. These facilities will all be designed
for highly polarized electron beams, enabling studies of the Higgs boson, top

quark, and possible new particles.

In condensed matter research, spin-polarized electrons are probes for study-
ing magnetic materials, using spin-orbit interactions to explore magnetic do-
mains and spin configurations. Spin-Polarized Low-Energy Electron Mi-
croscopy (SPLEEM) is a technique for nanoscale magnetic imaging, using a low-
energy spin-polarized electron beam to examine surface magnetic properties
[29-31]. This method has been employed to investigate phenomena like spin
reorientation transitions in ultrathin ferromagnetic films [32]. Spin-Polarized
Transmission Electron Microscopy (SPTEM), by contrast, is another tool that
merges the high spatial resolution of transmission electron microscopy (TEM)

with spin sensitivity [33].



Measurement

For diagnostics, spin-polarization is commonly measured using a Mott po-
larimeter, which exploits the phenomenon of Mott scattering [34]. In this pro-
cess, electrons scatter off a high-atomic-number (high-Z) target, such as gold or
tungsten. Due to spin-orbit coupling, electrons with opposite spin states scat-
ter asymmetrically, enabling the polarization to be inferred from the left-right

asymmetry in the scattering pattern.

The underlying mechanism originates from the Dirac equation, which yields

a spin-orbit interaction term in the classical Hamiltonian [35,36]:
Hso= pu B/L §; (1.2)

where p is the electron’s magnetic moment, B is an effective magnetic field, S is
the spin angular momentum, and L is the orbital angular momentum. A simpli-
tied physical picture [37,38] considers an electron with velocity v approaching
a nucleus of charge Ze. In the electron’s rest frame, the nucleus’s electric field E
gives rise to a magnetic field:

B= ; (1.3)

with E = (Ze=r®)r as the Coulomb field. Since L =mr vand u = g.S=(2mc),

the spin-orbit coupling becomes:

Ho= u B= -2 | s (1.4)
o= H BT o3 ; '

where g. 2 is the electron’s g-factor.
This expression shows that Mott scattering arises from the Hso interaction,

with the effective magnetic field B appearing in the electron’s rest frame. Be-

cause the strength of this interaction scales with Z, high-Z targets produce



stronger spin-dependent scattering cross sections. Moreover, since the sign of
Hso depends on the relative orientation of L and S, electrons with opposite spins

preferentially scatter in opposite directions.

1.1.3 Historical Sources

Early highly spin-polarized beams were generated from ionization-based
sources. The Fano Effect [39] involves the ionization of high-Z alkali vapors
with circularly polarized light. A 63% ESP was reported in an early Fano Effect
device [40]. Also around this time, PEGGY was commissioned at SLAC [41],
which could emit an 85% ESP electron beam. While these techniques demon-
strated high ESPs, they were limited to low currents and large energy spreads.
Other sources have relied on different mechanisms, such as field emission. One
such device involved a tungsten (W) tip coated with a europium sulfide (EuS)
ferromagnetic thin film, which acts like a spin filter for W electrons tunneling
into an empty conduction band [42]. An 85% ESP was reported with low energy
spreads and emittances. However, this source is also limited by low currents

and an inconvenience in reversing the ESP orientation.

Since the mid-1970s, however, photoemission-based electron sources (pho-
tocathodes) have been the standard choice for the production of spin-polarized
electron beams, overcoming many of the limitations of earlier ionization or field
emission sources. In the next section, we provide a general overview of photo-
cathode physics, underscoring why a photocathode electron source is preferred

for many applications.



1.2 Photocathodes

1.2.1 The Photoelectric Effect

At its core, the photoelectric effect describes the emission of electrons from
a material’s surface when illuminated by light. First observed in the late 19th
century [43], its mechanism remained unexplained until the development of
quantum mechanics in the early 20th century, when its theoretical explanation

fundamentally reshaped our understanding of light.

In the early 1900s, Max Planck introduced energy quantization, the idea
that electromagnetic energy is emitted in discrete packets [44]. Albert Einstein
expanded this concept in 1905, proposing that light itself comprises discrete
quanta (later termed “photons”), each carrying energy h , where h is Planck’s
constant and is the light frequency [45]. Einstein’s explanation of the pho-
toelectric effect said that electron emission occurs only if the light frequency
exceeds a material-specific threshold (the work function, ), and that the emit-
ted electron’s kinetic energy depends on frequency rather than intensity. This

relationship is expressed by the equation:

Ke =h (1.5)

A decade later, Robert Millikan conducted experiments that confirmed Ein-
stein’s equation, demonstrating the linear relationship between electron kinetic
energy and light frequency [46]. Einstein was awarded the 1921 Nobel Prize in
Physics for his work on the photoelectric effect, while Millikan received the 1923

Nobel Prize for his experimental verification. The photoelectric effect played a



crucial role in establishing wave—particle duality, demonstrating that light ex-

hibits both wave-like and particle-like properties.

While Einstein’s model explains the energy threshold for photoemission, the
full process is far more complicated. William Spicer’s three-step model provides
a framework for understanding electron emission from solid surfaces under il-
lumination [47]. This model breaks the photoemission process into three distinct

steps:

1. Optical Excitation: A photon transfers its energy (h ) to an electron, ex-
citing it to a higher energy state. Excitation probability depends on the
material band structure and photon energy. This is related to the optical
absorption coefficient of the material, (h ), which can be calculated with

Fermi’s Golden Rule, as done in Chapter 2.

2. Transport to the Surface: The excited electron transports to the material
surface, potentially losing energy in scattering processes (e.g., electron-
electron collisions or phonon interactions). Only a fraction of electrons
will retain sufficient energy for emission. This is related to the diffusion
length for the excited electrons, L(h ) (i.e. the average travel distance be-

fore recombination).

3. Escape into Vacuum: Once an electron reaches the surface, it must over-
come the potential energy barrier that exists on the surface to completely
escape into vacuum. Escape probability therefore requires electrons to
have enough kinetic energy and momentum directed perpendicular to the
surface to overcome the surface barrier. The probability of electrons escap-
ing the surface can be calculated with tunneling models and is written as

P(h ).



Quantum Efficiency (QE), the ratio of emitted electrons to incident photons de-
pends cumulatively on all three steps as

P(h)

O TRy A T

(1.6)

This model has been refined over the past several decades, to include sev-
eral parameters including density of states [48], surface roughness [49], optical
interference [50], and others, but it remains the basis for most theoretical pho-
toemission modeling, and will be the basis for the discussion of spin-polarized

electron photoemission in Section 1.3.1.

Studying photoelectrons can reveal properties of their source materials such
as electronic structure and surface chemistry, through techniques like Angle-
Resolved Photoemission Spectroscopy (ARPES) [51,52] and X-ray Photoelectron
Spectroscopy (XPS) [53]. However, as discussed in Section 1.2.2, the demand for
high-performance electron sources continues to drive the development of pho-
tocathode materials with properties optimized for machine-specific demands.
In photoinjector applications, multiple parameters must be considered when
selecting a photocathode. While QE determines the required laser power for a

given beam current, other factors can be equally critical.

In many machines, the beam brightness is the main figure of merit for the
electron beam. The beam brightness is the number of electrons per unit volume
in six-dimensional phase space (x, X', y, ¥, z, z’). The volume that the emitted
beam occupies in phase space is known as the “emittance”, . So, the normalized
beam brightness can be written in terms of the x-x" and y-y” emittances as
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where | is the extracted current [54]. The highest brightness that a beam can



have in a photoinjector is set at the photocathode.

The mean transverse energy (MTE), which reflects the spread in transverse
momentum of emitted electrons, sets a fundamental limit on the beam’s emit-

tance. Since r

MTE
= 1 .
mc2 (18)

where is the laser spot size on the photocathode, minimizing the beam MTE

is a path toward a brighter beam due to their inverse relationship.

The MTE of emitted electrons is governed by photocathode material prop-
erties, surface conditions, and the incident laser. Dowell and Schmerge applied
Spicer’s three-step model to derive QE and MTE expressions for metal pho-
tocathodes [55], later extended to include density of states and finite electron
temperature [49,56]. Near-threshold photoemission will yield thermal-limited
MTE (kgT), while higher photon energies increase MTE linearly. The path to-
ward the production of brighter beams lies in the development of high-quality

photocathode materials.

1.2.2 Photoemission in Accelerator Technology

Photocathodes are preferred over thermionic and field-emission electron
sources in applications requiring high brightness, ultrafast responses, and pre-
cise control over beam parameters, as overviewed in some comprehensive re-
view articles [57-59]. Unlike thermionic emitters, which rely on heating to re-
lease electrons and thus have longer response times, photocathodes can pro-
duce electron beams with femtosecond-scale resolution, making them ideal for

time-resolved experiments such as ultrafast electron diffraction and microscopy.



Photocathodes offer flexibility in beam shaping and timing. The temporal and
spatial characteristics of the emitted electron beam may be controlled with the
incident laser pulse, a challenge to achieve with other electron sources. These
features collectively make photocathodes a good choice for applications requir-

ing high-performance electron beams.

The machines discussed in Section 1.1.2 use photocathodes to produce spin-
polarized beams. These photocathodes will be detailed in Section 1.3.1. For
applications not requiring the electron beam to be spin-polarized, photocath-
odes are used in a variety of scientific and industrial machines that require high-
quality electron beams. Notable applications include free-electron lasers such as
the Linac Coherent Light Source (LCLS) at SLAC [60,61] and the European XFEL
in Germany [62], as well as ultrafast electron diffraction setups [63-67], where
photocathodes generate the high-brightness or femtosecond electron pulses

needed for atomic-scale, time-resolved studies.

The largest disadvantage to photocathode use is the propensity for their per-
formance to degrade before or during operation, which is the subject of Section

1.4.

1.2.3 Photocathode Materials

Photocathodes are broadly categorized into metallic and semiconductor

types, each with distinct properties and applications.

Metal photocathodes (like copper and magnesium) are not prone to chemical

degradation (at reasonable pressures) and are commonly chosen for use due to
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their robustness and fast response times. However, they typically have QEs on
the order of 10 * 10 3% due to relatively large work functions, high amounts
of electron—electron scattering, and light reflection at their surfaces. As a result,
metal photocathodes have limited use for applications requiring high current

beam:s.

Semiconductor photocathodes can be further subdivided into Positive Elec-
tron Affinity (PEA) and Negative Electron Affinity (NEA) types. PEA Photo-
cathodes typically encompass materials like cesium telluride (CsTe) and alkali
antimonides (e.g., K;CsSb). They are known for their stability and relatively
high QE (can be several percent with visible light), making them suitable for

high current and high brightness applications.

NEA Photocathodes include those based on gallium arsenide (GaAs) and
gallium nitride (GaN). The NEA state is achieved by treating the semiconductor
surface with cesium and an oxidant (either O, or NF;). GaAs photocathodes are
the standard choice for spin-polarized electron production, and are discussed in

detail in Section 1.3

1.3 Spin-Polarized Photoemission from GaAs Photocathodes

GaAs is a III-V compound semiconductor with a zinc blende crystal struc-
ture and a direct band gap of 1.43 eV at room temperature. Since the mid-1970s,
GaAs photocathodes have been a superior choice as a source of spin-polarized
electron beams. First characterized by Pierce and Meier in 1976 [1], GaAs pho-
tocathodes have been used in many devices for multiple applications. For ma-

chines mentioned and cited in Section 1.1.2, nuclear and particle physics experi-
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ments like those formerly at SLAC and MIT, currently at CEBAF and MAMI and
planned for the future like the EIC, ILC, ¢® and CLIC are all based on GaAs pho-
tocathode technology. Further, several microscopy machines have been made
utilizing them [29, 30, 33]. As a photocathode, GaAs also boasts impressive
thermal emittance and response times [68], 52 mA record average current [69],
percent-level QEs near emission threshold and widespread commercial avail-
ability of high quality crystals. Well-developed epitaxial growth methods (e.g.,
MBE, MOCVD) enable control over doping profiles and surface quality.

1.3.1 Spin-Polarized Photoemission

The zinc blende energy band structure of GaAs is ideal for spin-polarized
photoemission. GaAs has a Ey = 1:43 eV direct bandgap at the -point (k = 0),
as illustrated in Fig. 1.1 (and calculated with Kane’s Model [3] in Fig. 2.1). The
valence band is split into three subbands due to spin—orbit coupling: the heavy-
hole (HH), light-hole (LH), and split-off (SO) bands. The HH and LH bands are
degenerate at the -point, while the SO band is further separated by a spin-orbit

splitting ( 5o = 0:34 eV). Each of these subbands is doubly-degenerate.

NEA refers to the condition when the vacuum energy level (the energy re-
quired to escape into vacuum), lies below the conduction band. This means
that the work function is equal to the bandgap energy. Because spin-polarized
photoemission requires excitation from the top of the valence band, the NEA
state (or close to it) is required. How NEA is achieved physically is discussed in

Section 1.3.3. In Fig. 2.1, a diagram showing the NEA state is displayed.

The process of spin-polarized photoemission can be understood through

12



Spicer’s three-step model, which requires analyzing the effects at each stage to
fully explain how spin-polarization is generated and preserved during electron

emission.

Optical Excitation of Spin-Polarized Electrons in GaAs

The theoretical ESP of electrons upon excitation is calculated in detail in
Chapter 2 (for an arbitrary electron affinity and arbitrary direction), we provide

an overview here, using the simplification of k ¥ kzZ for illustration.

Generation of spin-polarized electrons in GaAs relies on the structure of
the topmost valence bands and the selection rules under excitation with cir-
cularly polarized light. The valence-band maximum at the -point comprises a
fourfold-degenerate HH (jJ=2;m;= 3i)and LH (jJ=3;m;= 3i) manifold, split

from the twofold split-off jJ=3;my= 3i) band.

Circular Polarization and Selection Rules

Under right-handed circularly polarized light ( *) excitation (angular mo-
mentum +-~), allowed transitions must satisfy m; = +1. Thus, the only allowed

transitions from each subband at are

HH: m;=

Nlw
-

T m;=

ST

LH: m, ' my =+ (1.9)

I
NI

-
NI

SO: my; = %!mJ:+'

ST

as summarized in the diagram in Fig. 1.1. To calculate the excited ESD, the tran-
sition rates of each allowed transition must be considered. These are calculated

with Fermi’s Golden Rule, as shown in Chapter 2.

