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Improved robustness of
sequentially deposited potassium
cesium antimonide photocathodes
achieved by increasing the
potassium content towards
theoretical stoichiometry
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Alkali antimonide semiconductor photocathodes are promising candidates for high-brightness
electron sources for advanced accelerators, including free-electron lasers (FEL), due to their high
quantum efficiency (QE), low emittance, and high temporal resolution. Two challenges with these
photocathodes are (1) the lack of a universal deposition recipe to achieve crystal stoichiometries and
(2) their high susceptibility to vacuum contamination, which restricts their operation pressure to
ultrahigh vacuums and leads to a short lifetime and low extraction charge. To resolve these issues,

it is essential to understand the elemental compositions of deposited photocathodes and correlate
them to robustness. Here, we report depth profiles for potassium cesium antimonide photocathodes,
which were investigated using synchrotron radiation x-ray photoelectron spectroscopy, and the
robustness of those photocathodes. We prepared two types of photocathodes with different potassium
contents via sequential thermal evaporation. Depth profiles revealed that the photocathodes with

a potassium deficit had excess cesium at the surface, while the ratio of potassium and cesium to
antimony decreased rapidly within the film. In contrast, the photocathodes with sufficient potassium
had close to the theoretical stoichiometry of K,CsSb at the surface and maintained that stoichiometry
for over half the entire film thickness. Both photocathode types had a similar maximum QE at 532 nm;
however, exposure to oxygen revealed that the photocathode with a crystalline stoichiometry of
K,CsSb maintained QE at one order of magnitude higher pressure compared to its potassium-deficit
counterpart. These results highlight the importance of synthesizing potassium cesium antimonide
photocathodes with sufficient potassium to achieve the theoretical crystalline stoichiometry for both
high QE and improved robustness.

High-brightness coherent light offers a unique opportunity to capture a phenomenon that no other method
is capable of capturing, such as molecular dynamics in real time (i.e., femtoseconds)!=. A particle accelerator,
specifically a free-electron laser (FEL) linear particle accelerator (linac), is required to generate such light*°.
The factors essential to achieving high beam brightness are a large peak current, a low emittance, a short pulse
time, and a high repetition rate, where emittance is defined as the volume of the six-dimensional phase space
of the position and momentum of the beam. A short pulse time and high repetition rate can be readily attained
by using photocathodes instead of thermionic cathodes. Therefore, photocathodes have been used to operate
advanced accelerators since the 1980s, including the Linac Coherent Light Source (LCLS) of the Stanford Linear
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Accelerator Center (SLAC)®. Because of their reliability and robustness, metals such as copper (Cu), magnesium
(Mg), and silver (Ag) are the most common type of photocathodes used to generate an FEL in linear accelerator
facility operations’~®. The drawback of these metals is large work functions, which require ultraviolet (UV)
light for photo-electron emission and result in a low quantum efficiency (QE) of approximately 0.01%. Third
or fourth harmonics of a short-pulse infrared (IR) or visible-light (VL) laser are generally required to achieve
the necessary UV light; thus, optical setups are complex, resulting in low conversion efficiency and low laser
stability'’. QE is defined as the number of photoelectrons emitted per incident photon, thus, a low QE leads
to a low peak current. Alternatives to metal photocathodes include cesiated gallium arsenide (GaAs), which
exhibits a high QE of up to 10% with VL excitation'!. This high QE has led to the use of cesiated GaAs in the
compact energy recovery linac (cERL) at the High Energy Accelerator Research Organization in Japan'>!3. The
cERL beam requirement is more than 10 mA average current, less than 1 mm-mrad normalized emittance, and
a long photocathode lifetime of several weeks or more (equivalent to 10* C or more as the amount of extraction
charge). The challenge is the extreme susceptibility of cesiated GaAs to environmental conditions because of an
atomically thin layer of an alkali metal, cesium, that is used to create negative electron affinity surfaces (operates
at 107° Pa)'*. Cesium telluride (Cs,Te) photocathodes also exhibits a high QE of more than 10% and are more
robust than cesiated GaAs (operates at 10~ to 107 Pa). This makes Cs,Te photocathodes one of the attractive
candidates for generating a high-brightness electron beam, which is why these photocathodes are being used
in the last-generation x-ray FEL (XFEL)-based user facility'>"'”. However, Cs,Te photocathodes require UV
excitation similar to the metal photocathode.

