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ABSTRACT

GaAs photocathodes are the primary choice for generating spin-polarized electron beam with high brightness, high polarization, and fast
polarization reversal. However, it suffers from short lifetime due to the highly reactive nature of the emission surface, resulting in substantial
operational difficulties. Activating GaAs with amore robust material, such as Cs2Te, shows comparable polarization to that of Cs–O activation
and increases the lifetime due to the robustness of the Cs2Te layer. However, previously reported photocathodes based on Cs–Te activation
on GaAs suffer from 10× lower quantum efficiency (QE) compared to that activated with conventional Cs–O activation. Herein, we report
activation recipes for GaAs photocathodes using Cs, O2, and Te. For Cs–Te activation, the QE was 6.6% at 532 nm. For Cs–O–Te activation,
the QE was 8.8% at 532 nm and 4.5% at 780 nm. The negative electron affinity of the activated GaAs was directly measured and confirmed by
low energy electron microscopy. We also report the activation layer chemical states and stoichiometry using in situ micro-spot synchrotron
radiation x-ray photoelectron spectroscopy.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0026839., s

GaAs photocathode based polarized electron sources are the
primary choice for accelerator facilities,1–3 polarized electron micro-
scopes,4 and positron sources5,6 around the world. A p-type GaAs
sample coated with a small amount of Cs shows excellent photoemis-
sion properties, a phenomenon first reported in 1965.7 Substantial
research and developments have taken place since then to improve
the quantum efficiency (QE), lifetime, spin polarization, and other
parameters of such sources. GaAs coated with Cs and an oxidant
(oxygen or NF3) has been found to form a negative electron affinity
(NEA) surface, which is necessary for polarized electron photoe-
mission.8–11 Illuminating the photocathode with circularly polarized
light with energy just above the bandgap of GaAs leads to the pho-
toemission of a spin-polarized electron beam. The typical spin polar-
ization of strained-superlattice (SL) GaAs is 90% with a typical QE
of around 1%, for a certain laser wavelength.12–14 SL-GaAs with a
distributed Bragg reflector has shown to increase the QE up to 6.4%
with a spin polarization of 84%.15

The lifetime of GaAs photocathodes is limited due to a very
sensitive Cs-oxidant layer.16–18 The two main processes that cause

the degradation of QE are vacuum poisoning18,19 and ion back-
bombardment20,21 during beam operation. Due to the highly reac-
tive Cs–O activation layer, the GaAs photocathode requires an
extremely high vacuum environment to minimize the reaction of
residual gas species with the activation layer and to operate reli-
ably for a long time. To obtain a long lifetime, several labora-
tories are developing GaAs activation methods using a low elec-
tron affinity material, such as Cs2Te and Cs3Sb.

22–26 It has been
shown that spin-polarized electrons can be extracted from the
GaAs photocathode activated with Cs2Te

22 or Cs3Sb.
26 Cs3Sb has

a bandgap of about 1.6 eV, which is very close to the bandgap
of GaAs (∼1.42 eV). Thus, the layer of Cs3Sb plays a detrimen-
tal effect on spin-polarized electron extraction from GaAs. Cs2Te
has a bandgap of 3.3 eV, and hence, illumination with ∼780 nm
light on Cs2Te coated GaAs ensures photoemission from the GaAs
only. A previous experiment showed that a Cs2Te coated GaAs pho-
tocathode exhibited an improved lifetime, but a low QE (1.5% at
532 nm),22 rendering the source ineffective for high current (>1mA)
applications.
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In this study, we report a high quantum efficiency bulk GaAs
photocathode activated with Cs, O2, and Te. Our results show that
an activation of the GaAs photocathode after high-temperature heat
cleaning (590 ○C–600 ○C) is more efficient in reducing the native
oxides from GaAs and improves the QE compared to the previously
reported activation of a GaAs photocathode after low-temperature
heat cleaning (∼400 ○C).22 Here, we present activation recipes that
form a better Cs2Te NEA state on GaAs, which in turn provides
a much superior QE compared to other previously reported pro-
tocols. We characterized the photocathode using micro-spot syn-
chrotron radiation x-ray photoelectron spectroscopy (XPS), low-
energy electron microscopy (LEEM), and micro-spot low-energy
electron diffraction (LEED).

