
Cs-O2-Li as enhanced NEA surface layer with increased lifetime
for GaAs photocathodes

Maximilian Herbert ,* Tobias Eggert , Joachim Enders , Markus Engart , Yuliya Fritzsche,
Maximilian Meier , Julian Schulze , and Vincent Wende

Institut für Kernphysik, Fachbereich Physik, Technische Universität Darmstadt,
Schlossgartenstrasse 9, 64289 Darmstadt, Germany

(Received 6 September 2024; accepted 9 December 2024; published 15 January 2025)

GaAs-based photocathodes are the only viable source capable of providing spin-polarized electrons
for accelerator applications. This type of photocathode requires a thin surface layer, in order to achieve
negative electron affinity (NEA) for efficient photoemission. However, this layer is vulnerable to
environmental and operational effects, leading to a decay of the quantum efficiency η characterized by
a decay constant or lifetime τ. In order to increase τ, additional agents can be introduced during the
activation procedure to improve the chemical robustness of the surface layer. This paper presents the results
of recent research on Li as an enhancement agent for photocathode activation using Cs and O2, forming
Cs-O2-Li as an enhanced NEA layer. Measurements yielded an increase in lifetime by a factor of up to
19� 2 and an increase in extracted charge by a factor of up to 16.5� 2.4, without significant reduction
of η. This performance is equal to or better than that reported for other enhanced NEA layers so far.
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I. INTRODUCTION

Spin-polarized electron sources are in high demand for a
multitude of advanced physics applications such as energy
recovery linacs (ERL) [1–3], colliders [4–6], positron
production [7,8], electron cooling at high-energy storage
rings [9], and electron microscopy [10–12]. Such applica-
tions require high-intensity electron beams.
The best available sources for high currents of highly

spin-polarized electron beams are photoelectron sources
using GaAs-based photocathodes [13]. The type iii–v
compound semiconductor material is usually p-doped,
hence the notation p-GaAs. The spin of electrons in the
conduction band of a nonmagnetic solid like GaAs can be
polarized by optical pumping with circularly polarized
light, the angular momentum of which sets the direction of
the electron spin in the excitation process. The maximum
spin polarization is determined by the selection rules for
transitions possible at the energy of the incident circularly
polarized photons. At the valence-band maximum and
conduction-band minimum, GaAs has a p band that is
sixfold degenerate and split through spin-orbit coupling
into a higher fourfold degenerate P3=2 level and a lower

twofold degenerate P1=2 level. By excitation at photon
energies close to the band gap, such that only states of
the P3=2 level are excited, a maximum spin polarization of
P ¼ 0.5 (or 50%) is possible for bulk GaAs [14].
An increase in spin polarization can be achieved by

constructing the photocathode from alternating layers of
two substrates with different lattice constants and different
band gaps, creating a so-called strained superlattice (SL).
This splits the P3=2 level into two twofold degenerate
sublevels that can be selectively excited by choosing the
corresponding photon energy or wavelength, hence ena-
bling a maximum theoretical spin polarization of up to
100%. GaAs/GaAsP strained SL photocathodes have so far
shown the best performance, providing spin polarization
of up to 92% at an incident photon wavelength between
776 and 785 nm [15–18].
Efficient photoemission at photon energies close to the

band gap is not possible in GaAs due to an energy sub-
barrier, also called electron affinity, at the surface that
excited electrons need to overcome in order to be emitted.
This problem can be addressed by applying a thin layer,
consisting of Cs in combination with an oxidant such as O2

or NF3, to the surface of the material in order to introduce a
band-bending effect. Since the Fermi level of the surface
layer is aligned to the Fermi level of GaAs, the energy
levels at the surface line up such that the vacuum level of
the layer is lowered below the conduction-band minimum
of GaAs, hence reducing the work function and creating
negative electron affinity (NEA) that allows electrons from
the conduction-band minimum to be emitted from the
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material [19,20]. The surface layer therefore greatly
influences the quantum efficiency η of the photoemission
from the cathode, which is proportional to the current
density Je of the emitted electrons divided by the intensity
I γ and wavelength λ of the incident photons [21]:

ηðλÞ ¼ hc
e
·

Je
I γ · λ

: (1)

In practice, the average current of emitted electrons Ip and
the average power of incident light Pγ are measured when
working with photoelectron sources. By canceling out the
areas in Je and I γ and writing hc

e in practical units, the
equation can be expressed as

η ≈ 123.98 nmmW% μA ·
Ip

λ · Pγ
: (2)

However, the NEA surface layer is prone to degrading
effects during storage and operation, such as gas desorption
[22,23] and ion back-bombardment (IBB [24,25]). Due to
these effects, η drops over time. This behavior can be
approximated by a single-exponential decay that is char-
acterized by a decay constant τ, also called the lifetime of
the photocathode [26]:

ηðtÞ ≈ ηð0Þ · e−t
τ: (3)

For operation in the high-current beam regime that is of
major interest for advanced accelerator applications, the
cathode lifetime is severely limited by IBB [27] and heat-
induced desorption [28].
A multitude of measures have been implemented to

increase the lifetime of the photocathode. The fabrication of
strained SL photocathodes with an integrated distributed
Bragg reflector can mitigate the significant decrease of η
due to the SL structure, yielding quantum efficiencies
comparable to bulk GaAs and hence prolonging effective
cathode usability by reducing the required laser power and
the associated heat deposition on the photocathode [18].
Unwanted electron emission outside of the area illuminated
by the laser beam can be eliminated by anodization of
the photocathode [29–32] and the use of a mask during
activation [28,32] in order to reduce the active area of the
photocathode. Elimination of field emission from the parts
of the gun on high-voltage potential is achieved by
gun designs with low field gradients [33,34] and high-
voltage conditioning during gun commissioning [25,35].
Improving the vacuum conditions inside the gun chamber
reduces gas desorption and IBB, hence prolonging lifetime
[36]. Since ions are accelerated toward the electrostatic
center, moving the laser spot away from it will reduce the
amount of ions that are accelerated directly toward the point
of emission, hence reducing damage to the surface layer
from IBB there [32]. Increasing the laser spot size on the
cathode distributes the back-accelerated ions over a wider

area, reducing the damage caused to the surface layer [32].
IBB can be further reduced by applying a positive bias to
the anode [37–40].
While all of the listed methods have been successfully

employed during low-current operations, the overall life-
time increment is not sufficient to achieve prolonged
operation at high beam currents [27], and some methods
suffer from trade-offs such as reduced emittance [32].
Hence, additional methods to increase photocathode life-
time are needed. Introducing a geometric offset of the
anode has been proposed to reduce IBB [41]. Also, an
implementation of active photocathode cooling has been
demonstrated to reduce thermal desorption at high laser
power, although no lifetime experiments have been con-
ducted with this setup as yet [42].
Another way of prolonging the photocathode lifetime

independent of environmental and operational conditions is
to increase the robustness of the NEA layer itself. It has
been demonstrated that this can be achieved by introducing
an additional agent, such as Sb [43], Te [44], or Li [45],
during the activation process. The effects of adding Sb or
Te to a Cs layer on a p-GaAs surface were first investigated
in 1969, showing an increase in both quantum efficiency
and stability when compared to a pure Cs layer [46].
The increase in quantum efficiency was attributed to the
creation of NEA conditions through the same band-bending
effect caused by a Cs-O2 surface layer [47,48]. Further
experimental studies confirmed this for both Cs-Sb [49]
and Cs-Te [50,51], and in comparison to Cs-O2 an increase
in τ without significant change in spin polarization, albeit at
the expense of reduced η, has been reported for both surface
layers [44,52]. Recent studies have focused on the addition
of O2 to form Cs-O2-Sb [43,52,53] and Cs-O2-Te [54,55]
layers, i.e., using Sb and Te as enhancement agents for
Cs-O2 surface layers. This attenuates the reduction in η
while still increasing τ, without significant reduction of
spin polarization, although a dependence of P on the
surface layer thickness has been established.
It has been discovered that the addition of a second alkali

metal to Cs-NF3 activation has a similar beneficial effect of
increasing τ, with Li performing best [45] without signifi-
cant impact on spin polarization [56]. Li enhancement has
also been successfully established for Cs-O2, yielding
comparable results [56,57]. Similar to enhancement with
Sb or Te, an influence on η appears to exist for Cs-O2-Li
and Cs-NF3-Li. However, reported results vary from a
significant increase [45,58] to a significant decrease [56,57]
in quantum efficiency. A successful combination of
different enhancement agents has also been demon-
strated, with a Cs-K-Te surface layer showing an impres-
sive increase in photocathode lifetime, albeit at the cost of
greatly reduced η [59].
Recent studies have successfully tested Cs-NF3-Li [58]

and Cs-O2-Sb [60] surface layers on bulk GaAs inside
dc high-voltage photoelectron guns, demonstrating that
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enhanced surface layers can be used under operational
conditions. However, more research is needed in order to
establish this method as a reliable way of increasing GaAs
photocathode lifetime during high-current operation. The
theory behind the increased robustness of enhanced surface
layers is not well understood. Also, the lifetime increase
must be carefully studied in relation to the reduction in η to
find the right balance between the two effects, else the
required increase in laser power would negate the enhanced
robustness of the NEA layer.
In this work, we present a comparative study on Cs-O2

and Cs-O2-Li surface layers carried out at TU Darmstadt’s
setup for photocathode activation, testing, and cleaning
using atomic hydrogen (Photo-CATCH). The manuscript
reviews theoretical considerations from literature and is
aimed at establishing a well-defined, reproducible pro-
cedure for Li-enhanced activation.

II. PHOTOEMISSION FROM NEA
GALLIUM ARSENIDE

A. Three-step model

The photoemission process from a GaAs semiconductor
can be described using the phenomenological three-step
model [61]. It depicts the process as consisting of three
independent steps [62].
(i) Photo-excitation: This step describes the excitation of

electrons within the material from the valence band into the
conduction band. The associated probability Pex of electron
excitation to an energy above the threshold energy Eth
required for emission depends on the reflectance RðλÞ and
the photon absorption length laðλÞ of the material, with the
latter being defined as the depth at which the incident
intensity has been reduced to a fraction of 1=e of its
unreflected value at the surface. Both parameters depend on
the wavelength λ of the incident light.
(ii) Transport: The energy of excited electrons is reduced

during transport to the surface, mainly by scattering
processes such as electron-phonon scattering, electron-
electron scattering, and scattering due to plasmon creation.
The probability Ptr associated with this energy loss during
transport is characterized by the escape depth or average
electron-electron scattering length l̄e−eðλÞ, defined as the
distance after which an exited electron retains at least a
fraction of 1=e of Eth.
(iii) Emission: An excited electron that reaches the

surface with sufficient energy is emitted by tunneling
through the surface barrier. This tunneling process is
characterized by a finite probability Pem depending on
the wavelength of the incident light. Pem increases with
decreasing wavelength and typically does not exceed 50%.
Hence, the quantum efficiency of the process is propor-

tional to the product of probabilities:

ηðλÞ ∝ PexðλÞ · PtrðλÞ · PemðλÞ: (4)

B. Photoemission conditions

The spin polarization P of an ensemble of photo-emitted
electrons is given as [14]

P ¼ N↑ − N↓

N↑ þ N↓
; (5)

where N↑ and N↓ are the numbers of electrons with spin
parallel and antiparallel to a preferred orientation. This
corresponds to a spin projection sz of þ 1

2
and − 1

2
,

respectively. Using optical pumping with circularly polar-
ized light [63,64], electrons in the valence band are
photoexcited and transition into the conduction band,
with the orientation of the magnetic moment depending
on the final state of the electron after transition. In order
to ensure a pure P3=2 → S1=2 transition for polarized-
electron emission,

Eγ ≤ Eg þ ΔEso ¼ 1.76 eV or λ ≥ 705 nm (6)

must hold with the energy of incident photons Eγ , the GaAs
band gap energy at room temperature Eg ¼ 1.42 eV, and
the spin-orbit split ΔEso ¼ 0.34 eV [65] between the P3=2

and P1=2 levels.
The SL structure of GaAs/GaAsP (or similar com-

pounds) separates the fourfold degenerate P3=2 level into
two twofold degenerate sublevels with an energy splitΔEsl,
also increasing the band gap. For GaAs/GaAsP, values
of Eg;sl ¼ 1.58 eV and ΔEsl ¼ 82 meV have been
reported [15]. Hence, one chooses

Eγ ≤ Eg;sl þ ΔEsl ¼ 1.66 eV or λ ≥ 750 nm: (7)

After excitation, the electron must still possess enough
energy to be transported to the surface and be emitted into
the vacuum level Evac [62]. Neglecting energy losses from
transport, the threshold energy Eth for effective photoemis-
sion can then be given as [66]

Eth ¼ ϕþ Efv ¼ Ea þ Eg; (8)

with the work function ϕ, the gap Efv between Fermi level
EF and valence band maximum Evbm, and the electron
affinity Ea which is the difference between Evac and the
conduction-band minimum Ecbm, i.e., the height of
the energy barrier at the surface. For bulk GaAs with
Eg ¼ 1.42 eV and Ea ¼ 4.1 eV, this gives the condition

Eγ ≥ Eth ¼ 5.52 eV or λ ≤ 225 nm; (9)

which obviously contradicts the condition for spin-
polarized emission [Eq. (6)]. It is, therefore, necessary to
reduce Ea, which is equivalent to lowering the work
function ϕ. This can be done by p-doping the GaAs crystal
and by adsorbing a material as surface layer such that ϕ is
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reduced sufficiently to enable photoemission of spin-
polarized electrons.