Alkali antimonide photocathodes such as cesium potassium antimonide (K,CsSb), have well-balanced
properties; thus, they are attracting attention as next-generation photocathodes. Specifically, K,CsSb has
a QE that exceeds 5% at 532 nm excitation, less than 0.4 pm-rms normalized emittance, and can operate at
1078 Pa, which is one order of magnitude higher than the pressure at which negative-electron-affinity GaAs
photocathodes can operate!®2. A record-high beam current of 60 mA in a DC injector with a 30 h 1/e lifetime
has been demonstrated!®. Based on these characteristics, KZCsSb is a candidate photocathode material for LCLS
IT at SLAC, which has a required performance of current up to 0.3 mA and 0.4 ym-rms normalized emittance
to achieve the first continuous-wave XFEL3%3!. However, the pressing technical challenges for implementing
K,CsSb photocathodes on accelerators are (1) the lack of a universal deposition recipe to achieve crystal
stoichiometry and (2) its susceptibility to vacuum contamination. To tackle these challenges, the first step is to
understand the correlation between the deposition recipe and the elemental compositions of photocathode thin
films, especially regarding depth. The next step is to correlate elemental compositions with robustness.

In this study, we used a vacuum suitcase to transport K,CsSb photocathodes to a synchrotron radiation
facility beamline where we performed elemental composition analysis. Specifically, we sequentially deposited
K,CsSb photocathodes with two different potassium contents and compared their depth profiles. Elemental
compositions were quantitatively analyzed with x-ray photoelectron spectroscopy and ion sputtered to obtain
depth profiles. QE at 532 nm under different pressures of oxygen gas was also compared. Our results provide
insight into the importance of establishing a deposition recipe to achieve the stoichiometry of crystalline K,CsSb
to maximize both QE and robustness.

Results and discussion

We routinely observed QE of over 5% at 532 nm with our deposition recipe for potassium cesium antimonide
thin films*#%%. This QE is comparable to the high QE reported for potassium cesium antimonide; thus, our
assumption was that our films possess the stoichiometry of crystalline K,CsSb. However, because of the extreme
susceptibility of films, which start to degrade at 1077 Pa, we had not confirmed the stoichiometry. To characterize
the films without degradation, we designed and fabricated vacuum suitcases capable of maintaining a pressure
of 107 Pa and used them to transport the samples from our deposition chamber to a synchrotron facility for
measurements using high-brightness x-ray.

The vacuum suitcase is shown in Fig. 1. The design is based on a ConFlat 2.75-inch system and used a
magnetic transfer rod to minimize outgassing during sample transfer, and a non-evaporable getter (NEG) pump
with 200 L/s pumping capability. The total weight is 10 kg, making it light enough for one person to carry.

After baking the system for a week, we first connected the suitcase to our deposition chamber and placed
the potassium cesium antimonide samples inside. The pressure inside the vacuum suitcase was monitored
throughout, and by ensuring a base pressure of 1078 Pa, we successfully transported our photocathodes from
Nagoya University to a synchrotron facility approximately 15 km away (the Aichi Synchrotron Radiation
Center)?2. Next, we transferred the samples to the synchrotron radiation x-ray photoelectron spectroscopy (SR-
XPS) analysis chamber.

Our initial interest was to obtain depth profiles for potassium cesium antimonide thin films grown with
our conventional recipe of sequential deposition via thermal evaporation. We used graphene-coated silicon or
molybdenum for our study after confirming that the QEs of deposited photocathodes are identical (i.e., 6.3-6.6%
at 532 nm). This is consistent with our previous report, which demonstrated that silicon and molybdenum
behave the same regarding the quantum efficiency of deposited K,CsSb when they are coated with graphene®.
The QE of the films with 532 nm excitation during deposition is shown in Fig. 2 (a). We monitored the QE
using a metal ring anode and a picoammeter. Our deposition recipe is as follows. First, we thermally clean
the substrates by heating to around 500 °C for 1 h. After cleaning, we decrease the temperatures to 100 °C and
maintain it throughout the deposition. We deposit approximately 15 nm of antimony, which does not yield a
detectable increase in the QE. Next, we deposit potassium and start to see some increase in the QE (in the range
of 1%). We stop potassium depositions when the QE reaches its peak. Finally, we finish with cesium deposition,
during which we see a gradual increase of QE up to approximately 7%. We transported the photocathodes for
SR-XPS depth profiling using our vacuum suitcase. The stoichiometry ratio of potassium (K) and cesium (Cs)
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K-deficit