Experiments were carried out at the x-ray photoemission elec-
tron microscopy (XPEEM) end-station of the Electron Spectro-
Microscopy beamline (ESM, 21-ID-2) of the National Synchrotron
Light Source II, Brookhaven National Laboratory (NSLS II, BNL).
The end-station offers the possibility to perform LEEM, LEED, and
XPEEMmeasurements at photon energies from 20 eV up to 1500 eV
and has an integrated activation chamber. The base pressures in the
photocathode activation chamber and the LEED/LEEM character-
ization chamber were around 1 × 10−10 Torr and 3 × 10−10 Torr,
respectively. The two samples used in the measurements were Zn-
doped p-type GaAs (100) wafers with a carrier concentration of 1
× 1019 cm−3, purchased from AXT, Inc. The sample preparation
followed the recipe published elsewhere.27

To remove the native oxides and carbon contamination, the
GaAs sample was heat-treated in the characterization chamber while
monitoring the LEED pattern. The temperature of the sample was
ramped at a rate of around 15 ○C per min until a clear (1 × 1)
Ga rich surface reconstruction was observed in the LEED pattern.
Figure 1(a) shows a micro-spot LEED pattern of GaAs taken after
the desorption of oxides from the sample surface. The four sharp
diffraction spots are (1 × 1) spots from the GaAs (100) surface.
The very weak additional spots in the background hint at a pos-
sible (4 × 6) reconstruction, which would indicate that the sample
was at 590 ○C–600 ○C.28,29 There is also a significant diffused back-
ground, suggesting that the surface is rather disordered. During the
heat treatment, the maximum pressure recorded was ∼1 × 10−8 Torr
in the LEED/LEEM chamber. After one hour of heat treatment, the
sample was cooled down to room temperature. The sample was

initially cooled down in the LEED/LEEM chamber, and once the
temperature fell below 500 ○C, it was transferred to the activation
chamber to avoid slow cooling in the LEED/LEEM chamber. In the
activation chamber, both activation and XPS could be performed.
Once the sample temperature reached around room temperature,
the pressure in the activation chamber was ∼2 × 10−10 Torr. XPS was
performed subsequently to check the cleanliness of the heat-cleaned
sample. Figures 1(b) and 1(c) show that both gallium and arsenic
oxide, which were prevalent in the air-exposed sample,27 desorbed
completely. The photon energies for acquiring the spectra of the As
3d and Ga 3d core levels were 140 eV and 120 eV, respectively. The
energy resolution of the photoelectron detector was around 0.15 eV.
Shirley background was subtracted from all the spectra, and peak
fitting was performed using CasaXPS30 with Lorentzian asymmetric
line shape convoluted with a Gaussian. The binding energy of all the
spectra was referenced to the C–C component of the C 1s peak of
adventitious hydrocarbon at 285 eV.

The heat-cleaned GaAs (sample No. 1), once cooled down
to room temperature, was activated by depositing Cs and Te
using the traditional “yo-yo” technique11,31,32—amethod commonly
employed for Cs–O activation on GaAs. The Cs source was a com-
mercial alkali metal dispenser (AMD) from SAES Getters.33 For the
Te source, we emptied an AMD, then ultrasonically cleaned it, and
filled it up with ultra-high purity Te (99.9999%) powder. The evap-
oration rate of the Te source was calibrated using a quartz crystal
monitor (QCM)24 in a separate chamber, and it was 0.05 Å/s–0.07
Å/s during activation. We over-cesiated the surface until the pho-
tocurrent passed the peak value and dropped 30% from the peak
value. The same steps were carried out for the Te deposition as
well. The Cs and Te deposition cycles were performed repeatedly to
obtain a photocurrent plateau. Figure 2(a) represents the activation
curve of the Cs–Te activated photocathode. During the Cs–Te acti-
vation, the photocathode was illuminated with a 532 nm laser diode,
and the photocurrent was measured with a Keithley picoamme-
ter. The maximum QE observed at 532 nm illumination was 6.6%.
Although this is the highest QE reported so far for Cs–Te activated
GaAs photocathodes, it is still not as high as the QE of typical Cs–O
activated GaAs photocathodes, typically ∼10%.

