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GaAs-based photocathodes are the state-of-the-art in the production of highly spin-polarized electron
beams for accelerator and microscopy applications. While various novel structures of GaAs have been
shown to increase the degree of polarization and quantum efficiency, all GaAs-based photocathodes require
activation to negative electron affinity (NEA) to operate at the photon energies where the highest spin
polarization is achieved. In this work, we report on NEA activation of bulk GaAs performed using Sb-Cs-
O. We show this activation layer to be more robust with respect to traditional Cs and O layer in terms of
charge extraction lifetime. This new activation layer is shown to improve the dark lifetime up to one order
of magnitude and the charge extraction lifetime up to a factor of about 60, when compared with the
traditional Cs-O activating layer. Trade-offs with other relevant parameters like quantum efficiency and
electron spin polarization are also discussed.
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I. INTRODUCTION

Photocathodes that produce highly spin polarized elec-
tron beams play a critical role in current and future nuclear
and high energy physics facilities, such as the Electron Ion
Collider and the International Linear Collider [1–3].
Additionally, spin polarized electron sources are critical
for various forms of electron microscopy capable of
probing the magnetic properties of materials [4,5]. GaAs
superlattice (SL) based photocathodes are generally con-
sidered the best option for spin polarized electron sources:
advanced band structure engineering has enabled photo-
cathode structures capable of providing larger than 80%
spin polarization and quantum efficiency (QE) of a few
percents at the same wavelength [6]. The operation of all
photocathodes based on GaAs with photon energy near the
band gap energy is possible only by activation to negative
electron affinity (NEA) conditions, which is achieved at the
vacuum interface of the photocathode upon exposure to Cs
and oxygen or NF3 [7,8]. Unfortunately, the poor stability
of this NEA activating layer determines the relatively short
operational lifetime of GaAs based photocathodes and

remains one of the primary limits for applications requiring
high average current electron beams for prolonged period
of time, with examples including nuclear physics experi-
ments such as the production of polarized positrons [9].
Beyond polarized applications, the short lifetime of GaAs
photocathodes has prevented its use in high brightness
applications like x-ray free electron lasers, even though
cesiated GaAs generates a low intrinsic emittance beam
with a high QE [10].
The use of heterojunction photocathodes based on GaAs

and very thin layers of alkali antimonides was proposed
several years ago: experimental results showed that with a
proper choice of band alignments a more robust NEA
surface can be formed at the expense of a low QE [11–17].
Typically not all the properties of a photocathode (QE,

intrinsic emittance, response time, lifetime) can be opti-
mized simultaneously and thus it is important to character-
ize the potential trade-offs that exist among these
parameters. In this work, we report on the preparation
and characterization of photocathodes based on bulk GaAs
activated to NEA using Sb, Cs, and oxygen. We explore the
trade-offs between the spectral response, spin polarization,
and lifetime of these cathodes. To compare the multiple
samples studied, we also propose a figure of merit for spin
polarized photoelectron sources that includes the lifetime.
Among the common alkali antimonides photocathodes,

Cs3Sb is interesting for this purpose because of its band
gap of 1.6 eV, which is larger than that of GaAs, and its
relatively small electron affinity (about 0.45 eV [18]).
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While it is known that the doping of the Cs3Sb can be tuned
from p-type to n-type by properly dosing Cs during the
growth [19], the combination of its band gap and electron
affinity suggests that it may provide NEA on GaAs as an
intrinsic semiconductor. This is illustrated in the band
diagram in Fig. 1.
If the NEA can be achieved with a very thin layer of

Cs3Sb, it should be possible to primarily excite electrons to
the conduction band of GaAs with minimal light absorption
and electron excitation in the Cs3Sb region, especially in
the near infrared spectral region where the spin polarization
of electrons in GaAs is maximal.
The role played by electron transport at the interface of

such heterostructures can dramatically affect photoemission
performance. In the case of GaAs activated with alkali
antimonides, the quantum mechanical reflection at the
heterojunction is one of the key factors limiting the QE
[13]. While modeling the tunneling across the interface is
beyond the scope of this work, recent experimental results
[20] in the NEA activation with Cs3Sb pointed out that in
order to achieve a large QEs in the IR, the surface of GaAs
must be initially fully activated to NEA using Cs and
oxygen. This suggests that the shape of the potential barrier
at the interface between GaAs and Cs3Sb may be strongly
influenced by a segregated Cs-O dipole layer and that the
dipole layer plays a critical role in the photoelectron
transport.