C. GaAs p-doping

By heavily p-doping the GaAs crystal, EF is shifted from
its midgap position toward the valence band energy Evbm
within the bulk of the crystal. Defects at the surface create
surface states that exchange electrons with impurities
within the bulk, creating a positively charged surface
and causing the formation of a space-charge region close
to the surface [67]. This causes downward bending of both
valence and conduction bands, pinning the Fermi level at
the surface to a different value relative to the valence band
maximum [68]. Hence, Efv has different values within the
bulk and at the surface, Efv;b and Efv;s, with Efv;b ≈ 0. The
magnitude of the band bending caused by p-doping is
then ΔEbb;p ¼ Efv;s − Efv;b ≈ Efv;s.
The reduced work function for p-doped semiconductors

ϕp can be calculated by [69]

ϕp ¼ Eion − ΔEbb;p − Efv;b; (10)

with the ionization energy Eion ¼ Evac − Evbm ¼ Eg þ Ea.
Using Efv;b ≈ 0 leads to

ϕp ¼ Eion − ΔEbb;p: (11)

For clean p-GaAs surfaces, ΔEbb;p ¼ 0.3 eV has been
reported [70].1 Together with Eion;p ¼ 5.52 eV, this gives
ϕp ¼ 5.22 eV, in good agreement with the reported exper-
imental value of ϕ ¼ ð5.2� 0.1Þ eV for Zn-doped p-type
GaAs(110) with a carrier concentration of 3 × 1019 cm−3

[71]. While p-doping reduces ϕ, it is on its own not
sufficient to enable polarized electron emission.

D. Surface-layer adsorption

If two materials form an interface, their band structures
will align at the boundary surface such that the Fermi levels
EF are the same [72]. Using Efv;s ≈ Evbm;s − Evbm;b, the
work function of highly doped GaAs with a thin surface
layer can be written as

ϕ ¼ Ecbm;b − Evbm;s − Efv;s ≈ Eg: (12)

By choosing the surface layer such that Evac lies below
Ecbm;b, the difference between these two values, also called
effective electron affinity Ea;eff, becomes negative. The
created condition is therefore called NEA. For an interface
between GaAs as substrate and a surface-layer material

meeting this criterion, the constraint for NEA can then be
formulated as

ϕ ¼ Eg þ Ea;eff ≤ Eg (13)

with Ea;eff ≤ 0. Hence, the NEA condition allows the
excitation of photoelectrons with Eγ ≈ Eg for direct band
gap semiconductors with an appropriate surface-layer
material, fulfilling the condition for polarized electron
emission.
One may assume that materials may be chosen as

possible NEA surface-layer candidates by evaluating their
work functions with Eq. (13). However, this is not
applicable in practice because the work function of a
surface layer on GaAs (or semiconductors in general)
differs from the bulk work function of the surface-layer
material, as has been observed for Cs [73]. This has been
attributed to the confinement of the surface layer to a
thickness of only one or a few atoms. Also, for compounds
involving two or more elements, the structure of the layer
formed upon adsorption on the surface differs from the bulk
structure of the compound. For example, Cs and O2 form a
layer of dipoles instead of adsorbing as Cs2O, which would
be the expected bulk structure [74]. Instead, one needs to
consider the final work function of the activated cathode.
Hence, the constraint for the final work function of a GaAs
photocathode covered with an NEA layer is

ϕ ≤ Eg ¼
�

1.42 eV bulk

1.58 eV SL
: (14)

This criterion for NEA surface layers on GaAs has been
previously stated by Sonnenberg for bulk GaAs [75].
The change in work function Δϕlayer induced by the

adsorption of a surface layer can be calculated from the
change in ionization energy ΔEion and the band bending at
the interface [69]

Δϕlayer ¼ ΔEion − ΔEbb: (15)

Using the dipole model,ΔEion can be calculated for dipoles
adsorbed on a surface using the model of Topping [76].
Adapting this approach, ΔEion can be considered a
change in work function Δϕdip introduced by the adsorbed
dipoles [77]

ΔEion ¼ Δϕdip ¼ � e
ϵ0

·
μ cosðϑÞσδ

1þ καðσδÞð3=2Þ ; (16)

with the bond dipole moment μ, the angle between dipole
and surface normal ϑ, the area density of surface dipoles σ,
the relative layer thickness δ, the geometry constant κ, and
the adatom polarizability α.
The bond dipole moment is given as μ ¼ Δq · e · d, with

the dipole length equal to the sum of covalent radii of atoms

1In our convention, we use a positive sign for band bending
that reduces the band energies in order to meet the sign
convention of Eq. (11).
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involved in the dipole d ¼Pi rcov;i [78], and the ionic
character of the bond Δq, given as [79]

Δq ¼ 0.16 · jχ1 − χ2j þ 0.035 · jχ1 − χ2j2: (17)

Here, χ1 and χ2 are the electronegativities on the Pauling
scale of the substrate and the adatom, respectively. The sign
of Eq. (16) depends on the relation of χ1 to χ2: positive for
χ1 < χ2 and negative for χ1 > χ2. This represents the
orientation of the adatom-induced dipoles.
For adsorption on the GaAs(110) surface, ϑ is approxi-

mated as the angle of the dangling bonds of GaAs with
respect to the surface normal: ϑ ¼ 90° − φt

2
¼ 35.26°,

where φt ¼ 109.47° is the tetrahedral angle [78]. However,
this value may change for different surface-layer compo-
sitions due to geometrical constraints. A relative thickness
of δ ¼ 1 corresponds to the complete coverage of the
substrate with one monolayer of adatoms. Depending on
the geometry of the surface layer, κ ranges from 9.03 for a
simple square to 8.89 for an equitriangular layout.
For adatoms with small polarizability, depolarizing

interactions between surface dipoles may be neglected,
thus reducing Eq. (16) to [78]

Δϕdip ¼ � e
ϵ0

· μ cosðϑÞσδ: (18)

Hence, the final work function of a p-GaAs photocathode
with a surface layer can be calculated as

ϕ ¼ ϕp þ Δϕlayer ¼ ϕp þ Δϕdip − ΔEbb: (19)

In order to meet NEA requirements, i.e., ϕ ≤ Eg, any
surface layer must therefore fulfill the criterion

Δϕlayer ≤ Eg − ϕp

or Δϕlayer ≤
n−3.80 eV ðbulkÞ

−3.64 eV ðSLÞ :
(20)

For Cs on p-GaAs(110) with a carrier concentration of
3 × 1019 cm−3, a final work function of ϕ¼ð1.2�0.1Þ eV
has been reported [71], corresponding to a work function
reduction ofΔϕCs ¼ −ð4.0� 0.2Þ eV. Hence, a Cs surface
layer on p-GaAs already creates an NEA condition, albeit
with a low quantum efficiency.
Combining Eq. (14) with the constraints for spin-

polarized emission, Eqs. (6) and (7), the ranges for optimal
excitation of spin-polarized electrons are given by

705 nm ≤ λ ≤ 873 nm ðbulkÞ
and 750 nm ≤ λ ≤ 785 nm ðSLÞ: (21)

These ranges have been confirmed experimentally. For bulk
GaAs, a significant drop in quantum efficiency occurs
above 870 nm (cf., e.g., [43], Fig. 4), while P displays a
significant increase above 700 nm (cf., e.g., [43], Fig. 5).

A significant rise in P can be observed for GaAs/GaAsP
starting at 750 nm, while a major drop in quantum
efficiency is observed at about 785 nm (cf., e.g., [53],
Fig. 7). The experimental results show that these ranges do
not represent hard limits but are smeared out. However,P is
reduced significantly at lower wavelengths. GaAs/GaAsP
photocathodes produce a degree of spin polarization
comparable to bulk GaAs when operated below 750 nm,
with both photocathode types sharing a hard lower limit at
about 600 nm. At higher wavelengths, η is impacted
severely, dropping by about 2 orders of magnitude between
850 and 950 nm for bulk GaAs [43] and almost one order of
magnitude between 780 and 810 nm for GaAs/GaAsP [53].
Nevertheless, SL photocathodes are sometimes operated at
higher wavelengths in order to obtain maximum P.

E. Optical and emission properties

Using Eq. (4) from the three-step model, one can
express the quantum efficiency η as a function of λ and
ϕeff ¼ ϕ − ϕSchottky [80]

ηðλ;ϕeffÞ ≈
ð1 − RðλÞÞ�
1þ laðλÞ

l̄e−eðλÞ
� · ðEF þ EγðλÞÞ

2EγðλÞ

·

 
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEF þ ϕeffÞ
ðEF þ EγðλÞÞ

s !
2

: (22)

The defining parameters RðλÞ, laðλÞ, and l̄e−eðλÞ are also
influenced by the surface layer. Since the adatoms cover the
GaAs surface, the reflectance of the photocathode is
altered. Ideally, the surface layer should possess a reflec-
tance that is equal to or lower than that of the clean GaAs
surface, that is R ≈ 0.33 in the range of 1.42–1.76 eV [81].
The same value can be assumed for GaAs/GaAs-P since the
top layer of the SL usually is GaAs [18].
The thickness d of the surface layer should be chosen

such that la;layer ≫ d and l̄e−e;layer ≫ d. Else a considerable
part of the emission process takes place within the surface
layer instead of the substrate, which is undesirable since it
would significantly reduce the spin polarization of the
emitted electrons. The same conditions should be observed
for the parameters of the substrate, i.e., la;subst ≫ d and
l̄e−e;subst ≫ d, to make sure that the photoemission process
is not hampered significantly by the surface layer. For this
reason, the surface layer is usually no thicker than a few
atomic layers, i.e., a few hundred picometers, compared to
la and l̄e−e that are in the range of a few hundred nano-
meters for GaAs, e.g., la ≈ 630 nm at Eγ ¼ 1.58 eV [67]
and l̄e−e ¼ 117.5 nm at Eγ ¼ 1.6 eV [82].
Equation (22) also shows that it is desirable to reduce

the work function below the criterion stated in Eq. (20) in
order to increase the number of electrons that retain
sufficient energy to be emitted upon arrival at the
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photocathode surface at incident photon energies close
to Eg, effectively increasing the quantum efficiency. The
addition of O2 to form a Cs-O2 surface layer reduces the
work function further, with final work functions reported in
the range of 0.7 to 1.0 eV [83,84], depending on surface-
layer thickness, corresponding to ΔϕCs-O2

in the range of
−4.2 to −4.5eV.