To increase the QE and also to benefit from the robust Cs2Te
layer, we performed activation using Cs, O2, and Te on another heat-
cleaned GaAs (sample No. 2). The oxygen will generate extra surface

FIG. 1. (a) Micro-spot LEED pattern of
the GaAs surface at 30 eV electron
energy after the heat cleaning to remove
the native oxide layer. During oxide des-
orption, the temperature of the sam-
ple was 590 ○C–600 ○C. Micro-spot syn-
chrotron XPS spectra of (b) Ga 3d and
(c) As 3d core levels after the sample
was cooled down to room temperature.
Shirley background is subtracted from
the spectra. Data and corresponding fit
are moved upward for clarity.
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FIG. 2. (a) GaAs photocathode activation (sample No. 1) with alternate deposi-
tion of Cs and Te. The photocurrent was measured over time with 532 nm laser
illumination, and the maximum QE in the measurement was 6.6%. (b) GaAs pho-
tocathode activation (sample No. 2) with Cs, O2, and Te. The photocurrent was
first measured with 532 nm laser illumination, and once photocurrent reached the
plateau (at ∼25 min), the illumination was switched to 780 nm to check the QE in
the infrared region. The maximum QE at 532 illumination was 8.8% and 4.5% at
780 nm illumination, respectively.

dipole with Cs, which will in principle reduce the electron affinity
further.32 We have previously confirmed that this type of activa-
tion involving Cs, O2, and Te yields a charge lifetime around 5–6
times more than that in traditional Cs–O based GaAs photocath-
odes.24 Charge lifetime is the amount of charge that can be extracted
until the photocathode QE drops to 1/e of its initial value and is
an important parameter for comparing the performance of different
photocathodes. In this case, as a first step, we achieved a photocur-
rent peak using Cs and then obtained a photocurrent plateau by
co-deposition of Cs and O2. A 532 nm laser diode was used to mea-
sure the QE during activation. Once the photocurrent reached the
plateau via the co-deposition of Cs and O2, initially Te deposition
was performed. The Te deposition rate was 0.05 Å/s–0.07 Å/s, same
as that in the case of Cs–Te activation. Based on the QCM calibra-
tion,24 the thickness of the Te layer was 0.7 ± 0.1 nm. The deposition
of Te onto the Cs–O activated layer caused a rapid decrease of QE,
and then, we maximized the QE by alternate Cs and O2 deposition
until the maximum QE was reached. At this stage (∼25 min of acti-
vation), we switched to 780 nm laser illumination to check the QE.
Subsequent deposition of Cs and Te did not improve the QE fur-
ther. Thus, we conclude that the Cs–O–Te activation is completed
after maximizing the QE at around 25 min. Details of the activation
process are shown in Fig. 2(b). This activation technique provides

a higher photocurrent, both for the visible and infrared regions.
The maximum QE we obtained was 8.8% at 532 nm and 4.5%
at 780 nm.

After activation, the photocathode was moved into the
LEED/LEEM characterization chamber to measure the decrease in
the work function of the activated GaAs photocathode. The work
function is the energy difference between the vacuum level and
Fermi energy (EF). In the LEEM setup, 20 keV electrons leaving from
the objective lens are decelerated by the sample bias of −20 + Vo kV,
whereVo is the so-called start voltage. By increasing the start voltage
Vo, one can slowly switch from the mirror mode, where all electrons
are reflected, to the LEEM mode, where all electrons interact with
the sample.34,35 The intensities of the reflected/back-scattered elec-
trons vs start voltage (LEEM I/V) in Cs–Te activated (sample No. 1)
and in Cs–O–Te activated (sample No. 2) are shown in Figs. 3(a) and
3(b), respectively. The blue curve was obtained from a heat-cleaned
sample before activation, and the red curve was obtained from the
same sample after the activation. The decrease in work function after
Cs–Te activation was 2.8 eV, and after Cs–O–Te activation, it was
3.2 eV.