13



For example, with a 1.43 eV photon ( = 867 nm), only electrons at the top
of the valence band will be excited to the conduction band. This means that
only HH and LH band electrons can be excited. When calculating the transition
rates of each, one finds that the HH band electrons transition at a 3 times higher
rate than those of the LH band. Meaning that the ESP at the emission threshold
photon energy is

[T T 3 1

Py = = = 50% 1.1
° lhn + I 3+1 ’ (1.10)

in bulk GaAs. Inclusion of SO transitions will rapidly reduce P, when h >
Eg+ . The blue curve in the bottom plot in Fig. 1.1 is a plot of the theoretical
excited ESP as a function of wavelength from Ref. [2]. Here, a 50% maximum is

shown at threshold, with a shoulder around 700 nm where SO transitions start.

Spin Depolarization Mechanisms in GaAs

Once the electrons are excited with the circular polarized light (photoemis-
sion step one), they now undertake transit to the surface (photoemission step
two). Here, along with recombination mentioned in Section 1.2.1, depolariza-
tion effects act on the electrons. These may not necessarily stop an electron from

photoemission, but they may alter their spin orientation in the process.

Electron spins in GaAs lose orientation primarily via three mechanisms:
D’Yakonov-Perel (DP) [2], Elliott-Yafet (EY) [70], and Bir—-Aronov-Pikus (BAP)
[71]. The DP mechanism arises from bulk inversion asymmetry coupled with
spin—orbit fields, leading to momentum-dependent precession between scatter-
ing events. The EY mechanism is driven by spin—orbit-induced mixing of wave
functions with different spins, so that ordinary momentum-scattering events

carry a finite probability of a spin flip. Finally, the BAP mechanism involves
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spin-flip exchange collisions between electrons and holes, important in p-type
samples. Together, these effects contribute to the material’s spin relaxation time
( s), which is the time it takes an electron to lose its spin orientation. A Monte
Carlo simulation of the cumulative effects of these mechanisms calculated the
total spin relaxation times of photoexcited electrons in GaAs, showing s 1ns

for samples with high p-doping with threshold excitations [72].

In the bottom plot in Fig. 1.1, the orange curve shows experimentally mea-
sured ESP from an NEA GaAs photocathode. We see where the data mirrors
the excited spectrum, but the maximum is around 40% due to the depolariza-

tion that occurs during electron transit.

Escape Into Vacuum

Once the polarized electrons have traversed photoemission steps one and
two, they must lastly make it through the surface potential barrier with their
spin orientation preserved. In Chapter 2, the effect of a uniform surface po-
tential barrier caused by a PEA condition is explored, and found to have power
effects on the emitted ESP. In other works, the surface potential is often modeled

as a single (as in Fig. 2.1) or double triangle in the E  z plane [72,73].

1.3.2 Enhancements to GaAs Photocathodes

Bulk GaAs is limited to a max excited ESP of 50% due to the degenerate HH
and LH states. However, if the HH and LH states could be separated in energy,

a 100% ESP beam could be theoretically excited. This is done by applying a
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Figure 1.1: (Top) A diagram from Ref. [1] showing the band states and

transitions in GaAs in the limit K ¥ kZ. Conduction band
states are black; HH are purple, LH are yellow, and SO are
blue. Left: energy band diagram near k = 0. Right: doubly-
degenerate states and allowed transitions from right-handed
(+~, orange) or left-handed ( ~, green) circularly polarized
light. HH transition rates are three times those of LH, as dis-
cussed in the text. (Bottom) Excited ESP calculated with the
D’Yakonov-Perel (DP) model [2] and reproduced in Chapter 2
for NEA GaAs. At threshold, excited ESP reaches 50%, then
drops slightly before decreasing more rapidly as SO transitions
begin near 700 nm. Example data (orange) illustrates how de-
polarization reduces the observed photoemitted ESP.
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transverse pressure on the material.

Originally, this was done by applying pressure with a hydraulic press,
though it was difficult to not shatter the photocathode [74]. A much more
sustainable way to break the degeneracy is with a strained-layer sample. In
strained GaAs photocathodes, a thin GaAs active layer is grown on a lattice-
mismatched GaAs; P, substrate, imposing in-plane compressive strain that
lifts degeneracy [75-77]. This HH-LH splitting is typically on the order of tens

of meV, tuned by the P concentration x.

In practice, the benefits of strain engineering can be partially offset by strain-
relaxing dislocations and compositional inhomogeneities. To address these lim-
itations, strain-compensated superlattices alternate compressively strained lay-
ers with tensile-strained layers, effectively balancing the overall strain. This
approach suppresses some defect formation while maintaining a large valence-

band splitting [78,79].

While strained superlattice structures boast high ESPs, it comes at a cost of
QE, often lowering it by 1-2 orders of magnitude over bulk GaAs. To com-
pensate for the lower QEs, state-of-the-art GaAs photocathodes use Distributed
Bragg Reflectors (DBR) placed beneath the strained-superlattice stack. This
forms a resonant cavity that reflects transmitted light back into the emissive lay-
ers and increases the effective absorption at the design wavelength [77,80]. Re-
cent studies at BNL have demonstrated these strained superlattice/DBR GaAs
photocathodes can achieve 90% ESP and 18% QE near 780 nm [81], making these
photocathodes the electron source of choice for most modern devices requiring

high ESP.
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1.3.3 NEA

Achieving near an NEA state in GaAs is required for spin-polarized pho-
toemission, and can enable percent-level QEs with incident near-infrared (NIR)
photons. NEA occurs when the vacuum energy level lies below the conduc-
tion band minimum of the material, allowing photoexcited electrons to escape
into the vacuum without additional energy barriers. This condition is typi-
cally achieved through a surface activation process involving the deposition of
cesium (Cs) and an oxidant (either oxygen (O;) or nitrogen trifluoride (NFj3))
atoms onto the GaAs surface. The electropositive nature of the Cs forms a strong
dipole layer on the GaAs surface. Experimentally, activating a GaAs photocath-
ode to NEA can be done either through simultaneous or sequential deposition

of Cs and O,/NFs;, as shown in Fig. 1.2a.

Maintaining the NEA condition requires stringent environmental controls,
as Cs is highly sensitive to contaminants and residual gases. Therefore, pho-
tocathodes must be grown and operated entirely within ultra-high vacuum
(UHV) systems. The limitations imposed on GaAs photocathodes due to the

sensitive nature of Cs is the subject of the next section.

1.4 The Lifetime Problem

1.4.1 Degradation Effects

Three main processes will work in tandem to degrade the photocathode QE:

chemical poisoning, thermal desorption and ion back-bombardment. QE usu-
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Figure 1.2: (a) An example activation of a GaAs photocathode with Cs and
NF; is shown while the QE is monitored with 780 nm inci-
dent light. Cs is applied to the surface until the QE peaks at
around 1 hour, and then falls slightly. The Cs source is turned
off and some NF; is leaked into the chamber. This makes the
QE sharply rise, until a new peak is achieved. 11 total Cs+NF;
cycles are shown here. (b) Example QE spectral response mea-
surements at different points in the NEA activation. As the
activation proceeds, the spectral responses will move from left
to right, until the full NEA condition is achieved in the blue
curve. We see there a work function around 870 nm, indicating
that the vacuum energy level is beneath the conduction band.

ally falls exponentially as a function of time as
QE(t) = QEyexp( t=): (1.11)

Photocathode lifetime is usually expressed in terms of the time needed for the
QE to fall to 1=e of its initial value, . In some works, there are multiple terms
inside the exponential corresponding to degradation from different mechanisms

[82,83].
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Chemical Poisoning

QE degradation by chemical poisoning is when the surface of the cathode
is contaminated by the residual gas inside the cathode’s environment. This is
why ultra-high and extreme-high vacuum systems are typically required. This
is often referred to as “dark lifetime,” as this degradation occurs without the

extraction of a beam.

Cathodes that are activated to NEA with Cs are especially susceptible to
this, as Cs is highly reactive and unstable. In one study of NEA GaAs [84], it
was shown that N, H, and CH, have very little impact on the QE, whereas
O,, CO; and CO significantly degrade the QE. Oxygen (beyond the very small
amount that can be beneficial to the NEA layer) is the most harmful in this
regard, as it bonds with the NEA surface, accepts electrons from Cs atoms and
is absorbed in the activation layer [85]. This weakens the surface dipole, causing
the vacuum level to increase. Around 0.01 Langmuir (L) of oxygen is sufficient
to degrade an NEA GaAs photocathode to its 1=e lifetime [84]. This means that
in an environment with an oxygen partial pressure of 1 10 * Torr, the lifetime

will be around half an hour.

As for other gases, carbon dioxide is also very harmful, albeit typically less
of a concern since it is far less common than oxygen. The dissociation energy
of CO; into CO and O is low (5.44 eV [86]). So, it will easily dissociate and
provide oxygen and CO to the activation layer. As shown in [84] QE (of NEA Cs-
GaAs) degrades quicker with CO; exposure than with CO exposure, but slower
than with oxygen exposure. Water is another deadly molecule to NEA surfaces,

shown to have similar oxidation effects in [87].
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A simple model describing the degradation due to a single gas species can be
formulated and later extended to account for multiple species. The degradation

caused by one species is given by [82]:

= = N,eQE (1.12)

Here, Ny, represents the flux of gas molecules striking the surface, and e is
the probability that a given molecule deactivates the negative electron affinity
(NEA) surface. Both analytical and experimental results have shown that NEA
deactivation increases exponentially with oxygen exposure [88]. Solving the

differential equation yields a characteristic lifetime: . = 1=Ne.

Assuming low pressures, the molecular flux can be expressed using the
ideal gas law. Under thermal equilibrium, the molecules follow the Maxwell-

Boltzmann distribution [88], leading to
r

Nm=p

1

which highlights the inverse relationship between the partial pressure p and
the lifetime .. This model primarily applies to species with high deactivation

probabilities e¢, such as H,O and O,.

Thermal Desorption

Thermal desorption is a temperature-dependent degradation of QE [82,89].
In Ref. [82], dark lifetime is measured as a function of photocathode temper-
ature for an NEA GaAs sample. It is shown that an increase in temperature

of around 60K can reduce the lifetime by an order of magnitude, once the vac-
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uum effects associated with elevated temperatures are accounted for (i.e. higher
temperatures will cause higher pressures in the chamber, and thus lead to more
chemical poisoning). This work demonstrates a relationship for the lifetime due
to thermal desorption as

t / 1=exp(E=KT) (1.14)

where E is the binding energy and kT is the cathode temperature.

lon back-bombardment

Ion back-bombardment happens when the emitted electrons ionize gas
molecules in the chamber. These ions have positive charge, and are subse-
quently accelerated toward the photocathode, since the configuration is always

designed to accelerate electrons away from the cathode [90-92].

Degradation by ion back-bombardment can happen in different ways. Ions
can cause defects near the photocathode’s vacuum interface, which in turn can
lower an excited electron’s escape probability [90]. Ions may also work to re-
move an NEA layer through sputtering. Ref. [92], demonstrates through simu-
lation that ions between 500 eV and 5 keV can do this, a result that is reproduced
in Chapter 4. If the ions have higher energy, typically around 5 keV, they can go
so far as to create vacancies in the photocathode lattice, causing damage to the

crystal structure [92].

An estimation of the impact of ion back-bombardment was presented in [93],
where the total number of ions produced was calculated based on the chamber’s
gas composition and ionization cross-sections. A key parameter in ion back-

bombardment models is the average number of ions N; of a given gas species
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(commonly hydrogen) generated over a beamline length | which is given [94]
as:

Ni=  INg: (1.15)

Here, is the gas density, is the ionization cross-section, which represents
the probability of an electron ionizing a gas molecule upon collision, and N, is
the number of electrons traversing the beamline segment. Studies modeling ion
back-bombardment include a detailed calculation of , as it depends on both

the beam properties and the specific gas species involved [93].

An analysis of the effects on ion back-bombardment on NEA GaAs photo-

cathodes in a high-current electron gun is presented in Chapter 4.

1.4.2 Review of Lifetime Improvement Techniques

One of the primary goals in photocathode research right now is to produce
cathodes that have longer lifetimes. Regarding dark lifetime effects, studies
include improving the robustness of the NEA layer or exploring new, more-

robust bulk materials that can produce a spin-polarized beam.

Alternative NEA Layers

The addition of a third, more-robust element (Te, Sb, or Li) to the activa-
tion layer has been consistently proven to enhance the lifetime of NEA GaAs.
However, this nearly always comes at a cost of QE and ESP. In Ref. [95] it was
shown that applying a layer of Cs,Te (a much more robust material) to a GaAs

photocathode resulted in a 5-times longer lifetime than a GaAs photocathode
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activated the typical way (Cs+0O,). Later, in Ref. [83], GaAs photocathodes were
activated with Cs-Sb-O. This activation was shown to improve the charge ex-
traction lifetime by a factor of 60 and the dark lifetime by an order of magni-
tude. However, there are trade-offs with regards to QE and spin-polarization.
Nevertheless, the addition of around 1 nm of Sb to the NEA layer could extend
the lifetime by around a factor of 5, at little cost to the QE or ESP. Recent results
have also explored the use of lithium [96] and graphene [97] in the NEA layer

and shown promising results.

In Chapter 3, we investigate the use of cesium iodide (Csl) as a possible

enhancement to the NEA layer.

New Materials

A recent study demonstrated that alkali-antimonide photocathodes could
produce spin-polarized electron beams [98]. It was reported that a
Na,KSb/Cs3Sb heterostructure displayed a high degree of photoluminescence
polarization. This is promising as these alkali-antimonide photocathodes are
renowned for their chemical robustness and high brightness capabilities. Gal-
lium nitride (GaN) is another promising alternative spin-polarized electron
source material. An investigation into the ESP of electrons photoemitted from
GaN is the subject of Chapter 5. This is particularly noteworthy as Cs-activated
GaN has a reportely longer lifetime than NEA GaAs [99]. Further, in Ref. [100],
it was shown that growing GaN in the nitrogen-polar configuration can achieve

NEA without the application of Cs.

