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ABSTRACT

Alkali antimonide semiconductor photocathodes provide a promising platform for the generation of high-brightness electron beams, which
are necessary for the development of cutting-edge probes, including x-ray free electron lasers and ultrafast electron diffraction. Nonetheless,
to harness the intrinsic brightness limits in these compounds, extrinsic degrading factors, including surface roughness and contamination,
must be overcome. By exploring the growth of Cs,Sb thin films monitored by in situ electron diffraction, the conditions to reproducibly
synthesize atomically smooth films of CsSb on 3C-SiC (100) and graphene-coated TiO, (110) substrates are identified, and detailed struc-
tural, morphological, and electronic characterization is presented. These films combine high quantum efficiency in the visible (up to 1.2% at
400 nm), an easily accessible photoemission threshold of 566 nm, low surface roughness (down to 600 pm on a 1 ym scale), and a robustness
against oxidation up to 15 times greater than Cs3Sb. These properties lead us to suggest that CsSb has the potential to operate as an alternative
to Cs3Sb in electron source applications where the demands of the vacuum environment might otherwise preclude the use of traditional alkali
antimonides.

© 2023 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/10.1063/5.0166334

and electron linear colliders.”” Generation of pulsed electron
beams is accomplished via photoemission of electrons from specif-

I. INTRODUCTION
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High-brightness electron beams are an essential ingredient
in a variety of modern scientific applications, which require high
charge and ultrashort electron pulses. These applications range
from x-ray free electron lasers (FELs)"” to fs-scale ultrafast elec-
tron microscopes’~ and to electron-based hadron cooling systems

ically tailored materials characterized by high quantum efficiency
(QE, photoemitted electrons per incident photon). To ensure high
brightness of the resulting beam, the intrinsic emittance of the
material (a measurement of the momentum spread of the photoelec-
trons) must be minimized”’ by limiting the physical and chemical
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roughness of the surface of the sample.'” One class of materials
identified by accelerator scientists as high efficiency photocathode
candidates are alkali antimonide semiconductors: AA}Sb (A, A’=Cs,
K, Na, Rb, including A = A")."" These compounds are characterized
by QE’s of 107% to 107" at ~550 nm'” and by mean transverse ener-
gies (MTEs) below 180 meV at 532 nm, which can be further reduced
by operating near the photoemission threshold and at low tempera-
ture. These low MTEs are relevant, for example, for next generation
high repetition rate FELs.'""* Unfortunately, this class of materials
is also extremely sensitive to oxidation—which tends to suppress
the photocathode efficiency and enlarge the MTE."" Alkali anti-
monides have stringent vacuum requirements, demanding pressures
below 107'% Torr to be handled without significant degradation,'’
which limits the scope of their applicability. Additionally, the high
vapor pressure of alkali metals at ambient temperatures presents a
challenge to the synthesis of smooth, ordered films.'* ' Because sur-
face disorder induces emittance degradation and reduces the utility
of the photocathode, significant effort has been devoted to finding
ways to reduce the crystalline disorder of these materials. Recent
advances include both improving the as-grown film properties
(smoothness, homogeneity) through new synthesis techniques”””’
as well as finding ways to increase their robustness against con-
tamination and aging, for example by encapsulating them in
2D materials.””*’

In this article, we explore the phase diagram of Cs,Sb using a
variety of in situ and operando probes of the structure, morphol-
ogy, and photoemission properties of the resulting films. We identify
another member of the alkali antimonide family, CsSb, as a visible
light photoemitter, which can be grown in crystalline, ultra-flat films
characterized by surface roughness better than 1 nm on a 1 ym scale
and quantum efficiency up to 1.2% at 400 nm. This phase is found
to be substantially more resilient to oxygen contamination than its
more commonly synthesized cousin, Cs3Sb, which may extend the
operational lifetime of the cathodes in the demanding environment
of a photoinjector cavity. The photoemission threshold of CsSb is
found to be around 566 nm, close to the second harmonic of many
high repetition rate lasers currently used in linear accelerator pho-
toinjectors (~532 nm).”* This means that near-threshold operation
of CsSb photocathodes would be achievable without major modifica-
tion to existing optical assemblies, in addition to making use of alkali
antimonide deposition systems already in use in several accelerator
laboratories.

The recent achievement of epitaxial single-oriented Cs3Sb
films'? was in large part made possible through the use of reflection
high energy electron diffraction (RHEED) as a structural diagnostic
during growth. This technique is a mainstay of traditional semicon-
ductor, metal, and oxide film growth by molecular-beam epitaxy
(MBE); however, to date, it has been infrequently employed in pho-
tocathode preparation, where the traditional operando diagnostic is
the QE.””" By monitoring the structure of the sample during depo-
sition, using RHEED, we identify various growth regimes of Cs,Sb
as a function of the growth temperature, including the stabilization
of ordered films of CsSb. We study the chemical composition of
the resulting films using x-ray photoemission spectroscopy (XPS),
their morphology using scanning tunneling microscopy (STM),
and their electronic structure using angle resolved photoemission
spectroscopy (ARPES).