The work function of the activated photocathode (Φf ) equals
the initial work function before the activation (Φi) minus the change
in work function after the activation (e.g., Φf = Φi − ΔΦ). We mea-
sured the work function of the heat-cleaned sample before activa-
tion as 4.2 eV. Based on the work function reduction described in
Figs. 3(a) and 3(b), the final work functionΦf was 1.4 eV after Cs–Te
activation and 1.0 eV after Cs–O–Te activation. In a heavily p-doped
semiconductor, the condition for effective NEA is that the final work
function needs to be lower than the bandgap of the semiconductor
(Φf < Eg).36 As shown in Fig. 3(c), for both Cs–Te andCs–O–Te acti-
vation, the final work function is lower than the bandgap of GaAs,
satisfying the condition for an effective NEA (χeff < 0). The value
of χeff equals (Φf − Eg), assuming Φf < Eg . In the Cs–Te activation,
the effective electron affinity χeff is −0.02 eV, whereas in Cs–O–Te
activation the effective electron affinity χeff is −0.42 eV. The effective
NEA we found here is slightly higher than previously reported val-
ues.23,37 For example, Sugiyama et al. reported an effective NEA of
−0.1 eV for Cs–Te activation,23 and Zhang et al. reported an effective
NEA of −0.5 eV for traditional Cs–O activation.37 Jin et al.measured
a 3.5 eV work function reduction in Cs–O activation.11 It should
be noted that the effective NEA is dependent on the work func-
tion reduction. During our LEEM I/V measurement, the vacuum
pressure in the LEED/LEEM characterization chamber increased to
around 5 × 10−9 Torr, which resulted in a gradual increase of the
work function. It is estimated that during the LEEM I/V measure-
ment of the Cs–O–Te activated cathode, the work function increased
by around 0.3 eV–0.4 eV due to the pressure increase in the chamber.
Thus, we state that the value of the effective NEA χeff we presented
here is the up-limit; the initial value of χeff was even lower than
that.

We performed micro-spot synchrotron radiation x-ray pho-
toelectron spectroscopy on Cs–Te and Cs–O–Te activated photo-
cathodes. The photon energies used for acquiring the Cs 3d5/2, Te
3d5/2, O 1s, C 1s, As 3d, and Ga 3d core level spectra were 833 eV,
673 eV, 633 eV, 383 eV, 140 eV, and 120 eV, respectively. The pho-
ton energy was varied to maintain the kinetic energy of photoelec-
trons at around 100 eV, which resulted in a small inelastic mean
free path (IMFP); thus, measurements were very surface sensitive.
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FIG. 3. (a) LEEM I/V measurement of GaAs (sample No. 1) after heat cleaning but
before activation (blue line), and after Cs–Te activation (red line). The decrease
in the work function was 2.8 eV. (b) LEEM I/V measurement of GaAs (sample
No. 2) after heat cleaning but before the activation (blue line), and after Cs–O–Te
activation (red line), respectively. The decrease in the work function was 3.2 eV.
(c) Sketch of the energy band diagram of GaAs with Cs–Te/Cs–O–Te activation
layer deduced from the LEEM I/V measurements. Both in Cs–Te and Cs–O–Te
activation, the vacuum level lies below the conduction band minimum in the bulk
of GaAs, thus creating the NEA surface.

Figure 4 shows the micro-spot synchrotron XPS spectra of the Cs
3d5/2, Te 3d5/2, Ga 3d, and As 3d core levels after the photocath-
ode activation with Cs and Te, as described in Fig. 2(a). The Te
3d5/2 spectrum shown in Fig. 4(b) consists of both the Cs2Te com-
pound (∼571.5 eV) and covalent Te (∼572.9 eV). The peak positions
of Cs2Te and covalent Te were identified from previously published
data.38,39

Figure 5 shows the micro-spot synchrotron XPS spectra of the
Cs 3d5/2, Te 3d5/2, O 1s, Ga 3d, and As 3d core levels after the pho-
tocathode activation with Cs, O2, and Te, as described in Fig. 2(b).
This activation was preceded by the usual activation using Cs–O,
then deposition of the Cs–Te layer, and finally, the improvement of
the QE by alternate deposition of Cs and O2. The Te 3d5/2 spectrum
in Fig. 5(b) shows the formation of both Cs2Te and covalent Te.
The oxygen spectrum in Fig. 5(c) has a contribution from surface
dipoles, such as GaAs–O–Cs and the interface layer, which consists
of Ga oxide [Fig. 5(d)] and As oxide [Fig. 5(e)]. Once native oxides
were desorbed from the GaAs surface by thermal cleaning, the sur-
face became sensitive to oxygen; it has been previously observed that
the oxygen exposure during activation could contribute to the for-
mation of GaAs oxides.40 Since the synchrotron XPS measurement
was very surface-sensitive, the oxide peaks that appeared in the XPS
spectra after activation correspond to a minuscule amount of oxide
on the surface.

In Table I, we show the ratios between Cs, O2, and Te, calcu-
lated using the standard IMFP database41,42 and the subshell photo-
ionization cross sections43,44 based on the procedure described in
Refs. 45 and 46. The thickness of the activation layers are also pre-
sented in Table I, based on the intensity ratio of Ga 3d before and
after activation following the procedure described in Ref. 32.