24



lon Back-Bombardment Improvements

In a work [101] describing GaAs running in Jefferson Lab’s CEBAF DC pho-
togun, a few improvements to ion back-bombardment effects are shown. First,
alterations to the active area of the photocathode were made. It was shown that
both positioning the active area away from the electrostatic center (EC) of the
photocathode and limiting its area improved charge lifetime. In the cathode-
anode gap, the radial component of the electric field is zero at the EC, and in-
creases as you move radially outward. Therefore, electrons that are emitted
away from the EC will move toward the electrostatic axis in the cathode-anode
gap. However, if an ion is produced, it will instead follow a different trajec-
tory back to the photocathode since it is much heavier than an electron. This
results in less ions hitting the active area if it is away from the EC. The decrease
in the size of the active area will minimize the amount of emitted electrons that
travel in “extreme trajectories,” which will collide with surfaces and degrade

the quality of the vacuum.

The laser spot is also an important part of decreasing ion back-
bombardment. By increasing the size of the laser spot, ion damage will be dis-

tributed over a larger area. This was shown experimentally in [101].

One last method that offered demonstrated ion back-bombardment im-
provements is anode biasing, as shown in Ref. [91]. Here, it was shown that
applying a positive voltage to the DC gun anode (which will repel ions and pre-
vent them from striking the photocathode) at CEBAF improved charge lifetime.
In the end, the positive anode improved the charge lifetime by almost a factor

of two, as compared to that of a typical grounded anode.

25



1.5 Spin-Polarized Outlook and Thesis Outline

Since photocathode electron sources are desirable for many applications,
there are two paths toward a more-robust source of spin-polarized electrons:
(1) exploring new NEA activation layers for GaAs or (2) exploring new bulk
materials. As detailed above, considerable efforts have gone into both paths.
This thesis will further explore both paths, as well as characterize the GaAs

degradation.

The thesis begins with a characterization of spin-polarized photoemission
from a GaAs photocathode with a variable electron affinity in Chapter 2. ESP
measurements are performed at varying electron affinities. A theoretical calcu-
lation of the excited ESP is performed using the material band structure. In this

way, the evolution of ESP as the photocathode degrades is characterized.

After a characterization of the photocathode behavior during degradation,
lifetime improvement mechanisms are explored. In Chapter 3, a surface treat-
ment with cesium iodide (Csl) is shown to provide a factor of 18 improvement
in dark lifetime on a NEA GaAs photocathode over an ordinary activation with
Cs only. Moreover, this surface treatment is found to have little effect on the
emitted ESP. Atomic Force Microscopy (AFM) and XPS are used to understand

the surface treatment process.

In Chapter 4, GaAs photocathodes with an Sb layer added to the NEA layer
are tested in a high-current environment. The addition of Sb, as explained
above, improves chemical robustness, but whether or not it improves resistance
to ion back-bombardment damage is unclear. This is explored in the chapter

through high-current lifetime measurements and simulations.
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Lastly, Chapter 5 is the first measurement of a spin-polarized beam from
GaN, in both its hexagonal wurtzite and cubic zinc blende orientations. Here, a
low-bandwidth light source is developed and data is contextualized with simu-

lations and material properties.
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CHAPTER 2
CHARACTERIZATION OF ELECTRON SPIN POLARIZATION FROM
POSITIVE ELECTRON AFFINITY GAAS PHOTOCATHODES

This chapter has been submitted for publication to the Journal of Applied

Physics.

2.1 Abstract

Negative Electron Affinity (NEA) GaAs photocathodes are widely used to
generate spin-polarized electron beams, typically achieving Electron Spin Po-
larizations (ESPs) in the range of 35%—40%. However, when operated in a Posi-
tive Electron Affinity (PEA) state, where a potential barrier inhibits low-energy
electrons from escaping into vacuum, measured ESPs can exceed 50%. This
effect can occur naturally during photocathode operation, as the NEA surface
activation layers can degrade easily over time, increasing the electron affinity.
In this work, we investigate and characterize the behavior of enhanced ESPs
under PEA conditions. We present experimental measurements of ESP using
a retarding-field Mott polarimeter on GaAs photocathodes with controlled and
varying electron affinities. These results are complemented by theoretical ex-
planations considering the material band structure, light excitation profile, and

spin depolarization mechanisms.
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2.2 Introduction

Spin-polarized electron beams serve as indispensable tools across nuclear
and particle physics, and advanced microscopy. Presently, gallium arsenide
(GaAs) stands as the exclusive photocathode material used to generate these
beams. Scientific facilities, including Jefferson Laboratory’s Continuous Elec-
tron Beam Accelerator Facility (CEBAF) [102] and the Mainz Microtron (MAMI)
[18], leverage GaAs-based photocathodes to probe the subatomic architecture
of nucleons and decode the dynamics of strong nuclear interactions. Next-
generation spin-polarized projects such as the Cool Copper Collider (C3) [26],
Compact Linear Collider (CLIC) [27], International Linear Collider (ILC) [23]
and the Electron-Ion Collider (EIC) [20] are also on the horizon. Concurrently,
the adoption of GaAs technology in spin-polarized electron microscopy has cat-
alyzed breakthroughs in nanoscale research, mapping magnetic behaviors and

spin-selective interactions in materials [29,30, 33].

Extensive research over the past 60 years has characterized spin-polarized
photoemission from GaAs [1,4]. The band structure near the point, illus-
trated on the left of Fig. 2.1 and calculated using Kane’s model [3], shows that
zinc blende GaAs features doubly degenerate Heavy-Hole (HH) and Light-Hole
(LH) subbands, along with a Split-Off (SO) subband in the valence band (VB).
At ,the HH and LH bands are degenerate, while the SO band is separated by a
spin-orbit splitting of = 0:34 eV [103]. The conduction band (CB) is separated
from the VB by a band gap of E; = 1:43 eV.

To photoemit a spin-polarized beam, spin-polarized electrons are first ex-

cited from the top of the VB to the CB with circularly polarized light. In order
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for those electrons to efficiently escape into vacuum, GaAs is typically operated
in a Negative Electron Affinity (NEA) state, where the vacuum energy level
(Evac) lies below the CB energy (electron affinity is defined as = E,sc Ecg). As
shown on the right of Fig. 2.1, the dashed lines show a Positive Electron Affinity
(PEA) state and the solid lines show an NEA state. In NEA, GaAs photocath-
odes can typically achieve around 1% Quantum Efficiency (QE) at threshold

photon energies (~! = Ey).
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Figure 2.1: (Left) The band structure of GaAs near as calculated from
Kane’s model [3]. Atk = 0, GaAs has a bandgap of E; = 1:43
eV and a spin-orbit splitting = 0:34 eV. (Right) An E vs. z di-
agram for p-GaAs near its surface (z = 0). At the surface, there
is band bending due to the p-doping before the tall surface en-
ergy barrier. The energy level after the barrier is the vacuum
energy level, E,,c, which decreases upon activation to NEA and
increases as the photocathode activation layer degrades. The
electron affinity is defined as = Eysc Ecg. The dashed lines
show a PEA state and the solid lines show an NEA state.

In unstrained GaAs, without accounting for depolarization effects, excitation
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with a circularly polarized photon at ~!' = E4 generates a 50% Electron Spin
Polarization (ESP) in the CB from both HH and LH bands at . ESP is de ned

as
N Ny
N+ + Ny

(2.1)

where N- and Ny denote the number of spin-up and spin-down electrons, re-
spectively. Although a 50% ESP is achieved at threshold, higher photon ener-
gies allow transitions from the SO band, which rapidly reduce the total ESP,
as originally calculated in Ref. [2]. Furthermore, depolarization processes dur-
ing electron transport to the surface typically result in measured ESP values of
35-40% in NEA GaAs [2, 70-72]. To overcome this limit, strained GaAs photo-

cathodes have been developed, which can exceed 90% ESP [75].

Achieving the NEA state requires inducing a strong electric dipole moment
on the GaAs surface. This is typically accomplished by depositing cesium (Cs)
in conjunction with an oxidant (e.g., O , or NF3). However, Cs is highly reactive
and degrades quickly in the presence of residual gases, necessitating Ultra-High
Vacuum (UHV) conditions [84, 86]. Even brief exposures (less than 1 Langmuir
of O,) can reduce the QE by more than an order of magnitude, and in high-
current environments, ion back-bombardment further degrades the activation
layer [101]. Research into more robust NEA activation layers [83, 95, 104-106]

and alternative photoemissive materials is ongoing [98, 107, 108].

During activation, the electron af nity decreases until NEA is reached. As
the activation layer degrades, the electron af nity increases towards a PEA state,
raising the surface barrier such that only higher-energy electrons can escape.
The effect of this mechanism has been investigated regarding crucial photocath-

ode parameters QE and mean transverse energy (MTE) [109]. Interestingly, an
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increased surface barrier also tends to enhance the maximum observable ESP.
For example, at MAMI, beam polarization has been observed to increase by ap-
proximately 10% over a 12-day period [110]. Pierce and Meier reported an ESP
of 54% for an early photocathode without strain [1], while subsequent work by
Liu et al. showed that progressive NEA activation reduces ESP, and revealed
an inverse relationship between peak ESP and surface escape probability [111],

which has also been demonstrated in recent studies at MAMI [112].

In this paper, we investigate the evolution of ESP in a bulk GaAs photocath-
ode as it degrades from an NEA to a PEA state. We analyze how ESP depends on
the electron af nity, photon energy, and O , exposure, contextualizing our nd-
ings within the PEA photoemission framework originally proposed by Pierce

and Meier [1].

2.3 Methods

2.3.1 Sample Preparation

Single-crystal GaAs (100) wafers were procured from AXT-Tongmei, Inc.
They were Zn-doped with a9 10" cm 2 carrier concentration. 1x1 cm? sam-
ples were cut from the wafers using a diamond scroll. Samples were then ul-
trasonicated in isopropanol and rinsed with deionized water. Surface oxidation
was removed with a 1% hydro uoric acid (HF) etch for 30 seconds, followed by
another rinse with deionized water. After cleaning, the samples were sealed in

airtight bags pressurized with dry nitrogen to prevent oxidation.
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Samples were then mounted on a stainless steel puck, and held in place with
a mask that possesses a 7 cm diameter circular hole to access the sample. Indium
foil akes were placed between the sample and mask to facilitate good thermal
and electrical contact during experiments. The puck assembly was then loaded
into an ultra-high vacuum (UHV) growth chamber operating at a base pres-
sure of 2 10 ° Torr, as measured by a cold cathode gauge. The chamber was
equipped with a SAES cesium (Cs) dispenser lament source along with a gas
leak valve, which may leak O , or NF; into the chamber upto a5 10 °® Torr
partial pressure. The growth chamber also contains a heater, which was used to

heat clean the samples at 600C for 55 hours upon entry into the chamber.

2.3.2 Activation to NEA

After heat cleaning, the samples were activated to NEA. The QE was contin-
uously monitored using 780 nm light from an NKT Photonics SuperK Extreme
monochromated supercontinuum visible light source. First, Cs was deposited
from the dispenser onto the GaAs surface until the QE reached its peak value.
The Cs dispenser was then turned off, a leak valve introduced a partial pressure
of 2 10 ° Torr of O, until the QE dropped by an order of magnitude. After
closing the leak valve, the Cs dispenser was reactivated, resulting in a higher
QE peak than before. This cycle of O, exposure followed by Cs deposition was

repeated until the QE peaks no longer increased.

Immediately after NEA activation, the photocathodes were transferred un-
der continuous vacuum to the retarding- eld Mott Polarimeter for spin polar-

ization measurements. Two gate valves isolate the growth chamber from the
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polarimeter, with an intermediate connecting chamber. Detailed descriptions
of the Cornell Photocathode Laboratory's Mott Polarimeter can be found in
Refs. [83, 95, 104, 108]. The base pressure in the Mott Polarimeter is 1 10 !

Torr.

To produce circularly polarized light, a linear polarizer was used in conjunc-
tion with either a liquid crystal device (Thorlabs LCC-1113-B) or a =4 wave-
plate, depending on the wavelength. The helicity was controlled by adjusting
the LCC voltage or by rotating the waveplate by 90 . Measurements between
500 and 800 nm were performed using the NKT Photonics SuperK Extreme
source, while wavelengths over 800 nm were provided by a monochromator

equipped with an Xe lamp.

2.3.3 Spectral Scans at Varying Electron Af nities

After entry into the Mott Polarimeter, a spectral measurement of the QE was
performed, followed by an ESP spectrum measurement. For each wavelength,
10 measurements were taken and averaged after subtracting the background
count rates on the scattering detectors. Once the ESP measurements were com-
pleted, the O, leak valve was opened, raising the pressure in the Mott Polarime-
ter. O, doses for the rst few runs were done at 1 10 1° Torr for 90 seconds.
Since the electron af nity will increase nonlinearly with O , exposure, later runs
were given up to 1 10 ° Torr for 90 seconds. The QE was continuously mon-
itored using light at the wavelength corresponding to the peak ESP. The QE
would typically drop by about a factor of 2-5 at the monitored wavelength. At

that point, another cycle of QE spectral response, ESP measurement, and Q ex-
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posure was initiated. A total of 12 cycles were conducted until the QE was too
low for reliable ESP measurements. Due to the geometry of the Mott polarime-
ter, a small aperture in vacuum limits the transmitted light when the photocath-

ode is being operated. By comparing the QE when the photocathode is moved
to a location where light is not lost, we estimate the QE measured during oper-

ation is a factor of 12 less than its real value and scale accordingly.

This entire experiment was repeated three times. In Fig. 2.3, the data from
one run in an NEA state and two runs in PEA states are shown. After each run,
the photocathode was heat cleaned at 600C for 8 hours and reactivated to NEA

using Cs and O,.