F. Structural and chemical aspects

As is evident from Eq. (16), the work function reduction
induced by the surface layer depends on the alignment of
the bonds as well as the chemical characteristics of the
dipoles on the surface. Hence, it is important to consider the
structural aspects given by the crystal surface and the dipole
layer. Also, chemical aspects, most importantly the reac-
tivity of the surface dipoles in regard to residual gas
particles, need to be taken into consideration when evalu-
ating the quality of a surface layer.
GaAs forms a zincblende crystal structure, with the

GaAs(110) surface containing equal numbers of Ga and
As atoms. While each atom within the bulk possesses four
bonds, the surface atoms only possess three. This leads to
a relaxation of the surface. Since As has a higher
electronegativity, the charge is transferred from Ga to
As, leading to a so-called dangling electron pair on each
surface As atom [85]. This creates a distortion of the
crystal structure at the surface and in the layers directly
below it: As atoms are raised, while Ga atoms are lowered
relative to the plane, they would inhibit within the bulk
structure [86], forming dipoles on the surface that
increase the ionization energy and hence the work
function of the surface [78]. This effect is also referred
to as buckling. Depending on the adsorbed atom species
and the overall chemical composition of the surface layer,
this relaxation may be eliminated, further reducing the
work function. It has been reported that the As surface
states associated with As dangling electrons are removed
by adsorption of Cs on the surface [87], hinting at a
possible elimination of the surface relaxation by a Cs
adatom layer. A similar surface relaxation effect has
been reported for the more commonly used GaAs(100)
surface [88], although the description of this surface is
more complicated due to the occurrence of extensive
surface reconstruction [89].
The exact nature of the NEA surface layer structure is

still the subject of ongoing research. Proposed models
include a heterojunction between the substrate and a
thick surface layer [19], single or multiple layers of
dipoles [84,90], or the formation of clusters on the
GaAs surface [73]. Experimental studies of GaAs activated
with a Cs-O2 layer report that η reaches its maximum for an
adatom coverage of about two monolayers, suggesting that
the dipole layer model is valid at a coverage of a few
monolayers, while the heterojunction model is valid for a
coverage above four monolayers of adatoms [91].

Synchrotron radiation photoemission studies have been
conducted for Cs-NF3-Li on Zn-doped p-type GaAs(100),
suggesting an increase in chemical resistivity against
contamination due to the interaction between Li and
NF3 [92]. This interaction is proposed to influence the
orientation of the NF3 molecules adsorbed on the surface,
with Li adsorbing in the Cs adatom layer next to the Cs
atoms, and NF3 forming a layer in between the layers of Cs
and Li adatoms.
Su et al. [84] showed that O2 contributes to the work

function reduction by adsorbing directly to the GaAs
surface, forming O-GaAs bonds, and forming Cs-O-Cs.
Since the covalent radius of O is only 63 pm, it can fit
in the gaps between the Cs adatoms with a much larger
covalent radius of 232 pm. F most likely adsorbs in a
similar manner since its covalent radius of 64 pm is
almost identical to that of O. The covalent radii of Li,
Sb, and Te are 133, 140, and 136 pm, about 60% of the
Cs covalent radius and not small enough to fit into the
gaps between Cs. However, these atoms may then
adsorb on the top of these gaps and hence shield the
O or F atoms positioned there from residual gas
adsorption and IBB.
The chemical resistivity of both Cs-NF3-Li and Cs-O2-

Li has been tested using exposure to different gas species,
showing an increased robustness against CO2 and O2

exposure [56]. For Cs-Sb and Cs-O2-Sb as well as Cs-Te
and Cs-O2-Te, the increased robustness to both IBB and
chemical poisoning has been attributed to an increased
thickness of the NEA layer and lower chemical reactivity
observed in both Cs3Sb and Cs2Te photocathodes
[43,44,53]. Synchrotron x-ray photoemission studies on
Cs-Te and Cs-O2-Te suggest that only a part of the
NEA layer consists of Cs2Te, with the additional pres-
ence of covalent Te as well as GaAs-Cs, GaAs-O2-Cs,
and Cs-O dipoles that contribute to the work function
reduction [55].

III. EXPERIMENTAL SETUP

The experiments have been performed at the test stand
for Photo-CATCH at the Institut für Kernphysik of
Technische Universität Darmstadt.
Besides enabling photoelectron gun as well as photo-

cathode research and development [57,93–96], it serves
the institute’s superconducting Darmstadt linear electron
accelerator S-DALINAC [97,98] by providing cleaned
and tested photocathodes for the−100 kV dc photoelectron
gun, situated in the S-DALINAC polarized injector
(SPIn [99]), which is an alternative for the more commonly
used −250 kV thermionic gun of the accelerator.
The S-DALINAC can be operated as single- [100]

and multiturn ERL [101]. Ongoing projects on, e.g., laser
Compton backscattering [102] might strongly benefit
from ERL operation with pulsed electron beams from a
photoelectron source.

MAXIMILIAN HERBERT et al. PHYS. REV. ACCEL. BEAMS 28, 013401 (2025)

013401-6



A. Photo-CATCH test stand

Photo-CATCH consists of two sections: the first section
is used for photocathode cleaning and activation, consisting
of three vacuum chambers placed in line and separated by
all-metal gate valves. A load-lock chamber is used to
put samples in or out of the vacuum system. It is connected
to a chamber dedicated to photocathode surface cleaning,
equipped with a hydrogen-atom beam source as well as
heating coils for both hydrogen cleaning and heat cleaning.
Connected to the cleaning chamber is the activation
chamber, which is used for photocathode activation. The
experiments presented in this work were carried out in this
chamber, and a more detailed description will be given in
the next subsection. Both chambers were baked out at
200 °C to reach base pressures in the 10−11 mbar region.
The second section, connected to the activation chamber

via an all-metal gate valve, is used for photocathode testing.
It consists of a gun chamber with an adjacent beamline.
A −60 kV dc photoelectron gun with inverted insulator
geometry is installed in the gun chamber, which is con-
nected to a short vertical section of the beamline. At the
time of this study, the gun was not available due to
extensive maintenance. A dipole magnet transports the
electron beam from the gun into the main horizontal
beamline. Here, a differential pumping stage separates
the gun vacuum, in the region of 10−11 mbar, from the
vacuum in the rest of the beamline (10−9 to 10−8 mbar).
The main beamline houses several devices for beam
parameter measurements, such as Faraday cups, BeO
fluorescent viewscreens, wirescanners, a chopper-slit
combination for time-resolved electron-bunchshape mea-
surements, and a Mott-polarimeter for spin-polarization
measurements. A Wien filter is available for spin-
polarization manipulation. Along the beamline, several
quadrupole triplets, steerer dipoles, and solenoids are
installed for focusing and positioning of the beam, and
Helmholtz coils are used to counteract the influence of the
Earth’s magnetic field.
A laser system is installed on a separate laser table,

providing laser beams with a wavelength of ð785� 2Þ nm
via fiber-optic patch cable to the Photo-CATCH setup.
A more detailed description of the test stand and the laser

system can be found in [94].

B. Activation chamber

The activation experiments presented in this work
have been conducted using the cathode activation chamber
(CAC) of the Photo-CATCH test stand. A 3D render of the
chamber is shown in Fig. 1. Within the vacuum chamber,
after bakeout a base pressure of about 1 × 10−11 mbar is
reached using an ion-getter pump and a nonevaporable
getter pump. A cold-cathode ionization gauge is used to
monitor the pressure. Two tungsten coils mounted on an
electric feedthrough are used for heat cleaning of samples

within the CAC. An assembly with ring anode and two
dispensers, one for Cs and one for Li, is mounted on a
separate feedthrough. During the activation process, the
photocathode is placed above this assembly. Vertical and
rotational movement of the photocathode, which is placed
inside a molybdenum cathode holder, also called puck, is
possible using a carousel assembly with translator stage and
rotary drive. Oxygen is provided from an external reservoir,
connected to the chamber via piezoelectric leak valve. Two
large windows, mounted midlevel on the side and at the
bottom of the chamber, respectively, allow the observation
of the cathode positioning and illumination of the cathode.

FIG. 1. Rendered cut-away view of the activation chamber.
The assembly holding the anode ring as well as the Cs and Li
dispensers is shown in more detail in a blow-up.

FIG. 2. Schematic representation of the relevant components of
the activation setup. All components used during the activation
process are connected to the EPICS IOC server via CAN bus or
serial interface and are remote-controlled from a client computer.
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Below the bottom window, an illumination assembly is
mounted, housing a white-light LED array, consisting of
2 × 6 type 2835 LED chips with a total power of 2.4 Wand
a color temperature of 2500 to 3500 K, as well as a short
laser beamline. The laser beam is transported to the
assembly from an adjacent laser table via a fiber-optic
patch cable. For online laser-power monitoring, a 70:30
nonpolarizing beam splitter is used to divert a part of the
laser beam to a photodiode. A camera is mounted next to
the assembly to monitor the laser-spot position.
All components of the activation setup in the CAC,

shown in Fig. 2, are remote-controlled using the
Experimental Physics and Industrial Control System
(EPICS [103]). For this purpose, they are connected to
an EPICS IOC server, using either controller area network
(CAN) bus or serial interface. A Control System Studio
(CSS [104]) GUI is used to control the connected devices.
For further details on the used components, see Ref. [94].

IV. EXPERIMENTAL PROCEDURES

For all measurements described here, a single Zn-doped
p-type bulk GaAs sample cut from a wafer2 polished on
one side was used. The orientation of the sample is
ð100Þ � 0.1°, with a thickness of ð500� 25Þ μm and a
carrier concentration in the range of 5 × 1018 to
5 × 1019 cm−3, as per specifications given by the manu-
facturer. A puck was cleaned, inserted into the load lock
chamber, and annealed at a temperature of about 500 °C
for several hours, using the tungsten filament installed in
the chamber. The annealed puck was then removed and
taken to a clean room, where the GaAs sample was
freshly cut from the wafer, inserted into the puck, and
fixed using a tungsten wire. After the installation of the
sample, the puck was immediately reintroduced into the
load-lock chamber and, after evacuation, transferred to
the CAC. There, the sample was heat cleaned several
times in order to remove the oxidized surface layer
formed by contact with the air, as well as any other
contamination.
Before each individual activation, the puck containing

the sample was moved directly beneath the tungsten coils,
heating the sample to a temperature between 500 °C and
600 °C for about 1 h. During heat cleaning, the pressure
within the CAC rose to the low 10−8 mbar range. In order
to reduce contamination of the dispensers, both were
supplied with a current of 0.3 A during the operation of
the heating coils. After this process, a cooldown period
of about 4h was observed to allow the pressure to drop
to the low 10−10 mbar range before placing the puck
approximately 10 mm above the anode ring and starting
the activation.

A. Activation procedure

1. Cs-O2 co-deposition (scheme 1)

The so-called co-deposition (Co-De) method was used
for all activations conducted in this study. First, the sample
is exposed to an optimized rate of Cs by operating the Cs
dispenser at a current of 3.1 A until a photocurrent is
observed and reaches its saturation maximum, also called
Cs peak. Cs exposure was continued until the photocurrent
dropped to about 75% of its maximum value.3 At this point,
O2 was introduced by setting the piezoelectric leak valve to
an operating voltageUox. Upon reaching a specific pressure
threshold, Uox was then gradually reduced to keep the
pressure at the chosen threshold, hence codepositing Cs
and O2 for the remainder of the activation. This causes a
rise in photocurrent up to a saturation maximum, at which
point both Cs and O2 exposure was stopped. The pressure
threshold was chosen to produce a partial pressure ratio of
pCs
pox

≈ 0.043, which was found to yield optimal results for
the experimental setup [105]. Here, the Cs partial pressure
pCs ¼ p1 − p0 is defined as the difference between the
pressure at the beginning of the Cs peak p1 and the initial
pressure at the beginning of the activation p0, and the O2

partial pressure pox is calculated from the optimal ratio and
pCs. Typical trends observed for photocurrent and pressure
during the activation process are shown in Fig. 3. During Cs
dispenser operation, a background current can be observed,
most likely caused by the ionization of Cs atoms from
the dispenser. This causes a “step” in photocurrent at the
end of the activation process when the Cs dispenser is
switched off.

FIG. 3. Photocurrent Ip and pressure p as function of time
during a scheme 1 activation process, using white-light illumi-
nation. Shown here is scheme 1 activation no. 1 that yielded a
final quantum efficiency of (9.06� 0.11)% at 785 nm directly
after activation.

2Wafer Technology Ltd.

3The background current from dispenser operation is subtracted
from the measured anode current to obtain this value.
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Throughout the activation procedure, the sample was
illuminated using the white-light LED array because the
Cs peak was barely visible when using the laser with a
wavelength of 785 nm needed for polarized-electron
extraction. Since η cannot be measured using the white-
light LED, it was determined separately after the activation
was finished, using the laser.
The ring anode was biased at (102.0� 0.1) V throughout

the activation process.