II. EXPERIMENTAL RESULTS

Experiments have been conducted using a cluster of
interconnected UHV chambers hosted by the photocathode

laboratory at Cornell University. Here, samples can be
transferred from a vacuum chamber to another in vacuum
levels better than 1 × 10−10 Torr using magnetically
coupled manipulators without being exposed to air. A
schematics of the vacuum chambers arrangement is
reported in Fig. 2.
Several highly p-doped (Zn 5 × 1018 cm−3) GaAs (100)

specimens were cleaved from the same wafer. Surface
cleaning was performed with isopropyl alcohol, deminer-
alized water, and wet-etching with 1% HF for 30 s to
remove the native oxide layer [21]. Samples were then
rinsed again with demineralized water, dried with nitrogen
gas, and either connected to the holder and moved into
vacuum or bagged in a dry nitrogen atmosphere. One of the
GaAs samples was activated to NEA using Cs and oxygen
and is used as a reference. All the other samples were
activated to NEA using the procedure described below.
In the bialkali growth vacuum chamber (see Fig. 2), the

samples were heat cleaned at 500 °C for about 10 hours to
ensure that the surface was free from contaminants. Then,
the temperature was lowered to about 120 °C and held
constant until the end of the growth. Samples were
illuminated with the light of a 780 nm continuous wave
laser diode modulated by a mechanical chopper and held in
vacuum on an electrically insulated holder. A -18V bias
was applied to the samples, and the photocurrent was
measured using a lock-in amplifier.
The typical sequence of steps in the activation of the

samples with Sb-Cs-O is the following (see Fig. 3). After
the heat cleaning cycle, the sample is cooled by lowering
the heater current. Because of the Cs vapors already present
inside the growth chamber, we usually found samples
already capable of photoemitting electrons at 780 nm,
indicating some initial Cs coverage of the GaAs. As the Cs
and Sb effusion cells are heated to reach the respective
operating temperatures of about 65 °C and 440 °C we
usually observe an additional increase in the photocurrent
intensity. We believe that this is due to the fact that a small

FIG. 1. Energy band diagram of GaAs with a Cs3Sb activation
layer. When photon energies lower than 1.6 eV (about 780 nm)
illuminate the sample, photoelectrons should be excited only
from the GaAs conduction band.

FIG. 2. Schematic of the cluster of vacuum chambers in the
photocathode laboratory at Cornell University. Samples are
transferred from one chamber to another in a vacuum level better
than 1 × 10−10 Torr. The experimental chambers used in this set
of experiments are indicated with dotted red lines.
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quantity of Cs can still escape from the effusion cell even
when the shutter is closed due to its high vapor pressure or
can evaporate from regions surrounding the effusion cell
that are being warmed up. Once the temperatures of the
effusion cells have reached the operating temperature, the
Cs shutter is opened. Upon exposure to the direct Cs flux,
the photocurrent from GaAs suddenly increases, reaching a
peak abruptly, and then decreasing slowly. At this point,
pure oxygen is leaked into the chamber with slowly
increasing relative pressure to maximize the growth of
the photocurrent signal, as is typically performed in Cs-O2

co-deposition activation of GaAs [22]. In our experimental
conditions, the O2 partial pressure has to be raised to about
5 × 10−9 Torr. Upon simultaneous exposure to Cs and
oxygen flux, the quantum efficiency rises again until a
maximum value is reached. Then, the Sb shutter is also
opened for a well defined time that corresponds to a dose
that we quantify in terms of equivalent Sb thickness. Based
on the calibration of our effusion cell, the quantities of Sb
deposited on the GaAs substrates surface were equivalent
to 0.12, 0.25, 0.37 and 0.50 nm thicknesses. During Sb
evaporation, the photocurrent decreases. After the Sb
shutter is closed, the photocurrent increases again until a
plateau is reached. At this point, the heater is turned off to
initiate the cooling of the photocathode and favor further
intake of Cs. The extracted photocurrent is seen to
increase again until a second plateau is reached. Then,
also the oxygen valve is closed and only Cs flux is left
directed the photocathode surface. The Cs shutter is
closed once the temperature has lowered enough that
the photocurrent is stable.
Once the growth of the activating layer is complete, the