2.3.4 Continuous ESP Monitoring at 700 nm

In another experiment, the photocathode was heat cleaned and reactivated
to NEA. Afterwords, the ESP was continuously measured while the Mott Po-
larimeter was maintained at 0.5-1 10 ° Torr of O, (the pressure was increased
during the experiment to account for the nonlinear electron af nity growth), al-
lowing real-time monitoring of ESP evolution during chemical poisoning degra-
dation. The incident light was set to 700 nm so that both the full rise and sub-
sequent fall of ESP could be observed. The resulting data is presented in Fig.

2.4.
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2.4 Results

The results of all the spectral QE and ESP scans are shown in Fig. 2.2, along
with three selected scans and the QE ts in Fig. 2.3. In both cases, raw data
points were interpolated across light wavelength using a cubic spline to better
resolve spectral maxima between discrete sampling points. The curves in the
example ESP data shown in Fig. 2.3 are the interpolations. To extract electron
af nity values for each measurement cycle, each QE curve was t to the model
described in Ref. [48], expressed for incident photon energy ~! as:

OE )/ Rll DEIEDE*-) 1 f(E*) EwacdE
, DE)f(E)DE+~) 1 f(E+~) dE

where D(E) is the density of states (DOS), and f(E) is the Fermi—Dirac distri-

bution. The DOS calculated in another work was used in the t [113]. Fit-
ting the QE data to this model allows us to estimate the vacuum energy level
and thus the electron af nity after each measurement cycle via the relation
Exinetc = E + ~ Evacuum- The curves in the example QE data shown in Fig.
2.3 are the ts for those runs (producing respective electron af nities of -0.38 eV,
0.2 eV and 0.55 eV). The y-axes in Fig. 2.2 re ect the electron af nities extracted

from tsto Eqn. 2.2.

The data clearly show a shift in the emission threshold toward higher photon
energies as electron af nity increases. We also observe that the spin polarization
spectrum tracks this threshold shift. In the NEA condition (Electron af nity
< 0), the peak ESP reaches 38.8% at 800 nm. However, once the electron af nity
becomes slightly positive, the peak ESP increases to above 50%. This enhanced
polarization remains until the electron af nity exceeds approximately 0.6 eV,

after which it begins to decline.
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Figure 2.2: QE and ESP spectral measurements of a GaAs photocathode
starting in an NEA state, and evolving into a PEA state through
successive Q dosing. A peak of around 40% ESP for the NEA
(EA < 0) states is observed, which rises to> 50% ESP with a

positive electron af nity.
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Figure 2.3: Three example QE and ESP measurements as described in the
text and plotted in Fig. 2.2. In the QE plot, the data points
are represented, along with the solid lines from tting the data
to Egn. 2.2. The electron af nities extracted from the ts are
shown in the legend. In the ESP plot, experimental data is
represented as points and the solid lines are the interpolations
used to plot the data in Fig. 2.2.

2.5 Discussion

To understand the behavior of the excited ESP in PEA states, we rst calcu-
late the ESP spectrum excited by photon absorption in the material. For this, we
use the eigenvectors derived from Kane's k p model [3], speci cally the four
doubly-degenerate ( and states of each) bands near the -point (Eqns. 14-15

in Ref. [3]). This model yields six valence band states ( vi and ;) where
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Figure 2.4: ESP of photoemitted electrons from a GaAs photocathode as a
function of O , exposure. Zero oxygen exposure corresponds to
an NEA state.

i = 1;2; 3 corresponds to the HH, LH and SO bands, respectively, and two con-
duction band states ( cg and ¢g). Owing to their respective symmetries, the
s-type states of the CB are represented byjSi, while the p-type VB states are

represented by jXi;jYi;jZi.

An overview of the ESP calculation is given here, while the analytical results
are shown in the appendix. The transition rate from an initial state jli with
energy E; to a nal state j2i with energy E,, under a perturbing Hamiltonian

Hint, IS given by Fermi's golden rule [114]:
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Z
Wy o/ jRHngli? (B2 Ep ~1)d (2.3)

We de ne the interaction with right circularly polarized (RCP) light using

the minimal coupling Hamiltonian:

e e .
Hint = RA p= %(px"' ipy); (2.4)

where e is the elementary charge, my is the free electron mass, A is the light
vector potential, and p is the momentum operator. The nonzero interband mo-

mentum matrix coupling elements used here are [115]:
ey e s Mo
hiSjpxXi = hjSjpyjYi = — P (2.5)
where P, is one of Kane's parameters and j is the imaginary unit.

Since electrons excited into either conduction band state may be photoemit-
ted, we consider the total transition rate of electrons from any of the six valence
band states into either conduction band state ( cg or cg). Thisis written as (in

terms of an arbitrary valence band state ;- ):

Z

Wyi= 1 ce/ h cg JHint] vi= i %+ h cB JHint] vi= i 2
(2.6)

(Ecg(K) Evi(k) ~!)k?sin dkd d:
These rates are calculated for all six valence subbands in Egns. 2.11 and 2.12.
Here, and de ne the direction of the wavevector k in spherical coordi-

nates. is the azimuthal angle measured from the x-axis in the xy-plane rang-

ing from [0;2 ] and is the polar angle measured from the z-axis. Kane's model
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is solved for k = kz, and since the incident light de nes the spin quantization
axis, the valence band wavefunctions must be rotated accordingly using the ba-
sis transformations described in Ref. [3]. For all NEA states, 2 [0; ], but for

PEA states, the accessible emission angles are constrained.

To account for escape probability in PEA states, we continue the calculation
using Pierce and Meier's explanation for PEA ESP [1]. In this picture, emission
is restricted to a cone of half-angle . about the surface normal, such that:

2 cog
: 2m ">
where s the electron af nity and p is the electron momentum. Since p>=2mis
the kinetic energy of the excited electron above the conduction band minimum

E, we can write:

For PEA states, we therefore bound the polar angle integrationto 2 [0;2 (].
Therefore, ESP as a function of electron af nity may be determined. A calcu-
lation of the transition rates in terms of . for all six valence subbands to the
conduction band is shown in the Appendix. These solutions are written in the

form W = N-h"j "i 2 + Ngh# j #?.

The polarization from a single valence subband is then easily solved with

Eqgn. 1. and the total ESP from all n = 6 valence subbands is [2]:

(2.7)

41



Fig. 2.5 shows the calculated ESP for each valence subband (as shown in the
appendix) as a function of photon wavelength and electron af nity, along with

the total excited ESP spectrum.

Figure 2.5: The excited ESPs that may escape into vacuum calculated for
the three valence subbands: (a) HH, (b) LH, (c) SO, and (d)
their total ESP as a function of incident light wavelength and
electron af nity.

The subband ESPs are shown for the HH, LH and SO bands, as well as the
total ESPs in Fig. 2.6 for the electron af nities shown in Fig. 2.3. At NEA (along
EA = 0in the Fig. 2.5 plots), we observe a constant -50% ESP from the HH
band. The LH band also begins at -50% near threshold, but transitions to 50%.

The SO band, which becomes active only for ~! > E; + , exhibits an initial
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100% ESP that relaxes to around 50%. The total ESP spectrum (absolute value)
initially lies at 50% at threshold, drops gradually to 40%, and declines to 0% as
SO transitions become larger, with a visible kink around 700 nm. These trends

align with prior excited ESP calculations [2,116,117].

Figure 2.6: ESP spectral calculations of a GaAs photocathode in(a) an
NEA state, and two PEA states, corresponding to the curves
shown in Fig. 2.3: (b) 0.2 eV and (c) 0.55 eV. In the NEA sub-
band ESPs, we see a constant -50% ESP for the HH band and a
-50% ESP at threshold for the LH band. As described, a higher
PEA makes the subband ESPs transition towards 100%. Fig-
ure (d) shows the total ESP for each curve, along with a black
dashed line showing the curve convolved with a 10 nm inci-
dent light BW.

When incorporating the emission angle constraint, a ridge of -100% ESP
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emerges along the HH band's emission threshold. Similar ridges at 100% ap-

pear at the LH and SO thresholds. The total ESP also shows a 100% peak ridge
tracking the moving threshold, with only 0.1 eV of electron af nity suf cient

to enable the theoretical maximum 100%. In Fig. 2.6, we see how the subband

ESPs gradually transformto  100% for the PEA states found in Fig. 2.3.

Physically, this arises as the momentum vector p ! pz, favoring transitions
with maximal spin projection. Notably, repeating this calculation in the origi-
nal k = kz basis (used in Kane's derivation) yields individual valence subband
polarizations that also approach 100% for both HH and LH states. So, as gets
smaller, a larger part of the ESP spectrum will have a theoretical maximum at
100%. However as shown in Fig. 2.6, the increasing emission threshold will

eventually counteract the effect, and the curves will start to become narrower.

As seen in Fig. 2.4, around 1L of O, exposure is needed to move the ESP
above 50%. The curve seems to mirror the maxima in Fig. 2.7, though a depo-
larization effect takes place after around 1.5L of cumulative exposure. This is to
say that for certain wavelengths of operation, 1L of O , could nearly double the

ESP, in the absence of scattering.

2.5.1 Consideration of Other Effects

Although the Pierce and Meier model provides a compelling explanation for
the elevated ESPs observed in PEA states, it omits several important effects that

lie beyond the scope of this paper.

One such factor is the spectral bandwidth (BW) of the incident light. The
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SuperK Extreme monochromated supercontinuum source used in our measure-
ments has a spectral width of approximately 10 nm. As shown in Fig. 2.5, the
100% ESP ridge broadens to about 40 nm at moderate electron af nities, but
narrows to less than 10 nm at both higher and lower values. When the excited
spectrum in Fig. 2.5 is convolved with this 10 nm BW (black dashed lines in
Fig. 2.6), this causes the peak ESP value (e.g. near bandgap photoemission) to
reduce to 0 near an electron af nity of 1 eV, as shown in Fig. 2.7. Without consid-
ering illumination BW, the peak excited ESP will be 100%; however, accounting
illumination bandwidth reduces this value. For the 10 nm BW considered here,
maximum ESP is approximately 90% without accounting depolarization effects.
The blue curve in Fig. 2.7 re ects the peak ESPs when light BW is considered.

The curve is also scaled to re ect a constant depolarization, as described below.

The main factor contributing to ESP reduction is depolarization effects that
occur during transport to the surface. This explains the commonly observed
decrease from the 50% excited ESP to typical photoemitted values of 30—40%.
Monte Carlo methods have been developed to analyze these mechanisms [72],
including the D'yakonov-Perel (DP) [2], Bir-Aronov-Pikus (BAP) [71], and
Elliott-Yafet (EY) [70], mechanisms. EY and DP are byproducts of the struc-
ture of the conduction band and BAP deals with exchange interactions between
electrons and holes. In the present model, we incorporate a simpli ed treatment
by assuming a constant 20% depolarization effect (to set the NEA peaks at 40%

ESP), as re ected in Fig. 2.7.
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Figure 2.7: The maximum ESPs in the data and computed from the model,
accounting for a 10 nm incident light BW and a constant de-
polarization effect. The horizontal errorbars are the standard
error computed from Eqn. 2.2, and the vertical errorbars are
from the ESP measurement statistical uncertainty.

2.5.2 Outlook

While the Pierce and Meier model captures the origin of enhanced ESPs be-
yond the traditional 50% theoretical limit, it is clear that additional physical
effects must be considered to fully explain observed behavior. For instance,
earlier studies have modeled depolarization due to scattering in the activation
layer using an exponential decay form: P(n) = Poexp( n) where Py is the po-

larization of electrons reaching the surface, is the exchange scattering cross
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section, and nrepresents the scatterer density on the surface [118]. This formula-
tion implies that as the activation layer oxidizes over time, spin relaxation rates
may increase, which could account for the polarization drop seen in Fig. 2.7.
Moreover, electrons that undergo thermalization prior to emission may suffer
additional spin relaxation losses. A related model proposed in Ref. [117] de-
scribes spin relaxation within the band-bending region near the surface, which

may also contribute to depolarization.

Additionally, spatial variations in the work function across the photocathode
surface may distort the expected ESP curve. Kelvin Probe Force Microscopy
(KPFM) measurements on Cs:GaAs photocathodes could help quantify this
effect, as similar measurements on alkali-antimonide photocathodes have re-
vealed work function inhomogeneities large enough to signi cantly impact a

potential ESP curve [119, 120].

Understanding how ESP varies with electron af nity is crucial for accelera-
tor and detector applications where consistent high-polarization beams are re-
quired. Notably, operating in a slight PEA regime may be advantageous for ap-
plications prioritizing ESP over photocurrent. For example, using a 2W, 632 nm
HeNe laser, one could generate a 10 A beam with ESP exceeding 50%. Further,
1=e photocathode lifetimes are signi cantly longer at lower wavelengths [105].
Shorter wavelengths also lead to faster response times; in GaAs, a 15-fold im-
provement in response time has been demonstrated when shifting from 860 nm

to 710 nm incident light [68].

This sort of characterization could also be done on strained GaAs samples.
Since the excited ESP is already 100%, a PEA study could better illuminate the

effects of depolarization at higher electron af nities. Furthermore, a GaAs sam-
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ple with a Distributed Bragg Re ector (DBR) may be engineered for high QE at
certain wavelengths. One such sample could be designed to overcome the QE

limitations of PEA states, should one be desired.