2. Cs-O2-Li Co-deposition (scheme 2)

For enhancement with Li, scheme 1 was modified by
introducing Li in short bursts during O2 exposure, based on
the scheme used in Ref. [57]. To increase reproducibility, a
python script embedded into the CSS GUI was used to
precisely time the Li bursts. During each burst, the Li
dispenser was operated at a current of 4.1 A for a duration
of 75 s. The first pulse was initiated with a delay of 150 s
after O2 exposure had begun, and each subsequent pulse
started 225 s after the previous pulse ended. This scheme is
referred to as scheme 2. Two subschemes with five and
eight consecutive pulses were used for the experiments,
furthermore called scheme 2a and scheme 2b, respectively.
Typical trends observed for photocurrent and pressure
during scheme 2a and scheme 2b are shown in Figs. 4
and 5, respectively.
A difference in the duration of the activation process

was observed for several consecutive activations of a single
sample, irrespective of the used activation scheme. For the
sample used in our experiments, the duration of the
activation process increased during the course of 28
consecutive activations from about 60 min to almost
120 min because the value of pCs induced by a fixed
operating current ICs of the cesium dispenser declined over

the period of the experiments [96]. Hence, the scheme 2
activations shown in Figs. 4 and 5 are longer than the
scheme 1 activation shown in Fig. 3 since they were
conducted at a later time. The change in the duration of
the activation procedure, and hence the change in the
amount of Cs, had no discernible effect on η or τ.

B. Ingredient exposure determination

After the activation process is finished, the pressure
curve can be separated into three parts to obtain the partial
pressures for Cs, Li, and O2:
Part 1: Cs exposure: During this part, only Cs is

introduced into the chamber. Here, pcs is calculated using
pcs ¼ pðtÞ − pð0Þ and fitted with a linear function.
Part 2: Cs-O2 codeposition: During this part, Cs and O2

are introduced simultaneously. Here, pcs is approximated
using the linear fit from part 1 and pox is calculated
using pox ¼ pðtÞ − pcs − pð0Þ.
Part 3: Li exposure: This part represents a special case

since Li exposure occurs during part 2. Here, pcs is
approximated using the linear fit from part 1, and pox is
approximated with a linear fit to the data from part 2 prior
to Li exposure, allowing the calculation of pli using
pli ¼ pðtÞ − pox − pcs − pð0Þ.
The extracted partial pressures are then integrated over

the duration of the entire activation procedure to obtain an
approximation of the total exposure D for the respective
material.

C. Quantum-efficiency measurement

After the activation procedure was finished, the white-
light LED array was switched off and the shutter was
opened to introduce ð785� 2Þ nm laser light onto the
sample, allowing the measurement of η. The laser had a

FIG. 4. Photocurrent Ip and pressure p as function of time
during a scheme 2a activation process, using white-light illumi-
nation. Shown here is scheme 2a activation no. 2 that yielded a
final quantum efficiency of (9.66� 0.04)% at 785 nm directly
after activation.

FIG. 5. Photocurrent Ip and pressure p as function of time
during a scheme 2b activation process, using white-light illumi-
nation. Shown here is scheme 2b activation no. 1 that yielded a
final quantum efficiency of (8.15� 0.03)% at 785 nm directly
after activation.
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power4 of 50 μW and a 1=e2 spotsize of ð445� 5Þ μm on
the sample surface. During laser illumination of the sample,
the ring anode was biased at ð100.0� 0.1Þ V.
In order to obtain the maximum quantum efficiency, the

position of the laser spot on the photocathode surface was
adjusted.5 The position that yielded the highest value of ηwas
then used for all subsequent measurements. Two distinctive
values for the quantum efficiency were determined: the
maximum quantum efficiency ηmax measured during laser-
spot adjustment, representing the maximum value achieved
with the activation process, and the initial quantumefficiency
η0 at the beginning of the lifetime measurement. Between
these two measurements, a period of between 5 and 10 min
passed.6 Hence, ηmax and η0 were chosen to consider any
effects on the surface layer between the end of activation and
the beginning of the lifetime measurement.
For operation within a photoelectron gun, the photo-

cathode needs to be transferred to the gun chamber directly
after activation. Since the duration of the transfer is
comparable to the time between the measurement of
ηmax and η0, the latter value can be taken as an approxi-
mation for the initial quantum efficiency during gun
operation,7 although the measurements in the CAC may
be influenced by residual gases following the activation.

D. Lifetime measurement

Once the laser spot had been adjusted for maximum η,
the illumination of the sample was continued in order to
observe the decrease of η over time. A laser power of
50 μW was set and monitored,8 allowing an online calcu-
lation of η, including time-dependent drifts of the laser
power. Ideally, the measurement was kept running until η
had fallen to 1=e of its initial value or below, although this
could not always be guaranteed due to scheduling or
technical issues. All lifetime data presented in this paper
were obtained at an anode-bias voltage of ð100.0� 0.1Þ V.

V. RESULTS AND DISCUSSION

In total, eight activations with subsequent quantum
efficiency and lifetime measurements were performed, with
four activations each using scheme 1 and scheme 2. Of the

scheme 2 activation process, two each were carried out
using schemes 2a and 2b.
The eight activations can be classified into five differ-

ent types:
Type i: Scheme 1 activation carried out prior to any

activation with scheme 2, e.g., prior to the introduction of
Li into the chamber. Two activations of this type were
executed during this study.
Type ii: Scheme 1 activation carried out subsequent to a

scheme 2a activation. Two activations of this type were
executed during this study.
Type iii: Scheme 2a activation carried out subsequent to

a scheme 1 activation. Two activations of this type were
executed during this study.
Type iv: Scheme 2b activation carried out subsequent to

a scheme 1 activation. One activation of this type was
executed during this study.
Type v: Scheme 2b activation carried out subsequent to a

scheme 2b activation. One activation of this type was
executed during this study.
It was observed that type ii activations resulted in a

significantly different performance compared to type I
activations, hinting at an influence of Li traces remaining
in the activation system after a scheme 2 activation process.
This finding suggests that the heat cleaning of the sample
prior to activation did not completely remove Li from the
sample surface. Another possibility is that during activation,
lifetimemeasurement, or heat cleaning, Limay adsorb on the
anode ring or Cs dispenser, subsequently desorbing during
operation and hence being introduced into the activation
process. Regardless of the cause, this effect needs to be taken
into consideration when conducting studies on enhanced
activation methods. For example, during a previous study
that tested a GaAs photocathode activated with Cs-NF3-Li in
the gun of the upgraded injector test facility at JLab, the Li-
enhanced activation was used first, followed by a standard
activation [58]. This may have introduced a systematic error,
reducing the observed improvement factor fromLi due to the
standard activation also being influenced by the positive
effect of residual Li.
For quantum efficiency, lifetime, and extracted charge,

a corresponding factor of change r was calculated by
comparing the mean results of type I activations to those of
the respective type x:

rparameter ¼
mean parameter ðtype xÞ
mean parameter ðtype iÞ : (23)

Table I lists the factors of relative change for the individual
parameters. The results will be discussed in the following
subsections, with an overview given in Table II.

A. Ingredient exposure

Table III shows the average dosages of the ingredients
for each activation scheme. The uncertainties have been

4Since the laser power was not stabilized, its value
differed slightly for the individual measurements, ranging from
ð48.9� 1.1Þ to ð51.4� 1.2Þ μW.

5An example of the manual adjustment process can be found in
Ref. [94], Fig. 4.2.

6After activation, η was measured as a function of anode bias
voltage. These measurements are not presented here and will be
the subject of a future publication.

7This approximation does not include the increase in quantum
efficiency in a high-voltage dc gun due to the Schottky effect,
cf. [58].

8The laser power was not stabilized and fluctuated during the
measurements, ranging from ð42� 1Þ to ð57.7� 1.2Þ μW.
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estimated based on the accuracy of the calculation method.
As was mentioned before, an elongation of the activation
process was observed in the course of multiple consecutive
activations [96], hence the dosages of type i activations are
lower because they were performed earlier in the study.
However, the ratio D̄cs

D̄ox
was identical within its uncertainties

for all types.
Since the number of Li-pulses was 5 and 8 for scheme 2a

and scheme 2b, respectively, onewould expect an increase in

Li dosage by a factor of about 1.6. However, a lower increase
by a factor of 1.3� 0.2was observed. Since bothpcs andpox
are approximated in order to calculate pli, it is possible that
the approximations are not accurate enough to properly
reproduce the Li partial pressure. Also, the deviation of pli
produced by the Li-dispenser for the same current setting has
not been included in the uncertainties given for D̄li.

B. Quantum efficiency

All values of η̄max and, hence, rηmax
are listed in Table II.

As is evident from the data, the maximum quantum
efficiency directly after activation is slightly increased by
both residual and low amounts of Li and does not change
significantly for higher amounts of Li. A comparable result
of 1.0� 0.1 was obtained by a previous study at Photo-
CATCH using 405 nm incident laser light and comparing
standard to Li-enhanced codeposition [57].
The effect of Li is more pronounced when comparing

the quantum efficiency η0 at the beginning of the lifetime
measurement, see Table II. While low amounts of Li show
no significant change in quantum efficiency, a slight
reduction is observed for higher amounts of Li. This is
most likely caused by an initial short decrease in η observed
for Li-enhanced activations, as discussed in the following
subsection.
It has been observed for Cs-O2-Sb that an increase

in Sb thickness reduces the quantum efficiency

TABLE II. Mean photocathode parameters for the different activation schemes measured at λ ¼ ð785� 2Þ nm
and Pγ ¼ 50 μW. The relative change compared to type i activation is given as a factor r for each parameter.

Type i ii iii iv v

Scheme 1 1 2a 2b 2b

η̄max in % 8.6� 0.5 9.7� 0.4 9.6� 0.4 8.2� 0.3 8.3� 0.3
rηmax

1.13� 0.08 1.12� 0.08 0.95� 0.07 0.97� 0.07
η̄0 in % 8.3� 0.4 9.1� 0.4 8.7� 0.2 7.5� 0.1 7.1� 0.1
rη0 1.12� 0.11 1.04� 0.09 0.90� 0.05 0.86� 0.04
Ī0 in μA 2.6� 0.2 2.9� 0.2 2.7� 0.1 2.41� 0.02 2.27� 0.03
rI0 1.12� 0.11 1.04� 0.09 0.92� 0.06 0.87� 0.06
t̄off in h 5.0� 1.4 22� 2 48� 1 120� 2
η̄�0 in % 8.3� 0.4 8.3� 0.5 6.9� 0.5 6.8� 0.2 4.3� 0.1
rη�

0
1.00� 0.08 0.83� 0.07 0.82� 0.05 0.52� 0.03

τ̄� in h 10.5� 0.8 34.0� 2.5 34.0� 2.7 103� 13 79� 9

rτ� 3.2� 0.3 3.2� 0.4 9.8� 1.4 7.5� 1.0
Qðτ�Þ in mC 63� 9 206� 11 166� 23 488� 63 250� 29

rQðτ�Þ 3.3� 0.5 2.6� 0.5 7.7� 1.5 4.0� 0.7

Qðτ�Þest in mC 63� 9 224� 23 209� 23 565� 71 408� 47

rQðτ�Þest 3.6� 0.6 3.3� 0.6 9.0� 1.7 6.5� 1.2
τ̄ in h 10.5� 0.8 38.9� 1.9 56.0� 2.7 151� 14 199� 11
rτ 3.7� 0.3 5.3� 0.5 14.4� 1.7 19� 2

Q̄off in mC 52� 18 212� 14 388� 7 788� 10

QðτÞ in mC 63� 9 258� 22 378� 19 876� 70 1038� 39

rQðτÞ 4.1� 0.7 6� 1 13.9� 2.3 16.5� 2.4

TABLE I. Overview of factors describing the relative change in
maximum quantum efficiency ηmax after activation, initial quan-
tum efficiency η0, and photocurrent I0 at the beginning of the
lifetime measurement, lifetime τ, and lifetime charge QðτÞ.

Factor Ratio

rηmax
η̄maxðtype xÞ
η̄maxðtype iÞ

rη0 η̄0ðtype xÞ
η̄0ðtype iÞ

rI0 Ī0ðtype xÞ
Ī0ðtype iÞ

rτ τ̄ðtype xÞ
τ̄ðtype iÞ

rQðτÞ QðτÞðtype xÞ
QðτÞðtype iÞ
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significantly [43,53]. A similar behavior has been observed
for Cs-NF3-Li at 780 nm, with rη of 1.2, 0.9, and 0.07
for low, medium, and high Li dosage, respectively, as
estimated from the data presented in [56]. The impact of Li
on the quantum efficiency observed for scheme 2b activa-
tions that used the highest amount of Li is comparable to
that observed in [56] for medium Li dosage.