samples are moved under vacuum into the Auger/LEED
vacuum chamber (see Fig. 2) with a base pressure of
5 × 10−11 Torr. Here the samples are held at a negative
bias and illuminated by light generated with a lamp and
monochromator to measure the quantum efficiency as a

function of wavelength. The spectral responses of the
samples measured after the growth are reported in
Fig. 4. Between different samples the QE decreases by
roughly one order of magnitude as the Sb dose was
increased during the growth. Nevertheless, NEA conditions
are still preserved in all samples, as shown by significant
QE extending beyond wavelengths longer than 875 nm,
which corresponds to the nominal band gap value of
1.42 eV for GaAs. The observed decrease of the QE as
the Sb thickness is increased may indicate the presence of a
relaxation mechanism in the activating layer that filters out
an increasing number of electrons as the thickness grows.
After the spectral response was measured, every sample

was moved under vacuum into the vacuum chamber which
houses a Mott polarimeter (see Fig. 2) [23]. This Mott
analyzers Sherman function was characterized to be Seff ¼
0.15 at 20 kV operating voltage with a 5% accuracy when
electrons within a 1 keV energy loss window are detected
[24]. Monochromatic light was circularly polarized using a
linear polarizer (Thorlabs LPVIS050) and a liquid crystal
variable wave plate (Thorlabs LC1113B). It illuminates the
sample surface at normal incidence. The helicity of circular
polarization was switched by alternating the retardance of
the liquid crystal wave plate between 1=4 λ and 3=4 λ.
The electron spin polarization (ESP) as a function of

illumination wavelength for each sample are reported
in Fig. 5.
These ESP results confirm that the NEA of the samples

is preserved even with an increased overall thickness of
the activating layer. This is consistent with the shape of

FIG. 3. Typical growth parameters of a Cs-Sb-O coated GaAs
sample. Left axis: Photocurrent; the shaded area represents the
time interval where the Cs shutter was kept open, the striped area
is when both Cs and Sb were codeposited. Right axis: Total
pressure during deposition. The base pressure before opening the
shutters and the oxygen valve was 2.2 × 10−9 Torr.

FIG. 4. Spectral response of the 5 samples as measured after
growth. While NEA is present in all the samples, demonstrated by
sensitivities extending well beyond the 875 nm (corresponding to
the nominal value of the GaAs band gap of 1.42 eV), the overall
efficiency decreases as the equivalent thickness of the Sb layer
increases.
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all of the ESP curves which show a characteristic
maximum around 780 nm. A decrease of the peak value
of the spin polarization is observed as the activating layer
grows thicker.
Finally, the robustness of the Sb-Cs-O activated samples

has been evaluated by performing QE lifetime measure-
ments (see Fig. 6). These lifetimes are then compared to the
lifetime of a Cs-O activated GaAs. The light of a 505 nm
laser was sent to the surface of all the photocathodes held at
the negative bias of −18 V in the Auger/LEED vacuum
chamber with a base pressure of 5 × 10−11 Torr. The laser
power was adjusted to initially extract photocurrents in the
range between 200 and 300 nA. Photocurrent was mea-
sured until it decreased more than a factor of 3 (as it was the
case of the Cs-O activated GaAs) or until the extracted
charge becomes larger than 0.02 C (as it was the case for all
the Sb-Cs-O activated GaAs samples). QE measurements
were conducted also with a 2% duty cycle over extended
period of time to estimate the dark lifetime of the samples
in 5 × 10−11 Torr vacuum. Using these two QE measure-
ments, we were able to measure the robustness of the Sb-
Cs-O activating layer with respect to both the chemical
poisoning via the dark life time, and the ion back bombard-
ment via the charge extraction lifetime. In a simple model
to account for the QE decay, we assume that efficiency will
decrease exponentially as a function of time because of 2
factors. First, the continuous exposure to residual gasses in
the UHV chamber eventually leads to chemical poisoning
of the photocathode surface. Second, the beam can ionize
the residual gas molecules and produces positively charged
species which are accelerated toward the cathode and strike

its surface. This second mechanism is a function of the total
charge removed from the photocathode. With this, we write
the QE as a function of time (t) and extracted charge (Q) as