Fig. 1. (a) photograph and (b) schematic of the vacuum suitcase used to transport alkali antimonide
photocathodes from the deposition chamber to a synchrotron facility for elemental depth profiling. Insets show
the sample banks that go inside of the vacuum suitcase. The location for NEG pump is shown with an arrow.
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Fig. 2. (a) The QE of alkali antimonide photocathode thin films with 532 nm excitation during deposition. The
films were deposited using our conventional K-deficit recipe of sequential deposition via thermal evaporation.
Deposition time is in minutes and vertical dashed lines indicate when a deposition element was changed. (b)
Depth profile of the deposited film measured using SR-XPS. Sputtering time is in minutes and the filled blue
circles indicate the stoichiometric ratio of K to Sb; the open green triangles indicate the stoichiometric ratio

of Cs to Sb. (c) SR-XPS spectra used to obtain depth profile. The black dotted lines are eye guides for peak
positions of each element. The data labels are sputtering times in minutes.

to antimony (Sb) was approximately two for as-grown films (i.e., prior to sputtering). The results indicate that
the films have excess cesium at the surface with respect to the theoretical stoichiometry of crystalline potassium
cesium antimonide K,CsSb. We cannot conclude whether excess cesium is forming a cesium monolayer on
the surface or is incorporated in the films. Regardless, the results provide the important insight that using our
described recipe, excess cesium exists on the surface of deposited potassium cesium antimonide.

It is common knowledge that cesium termination of alkali antimonide films leads to a higher QE, and we
deposit cesium as the last step in our recipe. Therefore, it is not a surprise that our films possess excess cesium
at the surface. What was surprising, however, was the results of depth profiling. We observed an immediate
decrease in the ratio of potassium and cesium to antimony with respect to film depth (Fig. 2 (b)). The rate of
decrease was nearly linear with distance and was constant throughout the entire film thickness.

After determining that our films did not possess the stoichiometry of crystalline K,CsSb, we increased the
potassium content during deposition in an attempt to achieve that stoichiometry (using the sequential excess
potassium [Seq-ep] method). We hypothesized that the excess cesium at the surface of our films is due to a
potassium deficit for cesium to diffuse into the film. Fig. 3 (a) shows the QE to deposition time plot for the Seq-
ep method. Specifically, we waited until the QE dropped off completely rather than stopping at the peak during
potassium deposition. All other procedures were maintained. With this adjustment, we did not observe much
change in the maximum QE of the films, which was approximately 7% with 532 nm excitation. We transported
the films for SR-XPS using the vacuum suitcase for further investigation via depth profiling. Fig. 3 (b) shows the
stoichiometry ratio of K and Cs to Sb.

Interestingly, we observed an immediate difference in surface elemental composition: It was close to K,CsSb
and without excess cesium. Even more interesting was that the stoichiometry of K,CsSb was maintained
considerably deeper into the films, in contrast to the films deposited using our conventional K-deficit method.
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Fig. 3. (a) The QE of alkali antimonide photocathode thin films with 532 nm excitation during deposition.
The films were deposited using the excess potassium recipe of sequential deposition via thermal evaporation
(Seq-ep method). Deposition time is in minutes, and the vertical dashed line indicates when a deposition
element was changed. (b) Depth profile of the deposited film measured using SR-XPS. Sputtering time is in
minutes and the filled blue circles indicate the stoichiometric ratio of K to Sb; open green triangles indicate the
stoichiometric ratio of Cs to Sb. (c) SR-XPS spectra used to obtain depth profile. The black dotted lines are eye
guides for peak positions of each element. The data labels are sputtering times in minutes.
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Fig. 4. Oxygen exposure-dependent measurement results of QE with 532 nm excitation for alkali antimonide
photocathodes deposited using our Seq-ep (filled red circles) and conventional (open black squares) methods.
The exposure is in Langmuir. The inset shows the exposure in pressure (Pa). Purple arrows are for eye guide to
show the improved robustness for K-sufficient photocathode (i.e., deposited using the Seq-ep method).