C. Lifetime and extracted charge

The lifetime data was fitted with a single-exponential
decay function of the form

ηðtÞ ¼ ηðt ¼ 0Þ · e−t
τ ¼ η0 · e−

t
τ (24)

to obtain the lifetime τ. The extracted charge QðtÞ was
calculated by integrating the measured photocurrent. To
obtain the charge QðτÞ extracted during the period τ,
furthermore referred to as lifetime charge, the calculated
charge was fitted with the function

QðtÞ ¼
Z

t

t¼0

Iðt̃Þdt̃ ¼ I0 · τ · ð1 − e−t
τÞ; (25)

yielding

QðτÞ ¼ I0 · τ ·

�
1 − 1

e

�
≈ 0.63 · I0 · τ; (26)

with Iðt ¼ 0Þ ¼ I0. The lifetimes obtained from Eqs. (24)
and (25) were compared to assess the quality of the fits,
showing good agreement.9

It should also be possible to obtain QðτÞ by fitting the
quantum efficiency as a function of extracted charge with10

η½QðtÞ� ¼ η0 · e
−QðtÞ

QðτÞ; (27)

with η½Qðt ¼ 0Þ� ¼ η0. However, Eq. (25) proved to be the
more reliable fit to the data presented here since η½QðtÞ� did
not show the assumed exponential decay behavior.
During the lifetime measurements, a different behavior

in the decay of the quantum efficiency was observed:
instead of the decay starting immediately after activation,
the quantum efficiency increased for a period of time before
the exponential decay started. For Cs-O2-Li activations,
this increase was preceded by a short exponential decay.
Figure 6 shows a comparison of curves for ηðtÞ observed
for the different activation types. This kind of behavior
was previously observed at Photo-CATCH and attributed to
Cs background in the chamber. However, a closer analysis
of the effect was not carried out [57]. Similar behaviors
have also been observed for Cs-O2-Te activated samples
[54,107] but have not been addressed in these publications.
The offset period appears to be influenced significantly

by the dosage of Li. While the effect was negligible for
type i, it was perceivable for type ii and steadily increased
with the amount of Li, being the strongest for type v. For
this reason, Eqs. (24) and (25) did not yield good fits to data
with large offset.
It is possible that the NEA layer does not reach full

chemical equilibrium during the activation and requires a
period of rearrangement. Since the lifetime measurements
presented here have been conducted in the activation
chamber, the pressure kept falling toward its base level
during the measurements. However, we did not observe any
clear direct relation between the trends of pressure and
quantum efficiency. Nevertheless, since residual gas within
the chamber is the dominant cause of quantum-efficiency

FIG. 6. Quantum efficiency at 785 nm as a function of time for
selected measurements of the different activation schemes. Each
curve is labeled with its parameters η0, τ, and QðτÞ in the bottom
half of the figure. The end of the offset period is marked by a
dashed vertical line for each curve and labeled with the offset
parameters toff and Qoff at the top of the figure.

TABLE III. Average dosages of ingredients introduced over the
duration of the activation process.

Average dosages in 10−7mbar s

Type D̄cs D̄ox D̄li
D̄cs
D̄ox

i 3.9� 0.1 39.9� 0.5 0.098� 0.003
ii 5.0� 0.1 50.4� 0.5 0.099� 0.003
iii 4.7� 0.2 52� 3 3.3� 0.2 0.09� 0.01
iv 5.3� 0.1 56.2� 0.2 4.6� 0.2 0.094� 0.002
v 5.5� 0.1 58.6� 0.3 4.3� 0.3 0.094� 0.002

9One should note that the lifetime charges presented here were
measured at relatively low extracted currents, with the initial
current I0 ranging from 2.3 to 2.9 μA and the final current at the
end of the lifetime measurement ranging from 0.5 to 1.0 μA.

10Sometimes, QðτÞ is obtained from Eq. (27) and called τc or
“charge lifetime,” given in units of C. However, for the sake of
consistency, we use τ only for lifetimes in units of time, cf.,
e.g., [106].
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decay, the composition of the residual gas may play a role
in distorting the decay behavior of the surface layer.
Hence, the initial fast decay observed after Cs-O2-Li

activations may be caused by the presence of excessive
Cs and/or Li due to overexposure during the activation
process. Another possibility is additional IBB from Li
residue remaining in the chamber after the activation
process. Previous experiments have shown that GaAs
surfaces can be cleaned by means of sputtering with Ar
ions at ion energies as low as 50 eV [108]. Hence, damage
to the NEA surface layer from IBB is to be expected for the
anode potential of 100 V used here.
For an electron energy of 100 eV, Li has an ionization

cross section between 1.0×10−16 cm2, and 2.2×10−16 cm2

[109,110], compared to about 0.9×10−16 cm2 for H2 [111],
1.7×10−16 cm2 for O2 [112], 1.6×10−16 cm2 for N2 [112],
and 7.0 × 10−16 cm2 for Cs [110]. Hence, while residual Cs
is expected to contribute the most to IBB during operation
directly after the activation process, residual Li can also
be expected to contribute significantly to IBB during this
stage since its ionization cross section is about equal or up
to 2.4 times larger than that of H2 and comparable to the
cross sections of O2 and N2.
On the contrary, the adsorption of remaining Cs and Li

atoms onto the photocathode surface likely has positive
effects on the lifetime of the cathode. The observed rise in
quantum efficiency after the initial fast decay appears to be
consistent with the previously observed rise during the
recesiation of a GaAs cathode with decayed surface
layer [113]. Since this effect was more pronounced for
higher amounts of Li used during the activation and Li was
also observed to significantly inhibit quantum-efficiency
decay, one may assume that the adsorption of additional Li
leads to a slow change in surface structure that is observable
as a rise in work function or quantum efficiency, until the
amount of residual Li in the chamber becomes too low to
sustain this effect and the exponential decay of the NEA
layer becomes dominant. Hence, we separated the observed
trend in quantum efficiency into three different regimes for
further analysis.
(1) Surface-layer poisoning from excessive activation

agents and/or IBB from residual activation agents are
dominant, causing a fast exponential decay of η.
(2) Adsorption of residual activation agents becomes

dominant, instigating a partial reformation of the surface
layer, observable as a recovery of η.
(3) IBB and adsorption of residual gas atoms other than

the activation agents become dominant, leading to an
exponential decay of η.
For type i, type ii, and type iii activations, the first

regime was either not observed or much shorter and less
pronounced.
In order to test if this behavior also occurs if no Li is

present during and after the activation process, we con-
ducted additional lifetime measurements of a different

bulk GaAs sample activated with Cs-O2 within the
CAC. Preliminary results show that the predicted behavior
is indeed observed in our setup for Cs-O2 layers, with the
second regime starting after about 20 h. Since the lifetime
measurements for both type I activations presented here did
not last longer than 17 h, it is possible that the predicted
trend was not observed during those measurements because
they ended earlier than those for the Cs-O2-Li layer and
therefore before the second regime was reached. However,
all lifetime measurements of types ii and iii lasted at least
39 h and a short second regime was observed. Considering
that the beginning of the second regime was observed after
about 6 h for both types iv and v, the assumption made for
type i cannot be made for types ii and iii.
After one of the additional lifetime measurements, at

which point η had declined below 1=e of its initial value
and the pressure within the chamber had stabilized at about
2 × 10−11 mbar, the laser spot was repositioned to the
location of the remaining maximum value of η, which was
close to ηð0Þ at the initial laser spot position. During the
subsequent lifetime measurement, all three regimes could
be observed, although the first two were much less
pronounced than during the preceding lifetime measure-
ment. Hence, the behavior is also present if no residual Cs
and O2 from the activation process is present. This indicates
that the mechanisms behind the first and second regimes are
mainly caused by the photoelectron emission process and
lead to several assumptions.
(i) The three regimes arise from an evolution of the

surface-layer composition. Upon starting photoelectron
emission, loosely bound parts of the surface layer that
are more susceptible to adsorption and IBB are removed,
quickly reducing η. Simultaneously, the surface-layer
structure is optimized by the desorption of loosely bound
parts and the formation of additional firmly bound com-
ponents by the readsorption of desorbed activation agents.
This leads to the first two regimes: initially, the desorption
of loosely bound surface-layer components and IBB from
residual and desorbed atoms has a much greater impact on η
than the surface-layer reconstruction, leading to the expo-
nential decay observed during the first regime. As the
amount of loosely bound components is drastically
reduced, the impact of surface reconstruction becomes
greater, leading to the increase in η observed during the
second regime until the surface layer reaches an equilib-
rium state, marked by a maximum in η. Finally, the surface-
layer deterioration due to IBB and adsorption from residual
gas particles other than the activation ingredients becomes
the dominant influence on the trend of η because most
ingredient particles that either remained after the activation
or were desorbed due to IBB have been either pumped
away or adsorbed on the surface. Hence, the shape of all
three regimes depends on the chemical composition of the
surface layer after the activation process and should be
reproducible for a standardized activation scheme.
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(ii) Since Li inhibits the decay of the surface layer, it
compensates for the effect of additional IBB from Li atoms.
Hence, if the enhancement of the surface-layer stability has
a greater impact on the decay than the additional IBB, the
first regime will be less pronounced and shorter. Also, the
length of the second regime as well as the maximum of η
reached within it will increase with increasing Li dosage
since more Li is available to contribute to the rearrangement
process. Hence, the addition of Li will change the shape of
all three regimes in two ways: by changing the composition
of the surface layer and by contributing to the mechanisms
that change the layer during the first and second regimes.
This, in combination with the previous prediction, likely
caused the different quantum-efficiency trends observed
during this study.
(iii) For lifetime measurements of the surface layer in an

environment without residual agents from the activation
process, e.g., during operation in a dc photoelectron gun at
high voltage and high current, the first and second regimes
are caused by activation agents desorbed from the surface
through IBB, albeit in a less distinct form due to the lower
amount of residual atoms. Hence, the third regime is
dominant in this case. This may explain the observation
of a double-exponential decay for both Cs-NF3 and Cs-
NF3-Li during operation in a photoelectron gun [58].
(iv) The electron-impact ionization cross sections for Cs,

O2, and N2 is maximal at electron energies around or below
100 eV and decreases with increasing electron energy.
Hence, the decay observed in the first and third regimes
should be less severe for higher bias voltages, e.g.,
operation in a dc photoelectron gun at high voltage.
(v) As IBB is the strongest in the electrostatic center of

the photocathode [32], the decay during the first and third
regimes will be stronger the closer the laser spot is
positioned to the electrostatic center. The influence of this
effect on the observed quantum-efficiency trends could not
be verified in this study because the available manual
adjustment did not allow for a precise determination of the
exact position of the laser spot on the photocathode surface.
Since the exact cause for this behavior and its impact on

the overall decay of the quantum efficiency could not be
verified in the course of this study, we decided to analyze
the data in two ways: considering the entire decay curve
and considering the third regime only. This allows for a
direct comparison of the exponential decay as well as
taking into account the impact of the observed recovery of
η. In order to separate the third regime, we defined an offset
period toff determining the end of the first two regimes.
This enables the data to be analyzed separately, including
and excluding toff .
The offset period toff was determined by calculating the

first derivative of the smoothed data and then identifying
the point at which the data curve begins to show the form of
a negative exponential decay after the first zero crossing
of the derivative. Then, the lifetime τ� of the decay was

extracted by fitting Eqs. (24) and (25) to the data starting at
t ¼ toff and comparing the results. The value of Qðτ�Þ was
then calculated using Eq. (26) with I�0 ¼ Iðt ¼ toffÞ.
In order to include the offset period, τ was determined by

fitting Eqs. (24) and (25) to the data (type i) or, if this fit did
not produce a good match due to the distorted trend of the
data (type ii to v), by using the approximation

τ ≈ τ� þ toff : (28)

The lifetime charge QðτÞ was then calculated in two ways:
using Eq. (26) and using the approximation