QEðt; QÞ ¼ QEi × e−t=τDL × e−Q=τQ ð1Þ
where QEi, τDL, τQ are the initial QE, the dark lifetime,
and the charge extraction lifetime respectively. Estimates of
the τDL values are obtained by measuring the QE of the
samples with a low duty cycle. The τDL values obtained by
exponential fit of the experimental data are then used in the
exponential fit of the QE data obtained with a 100% duty
cycle to estimate the charge extraction lifetime τQ.

III. DISCUSSION

Our measurements show that this method of activation
yields a more robust activation layer, which is in line with
previous findings [13]. In addition, we have characterized
the increased lifetime by estimating both τDL and τQ as Sb
thickness is increased as reported in Table I. While the full
lifetime characterization was performed at 505 nm, spectral
response measurements performed before and after the
extended lifetime measurements indicate that decay con-
stants similar to the ones measured at 505 nm also capture
the rate of QE decrease at photon energies in the IR, which
are relevant for the production of spin polarized electrons.
Figure 7 reports the QEs measured at 780 nm before and
after the lifetime measurements that are reported in Fig. 6.
While we have not estimated the dark and charge lifetime

FIG. 5. Measured electron spin polarization for the five
samples as a function of the illuminating wavelength. The
maximum achievable spin polarization (measured at about
780 nm) decreases as the equivalent thickness of the Sb
increases beyond 0.12 nm.

FIG. 6. QE as a function of the extracted charge as measured
for the different samples at 505 nm. The data shows that as the
thickness of the activating layer is increased, the initial QE value
decreases but the lifetime is increased. The inset shows a plot
of the lifetime improvement achieved with respect to the Cs-O
activated sample for dark lifetime (τDL) and charge lifetime (τQ).
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separately at 780 nm, data in Fig. 7 show that similar trends
are observed at both wavelengths.
We can define a figure of merit (FOM) for GaAs

photocathodes for spin polarized electron beam production
to include a factor that takes into account the lifetime gain
induced by the activating layer [6]:

FOM ¼ QE × ESP2 × τ ð2Þ

The choice of which τ should relate to the mechanism
that likely will limit lifetime in the operating conditions.
For low current applications it is likely that lifetime will be
dominated by chemical poisoning while in high average
current operation ion back bombardment will be the
limiting factor. Using this formula with either τDL or τQ
lifetimes as measured in similar operational conditions

yields a classification of the performance of different
photocathodes for a specific application. In our experi-
mental conditions and in the range of beam currents used,
the FOMs of the photocathode prepared using 0.12 nm of
Sb, are respectively larger by a factor of 4 and by a factor of
16 with respect to the standard GaAs activation.
Direct measurements in a real photogun environment

should be performed to confirm the robustness improve-
ments of the Cs3Sb activated samples beyond the standard
activation. Nevertheless, factors like the electron beam
energy and source vacuum pressure, that limit the photo-
cathode lifetimes measured in our experiment, can be
accounted for allowing extrapolating an estimate of the
expected lifetimes in a real electron gun. Other factors, like
the effects of damage induced by the back streaming ions in
the case of the much higher energy are more challenging to
accurately estimate.
At the electron energy we produced during our experi-

ment, the electron-impact ionization cross section is near
its maximum and it is about 3 orders of magnitude larger
than that of beams produced by DC gun operating at few
hundreds of kV [25–27]. Also, in a typical electron gun for
polarized electron beams, the static vacuum level is more
than 50 times lower than the one used in our experiment
[25]. The dark lifetimes of the photocathodes used in the
experiment here which depend only on the static vacuum
pressure should scale approximately as the inverse of the
value achieved in a real photogun. This yields expected
dark lifetimes of at least 600 hours and 3000 hours for the
GaAs activated with only Cs-O and with the Cs3Sb layer
with 0.12 nm of Sb respectively.
If we assume that the measured charge lifetimes are