These results suggest that increasing the potassium content in sequential deposition of potassium cesium
antimonide could have supplied sufficient potassium for cesium to react to form the theoretical stoichiometry of
KzCsSb. However, obtaining the same maximum QE for films with a clear difference in surface stoichiometries
and depth profiles emphasizes the need for caution in assuming the stoichiometry of alkali antimonide
photocathode thin films based on their QE. Our results indicate that this is especially true for sequentially
deposited alkali antimonide thin films. Our depth profiles suggest cesium diffusion is enhanced for the K
sufficient films compared the K deficit films. A possible explanation is that there is a difference in the average
density of atomic packing for K-Sb films deposited by the two methods. Specifically, an in situ x-ray diffraction
study on sequential thermal deposition of K-Cs-Sb films has revealed that cubic K,Sb coexists with hexagonal
K,Sb prior to the cesium deposition®’. K-Sb in our K-sufficient films may have lower average density atomic
packing structure, for example, with increased cubic K,Sb crystal structure compared to hexagonal K,Sb.

Following stoichiometric evaluations, we proceeded with photocathode robustness tests against corrosive
gases. We used different samples made under the same procedures for robustness tests and XPS depth profiling.
QE for all samples was 6.3-6.6% at 532 nm. Specifically, we performed pressure-dependent measurements of QE
with 532 nm excitation under oxygen gas.

The results are shown in Fig. 4 in oxygen exposure and pressure. Unexpectedly, films deposited using our
Seq-ep method did not exhibit a QE decrease, even at one order of magnitude higher pressure, compared to
those deposited using the conventional K-deficit method. QE remain unchanged until the pressure reached
4.5x107° Pa for films deposited using the Seq-ep method and until 4.0 x 1077 Pa for films deposited using the
conventional K-deficit method. These results again highlight the importance of synthesizing potassium cesium
antimonide with high enough potassium content to obtain the theoretical stoichiometry of crystalline K,CsSb
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for achieving both high QE and improved robustness. The slight QE increase for films deposited using the
conventional K-deficit method as pressure increases from 1.2x1078 Pa to 4.0x 1077 Pa is another distinct
difference between K-deficit and K-sufficient films. The QE increase is consistent with a previous report* and
could be due to surface dipole formation from oxidation of the cesium surface layer as is the case for GaAs.
Cesiating GaAs surfaces and exposing them to oxygen to form negative-affinity surfaces as electron sources
for accelerators is an established technique. This could imply that excess cesium on our potassium cesium
antimonide deposited using the conventional K-deficit method is at the film surface.

Density functional theory (DFT) calculations were performed to gain insight into the origin of robustness
difference of photocathodes with different compositions. The surfaces of K,CsSb were represented in a three-
dimensional periodic-boundary condition simulation with a vacuum gap in the direction perpendicular to
the surface. In the supercell, the vacuum distance normal to the slab was larger than 20 A to eliminate the
interactions between the replicas due to the periodic boundary conditions in the direction normal to the surface.
The low index (111) surfaces of K,CsSb were considered. The adsorption energy of oxygen molecules on the
surface is defined as.

Eads = Etotal - (Eslab + EOZ)’

where E_  is total energy after the adsorption of O, on K,CsSb, and E , is the total energy of the slab. A
negative value of E_; corresponds to an exothermic process, which means oxygen molecules will spontaneously
adsorb on the surface®.

Figure 5 shows the structures of clean surfaces of K,CsSb and the surfaces after O, adsorption. Surfaces of
potassium cesium antimonide with different potassium and cesium terminations and contents were considered:
clean (111) surface terminated with one K layer (surface 1), surface terminated with two K layers (surface 2),
surface terminated with one layer of Cs (surface 3), and finally surface 3 with an additional Cs layer on top (surface
4). Oxygen molecules were adsorbed onto each surface, and the corresponding binding energies were calculated
using the described equation. We obtained -2.17, -2.24, -4.53, and -5.35 eV for these surfaces, respectively.
The large negative binding energies indicate that oxygen molecules chemically react with these surfaces. The
binding strengths of oxygen molecules on Cs-terminated surfaces (-4.53 eV for surface 3 and -5.35 eV for surface
4) are clearly stronger than those on K-terminated surfaces (-2.17 eV for surface 1 and -2.24 eV for surface
2). This implies that oxygen molecules have much stronger chemical reactivity with Cs-terminated surfaces
than K-terminated surfaces such that oxidation progresses rapidly to cause the QE decrease. These results are
consistent with our experimental results, according to which photocathodes with Cs termination and higher Cs
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Fig. 5. (Top half) Structures of clean surface of K,CsSb (111) and the surfaces with different terminations
used for DFT calculations. Each surface is labeled surface 1-4. (Bottom half) The clean surfaces after O,
adsorption. There are side view images (top) and top view images. Purple circles indicate potassium, brown
circles indicate antimony, green circles indicate cesium, and red circles indicate oxygen.
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Fig. 6. Illustration of the different elemental compositions of alkali antimonide photocathode thin films
revealed by SR-XPS depth profiling. (a) K-deficit thin film deposited by our original recipe. (b) K-sufficient
thin film deposited by the modified recipe. The left side is surface/vacuum where films were sputtered, and
the right side is substrate. The purple region represents K,CsSb, green region represents Cs, and blue region
represents Cs&K with gradation indicating decrease in its stoichiometric ratio to Sb. The amount of Sb is
indicated by the red line with higher content towards top. The graph on top for (a) is Fig. 2 (b) and the graph
for (b) is Fig. 3 (b).