2.6 Conclusion

This study illustrates that Positive Electron Af nity (PEA) states in bulk
GaAs photocathodes can lead to enhanced Electron Spin Polarizations (ESPS)
exceeding the 50% limit observed in Negative Electron Af nity (NEA) opera-
tion. In both experimental measurements using a retarding- eld Mott polarime-
ter and theoretical modeling, we have shown how the electron af nity directly
in uences the ESP of electrons that can escape into vacuum. These results not
only explain the occasional observation of elevated ESPs during photocathode
degradation but also highlight the potential for controlled PEA operation in
systems where high polarization and prompt photoemission is prioritized over
high current. Understanding and leveraging this behavior may inform the de-
sign of next-generation polarized electron sources with optimized performance

across varying operational conditions.
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2.8 Appendix: Analytic ESP Results

To calculate the excited ESP from each subband, as well as the total ESP
curve, we use the eigenvectors obtained by Kane [3]. These eigenvectors are
expressed in terms of the following coef cients, where i = 1;2;3 correspond
to the heavy-hole (HH), light-hole (LH), and split-off (SO) valence subbands,
respectively. We let the subscript corresponding to the conduction band (CB) be
a letter “c.” Each subband is doubly degenerate, possessingan and a state

at energy E;. The coef cients are given by:

kP 2
= — E0+ J—
N 3’
b3
bi = W E|O Eg ; | (28)
1 2
G = N(Eio Eq) E|0+ 3

where E? = E; ~?k?=2m. Here, P is the interband momentum matrix element, Egq
is the band gap energy, and is the spin-orbit splitting energy. For GaAs, these
parameters are [121]: P>~?=2my, = 289 eV, E, = 1:43eV,and = 0:34eV. Nisa

normalization factor speci ¢ to each eigenvector.

After rotating Kane's eigenvectors to an arbitrary basis, we solve the integral

from Eqn. 2.6 for each of the six valence subbands transitioning to the CB. The
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integration is performed over 2 [0;2 (] = [0;20051(p = E¢i)]. Here, Eg is the
excitation energy relative to the CB minimum, Eg = E¢(ki)) Eg, where E; is the

CB energy. The variables and k are bounded as described previously.

The expressions are written in terms of k;, noting that the delta function in
the integral ensures that k; differs for each subband at a given photon energy.
In the following calculations, all energy-dependent quantities (and thus, k;) are

subband-speci c.

Although all energy calculations in this work are performed numerically
(shown in Fig. 2.1), under a parabolic band approximation, k; depends on the

photon energy ~! as:
S

24 Eg) 1 BE
ki = ’ +— 2.9
~ Mg My, (9)

where Eg; = Egfor i = 1and 2, and Eg; = Eg+ for i = 3. Here, mg is the

conduction band effective mass and m,, is the effective mass of the ith valence

subband. Under the same approximation, Egj can be expressed as:

|
e . .1
Eg=— o b, 1 (2.10)
Mg Meg My

To calculate the ESP, we start with transitions from the HH bands (i = 1),

which yield:
" #
2 a2k’ 1 . .y
Wy11 ce= % é(Eel )S(Ee1+ 3 )h"j "2+ (Ea )4 h# | #t
5 ae§1k2"1 #  (2.11)
Wy1 1 cg = E41§34 A4Eq S+ EL h"j"i2+ EX 4 h#j#f

el
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For the LH and SO bands (i = 2 or 3), we have mirrored solutions:

2 ¢

VVVi!CB:?

Ed:(30? 2P b6 + 2 1262, °¢

|
+ 8B ¥ 2b G+2c9) 3 Y7+ 2p2b ¢ +2¢A) h"j"i
&
(B b+ | BOY(EZ+2Eq +3 Phit]#f

! (2.12)
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Eqgn. 2.7 may be written as the quotient of the “spin imbalance,” R and K,

which is proportional to the absorption coef cient [2].

P = P

i Nei i N i R
N + i N#;i i Ki ( )

When writing the total ESP, the equation will be written in the form of Eqn. 2.13

where we have numerator terms

8 kia
R, 3 ———<(E} 3E%4 +6Eq 2 473
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and denominator terms
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The result of this total ESP is shown in Fig. 2.5.

In this way, we may also write the total ESP for each subband by rst sim-

plifying Rand K. For one valence subband, the ESP will therefore be de ned as

(Rvi + Rvi )A(Kvi + Ky;).

For the HH states, we can calculate the total ESP that is of the form

E2 2E +4 2

P =
"MTO2E2 Eq+2 2

(2.16)

and is plotted in Fig. 2.5. We see clearly that for = 0, the HH ESP is a constant
-50%, as shown in Fig. 2.6. Further, at threshold (E¢; = ), we see wherePyy is

-100%, shown at the edge of the ridge in Fig. 2.5.

For the LH and SO states, we can write the ESP as

b EZ(b ZpECi)"' (42 2Eg )b+ pzci)

Pvi = 2EZ(P+ D)+ (22 Eg )P 20 (2.17)
For =0, this will simplify to
P
by 2" 2¢
Pu( =0)= 202, .18

From Ref. [3], we have by(k ! 0) = 1:p§, ck! 0)= Io2?3 and by(k ! 0) =

p2?3, c(k! 0)= 1=p§ meaning that in NEA, we see where Py = 50%and

Pso = 100%at their respective emission thresholds.
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CHAPTER 3
A CESIUM-IODIDE SURFACE TREATMENT FOR ENHANCEMENT OF
NEGATIVE ELECTRON AFFINITY PHOTOCATHODE CHEMICAL
ROBUSTNESS

This chapter was originally published as Ref. [122].

3.1 Abstract

Photocathodes activated to negative electron af nity with a cesium-based ac-
tivation layer, such as GaAs and GaN, can be used for generating spin-polarized
electron beams, but their extreme sensitivity to chemical poisoning limits their
operational lifetimes. This work demonstrates that applying and subsequently
heating a cesium iodide (Csl) coating can produce a more durable activation
layer lacking iodine, but rich in stable cesium suboxides (formal O oxidation
state >-2), which signi cantly extend the dark lifetimes of both GaAs and GaN
photocathodes. Through X-ray photoelectron spectroscopy, we examine the sta-
bility and formation of these Cs suboxides, which exhibit remarkable resistance
to chemical poisoning. Additionally, we investigate the subsequent surface
guality using atomic force microscopy. Our ndings show that Csl-based sur-
face treatments not only prolong photocathode lifetime but also maintain high
spin-polarization, positioning this method as a promising approach for enhanc-

ing photocathode durability in demanding applications.
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3.2 Introduction

Spin-polarized electron beams are essential in nuclear and particle physics
and electron microscopy. Currently, gallium arsenide (GaAs) is the only mate-
rial utilized as a spin-polarized photoemission source. Facilities like the Contin-
uous Electron Beam Accelerator Facility (CEBAF) [102] at Jefferson Laboratory
and the Mainz Microtron (MAMI) [18] use GaAs photocathodes to study the
internal structure of nucleons and strong nuclear forces. As future facilities like
the International Linear Collider (ILC) [23] and Electron-lon Collider (EIC) [20]
are developed, the demand for robust, highly polarized electron sources will
grow. Furthermore, the integration of GaAs photocathodes into spin-polarized
electron microscopes drives progress in understanding spin-related properties
at the microscopic level, enabling studies of magnetic properties and spin-

dependent phenomena at the nanoscale [29, 30, 33].

Spin-polarized photoemission [1, 4] involves exciting electrons from the top
of the valence band using circularly polarized photons with energy near the
material bandgap. For ef cient photoemission, GaAs is operated in or near a
negative electron af nity (NEA) state where if an electron initially at the top of
the valance band absorbs a photon having an energy equivalent to the material's
bandgap energy, it will be excited to the bottom of the conduction band and be
emitted if it reaches the GaAs surface [123]. Bulk NEA GaAs is theoretically
limited to a maximum electron spin polarization (ESP) of 50% while typical
experiments measure around 35%-40% due to various depolarization mecha-
nisms that occur in transit through the material [2, 70-72]. Strained superlattice
GaAs can overcome this limitation by achieving spin-polarizations exceeding

90% [75].
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To activate a GaAs photocathode to NEA, an electric dipole moment is in-
duced on the surface by depositing an electropositive metal, cesium (Cs), with
an oxidizing agent such as oxygen or NF3. However, the chemical reactivity
of Cs and its susceptibility to oxidation signi cantly compromise the opera-
tional lifetime of NEA GaAs, con ning its application to ultrahigh vacuum en-
vironments and only to direct current (DC) injectors [84, 86], though a program
to develop a radio-frequency (RF) gun with a GaAs electron source has made
considerable progress [124]. This limitation has spurred interest in developing
spin-polarized electron sources with longer operational lifetimes. Photocath-
odes such as CsTe [95, 106] and GsSb [83, 105] are known to have operational
lifetimes greatly exceeding that of GaAs. Interestingly, these materials have also
been used to generate a more chemically robust NEA activation layer for both
bulk and superlattice GaAs photocathodes [104]. Other materials capable of
producing spin-polarized electrons have also been investigated [107]. A recent
result indicates that a durable alkali-antimonide Na ,KSb photocathode could
produce spin-polarized beams [98]. Additionally, spin-polarized photoemission
from gallium nitride (GaN), both in its zinc blende and wurtzite phases, has
been demonstrated [108]. GaN may achieve NEA with only Cs and no oxidant

and has been shown to have a longer dark lifetime than NEA GaAs [99, 108].

Another Cs-based material utilized as a robust photoemitter is cesium iodide
(Csl) which has remarkable durability and stability [125-130]. It exhibits little
sensitivity to chemical poisoning from most common residual gas molecules
found in vacuum systems, with the exception of water vapor. Csl has been
particularly successful as a photoemitter in Ring Imaging CHerenkov (RICH)
detectors [131], where it demonstrates outstanding resilience to air exposure

while achieving quantum ef ciencies (QEs) exceeding 50% with incident far-
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ultraviolet light [132, 133].

Although its relatively high work function prohibits its use as an emitter
material in photo-injectors, Csl has been used to lower the work function of
metal photocathodes [134] and enhance the performance of carbon bers for
eld emission beam production [135]. Csl has also been investigated as a coat-

ing layer for alkali-antimonide photocathode materials [127,136, 137].

In this work, we investigate the use of Csl as a component in producing a
more robust NEA layer for both GaAs and GaN photocathodes. The paper is
structured as follows. In Sec. 3.3 we detail the preparation of samples used,
followed by their activations with Cs in Sec. 3.4. In Sec. 3.5, we describe
spin-polarization measurements on GaAs samples activated to NEA. Section
3.6 deals with the surface analysis performed on Csl-treated samples, includ-
ing atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS)

data. This is followed by a discussion (Sec. 3.7) and a conclusion (Sec. 3.8).

3.3 Sample Preparation

For GaAs, single crystal (100, Zn-doped, carrier concentration 9 10 cm 3)
wafers acquired from AXT-Tongmei, Inc. were cut to 1x1 cm ? samples with a
diamond scroll. A chemical etch to remove surface oxidation was performed
on the samples, which included ultrasonication in isopropanol, followed by a
de-ionized (DI) water rinse, a 30 s immersion in a 1% HCI solution, and a nal
rinse with DI water. Samples were dried and sealed in bags pressurized with

dry nitrogen.
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For GaN, samples were grown in a Veeco Genl0 molecular beam epitaxy
(MBE) system at Cornell University. A1 m Mg-doped p-GaN layer with a
doping concentration of 3 10'° cm 3 was deposited epitaxially using step- ow
growth mode in metal-rich conditions. The GaN Ims possessed a Ga-polar
hexagonal wurtzite structure oriented along the (0001) plane. A GaN template
on sapphire was used as the substrate and was prepared with ultrasonication
for 10 min each in acetone, methanol, and isopropanol, followed by degassing at
200 C for 7 h in vacuum. Photoemission properties of similarly prepared GaN
samples have been reported previously [138]. After growth, each sample was
transferred under static vacuum to the Cornell Photocathode Laboratory [139]

for subsequent analysis.

All samples were xed to a stainless steel puck. For thermal and electrical
contact, indium foil was placed between the sample and the puck. The assem-
bly was then placed in a UHV growth chamber (base pressure 5 10 ° Torr as
read by a cold cathode gauge), featuring a quartz micro-balance (QMB), a SAES
Cs dispenser lament source, an evaporative effusion cell containing 99.999%
pure Csl metal beads (Sigma-Aldrich Chemical Corporation), and an electrical
feedthrough for biasing the photocathode. Photoemission measurements used
an NKT Photonics SuperK Extreme monochromated supercontinuum visible
light source (10 nm bandwidth light tunable between 400 and 800 nm wave-

length) as the incident light, unless otherwise noted.
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3.4 Activation With Cs and Csl Treatment

Once in vacuum, the samples were heated at approximately 600 C for 6 h.
During activation, Cs was applied to the surface of the samples while the pho-
tocathode QE was monitored with either 10 W of 532 nm light for GaAs or a
10 W 265 nm light emitting diode (LED) for GaN. Cs deposition ended when
a peak in the QE was observed. After deposition, the QE was monitored to

measure the dark lifetime as shown in blue in Figs. 3.1 and 3.2.

After the lifetime measurement, the photocathode was again heated at 600 C
for 6 h. Subsequently, a Csl layer was grown on the photocathode surface. Dur-
ing the growth, the Csl effusion cell was heated to 500 C, while the photocath-
ode was held at 150 C. The Csl deposition rate was monitored with the QMB
until 1 nm was deposited. The photocathode then underwent a second cesiation
and lifetime measurement, as shown in orange in Figs. 3.1 and 3.2. Following
this lifetime measurement, two more cycles of heating (600 C for 6 h), cesia-
tion and lifetime measurements were performed without further Csl deposition

(yellow and blue curves in Figs. 3.1 and 3.2, respectively).