inversely proportional to the number of ions produced by
electron-impact ionization and we use typical vacuum
pressures and beam energies of modern high voltage DC
guns to calculate the number of ions, we find that the charge
lifetimes will be larger by about 4 orders of magnitude with
respect to the value we measured in our vacuum system.
This yields an expected charge lifetime of 100 C and 2.5 kC
for Cs-O and Cs3Sb layer with 0.12 nm of Sb respectively.
This simple scaling of the lifetimes for Cs-O yield numbers
that are within the range of values previously reported in
literature [25–28].
The improved robustness of the activating layer based

on Sb-Cs-O could be related to the fact that the NEA is
achieved by a proper alignment of the bands in a hetero-
junction between the two semiconductors with an activat-
ing layer that has a much larger thickness than the typical
Cs-O layer. The observed improved resistance to the ion
back bombardment may be due to the increased thickness
of the activating layer in a similar fashion to the alkali
antimonide photocathodes [29]. The improved resilience to
chemical poisoning which yields larger dark lifetimes could
be due to the fact that the surface of alkali antimonides is
less chemically reactive than the Cs-O layer.

FIG. 7. QEs measured at 780 nm before and after the lifetime
measurements that are reported in Fig. 6. From the QE
measurements at 780 nm we can estimate the lifetimes as
function of the extracted charge and relative gains with respect
to the Cs-o activates sample. These values are provided
alongside the data. Estimated lifetime gains are similar to
the ones observed at 505 nm.

TABLE I. Values for τDL and τQ and relative gains in lifetime
with respect to the Cs-O activated sample as obtained from
lifetime measurements performed using a 505 nm laser diode.

Sb thickness (nm) τDL (hour) τQ (Coulomb) GainDL GainQ

0.00 29 0.01 1 1
0.12 147 0.25 5 25
0.25 197 0.33 6.8 33
0.37 316 0.45 10.9 45
0.50 354 0.58 12.2 58
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The thickest layer we have grown on GaAs is estimated
to be approximately 3 nm based on the equivalent Sb
thickness deposited and the value of the expansion coef-
ficient for Cs3Sb formation, which is reported to be about 6
[30]. Electrons injected in to Cs3Sb from GaAs should have
kinetic energies larger than the electron affinity of the
activating layer to be emitted into vacuum. Let us assume
this energy to be equal to 0.45 eV as in the case of Cs3Sb,
though it should be noted that it is possible that surface
oxidation resulting from our preparation procedure can
lower this value slightly [31]. Hot carriers that have been
injected from GaAs across the heterojunction barrier have
transition times in the Cs3Sb on the order of a few tens of
femtoseconds. On such short timescales, electron spin
depolarization occurring through the D’yakonov-Perel
and Bir-Aronov-Pikus mechanisms is negligible [32].
While more detailed characterizations of the activation

layer are planned to confirm our hypotheses, one of the
possible explanations for the simultaneous decrease of QE
and spin polarization observed as the thickness of the
activation layer is increased may involve intercarrier energy
exchange between two electron populations out of equi-
librium: the population of hot electrons injected from GaAs
and the one of photoexcited electrons in the conduction
band of the activation layer [33,34]. Unlike our previous
experiments where we used a much larger energy gap
material like Cs2Te [15] to form a NEA surface in GaAs
with a similar layer thickness and for which no electron
spin depolarization has been observed, in the Cs3Sb case
electrons can be excited to the conduction band at photon
energies slightly larger than 1.6 eV due to the presence of
intra-gap impurity states [18].
The extinction coefficient for GaAs at 780 nm is about