content on the surface have less robustness towards oxygen compared to those with crystalline stoichiometry.
The progression of oxidation beyond the surfaces is expected to be via structural defects and grain boundaries.

A summary of the results of this study is presented in Fig. 6, which illustrates the different elemental
compositions of alkali antimonide photocathode thin films revealed by SR-XPS depth profiling. Specifically,
films deposited using the conventional K-deficit method that stops potassium deposition at the QE peak have
excess cesium at the surface and an immediate decrease in the ratio of cesium and potassium to antimony with
depth. The rate of decrease was linear with respect to the distance throughout the entire film. Therefore, these
films only possessed a very thin layer of crystalline K,CsSb stoichiometry beneath the excess cesium layer at the
surface, if any. However, films deposited using our Seq-ep method, which stops potassium deposition only after
the QE drops off completely have crystalline K,CsSb stoichiometry that persists throughout half of the entire
film thickness. After that, the ratio of cesium and potassium to antimony decreases linearly, similar to films
deposited using the conventional K-deficit method.

Methods

Substrates for K,CsSb photocathodes

Graphene-coated molybdenum substrate was used for XPS depth profiling of K-deficit K,CsSb photocathode
(deposited by conventional method). Graphene-coated silicon substrates were used for XPS depth profiling of
K-sufficient K,CsSb photocathodes (deposited by the Seq-ep method) and oxygen exposure of both K-deficit
and K-sufficient K,CsSb photocathodes. QE for all samples was 6.3-6.6% at 532 nm.

SR-XPS measurements and depth profiling
SR-XPS measurements were performed using beamline BL7U of the Aichi Synchrotron Radiation Center. All
SR-XPS spectra were measured with 400 eV of the x-ray incident energy, thus, the analysis depth is approximately
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1 nm from the surface. We used an argon ion gun at 3 keV to sputter the sample surface and performed SR-XPS
after different accumulated sputtering times for depth profiling.

SR-XPS data analysis

SR-XPS data analysis was performed using CasaXPS software. After subtraction of Shirley background, the K
2p, Cs 4d and Sb 4d peak areas were used to determine elemental compositions, taking their cross-sections into
account. The stoichiometric ratio of K and Cs was normalized to that of Sb.

Photocathode robustness tests

Photocathode robustness tests were performed using a gas induction chamber connected to an alkali antimonide
thin film deposition chamber. The deposition chamber and robustness test chamber are separated by a gate valve.
The system is equipped with a transfer rod capable of transferring photocathodes between the two chambers
without exposure to air. A variable leak valve on the gas induction chamber controls gas leak to maintain 1078 Pa.
Oxygen gas is connected to the leak valve, and the QE of photocathodes is monitored using a 532 nm excitation
source, a metal ring anode, and a picoammeter as the gas is induced into the gas induction chamber. We used
different samples made under the same procedures for robustness tests and XPS depth profiling.

DFT calculations

Calculations were performed using a projector augmented wave (PAW) method as implemented in the Vienna
ab initio simulation package (VASP)*>%. Plane wave basis sets with a cutoff energy of 500 eV were used. The
generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) functional was used to
represent the exchange-correlation interaction®. The Sb 5s5p, Cs 5s5p6s, K 3p4s, and O 2s2p electrons were
treated as valence electrons. The energy convergence was set to 107 eV, and the residual force on each atom was
smaller than 0.01 eV/A for structural relaxations.

Data availability statement
The datasets generated and analyzed during the current study are available from the corresponding author on
reasonable request.

Received: 27 August 2024; Accepted: 20 January 2025
Published online: 23 January 2025

References

1. Chapman, H. N. et al. Femtosecond X-ray protein nanocrystallography. Nature 470, 73-77. https://doi.org/10.1038/nature09750
(2011).