QðτÞ ≈Qðτ�Þ þQoff ; (29)

with the charge extracted during the offset period Qoff ¼
Qðt ¼ toffÞ. The resulting values for QðτÞ from both
methods were in good agreement with their respective
uncertainties for our data.
However, the chosen offset approach displays significant

discrepancies considering quantum efficiency and charge
when considering the data excluding the offset period,
as can be seen when comparing η�0 ¼ ηðtoffÞ. For type i,
toff ¼ 0 and, hence, η�0 ¼ η0. For all other types, η has
already partially decayed at t ¼ toff , ranging from about
90% of η0 for type ii to about 60% of η0 for type v. The
effect of lower η�0 and, hence, I

�
0 leads to a lower extracted

charge Qðτ�Þ. Therefore, r�η0 and rQðτ�Þ are smaller and the
effect of Li is misrepresented in these cases. In order to
estimate the lifetime charge Qðτ�Þest that would be
extracted during a single-exponential decay until t ¼ τ�,
we assumed rη� ¼ rη, i.e., η�0 ¼ η0 and I�0 ¼ I0 for all types,
and calculated Qðτ�Þest for each type using Eq. (26).
All resulting mean values for each type are shown in

Table II. For each parameter, a factor of relative change or
enhancement factor r compared to type i was calculated.
The enhancement factors for lifetime and lifetime charge
are related through Eq. (26):

rQðτÞ ¼ rI0 · rτ: (30)

With Pγ0 ≈ const for all types, rI0 ≈ rη0 , yielding

rQðτÞ ≈ rη0 · rτ: (31)

The results are in good agreement with this correlation for
all types. Moreover, rτ and rQðτÞ are in agreement for each
individual type within their respective ranges of uncer-
tainty. Hence, the reduction of quantum efficiency caused
by Li addition can be considered minimal. The only
exception is type v, where rτ� and rQðτ�Þ are not in
agreement due to the reasons discussed above. For all
types, rτ� and rQðτ�Þest are in agreement with their uncer-
tainties, with rQðτ�Þest producing values closer to rτ� . Hence,
this approach appears to better represent the extracted
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charge without offset behavior. For all activations using
scheme 2, the results gained for the third regime only are
lower than those with the included offset period. Therefore,
the results obtained for the third regime only can be used as
a conservative lower bound for the effect of Li.
Types ii and iii produced surprisingly similar results,

considering that Li was not actively added to type ii
activations. The effect of active addition of Li is only
visible when including the offset period. Activations using
scheme 2b showed, by a considerable margin, the best
results, with type v performing best when including the
offset. It is possible that this was amplified by the fact that
this activation was directly subsequent to the type iv
activation, hence benefiting from the same additional
enhancement due to residual Li that was observed for type
ii activations. Since no more than two consecutive activa-
tions using Li were conducted during this study, we were
not able to determine if and in what way this effect is
cumulative for further subsequent Li-enhanced activations.
It is also of interest for how long the influence of Li lingers
in the chamber after one activation with Li was conducted.
Additional measurements not presented here suggest that
up to seven consecutive activations without Li, conducted
over the course of nine days, are necessary to reduce the
traces of Li to a level that has no observable effect on the
activated photocathode [94].
Overall, the type iv and type v activations using the

Cs-O2-Li scheme 2b showed a very promising perfor-
mance, yielding an increase in lifetime by a factor between
7.5� 1.0 and 19� 2 as well as an increase in lifetime
charge between 6.5� 1.2 and 16.5� 2.4 compared to the
common Cs-O2 type i, with only minimal reduction of the
quantum efficiency by a factor between 0.90� 0.05 and
0.86� 0.04. The observed increase is also significantly
larger than that achieved by more conventional methods.
For example, an increase in lifetime charge by a factor
of about 3 has been reported for masked activation [32],
while an increase in lifetime charge by a factor of up to
2.43� 0.20 has been shown for biasing the anode at a
voltage of 1 kV [39,40].
While it is not clear to which extent the observed offset

period would play a rolewhen operating a photocathodewith
Li-enhanced surface layer within a photogun and, hence,
with a stable and low base pressure, we expect the effect on
lifetime and lifetime charge to be somewhere in the range
between our results with and without considering the offset,
corresponding to an increase by about 1 order of magnitude.

D. Figure of merit

While most studies on surface-layer enhancement focus
upon the effect on lifetime and extracted charge, the impact
on quantum efficiency is equally important for high-current
applications since a reduction of η necessitates a higher
laser power to reach the same current. This increases the
heat load on the photocathode surface and, hence, reduces

the lifetime due to heat desorption, mitigating the overall
lifetime gain.
In order to better assess and compare the overall

improvement of photocathode performance, one may
introduce a figure of merit (FOM). For the emission of
spin-polarized electrons, a commonly used FOM connects
quantum efficiency, lifetime, and degree of spin polariza-
tion to gain a measure of the performance of the spin-
polarized electron source [43]

FOM ¼ η · τ · P2: (32)

From this, one can derive a comparative figure of merit F
for the improvement of photocathode performance by
calculating the ratio of the FOMs for the enhanced method
(index 2) and the standard method (index 1)

F ¼ FOM2

FOM1

¼ η2
η1

·
τ2
τ1

·
P2

2

P2
1

¼ rη · rτ · r2P: (33)

Using Eq. (1), we find

rη ¼
η2
η1

¼ Ip;2Pγ;1λ1
Ip;1Pγ;2λ2

¼ rI
rγ · rλ

; (34)

with rγ ¼ Pγ;2

Pγ;1
and rλ ¼ λ2

λ1
. When comparing an enhanced

method with the standard method, one should use the same
laser source for the measurements of both methods in order
to exclude any effects from changes in the incident laser
light. For typical laser sources used in photoelectron guns,
one can assume λ ≈ const and hence rλ ≈ 1. Combined with
Eq. (26), this yields

F ≈
1

rγ0
· rI0 · rτ · r

2
P ¼ 1

rγ0
· rQðτÞ · r2P ; (35)

with the ratio of initial laser power rγ0 and the ratio of initial
current rI0 . Assuming11 rP ≈ 1, this is reduced to

F ≈ rη0 · rτ ¼
1

rγ0
· rQðτÞ ¼

rη0
rI0

· rQðτÞ: (36)

For Pγ;1 ≈ Pγ;2, rγ0 ≈ 1 and thus rI0 ≈ rη0 , leading to

F ¼ rη0 · rτ ≈ rQðτÞ; (37)

which contains the correlation between rτ and rQðτÞ
from Eq. (31).
During operation in a gun, the beam current is usually

kept at a predefined value depending on the experimental

11We make this assumption here since rP ≈ 1 has been reported
in all studies on enhanced surface layers using SL GaAs samples
so far. Nevertheless, the effect on P needs to be carefully studied
and taken into account to evaluate the overall performance of the
surface layer.
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application the beam is used for. I1 ≈ I2 or rI0 ≈ 1 and thus
rγ0 ≈

1
rη0

gives

F ¼ rη0 · rτ ≈ rη0 · rQðτÞ; (38)

containing the correlation between rτ and rQðτÞ from
Eq. (30) for the case rI0 ≈ 1. Hence, rη0 needs to be taken
into consideration when evaluating the performance of an
enhanced activation scheme, except when comparing the
extracted charge for equal initial laser power.
In order to verify this model, we used Eq. (36) to

calculate both F ðrη0 ; rτÞ ¼ rη0 · rτ and F ðrγ0 ; rQðτÞÞ ¼
rη0
rI0

· rQðτÞ. The results for the measurements presented here

are shown in Table IV. The ratio
rη0
rI0

is approximately 1 for

all types, confirming that the initial laser power used during
our experiments was approximately equal. Within the given
uncertainties, the values of F ðrη0 ; rτÞ and F ðrγ0 ; rQðτÞÞ are
in good agreement, confirming the validity of Eq. (25) for
the data presented here. Since F ðrη0 ; rτÞ produces lower

uncertainties, we assume that this method of calculating F
yields higher precision for the data presented here and use
the resulting values for comparison with other methods.
Figure 7 shows F as a function of rτ for the different

activation types used in this work. For higher dosage of Li,
the data points lie below, but close to the diagonal line
representing rη0 ¼ 1, meaning that η is slightly reduced.
Values for ideal enhancement would lie either on the line or
above it, i.e., rη0 ≥ 1. Hence, this type of plot can be used as
a benchmark plot for surface-layer enhancement methods.

E. Comparison with other enhancement methods

Many studies on Li, Sb, and Te as enhancement agents
for GaAs photocathodes with Cs and O2 or NF3 have been
conducted. Table V lists the results with values for F as
calculated in this work. If enhancement factors were not
given explicitly, they were estimated by extracting the data
from the respective reference and calculating the ratios
from the extracted data. Some studies were conducted for
several different dosages of the involved enhancement
agent, in which case we picked the dosage with the best
performance as shown in the corresponding paper.
Substantial work has been conducted on Cs-O2-Sb, fol-
lowed by Cs-NF3-Li, Cs-O2-Li, and Cs-Sb. Cs-Te, Cs-O2-
Te, and Cs-Te-K have so far only received minor attention.

1. Cs-O2-Li

Only limited research has been carried out on Cs-O2-Li
prior to this work. At Photo-CATCH, Kurichiyanil et al.
previously studied this surface layer at 405 nm [57].
Quantum efficiency was not significantly impacted when
adding Li to a Co-De scheme. However, the lifetime
performance of the layer produced by this Li-enhanced
scheme was not investigated. The impact of Li on a two-
stage activation process [114] was also analyzed, compar-
ing a Nagoya+Nagoya12 with a Nagoya+Co-De(Li)

TABLE IV. Figure-of-merit enhancement ratios F for different activation schemes as calculated with Eqs. (36) for
F ðrη; rτÞ and (37) for F ðrγ ; rQðτÞÞ, with and without considering the offset period.

Type ii iii iv v

rη�
0

rI�
0

0.96� 0.11 1.02� 0.12 1.04� 0.10 1.00� 0.10

rη0
rI0

0.98� 0.11 1.01� 0.10 0.98� 0.08 0.99� 0.08

F ðrη0 ; rτ� Þ 3.6� 0.5 3.3� 0.5 8.8� 1.4 6.5� 0.9

F ðrγ; rQðτ�ÞestÞ 3.5� 0.7 3.3� 0.7 8.8� 1.8 6.4� 1.3

F ðrη0 ; rτÞ 4.1� 0.4 5.6� 0.6 13.0� 1.7 16.3� 1.9

F ðrγ0 ; rQðτÞÞ 4.0� 0.8 6.1� 1.2 13.5� 2.6 16.3� 2.7

FIG. 7. Figure-of-merit ratio F as a function of rτ. The values
for the different activation types agree with rη0 ¼ 1 within their
respective uncertainties, with the exception of type v.

12The Nagoya activation procedure has been named after the
Nagoya University where it was first developed, cf. Ref. [115].
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procedure. This yielded a quantum-efficiency reduction by
a factor of 0.78� 0.08, but a lifetime enhancement factor
of 3.5� 0.5, corresponding to rQðτÞ ¼ 2.7� 0.5.
Mulhollan conducted research on the Cs-O2-Li layer at

both 633 and 850 nm [56]. The observed impact on
quantum efficiency was negligible. A lifetime increase in
regard to CO2 exposure by a factor of 2.7� 0.1 was
observed at 850 nm, identical to the one observed in [57].

The impact of quantum efficiency reported in [56] and
[57] is comparable to our results obtained for types ii and
iii, i.e., lower dosages of Li. Hence, we assume that both
previous studies used lower amounts of Li. The smaller
values for rτ and rQðτÞ are likely caused by a combination of
lower Li dosage and differences in the activation procedure.
Aside from our work, no measurements at wavelengths

in the range between 750 and 785 nm that are of interest for

TABLE V. Comparison of enhancement factors r at different wavelengths for different methods, as available in literature. The mode of
operation used in the experiment is given with “a” for rγ;0 ≈ 1 and “b” for rI;0 ≈ 1. If only rη is given, the value is derived from the
maximum quantum efficiency measured directly after activation. Bold values have been stated directly in the corresponding source. The
uncertainties of values marked with † were not given and have been estimated. All other values for r were not stated explicitly and have
been extracted from the data shown in the corresponding reference. Values of F were calculated using Eq. (36). Values of r and F
marked with ‡ have been estimated using either Eq. (37) or (38). All studies presented here used GaAs(100) samples, either as bulk or
superlattice (SL).

Agents Sample λ in nm Pγ in μW Mode rη;0 rτ rQðτÞ F Ref.