Since it was observed (shown in Fig. 3.3) that consecutive heating cycles can
increase the dark lifetime, another GaAs photocathode, prepared the same way,
was given four consecutive cycles of cesiation, dark lifetime measurement and
6 h 600 C heating without Csl deposition between cycles 1 and 2. The obtained
dark lifetimes are shown in blue in Fig. 3.3. After four cycles, we see a factor
of 5 improvement in the dark lifetime. For comparison, the lifetimes from the
activations in Fig. 3.1 are also plotted in Fig. 3.3, demonstrating the factor of

18 improvement in lifetime, thus decoupling the enhancement from consecu-
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Figure 3.1: Lifetime measurements of the GaAs photocathode at various
stages under identical vacuum conditions (5 10 ° Torr). The
lifetime after the initial cesiation is shown in blue. An expo-
nential t produces a 1=e lifetime of 4.2 h. The lifetime after
deposition of 1 nm of Csl and subsequent cesiation is shown
in red and the 1=e lifetime from an exponential t was found
to be 0.6 h. After heating the Csl layer and cesiating again, the
lifetime is shown in yellow and the 1=e lifetime from an expo-
nential t was found to be 14.1 h. The lifetime after another
heating cycle and cesiation is shown in purple, where the 1=e
tis 77 h.

tive heating cycles with the enhancement seen from Csl deposition. During all
lifetime measurements, the base pressure in the chamber was maintained at 5
10 19 Torr. The chamber was not vented between lifetime measurements in

order to compare the photocathode lifetimes in the same vacuum conditions.
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Figure 3.2: Lifetime measurements of the wurtzite GaN photocathode at
various stages under identical vacuum conditions (5 10 1°
Torr). The lifetime after the initial cesiation is shown in blue.
An exponential t yielded a 1=e lifetime of 4.6 h. The life-
time after deposition of 1 nm of Csl and subsequent cesiation is
shown in red and the 1=elifetime from an exponential t was
found to be 2.9 h. After heating the Csl layer and cesiating
again, the lifetime is shown in yellow and the 1=elifetime from
an exponential twas found to be 13.6 h. The lifetime after an-
other heating cycle and cesiation is shown in purple, where the
QE slightly increases over 6 h.

3.5 GaAs Studies For Spin-Polarization

Since GaAs photocathodes are primarily used as spin-polarized electron

sources, parameters relevant to spin-polarized operation were investigated. For
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Figure 3.3: A comparison between the dark lifetimes of a GaAs photocath-
ode with repeated cesiation+heating cycles, and the photocath-
ode described in Fig. 3.1.

this, GaAs photocathodes were activated with Cs and NF 3 to fully achieve the
NEA state. One sample underwent the activation procedure detailed above (6 h
heating, cesiation, 6 h heating, 1 nm Csl layer deposition, 6 h heating, cesiation,
6 h heating) and another sample was heated for 24 h at 600 C for comparison. In
order to incorporate NF 3 into the activation layer, the samples were transported
in vacuum to a separate chamber out tted with both a Cs dispenser and a gas
leak valve where they could be activated to NEA with sequential deposition
while the QE was monitored with 780 nm light. There, the samples were acti-

vated to NEA with sequential deposition of Cs and NF 3, while the QE was mon-
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itored with 780 nm incident light. The sequential activation procedure started
with depositing Cs as described above until the QE peaked. At this point, the Cs
was turned off and a partial pressure of around 1 nTorr of NF 3 was leaked in the
chamber until the QE dropped by 1-2 orders of magnitude. The NF 3 leak valve
would then be closed and the Cs turned back on, bringing the QE to a higher
peak than before. This process was repeated several times until saturation. The
NEA activations are shown in Fig. 3.4. Note the GaAs photocathode with no

Csl took about twice as long to achieve a peak QE as did the Csl-treated one.

Figure 3.4: A comparison of the Cs-NF3 activations with 780 nm incident
light described in the text. In both cases, the Cs deposition
started attime t =0 h.

Upon activation to NEA, the photocurrent was monitored for several hours,
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Figure 3.5: A lifetime comparison with 780 nm incident light of a GaAs
photocathode without Csl and a Csl-treated GaAs photocath-
ode when activated to NEA with a sequential deposition of Cs
and NF3. The 1=e lifetime of the GaAs photocathode without
Csl is 0.15 h and the 1= lifetime of the Csl-treated photocath-
ode is 2 h, a 13.3 times improvement.

as shown in Fig. 3.5. The dark lifetime of the Csl-treated photocathode was
measured to be 13.3 times that of the GaAs photocathode with no Csl, similar

to the Cs-only activation layer result from above.

After the lifetime measurement, the photocathodes were activated to NEA
as before. A spectral response QE measurement was performed, as shown
in blue in Fig. 3.6. Next, the photocathodes were transported in vacuum to

the retarding- eld Mott Polarimeter so that the spin-polarization of the pho-
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toemitted beam from each photocathode could be measured. For details on the
Mott Polarimeter in the Cornell Photocathode Laboratory, see previous stud-
ies [83, 95, 104, 108]. Measurements were done with incident light that was cir-
cularly polarized with a linear polarizer and /4 waveplate. Results from the
spin-polarization measurements with the two photocathodes are shown in red

in Fig. 3.6. While both photocathodes possess reasonably high ESPs, the curve
of the GaAs without Csl is shifted slightly up in magnitude and down in wave-

length as a result of its likely higher electron af nity when measured [4].

Figure 3.6: The QE and ESP of both the GaAs without Csl and Csl-treated
GaAs when activated to NEA with Cs+NF ;. The curves for
the Csl-treated photocathode are solid and the curves for the
GaAs with no Csl are dashed. The spin-polarization curve for
the GaAs without Csl is shifted up in magnitude and down in
wavelength due to its higher electron af nity when measured

[4].
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3.6 Analysis

In this section, we investigate the nature of the sample surface at various
stages in the Csl activation process. This is done through atomic force mi-
croscopy (AFM) scans on GaAs samples to characterize the physical structure of
the surfaces, as well as with X-ray photoelectron spectroscopy (XPS) to analyze

the chemical composition of the surfaces.

3.6.1 AFM

To explore the mechanisms behind the changes in photocathode robustness,
we performed AFM scans (in air) on GaAs samples. These were done on sam-
ples at each step in the Csl enhancement process, as shown in Fig. 3.7. Figure
3.7(a) shows the polished GaAs sample as received from the manufacturer to be
very smooth with an RMS roughness of 197 pm, while the sample after etching,
shown in Fig. 3.7(b) has a slightly increased surface roughness of 286 pm. In
addition to increased roughness, HCI etching has been shown to create an As-
rich surface on GaAs [140]. A 6 h 600 C heating seems to only have marginal
effects on the surface, as shown in Fig. 3.7(c), where the roughness is 272 pm.
When a 1 nm average Csl layer is deposited, shown in Fig. 3.7(d), the surface of
the photocathode features domains of Csl, which are several nm tall. The RMS
roughness of this surface is 7.97 nm. However, after another 600 C heating for 6
h, the quality of the surface is seemingly recovered, as the roughness is 191 pm,
shown in Fig. 3.7(e). The observation of islands on the GaAs surface between
deposition of Csl and heating likely explains the poor performance of the photo-

cathode at this point. To better understand the lifetime enhancement observed
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after heating, we performed XPS to know the surface chemical composition.

Figure 3.7: GaAs photocathode AFM scans of 2 2 m?and 0.5 0.5 m? at
different steps in the Csl enhancement process. GaAs sample
shown are (a) as received after purchase, (b) after etching, (c)
after a 6 h 600°C heating, (d) after deposition of the 1 nm (as
read by the QMB) Csl layer, and (e) after another 6 h 600°C
heating. All colorbars have units of nm.
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3.6.2 XPS

After Csl deposition, XPS samples were exposed to air for approximately
5 min during transport to the XPS chamber. A GaAs sample coated with a 1
nm thick Csl Im (no heating was done after Csl deposition) was loaded in the
analysis chamber, then XP spectra were obtained using unmonochromated Al
K radiation ( Epnoton = 1486.7 €V) and two different detection angles (0 and 70 )
which probed regions 3 and 1 nm below the surface, respectively. After XP
analysis, the sample was heated at 600°C for 6 h, then XP analysis was repeated

on the room temperature sample.

After analysis of the as-prepared and heated Csl/GaAs sample, the chemical
stability of the heated sample was investigated. First, O, gas was introduced
using a leak valve at 1 10 ® Torr for 125 and 625 s, corresponding to 125 L
(Langmuir) and 625 L exposures, respectively. The sample was then exposed to
125 L and 625 L of H,O (g). XPS analysis was performed after each exposure.
To minimize the x-ray induced degradation of Cs oxides [141], only O 1s, As 3d,

and survey scans were obtained.

Chemical Analysis of Csl/GaAs

Chemical analysis of the near-surface region of unheated, Csl-coated GaAs
samples con rmed the presence of Csl and partially oxidized GaAs, as shown
by the spectra in Fig. 3.8. The near-surface region was dominated by transitions
assigned to Csl. This included the Cs 3ds-, transition at 725.7 eV in Fig. 3.8(a),
which we attributed [142] to Cs *, and the | 3d;- and 3ds-, transitions at 631.5
and 620.0 eV in Fig. 3.8(b), which we attributed [143] to | . Unoxidized GaAs
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was observed, as evidenced by Ga3d photoelectrons at 19.5 eV and As3d pho-
toelectrons at 41.4 eV in Figs. 3.8(c) and 3.8(d), respectively. In contrast to the
Csl transitions, the unoxidized GaAs transitions were more intense in normal
detection than glancing detection, suggesting that these species were somewhat
below the surface. Oxidized Ga and a tiny amount of oxidized As were also
observed, as shown by the Ga 3d photoelectrons at 20.5 eV and As 3d photo-
electrons at 44.7 eV, respectively. All Ga and As transitions were assigned in
reference to Suet al.[144] The quoted photoelectron energies are only nominal
energies, as band bending often produces small energy shifts (. 0.2 eV) that may
also be depth dependent. The nominal photoelectron energies are indicated by

labeled dashed lines in all XP spectra.

The presence of oxygen in the near-surface region of unheated, Csl-coated
GaAs was somewhat unexpected, as the HCI etch was expected to remove any
oxidized GaAs. The XP spectra showed that the oxidized species were local-
ized in the near-surface region, as the O 1s transitions were more intense in
glancing detection than normal detection. The XP spectra clearly indicated the
presence of Ga oxides and the absence of | oxides. The presence of oxidized Cs
compounds on the unheated substrates could not be ruled out. The oxidation
chemistry of Cs is complex, consisting of peroxides, superoxides, and oxides.
The vertical dotted lines in Fig. 3.8(e) represented the O 1s binding energies re-
ported by Jupille et al. for CsO , (superoxide, 531.6 eV), Cs0O, (peroxide, 529.6
eV), and Cs,0 (oxide, 527.4 eV). [145] Photoelectrons from oxidized gallium and

CsO;, have nearly identical energies and could not be distinguished.

XP analysis suggested that activation of the heated Csl-coated GaAs sub-

strates was due to the formation of a cesium suboxide (formal O oxidation state
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Figure 3.8: X-ray photoelectron spectra of as-loaded Csl/GaAs observed
with normal (0°, blue) and glancing (70°, red) detection, dis-
playing the (a) Cs 3ds-, (b) I 3d, (c) Ga3d, (d) As 3d, and (e) O
1stransitions. Vertical dotted lines represent the nominal bind-
ing energies of the labeled species.

> —2) surface layer. The XP analysis in Fig. 3.9 suggested that heating of Csl-
coated GaAs led to desorption of | (presumably as 1,), (possibly partial) de-
composition of Ga oxides, and formation of cesium suboxides, primarily Cs ,0,.
Heating removed all iodine species and oxidized As, as shown by the | 3d spec-
tra in Fig. 3.9(b) and the As 3d spectra in Fig. 3.9(d). The intensity of the Ga

oxide transition in the near-surface region, Fig. 3.9(c), was signi cantly reduced
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by heating. The identity of the Cs species after heating could only be inferred
indirectly. The presence of metallic Cs could be de nitively ruled out by the

absence of plasmonic features in the Cs3d spectra, [142] which implied that all
Cs was in the +1 oxidation state and thus bound to oxygen. The production of
cesium oxide, Cs,0, can be de nitively ruled out fromthe O 1sspectrum in Fig.
3.9(e). We concluded that after heating, cesium is primarily present as the su-
peroxide, CsO,; however, the presence of some cesium peroxide, CsO,, could

not be ruled out.

Chemical Stability of Cs Suboxides

The chemical stability of the cesium suboxide-coated GaAs surface was in-
vestigated using increasingly large, sequential doses of O, and H,0 gases with
intervening XP analysis, as shown by the spectra in Fig. 3.10. These spectra
were normalized to the maximum intensity of the As 3d transition observed in
normal detection. This normalization corrected for small, run-to-run changes
in alignment and x-ray ux, enabling maximum sensitivity to subtle changes

induced by gas exposure.

No systematic changes in the cesium suboxide coating were observed up
to the largest exposure of 625 L of both O, and H,O. Subtle, non-systematic
changes in the degree of oxidation in the near-surface region were observed, as
seen in Fig. 3.10(c). We attribute these subtle changes to small spatial inhomo-

geneities in the cesium suboxide coating.

The gas doses probed by this experiment are very large in comparison to

those experienced by most photocathodes. For example, a photocathode oper-
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Figure 3.9: X-ray photoelectron spectra of Csl/GaAs after heating at 600°C
for 6 hr observed with normal (0°, blue) and glancing (70°, red)
detection, displaying the (a) Cs 3ds-, (b) | 3d, (¢c) Ga3d, (d) As
3d, and (e) O 1stransitions. Vertical dotted lines represent the
nominal binding energies of the labeled species.

ated at 10 ° Torr would only experience a total gas exposure of 1250 L after more

than 14 days of operation.
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Figure 3.10: X-ray photoelectron spectra of heated Csl/GaAs before and
after O, and H,0O exposure observed with [(a) and (b)] nor-
mal (0°) and [(c) and (d)] glancing (70°) detection. The [(a)
and (c)] O 1sand [(b) and (d)] As 3d transitions are shown.
Vertical dotted lines represent the nominal binding energies
of the labeled species.

3.7 Discussion

Heated Csl-coated GaAs and GaN photocathodes activated with Cs or
Cs+NF; have highly durable activation layers that degrade at a slower rate than
photocathodes activated only with Cs or Cs+NF 3, as shown in Figs. 3.1, 3.2,
and 3.5. This stability enhancement also requires less cesiation time; about half
of the usual cesium dose is required for the activation of initially Csl-coated
photocathodes, shown in Fig. 3.4. Notably, as indicated in Fig. 3.6, these Cs
suboxide-based activation layers maintain high spin-polarization, overcoming

a common limitation in alternative activation methods. [83, 104] Further, the
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surface quality remains unaffected, as seen in Fig. 3.7.