2. Minitti, M. P. et al. Imaging molecular motion: Femtosecond X-ray scattering of an electrocyclic chemical reaction. Phys. Rev. Lett.
114, 255501. https://doi.org/10.1103/PhysRevLett.114.255501 (2015).

3. Boutet, S. et al. High-resolution protein structure determination by serial femtosecond crystallography. Science 337, 362-364.
https://doi.org/10.1126/science.1217737 (2012).

4. Margaritondo, G. & Ribi, P. R. A simplified description of X-ray free-electron lasers. J. Synchrotron Radiat. 18, 101-108. https://do
i.0rg/10.1107/8090904951004896X (2011).

5. Huang, Z. & Kim, K. J. Review of x-ray free-electron laser theory. Phys. Rev. Accel. Beams 10, 034801. https://doi.org/10.1103/Phy
sRevSTAB.10.034801 (2007).

6. Akre, R. et al. Commissioning the linac coherent light source injector. Phys. Rev. Accel. Beams 11, 030703. https://doi.org/10.1103
/PhysRevSTAB.11.030703 (2008).

7. O’Shea, P. G. High-brightness rf photocathode guns for single pass X-ray free-electron lasers. Nucl. Instrum. Method. Phys. Res Sect.
A. 358, 36-39. https://doi.org/10.1016/0168-9002(94)01501-5 (1995).

8. Srinivasan-Rao, T, Fischer, J. & Tsang, T. Photoemission studies on metals using picosecond ultraviolet laser pulses. J. Appl. Phys.
69, 3291-3296. https://doi.org/10.1063/1.348550 (1991).

9. Anjum, E, Nasir, H,, Lee, J. & Kim, H. J. Fabrication and characterization of silver polycrystalline photocathode. Optik 269, 169906.
https://doi.org/10.1016/j.ijle0.2022.169906 (2002).

10. Dmitriev, V. G., Gurzadyan, G. G. & Nikogosyan, D. N. Handbook of Nonlinear Optical Crystals (Springer-Verlag, 1995).

11. Guo, L., Kuriki, M., Iijima, H. & Uchida, K. NEA surface activation of GaAs photocathode with different gases. Surf. Sci. 664,
65-69. https://doi.org/10.1016/j.susc.2017.06.001 (2017).

12. Nishimori, N. et al. Operational experience of a 500 kV photoemission gun. Phys. Rev. Accel. Beams 22, 053402. https://doi.org/10
.1103/PhysRevAccelBeams.22.053402 (2019).

13. Akemoto, M. et al. Construction and commissioning of the compact energy-recovery linac at KEK. Nucl. Instrum. Method. Phys.
Res. Sect. A. 877, 197. https://doi.org/10.1016/j.nima.2017.08.051 (2018).

14. Chanlek, N. et al. The degradation of quantum efficiency in negative electron affinity GaAs photocathodes under gas exposure. J.
Phys. D: Appl. Phys. 47, 055110. https://doi.org/10.1088/0022-3727/47/5/055110 (2014).

15. Kong, S. H., Nguyen, D. C,, Sheffield, R. L. & Sherwood, B. A. Fabrication and characterization of cesium telluride photocathodes:
A promising electron source for the Los Alamos advanced FEL. Nucl. Instrum. Method. Phys. Res. Sect. A. 358, 276. https://doi.org
/10.1016/0168-9002(94)01279-2 (1995).

16. Filippetto, D., Qian, H. & Sannibale, E. Cesium telluride cathodes for the next generation of high-average current high-brightness
photoinjectors. Appl. Phys. Lett. 107, 042104. https://doi.org/10.1063/1.4927700 (2015).

17. Juarez-Lopez, D. P. et al. Photocathodes for the electron sources at FLASH and European XFEL 2024. J. Phys.: Conf. Ser. 2687,
032009. https://doi.org/10.1088/1742-6596/2687/3/032009 (2024).

18. Bazarov, L. et al. Thermal emittance measurements of a cesium potassium antimonide photocathode. Appl. Phys. Lett. 98, 224101.
https://doi.org/10.1063/1.3596450 (2011).

19. Dunham, B. et al. Record high-average current from a high-brightness photoinjector. Appl. Phys. Lett. 102, 034105. https://doi.or
¢/10.1063/1.4789395 (2013).

20. Ruiz-Osés, M. et al. Direct observation of bi-alkali antimonide photocathodes growth via in operando x-ray diffraction studies.
APL Mater. 2, 1201. https://doi.org/10.1063/1.4902544 (2014).