ARTICLE pubs.aip.org/aip/apm

Il. SYNTHESIS

We begin with an overview of the growth of CsxSb photocath-
odes over a range of conditions with the structure monitored during
growth using RHEED and the QE measured directly afterward.
Because the cesium desorption rate from the sample is strongly tem-
perature dependent on the range explored here, adsorption control
of the stoichiometry can be accomplished by oversupplying cesium
and varying the substrate temperature, rather than by varying the
Cs:Sb flux ratio. The quantum efficiency of a set of samples grown
under similar flux conditions (cf. Sec. VIII A) is depicted in Fig. 1(a).
Using RHEED, we identify three distinct regimes of film growth
across the explored temperature range. At low temperatures, regime
(I), around 40 °C, the high efficiency Cs3Sb phase is formed with QE
ranging from 3% to 10%. When films are codeposited at this tem-
perature, they are polycrystalline and form textured ring patterns in
RHEED, shown in Fig. 1(b). Once formed, however, this phase is sta-
ble against Cs loss at higher temperatures and can be annealed up to
~85 °C to order the domains and, on an appropriate substrate, pro-
duce an epitaxial film while maintaining 1% level QE in the green."”
When films are deposited at higher temperatures, ~90 °C, regime
(II), the RHEED patterns show less well-defined rings and some
faint streaks. While the QE of these samples remains reasonably high
(~107% at 504 nm), RHEED indicates decreased crystallinity and a
lack of ordering. However, when the substrate temperature is fur-
ther increased, exceeding 100 °C, regime (III), a new phase emerges,
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FIG. 1. Quantum efficiency (QE) of Cs,Sb photoemitters, 1 < x < 3. (a) QE (in
the green) as a function of growth temperature. Samples grown by codeposi-
tion at a single temperature are shown as circles and diamonds; samples using
the solid-phase epitaxy approach of Ref. 19 are depicted as lines connecting the
deposition and annealing temperatures. (b) RHEED pattern of a 18.6 nm thick,
textured, high-efficiency Cs3Sb film grown at low temperature. (c) RHEED pattern
of a 14 nm thick, textured, medium-efficiency film in the intermediate regime. (d)
and (e) RHEED patterns of 14 nm thick, fiber-texture CsSb films codeposited at
temperatures above 100 °C. (b)-(e) A logarithmic intensity scale is used; quoted
QEs are measured at 504 nm.
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which is characterized by the streaked RHEED pattern shown in
Figs. 1(d) and 1(e). Spectroscopic measurements identify the stoi-
chiometry of this phase to be CsSb. No azimuthal dependence of
the RHEED streaks is observed, indicating no preferential in-plane
orientation of the films. Nonetheless, the absence of rings indicates
alignment of the out-of-plane axes of the grains, and the lack of ver-
tical modulation indicates smooth, terraced growth of a so-called
“fiber textured” film.”’

The sample thicknesses can be estimated from the measured
Sb flux and the areal number densities of the identified phases.
All regime (III) samples were 14 nm thick, while the regime
(II) samples were 14 nm [QE(504 nm) = 0.8 x 107*] and 74 nm
[QE(504 nm) = 3 x 10~°] thick. For comparison, the QE of the epi-
taxial Cs3Sb samples, which are less than 10 nm thick,"” is about
2% at 532 nm. Therefore, the QE values associated with the three
regimes are distinct, despite the expected variations due to thickness.
Although the QE of films grown in regime (III) is reduced (rang-
ing from 1.1 x 107 to 1.4 x 107 at 504 nm) compared to Cs3Sb,
these films remain visible light photoemitters. The growth window
for this particular phase is ~30°C wide, with the quantum effi-
ciency dropping below 107 at higher growth temperatures. For this
film series, the §rowth windows were identified using Cs fluxes of
~1.6 — 3.0 x 10 at/cm?/s; in general, the temperature boundaries
are expected to depend on the chosen elemental flux owing to com-
petition between deposition and re-evaporation of the Cs vapor at
elevated growth temperatures.

The remainder of this work is concerned with the study of
films in regimes (II) and (III), including their morphology and
photoemission properties. We note that in regime (III), fiber-
textured films are produced on both of the substrates investigated
here, 3C-SiC (100) and monolayer graphene deposited on rutile
TiO, (110). No discernible differences in either the RHEED pat-
terns or QE were observed between films grown on the two sub-
strates, indicating that they both provide reasonable platforms for
the synthesis of CsSb.

lll. X-RAY PHOTOELECTRON SPECTROSCOPY

In Figs. 2(a) and 2(b), we report the Cs 3d and Sb 3d XPS
spectra of three Cs,Sb samples grown on graphene/TiO; (110)
at different substrate temperatures (Ty,;) : one in growth regime
(II) (T4 = 94°C) and two grown at higher temperature in regime
(1II). In Fig. 2(a), the Cs 3ds;» peak position is close to the Cs*

pubs.aip.org/aip/apm

TABLE 1. Composition of 14 nm thick CsSb samples obtained by XPS as a function of
growth temperature, T, and photoelectron emission angle: normal emission = 0°,
grazing emission = 70°. At grazing emission, the probe depth is reduced by a factor
of ~3, enhancing sensitivity to the sample surface.