The superior performance of heated Csl-coated GaAs photocathodes is not
due to iodine. Heating Csl-coated GaAs at 600°C removes all iodine, leaving
a stable surface of Cs suboxides (and perhaps some Ga oxides) as shown in
Fig. 3.9. This surface is chemically robust; both the cesium suboxide layer and
the underlying GaAs resist further oxidation during exposures to large O , or
H,0O doses at room temperature, as shown in Fig. 3.10. The chemical stability
of the cesium suboxide surface was surprising, as we found that the cesium
suboxide coating on a cesium antimonide photocathode was sensitive to few L
O, exposures and completely destroyed by a 100 L O, exposure in a previous

work [146].

Previous researchers have used photoelectron spectroscopy to study the ac-
tivation of GaAs with Cs and O ,, leading to wide agreement that activation pro-
duces cesium suboxides. Cs coatings accelerated GaAs oxidation by Q by a fac-
tor of 10° compared to uncoated surfaces in one study [147]. Others showed that
GaAs surfaces activated with Cs and O, display surface Cs suboxides and oxi-
dized GaAs, indicating that Cs suboxides are a consistent by-product in Cs+0O ,
activation layers [148]. The evolution of the Cs suboxide coating across vary-
ing activation conditions was studied by others, [149, 150] supporting the con-
clusion that Cs,0, suboxides, and oxidized GaAs typically form on GaAs after

Cs+0, activation.

If all of these activation schemes lead to cesium suboxide photocathodes,
why are the coatings produced from heated Csl/GaAs more robust than oth-
ers? We suggest that the difference lies in the thermal history of the coating.

Previous researchers used Cs metal (C%) sources; however, Cs, which has a
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melting point of 28°C, is quite volatile at room temperature. A monolayer of Cs
has a calculated lifetime of only 14 s at room temperature. [146,151] Because of
this, activation with Cs metal is typically accomplished with multiple sequen-
tial Cs and O, or NF3 doses at room temperature. In contrast, Csl is stable at
room temperature and does not melt until 632°C. As a result, our cesium sub-
oxides were produced at signi cantly higher temperatures. In other words, Csl

is a higher temperature Cs source that leads to Ims of improved chemical re-
sistance. Additionally, Csl-treated GaAs requiring much less Cs to activate to
NEA could be indicative of a work-function lowering effect already in place via

the Cs-suboxide rich surface.

While these ndings are promising, further optimization of Csl layer thick-
ness may enhance performance. While 600C has been shown to be an opti-
mal temperature for GaAs photocathode heating [152], examining variations in
heating time and temperature on Csl-based activations may be of value. Per-
forming chemical analysis on samples that have been activated and transported
under continuous vacuum could provide additional insight while removing the
possibility of contamination during air exposure. The different QEs observed
in Fig. 3.4 may also highlight the need to perform all activations and analy-
sis in the same vacuum chamber, as transport may have created less than ideal
NEA conditions. Additional in-situ chemical analysis during activation might
provide additional insights into the mechanisms behind these lifetime improve-
ments. Further, a residual gas composition analysis of the activation chamber
after a lifetime measurement could be used to understand the effects of chemi-
cal poisoning as well. Testing the photocathodes in high-current environments
is also essential to assess real-world behavior to deleterious effects, such as ion

backbombardment. This type of analysis is crucial for the determination of long-
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term stability and performance under operational conditions.

3.8 Conclusion

Photocathodes used for the generation of spin-polarized electron beams,
such as GaAs and GaN, require a Cs-based activation layer for ef cient oper-
ation, which typically renders these materials highly susceptible to chemical
contamination, signi cantly limiting their operational lifetimes. In this study,
we present a method for extending the dark lifetime of cesium-activated GaN
and GaAs photocathodes by applying a cesium iodide (Csl) layer. We show an
order-of-magnitude dark lifetime improvement in a GaAs photocathode with
the inclusion of a heated Csl layer in the activation process. The underlying
mechanisms for this enhancement are examined through XPS and AFM analy-
sis. We found that the heating process removes all the iodine from the surface,
leaving only Cs suboxides, which may enhance the chemical robustness of the

photocathodes.
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CHAPTER 4
HIGH CURRENT STUDIES OF GAAS PHOTOCATHODES WITH
ANTIMONY-BASED NEGATIVE ELECTRON AFFINITY ACTIVATION
METHODS

4.1 Abstract

GaAs photocathodes activated to Negative Electron Af nity (NEA) with Cs
and O, or NF3 are the standard electron source for high-current spin-polarized
beams but suffer from a short operational lifetime. Recent studies have shown
that incorporating Sb into the activation layer can enhance the chemical robust-
ness of these photocathodes, increasing their dark lifetimes. However, in high-
current environments, ion back-bombardment remains the primary cause of ac-
tivation layer degradation. In this paper, we study the performance of GaAs
photocathodes with an Sb-based activation in a high-voltage, high-current gun,
nding no signi cant improvement in the operational lifetime compared to the
conventional Cs+0O, activation. Results are interpreted with simulations includ-

ing ion production, back-bombardment and NEA layer sputtering damage.

4.2 Introduction

Photoinjectors can produce high-brightness, high-average-current electron
beams for a wide range of accelerator-based applications, where demands for
such beams are growing across multiple elds. Electron cooling schemes un-

der consideration for facilities like the LHeC and the EIC may require average
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beam currents approaching 100 mA [153, 154]. High current Energy Recov-
ery Linacs (ERL) are being explored for applications such as extreme ultravi-
olet (EUV) lithography, targeting around 10 mA [155], and for medical isotope
production, with proposed currents as high as 100 mA [156]. Beyond unpo-
larized sources, generating robust spin-polarized electron beams at high aver-
age currents remains a key challenge for nuclear and high-energy physics ex-
periments [18, 20, 23, 102], as well as for advancing electron microscopy tech-

niques [29, 30, 33].

Semiconductor photocathodes have emerged as a leading solution for gener-
ating high-current electron beams, offering high quantum ef ciency (QE) when
illuminated with visible light; wavelengths that are compatible with readily
available high-power laser systems. Despite these advantages, semiconductor
photocathodes with negative electron af nity (NEA) surfaces are highly suscep-
tible to vacuum quality, exhibiting faster degradation than their metallic coun-

terparts due to sensitivity to residual gases [84, 86].

To date, NEA GaAs remains the only semiconductor photocathode deployed
for spin-polarized electron sources [1, 4]. GaAs can achieve impressive per-
formance, delivering percent level QE alongside spin polarizations exceeding
90% in strained superlattice structures [75]. However, its operational lifetime is
constrained by the fragile NEA activation layer (typically cesium and oxygen)
which is prone to chemical poisoning and suffers from poor adhesion to the

underlying surface.

In DC guns, GaAs photocathodes have seen successful implementation
across several facilities [18, 101, 102], including a notable achievement at Cor-

nell, where a peak current of 52 mA was brie y sustained [69]. Achieving stable
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high-current operation with GaAs photocathodes is particularly challenging in
RF gun environments, where vacuum pressures are generally higher than in DC

guns.

At high average currents, additional mechanisms contribute to the degra-
dation of photocathode quantum ef ciency (QE). One major factor is ion back-
bombardment: residual gas molecules in the vacuum are ionized by the out-
going electron beam producing positive ions that are accelerated toward the
photocathode surface leading to damage and QE loss [101, 157, 158]. As QE de-
clines, maintaining a constant beam current requires increasing the laser power,
which can further accelerate degradation by causing thermal desorption of the

NEA activation layer [82, 89].

While ion back-bombardment is widely recognized as the dominant degra-
dation mechanism under high-current operation, various mitigation strategies
have been explored. These include reducing the photocathode's active area, en-
larging the laser spot to spread the current density, offsetting the active area
from the electrostatic center [101], and introducing a positive bias on the anode
to repel ions [91]. Despite these interventions, ion back-bombardment remains a
persistent challenge, particularly from ions generated within the cathode-anode

gap, in close proximity to the photocathode.

The inclusion of a third element in the activation layer (such as Sb or Te)
has demonstrated greater resilience against chemical-poisoning-induced degra-
dation, extending GaAs photocathode dark lifetimes in low-voltage environ-
ments [83, 95, 104-106]. However, the ef cacy of these activation layers in a
high-current environment where ion back-bombardment is the primary means

of degradation is undemonstrated. This work builds off of an earlier result

79



demonstrating that the addition of a thin Sb layer can enhance dark lifetime
of Cs-O, activated GaAs, however, the lifetime improvements from Sb layers

thicker than 1.2A were met with degradation in the emitted ESP and QE [83].

4.2.1 HERACLES beamline and growth chamber

The High ElectRon Average Current for Lifetime ExperimentS (HERACLES)
beamline at Cornell University has been recently commissioned to study the
operational lifetime of high current photocathodes as described in Ref. [159].
Originally constructed for the Cornell Electron Recovery Linac (ERL) program,
the HERACLES beamline was recently relocated and recommissioned as a high-
current test facility for the Cornell Bright Beams Laboratory (BBL). The facil-
ity enables photocathode lifetime measurements at beam currents up to 10 mA

with a planned upgrade for operating at higher average currents.

The beamline consists of a 200 keV electron gun and a 75 kW beam dump
located downstream. Between the gun and the beam dump, the beamline has
diagnostic and control components, including two solenoids for beam focusing,
three correctors horizontal/vertical corrector pairs for trajectory adjustments,
three BeO view screens, a Faraday cup for current measurements, and a quad-

rant detector for beam position monitoring under high-current operation.

In the rst high-current lifetime study conducted at HERACLES [105], GaAs
photocathodes activated with Cs-O, and Cs-Sb-O, were evaluated under 1 mA
operation. The addition of Sb to the activation layer showed no measurable
improvement in charge lifetime at the operational wavelength of 488 nm. How-

ever, photocathodes containing Sb may have had an extended lifetime at 780 nm
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by comparing pre- and post-mortem QE values. In our previous study the pho-
tocathodes containing Sb required growth in a separate chamber disconnected
from the HERACLES gun necessitating transport with a vacuum suitcase which
resulted in QE degradation prior to high current operation. During this transfer,
the photocathodes were susceptible to chemical contamination, degrading their

performance.

To address this limitation and streamline operations, a new photocathode
growth chamber was constructed and attached to HERACLES vacuum system.
This setup allows photocathodes to be grown and transferred to the gun in con-
tinuous UHV minimizing exposure to contaminants and signi cantly improv-
ing operational ef ciency. Bulk GaAs samples are mounted on a stainless-steel
puck and entered into the growth chamber through an attached load-lock. For
various NEA activations, the process is supported by three water-cooled evapo-
rative effusion cells from MBE-Komponenten, equipped with crucibles contain-
ing Sbh, Te, and Cs. Additionally, the chamber includes a leak valve to enable
controlled oxygen exposure. The Sb and Te sources were obtained from Alpha,
Inc. and United Mineral Corp., respectively. The Cs crucible is lled with a Cs-
In amalgam, chosen for its higher evaporation temperature (195 C in this setup)
compared to pure Cs (90 C). This allows the chamber to be baked at 120 C, en-

suring a low base pressure for optimal operation.

The growth chamber is equipped with other instrumentation including a
cold cathode gauge (CCG), a quartz microbalance (QMB), and a substrate
heater. The stainless-steel puck is secured in an electrically-isolated jaw, which
can be biased for photocurrent measurements. The base pressure in the growth

chamber is maintained at approximately 1 10 ° Torr, achieved using two
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SAES NEG-ion pumps totaling approximately 300 I/s of pumping.

4.3 Methods

4.3.1 GaAs Preparation

Single-crystal GaAs (100) wafers, doped with zinc to a carrier density of 9
10*® cm 3, were obtained from AXT-Tongmei, Inc. The wafers were sectioned
into1 1 cn? pieces using a diamond scroll. Each sample was cleaned by ultra-
sonic agitation in isopropanol, followed by a rinse with deionized water. Sur-
face oxides were stripped by immersing the samples in a 1% hydro uoric acid
solution for 60 seconds, after which they were rinsed once more with deion-
ized water. To preserve the cleaned surfaces, the samples were stored in sealed

nitrogen-purged bags to prevent re-oxidation.

Prior to insertion into vacuum, samples were af xed to stainless steel pucks
and secured under a mask with a 4 mm diameter aperture exposing the active
surface. The sample was offset from the center of the puck by 7 mm, as de-
scribed in Ref. [105]. Thin indium foil was placed on both sides of the sample
to promote reliable thermal and electrical contact throughout the experimen-
tal procedure. The puck assembly was then loaded into the growth chamber
through a UHV load lock. Upon entry into the growth chamber, the samples

were heated for 55 hours at 600 C to further clean the surface.
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4.3.2 NEA Activations

After heating, GaAs samples were activated to NEA. The Cs effusion cell
was heated to 195C and Cs was deposited onto the GaAs surface. During
growth, a 10 W 780 nm laser continuously monitored the photocathode QE.
Cs evaporation proceeded until the QE peaked. Here, the oxygen leak valve
was opened to co-deposit Cs and O,. The QE would continue rising until an-
other peak was achieved. For samples that were only activated with Cs-O ,, the
activation would end at this point and they would immediately be transported
into the gun. Typically, around 10A of Cs would have been deposited at this

point, according to a growth rate calibrated by the QMB ahead of time.

For samples that would be activated with Cs-Sb-O ,, the Sb effusion cell
would have been heated to 350 C during the initial cesiation. When the Cs-
O, peak was achieved, the Cs shutter and O, leak valve would both be closed.
The Sb shutter would be opened and 1 A of Sb would be deposited (deposition
rate was also measured by the QMB ahead of time). This would rapidly reduce
the QE to 0. After the Sb deposition, the Sb cell shutter would be closed and the
Cs shutter and O, leak valve would both be reopened. Another Cs-O , activation
would ensue until a nal peak was achieved, also typically around 10A of Cs.
At this point, the photocathode would be transferred into the gun. An example
activation is shown in Fig. 4.1, where Cs-O, co-deposition appears in the blue

regions, and Sb deposition appears in the red region.
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Figure 4.1: An example GaAs NEA activation with Cs-Sb-O ,. Cs-O, co-
deposition is done in the blue regions, whereas Sb deposition
is done in the red region.