21. Cultrera, L. et al. Alkali antimonides photocathodes growth using pure metals evaporation from effusion cells. Phys. Rev. Accel.
Beams 18, 113401. https://doi.org/10.1116/1.4936845 (2015).

Scientific Reports |

(2025) 15:2900 | https://doi.org/10.1038/s41598-025-87603-6 nature portfolio


https://doi.org/10.1038/nature09750
https://doi.org/10.1103/PhysRevLett.114.255501
https://doi.org/10.1126/science.1217737
https://doi.org/10.1107/S090904951004896X
https://doi.org/10.1107/S090904951004896X
https://doi.org/10.1103/PhysRevSTAB.10.034801
https://doi.org/10.1103/PhysRevSTAB.10.034801
https://doi.org/10.1103/PhysRevSTAB.11.030703
https://doi.org/10.1103/PhysRevSTAB.11.030703
https://doi.org/10.1016/0168-9002(94)01501-5
https://doi.org/10.1063/1.348550
https://doi.org/10.1016/j.ijleo.2022.169906
https://doi.org/10.1016/j.susc.2017.06.001
https://doi.org/10.1103/PhysRevAccelBeams.22.053402
https://doi.org/10.1103/PhysRevAccelBeams.22.053402
https://doi.org/10.1016/j.nima.2017.08.051
https://doi.org/10.1088/0022-3727/47/5/055110
https://doi.org/10.1016/0168-9002(94)01279-2
https://doi.org/10.1016/0168-9002(94)01279-2
https://doi.org/10.1063/1.4927700
https://doi.org/10.1088/1742-6596/2687/3/032009
https://doi.org/10.1063/1.3596450
https://doi.org/10.1063/1.4789395
https://doi.org/10.1063/1.4789395
https://doi.org/10.1063/1.4902544
https://doi.org/10.1116/1.4936845
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

22. Feng, ]. et al. Near atomically smooth alkali antimonide photocathode thin films. J. Appl. Phys. 121, 044904. https://doi.org/10.10
63/1.4974363 (2017).

23. Ding, Z. et al. In-situ synchrotron x-ray characterization of K,CsSb photocathode grown by ternary co-evaporation. J. Appl. Phys.
121, 055305. https://doi.org/10.1063/1.4975113 (2017).

24. Guo, L., Kuriki, M., Yokota, A., Urano, M. & Negishi, K. Substrate dependence of CsK2Sb photo-cathode performance. Prog. Theor.
Exp. Phys. 2017, 033GO1. https://doi.org/10.1093/ptep/ptx030 (2017).

25. Sertore, D. et al. R&D Activity on Alkali-Antimonied Photocathodes at INFN-Lasa. In 9th International Particle Accelerator
Conference, https://doi.org/10.18429/JACoW-IPAC2018-THPMF088 (Vancouver, BC, Canada, 2018).

26. Guo, L. & Katoh, M. pn-type substrate dependence of CsK,Sb photocathode performance. Phys. Rev. Accel. Beams 22, 033401. htt
ps://doi.org/10.1103/PhysRevAccelBeams.22.033401 (2019).

27. Wang, E. et al. Long lifetime of bialkali photocathodes operating in high gradient superconducting radio frequency gun. Sci. Rep.
11, 4477. https://doi.org/10.1038/s41598-021-83997-1 (2021).

28. Mohanty, S. K. et al. Development and characterization of multi-alkali antimonide photocathodes for high-brightness RF
photoinjectors. Micromachines 14(6), 1182. https://doi.org/10.3390/mil4061182 (2023).

29. Guo, L. et al. Rugged bialkali photocathodes encapsulated with graphene and thin metal film. Sci. Rep. 13, 2412. https://doi.org/10
.1038/s41598-023-29374-6 (2023).

30. Zhou, E. et al. Commissioning of the SLAC linac coherent light source II electron source. Phys. Rev. Accel. Beams 24, 073401. http
s://doi.org/10.1103/PhysRevAccelBeams.24.073401 (2021).

31. Zhou, E, Adolphsen, C., Dowell, D. & Xiang, R. Overview of CW electron guns and LCLS-II RF gun performance. Front. Phys.
https://doi.org/10.3389/fphy.2023.1150809 (2023).

32. Kunieda, H., Takashima, Y., Okajima, T. & Takeda, Y. 10 years of aichi synchrotron radiation center impact on industrial and
academic research and developments. J. Phys.: Conf. Ser. 2380, 012001. https://doi.org/10.1088/1742-6596/2380/1/012001 (2022).