2 × 104 cm−1 [35], one order of magnitude lower than the
one reported for Cs3Sb, which depends on experimental
growth conditions and ranges from 1 to 5 × 105 cm−1 [19].
Our polarization measurements were conducted in con-
tinuous wave photoemission conditions using the light
produced from a discharge lamp and a monochromator. At
780 nm, we typically illuminate the sample with about 100
nW and 3 mm diameter spot size and extract about 1 nA of
photocurrent from the samples. Assuming an absorption
depth of 1 μm, the average density of photoexcited electron
in GaAs is about 3 × 1017 cm−3. Assuming 3% trans-
mission across the heterojunction interface (which is
consistent with the QE of GaAs activated with Cs-O only),
the steady state density of hot electrons injected at the
interface should be roughly 1 × 1016 cm−3. Additionally,
part of the incident light at 780 nm is absorbed by the few
nm of Cs3Sb. Using the same reasoning, but now assuming
one order of magnitude larger absorption coefficient (i.e
2 × 105 cm−1) in the case of the sample with 0.12 nm of Sb
equivalent thickness, 2% of the light is absorbed by the
Cs3Sb. Given the small thickness of this layer, the density
of photoexcited electrons resulting from this absorption

may reach values of 1 × 1019 cm−3 in Cs3Sb. In terms of
kinetic energy, electrons belonging to this second popula-
tion are already almost fully relaxed to the bottom of the
conduction band.
Based on the diagram in Fig. 8, we suspect that under our

experimental conditions, electrons that are extracted into
vacuum are either, (1) ballistic and transported across the
activating layer without energy losses, or (2) are quasi-
ballistic and move across the activation layer where they
suffer one or more scattering events with the lattice or other
electrons or else (3) are coming from an energy exchange
scattering process with a low energy electron which has
been photoexcited in the conduction band of the activating
layer. The ballistic electrons will preserve the spin polari-
zation achieved in GaAs while the quasi-ballistic electrons
and electrons coming from an exchange energy process can
contribute to the measured depolarization. Using Poisson
statistics, during a time duration Δt, the probability of
electrons traveling without a single scattering is e−ΓeeΔt

where Γee is the electron-electron scattering rate. Then,
the probability of electrons experiencing scattering with
another electron at least once would be 1 − e−ΓeeΔt. If we
assume that hot electrons which participate in one or
more scattering event in the activation layer can lead to
spin relaxation because they lose their original spin
information, the expected value of spin polarization
ΔESPee change due to electron scattering in a time
interval Δt can be written as

FIG. 8. Schematic representation of the three different proc-
esses leading to the extraction of photoelectrons from GaAs,
through the Cs3Sb layer into vacuum. Ballistic hot electrons
travel trough the activation layer without interaction with lattice
or electrons; quasi-ballistic electrons can be still extracted if few
scattering events take place so that they have sufficient energy to
overcome the barrier to vacuum; hot electrons can exchange
energy with low energy electrons and give them sufficient energy
to escape into vacuum.
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ΔESPee ¼ −ESPð0Þð1 − e−ΓeeΔtÞ: ð3Þ

Thus,

ESPðtÞ ≈ ESPð0Þ þ ΔESPee ¼ ESPð0Þe−Γeet: ð4Þ
If we assume that the transit time of electrons which
tunnel from GaAs into the activating layer is given by
their kinetic energy (E) and the expected thickness of the
activating layer, then:

ESPðL;EÞ ¼ ESPð0Þe−ΓeeL=
ffiffiffiffiffiffiffiffiffi

2E=m
p

ð5Þ

where ESP(0) is the electron spin polarization measured
in the case activation with a Cs-O layer that we assume
having negligible thickness. As the thickness of the
activation layer is increased, the probability of ballistic
electron transmission decreases while the probability for
electrons to suffer one or more scattering events and
hence experience depolarization increases.
Figure 9 reports a comparison of our experimental data

with the analytical prediction obtained from Eq. (5). Given
the simplified description, the agreement is not perfect,
but, Eq. (5) is capable of capturing most of the features
characterizing our experimental ESP data. The value of Γee
is assumed to be constant and equal to 1.5 × 1014s−1 and is
consistent with experimental measurements [36] indicating
that photogenerated hot electrons in metals can thermalize
with characteristic times even shorter than 10 fs through
carrier-to-carrier or carrier-to-phonon scattering. Similar
relaxation times have also been measured in the case of
lead-iodide hybrid perovskite, a semiconductor having

similar band gap energy to Cs3Sb for hot electrons with
excess energies on the order of 0.5 eV [37].
The probability of tunneling across a triangular shaped

barrier can be estimated using the Wentzel-Kramers-
Brillouin (WKB) approximation. In the case of a triangular
barrier with a height Φ and width w the tunneling
probability across such barrier TðEÞ of one electron with
kinetic energy E can be written as:

TðEÞ ¼ T0eE=E0 ð6Þ

here

T0 ¼ e−
4w
3

ffiffiffiffiffi

2mΦ
ℏ2

p

ð7Þ

and

E0 ¼
1

2w

ffiffiffiffiffiffiffiffiffi

ℏ2Φ
2m

r

: ð8Þ

For a width of 0.15 nm and a value of Φ equal to the
electron affinity of GaAs (4.07 eV), Eq. (6) yields a
tunneling probability that is consistent with the measured
QE of GaAs activated with Cs-O. Larger values for the
width of the barrier are required to reproduce QEs from
NEA activating Cs3Sb layers [20].
If we assume that scattering losses inside the acti-

vating layer are negligible, then the quantum efficiency
QEðwCs3SbÞ relative to a barrier width wCs3Sb correspon-
ding to a thickness of the activating layer LCs3Sb can be
modeled as:

FIG. 9. ESP of the samples activated to NEA with Cs3Sb
estimated using Eq. (5). The used value of Γee is reported in
Table II.

FIG. 10. Spectral response of the samples activated to NEA
with Cs3Sb and the corresponding prediction of Eq. (10). Barrier
thicknesses are given in Table II.
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QEðwCs3SbÞ ¼ QE0

TðwCs3SbÞ
Tðw0Þ

ð9Þ

where QE0 is the QE measured for the Cs-O activated
sample, TðwCs3SbÞ and Tðw0Þ are the WKB tunneling
probability for the triangular barrier of width wCs3Sb in
the case of Cs3Sb with a thickness LCs3Sb and of widthw0 in
the case Cs-O activating layer.
Then, Eq. (9) can be rewritten as

QEðE; wCs3SbÞ ¼ QE0ðEÞ
T0ðwCs3SbÞe

E
E0ðwCs3SbÞ

T0ðw0Þe
E

E0ðw0Þ
ð10Þ

to explicitly include also the dependence on the initial
energy E of photoelectrons in the GaAs.
Using the spectral response obtained from GaAs acti-

vated with Cs-O and a fixed value for the barrier width w0

value for GaAs (that we assume to be 0.15 nm [20]), we can
use Eq. (10) to fit the width of the barriers corresponding to
the different thicknesses of the Cs3Sb activating layer that
allows to best reproduce the experimental data.
Fit values of the widths are shown in Table II. We find

that Eq. (10) gives good agreement with the measured QEs
at each width. Figure 11 plots the fit barrier width values as
a function of the equivalent thickness of Sb. We note a
roughly linear trend. This may suggest that the segregation
of the initial layer of Cs-O becomes less sharp as the Cs3Sb
layer grows thicker.
While conceptually simple, the models of ESP and QE

given Eq. (5) and Eq. (10) give surprisingly good agree-
ment with our experimental data. A more accurate descrip-
tion would require more advanced numerical modeling of
electron transport, which is outside the scope of this work.

IV. OUTLOOK AND CONCLUSIONS

In this work, we report that GaAs activated to NEAwith
Cs, Sb and O yields longer lifetimes than the traditional
Cs-O activation under similar experimental conditions.
We measure and discuss trade-offs of quantum efficiency
and spin polarization as function of the activation layer
thickness.
Further studies involving numerical simulations of elec-

tron transport and surface characterization are planned.
Additionally, we plan to fully characterize these hetero-
junctions in the operating conditions of a real photoinjector
to confirm the measured lifetime increases. Finally, we
intend to explore the applicability of this activation method
to SL-based GaAs photocathodes. The possibility to create
photocathodes that can provide one order of magnitude
longer operational lifetimes opens exiting new avenues for
the production and application of intense highly polarized
electron beams.
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