Cs-O2-Li Bulk 785� 2 40 to 60 a 0.95� 0.07 This work
0.86� 0.04 7.5� 1.0 6.5� 1.2 6.5� 0.9
0.86� 0.04 19� 2 16.5� 2.4 16.3� 1.9

Bulk 850 … a 1.0� 0.1 2.7� 0.1 2.7� 0.3‡ 2.7� 0.3 [56]
633 … 1.0� 0.1

Bulk 405 5� 3 a 1.0� 0.1 [57]
0.78� 0.08 3.5� 0.5 2.7� 0.5 ‡

2.7� 0.5

Cs-NF3-Li Bulk 850 … a 1.38� 0.09 [45]
780 … a 1.1� 0.1

SL 780 … a 0.9� 0.1 5.7� 0.1 5.1� 0.7 ‡
5.1� 0.7 [56]

Bulk 780� 5 26� 1 a 1.40� 0.05 [94]
3800� 500 a 1.13� 0.02 1.7� 0.6 1.6� 0.6 1.9� 0.7

Bulk 773� 5 50� 2 a 1.2� 0.4 1.9� 0.6 2.3� 1.0 ‡
2.3� 1.0 [94]

Bulk 633 … a 1.49� 0.04 1.8� 0.2 2.7� 0.3 ‡
2.7� 0.3 [45]

Cs-Sb Bulk 780 10 a 0.023� 0.002 [52]
0.27� 0.07 [53]

505 20 a 0.35� 0.03 161� 14
‡ 56.4� 0.1† 56.4� 0.1‡ [52]

0.27� 0.12† 26.9� 0.1† 7.3� 3.2‡ 7.3� 3.2 [53]

Cs-O2-Sb Bulk 780 20 a 0.32� 0.03 [52]
… a 0.32� 0.06 32� 7

‡ 10.0� 0.2† 10.0� 0.2‡ [43]
10 a 0.30� 0.04 6.9� 0.1† 2.1� 0.3‡ 2.1� 0.3 [53]

SL 10 a 0.36� 0.01 7.2� 1.1† 2.6� 0.8‡ 2.6� 0.8
Bulk … b 0.08� 0.04 1.5� 0.4‡ 1.5� 0.4 0.12� 0.07‡ [60]
Bulk 505 20 a 0.57� 0.04 31.4� 2.3‡ 17.9� 0.3† 17.9� 0.3‡ [52]

5 to 30 b 0.23� 0.01 12.2� 0.4† 12.2� 0.4‡ 2.8� 0.2 [43]
0.23� 0.01 24� 9 24� 11 5.5� 0.2

20 a 0.56� 0.13 9.9� 0.1† 5.5� 1.3‡ 5.5� 1.3 [53]
Bulk 488 … b 0.4� 0.3 0.8� 0.4‡ 0.8� 0.4 0.32� 0.29 [60]

Cs-Te Bulk 780 40 a 0.12� 0.05 0.7� 0.1 0.08� 0.04‡ 0.08� 0.04 [107]
532 50 a 1.8� 0.3 2.8� 0.1‡ 5.0� 0.3† 5.0� 0.3‡ [44]

Cs-O2-Te Bulk 780 40 a 1.8� 0.3 0.9� 0.1 1.6� 0.3‡ 1.6� 0.3 [107]
532 50 a 1.2� 0.2 4.6� 0.9‡ 5.5� 0.5 5.5� 0.5‡ [54]

Cs-Te-K Bulk 602 … a 19� 3 [59]
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the emission of spin-polarized electrons from GaAs/GaAsP
photocathodes have been conducted so far.

2. Cs-NF3-Li

Beside Cs-O2-Sb, Cs-NF3-Li has received the most
attention so far. Several studies have been carried out at
or close to 780 nm [45,56,58,94], yielding values of rη0
between 0.9 and 1.4, as well as rτ between 1.7 and 5.7,
corresponding to rQðτÞ between 1.6 and 5.1. The best
performance was reported by Mulhollan for an SL
sample [56], with rη0 ¼ 0.9� 0.1, rτ ¼ 5.7� 0.1, and
rQðτÞ ¼ 5.1� 0.7. Activating the same sample with a
lower dosage showed rη0 ¼ 1.2� 0.1, rτ ¼ 2.5� 0.1,
and rQðτÞ ¼ 3.0� 0.3, which is comparable to the other
reported results. Hence, the addition of Li appears to
increase lifetime and lifetime charge at the expense of
quantum efficiency, with higher dosage resulting in a
higher impact. Further data presented in [56] suggest an
upper limit of Li dosage after which a further increase in
dosage has negative effects on the photocathode perfor-
mance, with an observed reduction in quantum efficiency
down to a factor of 0.07� 0.01 for higher Li dosages.
Hence, the amount of used Li, as well as the exact
procedure of its addition to the activation process, needs
to be carefully optimized to obtain the best possible
photocathode performance.
Mulhollan [56] also investigated the impact of the altered

surface layer on the degree of spin polarization, comparing
PðλÞ of Cs-NF3 and Cs-NF3 for both bulk and SL samples.
This yielded rP ≈ 1 for both samples, with λ in the range of
660 to 890 nm and 650 to 800 nm for bulk and SL,
respectively. In both cases, a high dosage of Li was used,
resulting in a high reduction of η with rη ≈ 0.38 at
λ ¼ 780 nm. Since even the addition of significant amounts
of Li does not decrease P significantly, the Li dosage for
this layer can be adjusted freely in order to maximize F by
balancing rη and rτ.
Cs-NF3-Li has been tested at Jefferson National Lab in a

dc photogun at −144 kV and ð100� 5Þ μA, yielding only
a small increase in lifetime [58,94]. However, this result
needs to be treated with caution for several reasons. First,
the Li-enhanced cathode was initially run at 20 μA for 18 h
before switching to 100 μA, and the lifetime comparison
was done for the data at 100 μA only. Second, the Li-
enhanced activation was conducted first, followed by a
conventional Cs-NF3 activation. As discussed above,
the effect of residual Li from the previous activation might
have influenced the photocathode performance. Surface
quantum-efficiency scans conducted both before and after
beam extraction showed that while no significant quantum
efficiency could be observed across the entire surface after
beam extraction from the Cs-NF3 coated sample, the
Li-enhanced surface layer had only been depleted at and
close to the position of beam extraction, with plenty of

quantum efficiency remaining across the rest of the photo-
cathode surface [94]. Hence, even if the direct increase in
lifetime was low, the time of operation could have been
increased significantly by simply repositioning the laser
spot on the surface for further beam extraction.
The best result reported for Cs-NF3-Li, yielding

F ¼ 5.1� 0.7, is comparable to our results excluding
the offset period. Hence, it is safe to assume that our
method for Cs-O2-Li performs equal or better to those used
for Cs-NF3-Li so far. This may originate from different
amounts of Li used during the respective activation
procedures. Further studies are required to determine the
optimal Li dosage for the best possible performance
enhancement. Also, the differences, if any, between
Cs-NF3-Li and Cs-O2-Li need to be investigated.

3. Cs-Sb

Cs-Sb has so far shown a promising performance at a
wavelength of 505 nm. While it reduces the quantum
efficiency by a factor between 0.27 and 0.35, both lifetime
and lifetime charge are increased significantly. A lifetime
charge enhancement factor of 56.4� 0.1, corresponding to
an increase in lifetime by a factor of 161� 14 for the shown
reduction in quantum efficiency by a factor of 0.35� 0.03
has been observed by Bae et al. [52]. However, this result
was not consistently reproduced by a subsequent publica-
tion by the same authors, which showed a lifetime enhance-
ment factor of 26.9� 0.1, corresponding to a lifetime
charge enhancement factor of 7.3� 3.2 for the observed
quantum-efficiency reduction by a factor of 0.27� 0.12
[53]. The results yield diverging values for F between
7.3� 3.2 and 56.4� 0.1, making an accurate assessment
of the surface-layer performance difficult.
At 780 nm or similar wavelengths, the performance of

Cs-Sb compared to standard surface layers has not been
studied in detail. Bae et al. [53] measured P as a function
of λ for a bulk GaAs sample activated with Cs-Sb and
compared it to a Cs-O2 activated sample, yielding rP ¼
0.82� 0.09 in the range of 760–840 nm. The behavior in
terms of quantum efficiency has been studied by the same
authors, resulting in conflicting factors of 0.023� 0.002
and 0.27� 0.07 [52,53]. It remains to be seen if the high
increase in lifetime and lifetime charge can be consistently
reproduced in future studies and is confirmed at higher
wavelengths. If so, the high enhancement factors could
mitigate the observed reduction in quantum efficiency,
resulting in a performance similar to or better than our
results for Cs-O2-Li and hence making Cs-Sb a good
surface-layer candidate for high-current applications.

4. Cs-O2-Sb

At 505 nm, Bae et al. observed a quantum-efficiency
reduction by a factor of 0.57� 0.04 and a charge lifetime
increase by a factor of 17.9� 0.3, corresponding to an
increase in lifetime by a factor of 31.4� 2.3 [52]. While a
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subsequent publication by the same authors was able to
reproduce the reduction in quantum efficiency at the same
wavelength, observing a factor of 0.56� 0.13, the reported
increase in lifetime was significantly lower, showing only a
factor of 9.9� 0.1 [53]. Cultrera et al. reported a reduction
in quantum efficiency by a factor of 0.23� 0.01 and
enhancement factors for dark lifetime and charge lifetime
of up to 12.2 and 58, respectively [43]. However, the latter
two factors are not directly comparable to the enhancement
factors of lifetime and lifetime charge presented here, since
the relation

ηðt; QÞ ¼ η0 · e−t=τd · e−QðtÞ=τc (39)

with dark lifetime τd in units of time and charge lifetime τc
in units of charge was used. The former was obtained from
measurements with 2% duty cycle and then used to fit the
above function to 100% duty-cycle measurements in order
to obtain τc. Hence, two cases can be examined: (a) τd ¼ τ
for the 2% duty cycle and (b) τd ≠ τ and τc ≠ QðτÞ for the
100% duty cycle. Case (a) yields an enhancement factor of
12.2� 0.4 for both lifetime and lifetime charge. In order
to compare the data from case (b) with those from this
work and other publications, τ and QðτÞ were extracted.
By equating Eqs. (24) and (39), inserting t ¼ τ and using
Eq. (26), one obtains

1

τ
¼ 1

τd
þ ð1 − 1

eÞ · I0
τc

: (40)

Using this relation and Eq. (26) with I0 ¼ ð250� 50Þ nA
yields rτ ¼ 24� 9 and rQðτÞ ¼ 24� 11. Interestingly, this
is almost double the result obtained from the 2% duty-
cycle data. It is possible that this is caused by combining
positive effects of Sb addition on the surface-layer robust-
ness against residual gas adsorption and IBB. While the
former is the dominant process for low-duty-cycle mea-
surements, the latter becomes the main influence in full-
duty-cycle measurements. A similar behavior can be
observed for Cs-O2-Li when comparing low-duty-cycle
data from [57] with the data obtained in this work at full
duty cycle. Within the given uncertainties, the results of
case (b) are well comparable with the results for Cs-O2-Li
presented in this work.
The values of F obtained at 505 nm range from

2.8� 0.2 to 17.9� 0.3. Interestingly, the values for case
(b) of [43] and for [53] are in good agreement, despite twice
the dosage of Sb being used in the former publication. It
appears that within a certain range of Sb dosage, the
quantum efficiency is reduced in an approximately linear
way when adding more Sb, as evident when comparing rη0 .
If this holds true, the amount of Sb could be adjusted to
minimize quantum-efficiency reduction while retaining the
optimal performance increase.