33. Guo, L. et al. Graphene as reusable substrate for bialkali photocathodes. Appl. Phys. Lett. 116, 251903. https://doi.org/10.1063/5.0
010816 (2020).

34. Michelato, P, Pagani, C., Sertore, D. & Valeri, S. Multialkali Thin Photocathodes for High Brightness Guns. In 4th European
Particle Accelerator Conf., 1456-1458 (London, UK, 1994).

35. Wang, G., Pandey, R., Moody, N. A. & Batista, E. R. Degradation of alkali-based photocathodes from exposure to residual gases: A
first-principles study. J. Phys. Chem. C 121(15), 8399-8408. https://doi.org/10.1021/acs.jpcc.6b12796 (2017).

36. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B. 59, 1758. https:/
/doi.org/10.1103/PhysRevB.59.1758 (1999).

37. Kresse, G. & Furthmiiller, J. Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave
basis set. Comput. Mater. Sci. 6, 15-50. https://doi.org/10.1016/0927-0256(96)00008-0 (1996).

38. Perdew, J. P, Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 3865-3868. https://
doi.org/10.1103/PhysRevLett.77.3865 (1996).

Acknowledgements

The authors acknowledge Dr. Jinlin Zhang of Los Alamos National Laboratory (LANL) and Mr. Yang Hyun Auh
of Texas A&M University for their support in preparation of graphene-coated substrates and SR-XPS data anal-
ysis, respectively. The work was financially supported by JSPS KAKENHI Grant Number JP21K17994 (Grant-
in-Aid for Young Scientists). The work was also financially supported by the High Energy Accelerator Research
Organization (KEK), Japan, for the Japanese team, and the U.S. Department of Energy Office of Science for the
U.S. team under the U.S.-Japan Science and Technology Cooperation Program in High Energy Physics and
JSPS KAKENHI grant numbers JP23K04578 and JP17KK0125. DFT calculations were supported by the LANL
Laboratory Directed Research and Development (LDRD) Program through Directed Research (DR) project
“Cathodes and Rf Interactions in Extremes (CARIE)” (Project #20230011DR).

Author contributions

LG conceived and organized the project. LG and KS designed and fabricated vacuum suitcases, performed pho-
tocathode depositions and QE measurements, transported photocathodes, and performed SR-XPS measure-
ments and data analysis with supports from YT. MN and ST assisted in vacuum suitcase designs and SR-XPS
experiments. YO assisted SR-XPS data analysis under supervision of SO. HY provided graphene-coated sub-
strates. GW performed DFT calculations. LG acquired funding to fabricate vacuum suitcases and transport
photocathodes. HY and MY acquired funding for photocathode deposition and robustness testing chambers.
HY wrote the manuscript with inputs from LG. All authors reviewed the manuscript.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2025) 15:2900 | https://doi.org/10.1038/541598-025-87603-6 nature portfolio


https://doi.org/10.1063/1.4974363
https://doi.org/10.1063/1.4974363
https://doi.org/10.1063/1.4975113
https://doi.org/10.1093/ptep/ptx030
https://doi.org/10.18429/JACoW-IPAC2018-THPMF088
https://doi.org/10.1103/PhysRevAccelBeams.22.033401
https://doi.org/10.1103/PhysRevAccelBeams.22.033401
https://doi.org/10.1038/s41598-021-83997-1
https://doi.org/10.3390/mi14061182
https://doi.org/10.1038/s41598-023-29374-6
https://doi.org/10.1038/s41598-023-29374-6
https://doi.org/10.1103/PhysRevAccelBeams.24.073401
https://doi.org/10.1103/PhysRevAccelBeams.24.073401
https://doi.org/10.3389/fphy.2023.1150809
https://doi.org/10.1088/1742-6596/2380/1/012001
https://doi.org/10.1063/5.0010816
https://doi.org/10.1063/5.0010816
https://doi.org/10.1021/acs.jpcc.6b12796
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports | (2025) 15:2900 | https://doi.org/10.1038/s41598-025-87603-6 nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Improved robustness of sequentially deposited potassium cesium antimonide photocathodes achieved by increasing the potassium content towards theoretical stoichiometry
	﻿Results and discussion
	﻿Methods
	﻿Substrates for K﻿2﻿CsSb photocathodes
	﻿SR-XPS measurements and depth profiling
	﻿SR-XPS data analysis
	﻿Photocathode robustness tests
	﻿DFT calculations

	﻿Data availability statement
	﻿References