4.3.3 High Current Testing

After samples were loaded into the gun, the beam trajectory and shape are
examined on BeO viewscreens at a low current (100 nA). Magnetic correc-
tors tune the beam trajectory and reduce beam distortions. After a satisfactory
beam was shown, a 1 mA beam would be extracted for 3 hours to measure a
charge lifetime. A PID program is used to maintain a constant current as the
photocathode QE degrades during operation. The pressure during 1 mA oper-

ation is typically 8 10 ! Torr. High current runs were completed with four
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GaAs photocathodes activated with Cs-O, only and four activated with Cs-Sb-
O, (with 1A of Sb). The Sb layer thickness was chosen due to a previous study
that showed any thicker Sb layers would start to degrade the spin-polarization
of the emitted beam [83]. We reproduced the Sb-based dark lifetime enhance-
ment in the newly-commissioned growth chamber before measuring lifetimes

at high current [160].

4.4 Results

The charge extraction lifetimes from all eight photocathodes are shown in
Fig. 4.2. The photocathodes activated without Sb displayed an average 1=e
charge lifetime of 17.6 4.3 C, while those with Sb displayed an average 1-e
charge lifetime of 16.6 5.8 C.

4.5 Discussion

4.5.1 lon Damage Simulations

To study the effects of ion back-bombardment damage, simulations were

done with Stopping and Range of lons in Matter (SRIM) [161].

To understand how Cs will sputter from the activation layer from ion back-
bombardment, simulations were done in “monolayer collision steps/surface
sputtering” mode, which de nes the sputtering yield as the number of atoms

removed from the surface from one incident ion. Since the ionization cross sec-
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Figure 4.2: Charge extracted from 1 mA current from GaAs photocathodes
activated to NEA with either Cs-O , or Cs-Sb-0,.

tion for H 7 is much larger than that of H *, H7 ions were used in the simulations.
lon energies between 250 eV and 30 keV were considered; 10,000 ions at each
energy were simulated. lons in this range do the most damage to the activation

layer, while higher energy ions can do further damage to the GaAs bulk [92].

Sputtering simulations were rst done a 10A Cs layer on top of bulk GaAs.
The sputtering yield from this is shown in blue in Fig. 4.3. This result mirrors
the one found in a similar study done in Ref. [92]. Next, simulations were done
to mirror the Sb activation process used in this work. On top of bulk GaAs

was 10A of Cs, topped with an Sb layer, which was topped by another 10A Cs.
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Samples with 1A, 2A and 3A of Sb were simulated, as shown in Fig. 4.3 in red,
yellow and purple, respectively. The Cs sputtering from the top 10A Cs layer in
each sample is shown in Fig. 4.3a. Here, we see the Cs sputtering of all samples
peaking around 2 keV ion energy. However, these Sb thicknesses appear to
have minimal effect on the Cs sputtering. The Sb sputtering from the middle
Sb layer in each sample is shown in Fig. 4.3b. The Sb atoms sputtered appears
to be correlated with the thickness of the layer, however roughly equivalent
percentages of each layer are sputtered when considering the atomic count in
the layer. The Cs sputtering from the Cs layer that lies on top of the GaAs and
below the Sb in each sample is shown in Fig. 4.3c. A 3A Sb layer decreases the
Cs sputtering from this layer by a factor of 2 compared to one topped with a 1A

Sb layer.

4.5.2 Calculations of lons in HERACLES

To further understand the effects of ion back-bombardment in HERACLES,
simulations of H J ion production and back-propagation were done using Gen-

eral Particle Tracer (GPT) [162].

Following from Ref. [163], ion production rates may be calculated. The ion-
ization cross-section for H,, , can be calculated as a function of electron kinetic

energy. The rate of the density of ions created as a function of time is therefore
dn
dt

where n, is the electron beam density, ng is the residual gas density and v is the

= Nphy iV (4.1)

electron velocity.
An electron was propagated from the photocathode to the end of the gun (8
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Figure 4.3: SRIM simulations done on GaAs photocathodes with Cs-Sb-O,
activation layers. In each model considered, there is 10A Cs on
top of the GaAs, topped with 1, 2, or 3 A of Sb, topped with
another 10A Cs. An activation with only 10A Cs is shown in
purple for comparison.

cm) using a eld map for HERACLES in order to obtain the its energy as a func-

tion of distance traveled, z. From this, (2 is calculated (with the H , ionization
cross-section from Ref. [163]), and hencedn(z)=dt may be calculated for a 1 mA
beam current. The 7 mm off-center photocathode active area is included in the

simulation.

From dr=dt, H} ions were generated throughout the gun and back-

propagated with GPT. The energy distribution of ions that hit the off-center
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active area are plotted in Fig. 4.4, for a 1 mA beam over 100 ns.

Figure 4.4: lons that were simulated to be generated in the gun, back-
propagated to the photocathode and hit the off-center active
area are plotted for a 1 mA beam over 100 ns.

4.5.3 Approximation of Activation Layer Removal

Once the GPT simulation to calculate the number of H J ions hitting the pho-
tocathode and their energies was complete, this was combined with the sputter-
ing yields calculated in SRIM to estimate the removal time of each layer due to
ion sputtering. These results are shown in Table 4.1, where a 1 mA electron beam

is considered. Here we see very little variation in the top 10A of Cs sputtering

89



Table 4.1: The removal time (in hours) for each layer in each respective
GaAs activation considering a 1 mA current.

Activation TopCs Sb  Bottom Cs
10A Cs 0.9 - -

10A Cs-1A Sb-10ACs 1.2 17.5 10.9
10A Cs-2A Sb-10ACs 1.2 21.6 15.3

10A Cs-3A Sb-10ACs 1.2 20.7 21.1

behavior, with each lasting around 1 hour (around 4C charge) before complete
removal. As noted above, the middle Sb layers possess different atomic sput-
tering rates but will also sputter at similar total layer rates. Notably, the thicker
Sb layers do offer protection to the bottom Cs layers, seemingly doubling their

lifetime between a 1A Sb and 3A Sb topping layer.

During the activation process, the bottom Cs layer will activate the photo-
cathode to NEA before the deposition of the Sb essentially eliminates the pho-

tocurrent. NEA is restored with the top Cs layer.

These calculations are an approximation of the time needed for H 7 ions pro-
duced from a 1 mA electron beam to remove each layer respectively. However,
the sputtering behavior in the gun (and hence the degradation of the photocath-
ode), does not occur linearly as changes in the activation layer will dynamically
change the sputtering rates. Nevertheless, these simulations illustrate the lack

of effectiveness of these activation layers in the high current environment.
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45.4 OQutlook

Our simulations indicate that this activation method may not signi cantly
extend the operational lifetime of NEA GaAs photocathodes in HERACLES. As
illustrated in Fig. 4.1, the initial Cs-O , layer reduces the work function, but
subsequent Sb deposition raises it. Although the nal Cs-O , layer lowers the
work function again, simulations show that this top layer is sputtered away on
an hour timescale, irrespective of the underlying Sb thickness. Nevertheless,
thicker Sb layers do provide some protection for the underlying Cs layer. In
the layered growth scheme employed here, however, this protection is largely
ineffective: a Cs layer topped with Sb still results in a high work function pho-

tocathode.

These ndings, limited in scope, warrant further high-current studies of
GaAs activated with Cs-Sb-O,. However, current results suggest the need for
a new alternative protective coating, one that, like Sb, shields the Cs layer but

does not increase the work function to the same extent.

4.6 Conclusion

GaAs photocathodes activated to negative electron af nity (NEA) with Cs
and O, or NF3 are widely used for generating high-current spin-polarized
beams but degrade quickly under operation. While adding Sb to the activation
layer improves chemical robustness and dark lifetime, ion back-bombardment
continues to dominate degradation under high-current conditions. Experi-

mental results in a high-voltage gun show no lifetime improvement with Sb-
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enhanced activation, consistent with simulations of ion-induced damage.
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CHAPTER 5
MEASUREMENT OF SPIN-POLARIZED PHOTOEMISSION FROM
WURTZITE AND ZINC BLENDE GALLIUM NITRIDE
PHOTOCATHODES

This chapter was originally published as Ref. [108].

5.1 Abstract

Spin-polarized photoemission from wurtzite and zinc blende gallium ni-
tride (GaN) photocathodes has been observed and measured. The p-doped
GaN photocathodes were epitaxially grown and activated to negative elec-
tron af nity with a cesium monolayer deposited on their surfaces. A eld-
retarding Mott polarimeter was used to measure the spin-polarization of elec-
trons photoemitted from the top of the valence band. A spectral scan with
a tunable optical parametric ampli er constructed to provide low-bandwidth
light revealed peak spin-polarizations of 17% and 29% in the wurtzite and
zinc blende photocathodes, respectively. Zinc blende GaN results are analyzed
with a spin-polarization model accounting for experimental parameters used in
the measurements, while possible mechanisms in uencing the obtained spin-

polarization values of wurtzite GaN are discussed.

5.2 Introduction

Spin-polarized electron beam generation is a critical component for many

nuclear and particle physics experiments that enables the study of spin-
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dependent properties such as parity violation and nucleon spin structure
[23,164-166]. Spin-polarized electrons are also valuable in electron microscopy
for investigating magnetic structures and material spin states [29, 30, 33]. For
these applications, photocathodes based on Gallium Arsenide (GaAs) are cur-
rently the only viable spin-polarized source and are employed at facilities such
as the Mainz Microtron (MAMI) [18] and the Continuous Electron Beam Ac-
celerator Facility (CEBAF) [102]. Future facilities like the International Linear
Collider (ILC) [23] and Electron-lon Collider (EIC) [20] which call for spin-
polarized electron beams can also benet from a more robust spin-polarized

electron source.

Spin-polarized electrons from GaAs [1] are produced with circularly-
polarized light at a photon energy tuned to the material bandgap to photoex-
cite electrons occupying the top of the valence band into the conduction band.
Ordinarily, these electrons do not contribute to the photoemission process be-
cause their energy is not suf cient to overcome the work function. Fortunately,
GaAs can be brought to a condition called Negative Electron Af nity (NEA)
where the conduction band minimum is at a higher energy than the vacuum on
the surface, thus enabling bandgap energy photons to produce photoemission.
Bulk GaAs is limited to a theoretical maximum spin-polarization of 50% because
of its light-hole (LH) and heavy-hole (HH) degenerate band states [4], while
measured polarization is around 35% due to various depolarization mecha-
nisms [2, 70—72]. In strained superlattice GaAs, the degeneracy can be removed

and >90% spin-polarizations are achievable [75].

To activate GaAs to NEA, approximately one cesium monolayer and an ox-

idant are deposited on the surface [123]. This layer is highly sensitive to chem-
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ical poisoning [84, 86] from residual gas molecules and susceptible to ion back-
bombardment [101] and thermal desorption [82] during high average beam
current operation. Therefore, GaAs operation bene ts from excellent vacuum
which has restricted its use to DC guns only. While much work has been done
to improve the lifetime [83, 95, 104-106], there is motivation to investigate other
materials as potential robust spin-polarized electron beam sources [107]. A re-
cent result indicates an alkali-antimonide photocathode (K ,NaSb) can produce
spin-polarized electrons [98]. In this work, we demonstrate spin-polarized elec-
tron beam generation from Gallium Nitride (GaN) based photocathodes grown
in both the hexagonal wurtzite (W-GaN) and cubic zinc blende (ZB-GaN) crystal

orientations [167].

GaN is a direct bandgap material widely studied for its use in light emit-
ting diodes (LEDs) and other opto- and micro-electronics, [168-173] as well as
for spintronics and spin-polarized applications [174-178,178-181]. W-GaN [182]
and ZB-GaN [183] have respective bandgap energies E,) of 3.4 and 3.2 eV [184].
Like GaAs, a GaN photocathode requires activation to NEA for ef cient opera-
tion. Despite its common use in the electronics industry, GaN has been far less
investigated as a photocathode material because growth techniques for high-
guality samples were developed much more recently than those of GaAs [185].
Nonetheless, GaN boasts many interesting photocathode properties [186, 187].
P-doped W-GaN has achieved >50% quantum ef ciency (QE) [188] and N-polar
GaN has been used to achieve NEA without Cs [189]. The thermal conductivity
of GaN is more than a factor of two larger than that of GaAs [190,191] which may
mitigate thermal desorption effects at high operational beam currents. NEA
W-GaN has also demonstrated a 20 times longer dark lifetime at its emission

threshold energy of 365 nm compared to GaAs at 780 nm [99], indicating GaN
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to be a more robust photo-emitter.

5.3 Experimental

Mg-doped (3 10'°cm 3 Mg concentration) W-GaN (0001) and ZB-GaN (100)
samples were epitaxially grown on single-crystal W-GaN and 3C-SiC substrates,
respectively (see the Supplemental Information for details on sample prepara-
tion, narrow band UV laser and spin-polarization measurements) and activated
to NEA through Cs deposition yielding QEs of 16.5% with W-GaN and 5% with
ZB-GaN at 265 nm. To characterize the photoemission, a spectral response was
performed with both UV (LEDs) and visible (monochromator with white-light
Xenon lamp) light. This data is plotted in Fig. 5.1, where, additionally, expected
bandgap energies of around 3.2 eV and 3.4 eV, and their associated QEs of 0.1%

and 3.9% (respectively for ZB- and W-GaN) are shown.

Both the LEDs and monochromator produced light with a typical 10 nm
bandwidth (BW). The energy spread corresponding to this bandwidth far ex-
ceeds the valence band splitting of W- and ZB-GaN. Consequently, to be able to
measure the electron spin polarization (ESP) accurately, a narrow-band (1.4 nm
FWHM corresponding to around 12 meV at the wavelengths used), tunable UV

source was developed.

Dark lifetime measurements of both samples were performed under simi-
lar vacuum conditions ata 2 10 *° Torr base pressure near each photocathodes'
bandgap energy, (365 and 385 nm respectively for W and ZB-GaN) yielding
1/e lifetime values of 11.3 and 4.5 hours, as shown in Fig. 5.2. For compari-

son, a GaAs photocathode (100, Zn-doped at 9 10 cm 2 concentration) was
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