At 780 nm, rη0 ≈ 0.3 has been reported for comparable
Sb dosages. The only exception is [60], where Bae et al.
studied the decay of Cs-O2-Sb in a −200 kV photo-
electron gun during constant extraction of 1 mA beam.
However, the reduction in η by a factor of 0.08� 0.04 was
measured after transferring the samples from the activa-
tion chamber to the gun chamber with a vacuum suitcase,
with the transport procedure taking about one day. Hence,
this value is not well-comparable since it most likely
contains unknown effects of the transfer process on the
surface layer.
Cultrera et al. reported rη ¼ 0.32� 0.06 and rQðτÞ ¼

10.0� 0.2 for a Sb thickness of 0.25 nm, corresponding to
rτ ¼ 43� 2 [43]. Bae et al. reported rη ¼ 0.30� 0.04
and rτ ¼ 6.9� 0.1, corresponding to rQðτÞ ¼2.1�0.3 [53].
The same authors reported an estimated enhancement
factor of 1.5� 0.4 for both lifetime and charge during
1 mA operation in a −200 kV photoelectron gun [60].
However, all of these values are estimates taken from
quantum-efficiency measurements at 780 nm before and
after lifetime measurements at the respective wavelengths
(505 nm for [43] and [53], and 488 nm for [60]) and should
therefore be treated with caution. The higher decrease in
quantum efficiency, as well as the higher increase in both
lifetime and lifetime charge reported in [43], results from
double the dosage of Sb being used in comparison to the
other studies.
The impact on spin polarization was investigated by

Cultrera et al. [43], applying Cs-Sb layers with varying
thickness of Sb onto a bulk GaAs. This yielded a clear
dependency of P on the applied Sb thickness, yielding
ratios ranging from rP ≈ 1.0 for 0.12 nm Sb thickness
to rP ≈ 0.6 for 0.5 nm Sb thickness within the wave-
length range of 750–850 nm. For an Sb thickness of
0.25 nm, which yielded the best balance between reduction
of quantum efficiency and increase in lifetime, a spin-
polarization ratio of about rP ≈ 0.9 was observed in the
same range of λ. This value was confirmed by Bae et al.
[53], yielding rP ¼ 0.88� 0.06 in the wavelength range of
760–840 nm for a Cs-O2-Sb layer with Sb thickness of
0.25 nm on a bulk GaAs sample.
Bae et al. [53] also investigated the effect of Cs-O2-Sb

on an SL sample at 780 nm, yielding rη0 ¼ 0.36� 0.01,
rτ ¼ 7.2� 1.1, and rQðτÞ ¼ 2.6� 0.8, in good agreement
to the values obtained for a bulk sample. No significant
effect on the degree of spin polarization was observed, with
rP ≈ 1.0 in the wavelength range of 750–800 nm.
The resulting values for F , excluding those from [60]

for reasons stated above, are between 2.1 and 17.9. This is
well comparable to the results obtained with Cs-O2-Li
so far. In the wavelength range that is of interest for SL
photocathodes, Cs-O2-Li appears to perform better than
Cs-O2-Sb, with the highest reported value for F being
10� 2 at 780 nm.
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The large increase in lifetime and lifetime charge
observed for Cs-O2-Sb is diminished by a significant
reduction of quantum efficiency. However, the results
reported at 505 nm incident wavelength suggest that
Cs-O2-Sb has not been optimized to its full potential
yet. Hence, further studies on the performance of Cs-O2-
Sb are required in order to reliably compare the perfor-
mance of Cs-O2-Li and Cs-O2-Sb. Also, Cs-NF3-Sb has not
been investigated so far and may represent another potential
enhanced surface candidate.

5. Cs-Te, Cs-O2-Te, and Cs-Te-K

The available data on Cs-Te, Cs-O2-Te, and Cs-Te-K are
sparse. For Cs-Te, the results are inconclusive. While a
significant increase in both η andQðτÞ by respective factors
of 1.8� 0.3 and 5.0� 0.3 has been observed at 532 nm
[44], a significant decrease in η and QðτÞ by respective
factors of 0.12� 0.05 and 0.08� 0.04 was shown at
780 nm [107]. For Cs-Te with 1.2 nm thickness on a bulk
GaAs sample, Bae et al. [44] reported no significant change
in P compared to a Cs-O2 layer, with rP ≈ 1.0 for λ in the
range of 620–880 nm. Hence, the enhancing properties of
Cs-Te need to be studied further.
Combining Te with O2 to form Cs-O2-Te appears to have

a positive effect on the quantum efficiency, with mixed
results for lifetime and lifetime charge and varying perfor-
mance dependent on laser wavelength. At 780 nm, η is
increased significantly by a factor of 1.8� 0.3, while no
significant effect on the lifetime was observed [107]. At
532 nm, the increase in quantum efficiency is less signifi-
cant with an observed factor of 1.2� 0.2. The charge
lifetime, however, is increased significantly by a factor of
5.5� 0.5, which is in the same range as the conservative
lower estimate of 6.5� 1.2 observed in our work, albeit
at a different wavelength [54]. Hence, further work on
Cs-O2-Te is needed to allow a proper evaluation of its
performance. An evaluation of Cs-NF3-Te has so far not
been conducted and would also be of interest.
Cs-Te-K showed a significant increase in lifetime by a

factor of 19� 3 [59], comparable to the lifetime increase
presented in this work. However, while no direct compari-
son between Cs-Te-K and Cs-O2 in terms of quantum
efficiency was presented, the reported value of about 0.04%
for Cs-Te-K is 2 orders of magnitude lower than commonly
reported values for both Cs-O2 and Cs-NF3 activation of
bulk GaAs. Hence, the overall performance of Cs-Te-K is
likely lower than that of standard surface layers.
Further research on these types of enhanced surface

layers could be of interest. Cs-O2-Te has not received as
much attention as Cs-O2-Li, Cs-NF3-Li, or Cs-O2-Sb, and
Cs-NF3-Te has not been investigated at all. While the
more exotic Cs-Te-K layer yielded low quantum efficien-
cies that would hinder its use, the addition of O2 in order
to form Cs-O2-Te-K could have a beneficial effect on
quantum efficiency, similar to the addition of O2 to Cs-Te.

Further blind spots of systematic evaluations comprise
the agents Cs-O2-Li-Te, Cs-NF3-Li-Te, Cs-O2-Li-Sb, and
Cs-NF3-Li-Sb.

6. Comparison for 750–785 nm incident light

Overall, comparing our values including the offset
period to the reported and calculated performance of other
methods in the range of 750–785 nm shows that the method
tested in this work performs best in regard to lifetime
charge. A better value for rτ has only been reported for
Cs-O2-Sb, although this result has been approximated from
an estimated value of rQðτÞ. Also, this impressive increase
in lifetime is greatly diminished by the significant reduction
of quantum efficiency by almost 70%, as is apparent when
comparing F where our results yield the highest value.
When considering our results without offset period, the

performance is comparable to the best reported for Cs-NF3-
Li, with the values of F agreeing within their respective
uncertainties. In this case, Cs-O2-Sb shows the best
performance even when considering the impact of
decreased quantum efficiency.
Figure 8 shows F as a function of rτ for the different

enhancement methods. The values for Cs-O2-Li, Cs-NF3-
Li, and Cs-O2-Te are close to rη0 ¼ 1, while the values for
Cs-O2-Sb deviate significantly. Cs-O2-Li shows the highest
value of F close to rη0 ¼ 1.
In summary, our results for Cs-O2-Li show that it is a

very promising surface layer, yielding a performance
enhancement at least as good as that of other enhancement
methods for NEA surface layers on GaAs photocathodes.

FIG. 8. Figure-of-merit ratio F as a function of rτ for different
activation agents in the wavelength range of 750 –785 nm. The
values have been taken from Table V. Both Cs-O2-Li and Cs-NF3
have so far yielded values close to rη0 ¼ 1. While Cs-O2-Sb has
yielded the highest value for rτ, it is also furthest away from
rη0 ¼ 1, and, hence, yields lower values for F. The only available
value for Cs-O2-Te lies above rη0 ¼ 1 but is the lowest in
comparison with the results of the other agents since no
significant increase in lifetime has been reported for that layer.
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F. Predicted impact

For the LHeC, a beam current of 20 mA is projected
[116], equivalent to an extracted charge of 70 C per hour.
Continuous beam time should be possible for at least one
week and up to one month or more, roughly corresponding
to photocathode lifetimes between 100 and 1000 h and
extracted charges between 7.2 and 72 kC. So far, a lifetime
of about 1.7 h and a lifetime charge of about 200 C has been
demonstrated for operating a GaAs photocathode at a high
current of I0 ¼ 52 mA and Pγ ¼ 5W [27].
The photocathode used in [27] was activated without

mask or anodization. Also, while the used photogun
features an anode [117], it was not biased. Hence, assuming
enhancement factors of 2.5 for masked activation [28] and
2.4 for anode biasing [39,40], an increase to a lifetime of
10.2 h and a lifetime charge of 1.2 kC can be expected by
implementing this method. Considering that all other
established methods have been used, this falls well short
of the LHeC operational requirements.
Using an enhancement of Cs-O2 with Li could be

expected to increase τ to between 76.5 and 193.9 h and
QðτÞ to between 8.2 and 20.5 kC. This significant increase
would enable photo-gun performances satisfying LHeC
operational requirements, thus enabling experiments with
high-current spin-polarized electron beams. A further
increase of operational lifetime is to be expected by
changing the laser spot position after reaching the quantum
efficiency threshold at the initial point of extraction.
Furthermore, an increment of charge lifetime by a factor

of 6–11 by offsetting the anode [41] has been proposed.
Considering operation at a fixed beam current and hence
rτ ¼ rQðτÞ, this increases the predicted values to between
459 and 2133 h and between 49.4 and 224.7 kC. This
estimate exceeds the range required for LHeC, especially
when considering that the beam current used in Ref. [117]
was a factor of 2.6 higher than the beam current required for
the LHeC.
Another proposed upgrade to further improve photogun

performance is the application of an active cooling to the
photocathode. At Pγ ¼ 10 W, a decrease in cathode temper-
ature from 60 °C to 15 °C has been demonstrated [42].
However, it is not clear how this affects the photocathode
lifetime. While a recovery of quantum efficiency, i.e., a
perceived increase in lifetime, has been shown when heating
the photocathode to 150 °C [118], a clear reduction in lifetime
was observed when operating an activated GaAs photo-
cathode at temperatures as high as 84.5 °C [119]. Hence, the
effect and optimal application of active cooling on photo-
cathode lifetime needs to be studied further. If it indeed has a
positive effect, it could not only further increase photocathode
performance, but also mitigate the effect of a reduced
quantum efficiency since the impact of higher laser power
on the photocathode lifetime would be greatly reduced.
Therefore, the results obtained in this study and those

available in the literature suggest that enhanced activation

with Li or Sb will be able to provide a significant
contribution to reliable high-current operation of GaAs
photocathodes for prolonged beam times, enabling a
multitude of accelerator applications with high-current
spin-polarized electron beams using otherwise already
existing technology.

VI. CONCLUSION AND OUTLOOK

Activating bulk GaAs photocathodes with a Cs-O2-Li
NEA surface layer at Photo-CATCH yielded a significant
increase in lifetime and lifetime charge by factors of up to
19� 2 and 16.5� 2.4, compared to traditional NEA
activation with Cs-O2. This effect increased with the rising
dosage of Li applied in the activation process. While the
maximum quantum efficiency measured directly after
activation displayed a slight increase for small amounts
of Li, it yielded no significant change for the highest
Li dosage that produced the best increase in lifetime and
lifetime charge. Residual Li from previous activations
showed a beneficial effect on photocathode performance.
During quantum-efficiency decay, a combination of fast

initial decay followed by a slow rise to a saturation point
was observed, delaying the typical single-exponential
decay by a time offset. This behavior got more pronounced
for higher dosages of Li used during the activation process,
resulting in longer offsets. While the exact cause for this
behavior could not yet be determined, we find evidence for
a combination of increased IBB and adsorption of residual
Cs and Li. The fast initial decay observed for the Cs-O2-Li
surface layer yielded a reduction in quantum efficiency
when compared to the conventional Cs-O2 layer at the
beginning of the lifetime measurement several minutes
after activation, corresponding to a time interval commonly
required to transfer a photocathode from an activation
chamber to a gun chamber for beam extraction.
However, no more than two activations of each type were

performed, and lifetime measurements were conducted at
low anode voltage in the activation chamber. Therefore,
further studies are required to verify the reproducibility
of our results, especially during operation in a dc photo-
electron gun at high beam currents. Also, the impact of
further increase in Li dosage and its influence on spin
polarization have not been investigated. Hence, the per-
formance presented here may not represent the peak
performance of the surface layer.
Comparison of our results and other data available for

Cs-O2-Li to those of other enhanced layers, such as
Cs-NF3-Li and Cs-O2-Sb, with incident light in the wave-
length range of 750–785 nm shows an equal or better
performance. The resulting values for F , ranging from 2.7
to 16.3, are comparable with the range of results reported
for Cs-NF3-Li and Cs-O2-Sb. Hence, Cs-O2-Li shows
promising performance as an enhanced NEA surface layer
for GaAs photocathodes.
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