From Figs. 4(b) and 5(b), it is evident that, out of the total
amount of Te, around 60% corresponds to Cs2Te in the Cs–Te acti-
vation, and around 35% corresponds to Cs2Te in the Cs–O–Te acti-
vation. The rest of the Te remains as covalent Te. Not all the Cs
atoms contributed to the formation of Cs2Te, a part being used in the
creation of surface dipoles, namely, GaAs–Cs and GaAs–O–Cs. The
Cs contributions to Cs2Te, GaAs–Cs, and GaAs–O–Cs have similar
binding energy positions in the Cs spectrum and cannot be resolved
by XPS. The presence of the Cs contribution to the GaAs–Cs and
GaAs–O–Cs dipoles is supported by the fact that there is a binding
energy shift of ∼0.9 eV of the Ga 3d and As 3d core levels after the
activation, shifts which are commonly observed in Cs–O activation
on GaAs.27 In addition, the lack of a photoelectron peak at ∼527 eV
in the oxygen spectrum [Fig. 5(c)] confirms no formation of Cs2O in
Cs–O–Te activation.47,48

Two main reasons led to the record-level QE in Cs–Te and
Cs–O–Te activation on GaAs. (1) The heat cleaning temperature
was sufficient to desorb all the native oxides from the GaAs with-
out degrading the surface. The GaAs surface cleanliness was veri-
fied using surface sensitive micro-spot synchrotron XPS and micro-
spot LEED. One of our previous studies also showed that the high-
temperature heat cleaning of GaAs in UHV does not increase the
surface roughness compared with a native sample;27 hence, it is suit-
able for Cs2Te activation. Initial Cs depositions in both activations
resulted in QE values of around 2.5% at 532 nm illumination, which
also indicates the cleanliness of the GaAs surface. (2) The Cs–Te
and Cs–O–Te activation procedures performed here are different
from the Cs2Te compound coating on GaAs created at an elevated
temperature.22 Instead of focusing on Cs2Te growth at an elevated
temperature, our activation was preceded by a natural course of
activation at room temperature following the traditional “yo-yo”
and co-deposition methods. XPS analysis showed that Cs2Te indeed
formed, which helped to increase the lifetime of the photocathode
due to the ruggedness of the Cs2Te layer to chemical poisoning and
low energy ion back-bombardment. The chemical shift of bothGa 3d
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FIG. 4. Micro-spot synchrotron x-ray photoelectron spectra of (a) Cs 3d5/2, (b) Te 3d5/2, (c) Ga 3d, and (d) As 3d core levels after the photocathode activation with Cs and Te
following the procedure described in Fig. 2(a). Spectra are shown with Shirley background subtraction. Data and fit are moved upward for clarity.

FIG. 5. Micro-spot synchrotron x-ray photoelectron spectra of (a) Cs 3d5/2, (b) Te 3d5/2, (c) O 1s, (d) Ga 3d, and (e) As 3d core levels after the photocathode activation with
Cs, O2, and Te following the procedure described in Fig. 2(b). Spectra are shown with Shirley background subtraction. Data and fit are moved upward for clarity.

TABLE I. Ratio and thickness of the GaAs photocathode activated with Cs, O2,
and Te.

Activation Cs (±0.05) Te O (±0.05) Thickness (±0.1 nm)

Cs–Te 1.4 1 . . . 2.0
Cs–O–Te 1.2 1 1.1 1.2

and As 3d indicates charge transfer from Cs to GaAs, forming a sur-
face dipole as GaAs–Cs,11,32 which contributes to lowering the work
function. In the Cs–O–Te activation process, both the GaAs–Cs and
Cs–O dipoles contribute to the work function reduction. Thus, the
degree of NEA is high, which leads to a high QE of around 4.5% at
780 nm illumination.

In conclusion, we have studied GaAs photocathode activation
involving Cs, O2, and Te. Activation with Cs–Te showed small NEA
with a typical QE of around 6.6% under 532 nm laser illumination.
Activation with Cs–O–Te showed significant NEA with a typical QE
of around 8.8% under 532 nm laser illumination and around 4.5%
under 780 nm laser illumination. The micro-spot synchrotron XPS
analysis of Cs–Te and Cs–O–Te activated photocathodes showed
a mixed phase of Te consisting of Cs2Te and covalent Te. Cesium
also had two contributions, namely, in the formation of Cs2Te

and surface dipole, such as GaAs–Cs or GaAs–O–Cs, which con-
tributed to the NEA on GaAs.
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