T (°C) 0° 70°

94 Cs0.5100.12Sbo.37 Cs0.5300.21Sbo.26
100 Cs0.4800.11Sbo.41 Cs0.5100.13Sbo 36
129 Cs0.4800.07Sbo.45 Cs0.4900.09Sbo.41

reference energy (752.2 eV) for all the samples, though some shift
toward higher binding energies was observed with decreasing T,y
The peak at ~730.9 eV is attributable to the Mg Kas satellite of
the Cs 3ds/; peak, although the intensity ratio between the peaks,
exceeding 8%, does not exclude some plasmon contribution. In
contrast to measurements of high QE Cs3Sb” and metallic Cs,”
no strong plasmon peaks were observed in these samples. The Sb
3ds); peak position, 527.45-527.65 eV, falls between the binding
energies of Sb° metal (528.3 eV) and Sb> in Cs3Sb (526.1 eV)
reference samples (a comparison is reported in the supplementary
material). In previous studies of Cs-Sb compounds, this binding
energy value has been attributed to Sb° (either bulk or “atomic”),””!
while others attributed it to different phases of the Cs-Sb sys-
tem, such as CsSb or CssSby.'* However, evaluation of the Sb
Auger parameter in the present films is consistent with reduced
Sb in Cs3Sb rather than with Sb metal. Estimates of the sample
composition, reported in Table I, are close to Cs:Sb = 1:1, which
leads us to attribute the observed Sb 3ds/, binding energy value to
Sb'~ species.

To enhance surface sensitivity and examine the presence of
surface oxidation, the spectra of Fig. 2 were collected in glancing
emission.'” The O 1s spectrum ([528, 534] eV) overlaps with the
Sb 3d peaks; the spin-orbit splitting of the Sb 3d3/,-3ds/, peaks can
be exploited to isolate the oxygen contribution using the methods
of Ref. 15; the results are shown in Fig. 2(c). In all three samples,
we observe some contribution from oxygen species, likely origi-
nating from exposure during the vacuum suitcase sample transfer
between the MBE and STM-XPS systems.]‘”; For comparison, the
XPS spectra measured in situ, reported in Figs. S5(c) and S6(a) of
the supplementary material, do show appreciable spectral weight at
the O 1s binding energies. We observe O 1s binding energies of

= (a) Cs 3d 0 1+ (b) Sb3d 0 3- (c)O1s Growt&;l’gmp_
G 20 1.0 i — 100°C
2 — 129°C
£ - 014+
B
N10F F
ﬁ -
£
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z 0.0
(X0}l S e e R OO0 14y u by a1y o I I I B |
745 740 735 730 725 720 540 535 530 525 534 532 530 528

Binding Energy (eV)

FIG. 2. Background subtracted XPS spectra in the (a) Cs 3d, (b) Sb 3d, and (c) O 1s regions for 14 nm thick samples grown at different substrate temperatures; intensity is
normalized to the Sb 3ds, peak. Literature reference energies for Cs?, Cs'*, and Sb®~ are provided as gray lines*”** in addition to a metallic Sb sample (Sb°) measured
in the same XPS system.'® Measurements presented here were performed at a grazing emission angle of 70°; normal emission data are available in the supplementary

material.

APL Mater. 11, 101125 (2023); doi: 10.1063/5.0166334
© Author(s) 2023

11,101125-3

6%:0€:L) €20C 1990100 €2


https://pubs.aip.org/aip/apm

APL Materials ARTICLE

531.2 and 528.7-529 eV, the latter close to the expected Sb 3d3/,
satellite (~528.4 eV). Both energies fall into the range associated with
metal oxides,” and in particular, the former is close to the binding
energy associated with peroxide species in Cs;0; (529.9-531.0 eV)**
or with antimony suboxide.”

The surface composition of the samples of Fig. 2 was obtained
from the integrated intensity of Cs 3d, Sb 3d, and O Is spectra
normalized by their relative sensitivity factors and photoelectron
escape depth; the results are reported in Table I. From the less
surface-sensitive normal emission measurements, we observe that
the Cs:Sb ratio is closest to 1:1 for the sample grown at higher
temperature and that Cs content increases with decreasing growth
temperature. All samples were stored and transferred simultane-
ously from the MBE to the STM-XPS system; thus, they received
identical exposure to residual gasses. Therefore, the observed cor-
relation between the lower oxygen content and reduced Cs:Sb ratio
in samples grown at higher T\, indicates that stoichiometric CsSb
has an increased oxidation resistance over the Cs rich phases. The Cs
and O content is higher in the more surface sensitive measurements
at grazing emission, which is consistent with surface oxidation.
However, the differences between the spectra at different emission
angles (supplementary material) indicate that the compositional gra-
dient through the samples is minor, when compared to the typical
behavior of Cs3Sb where Cs segregation is observed in response
to any oxygen exposure. *’ Using the methods described in
Refs. 30 and 37, the XPS data can be modeled by a bottom layer
with composition Cs:Sb ~1 : 1 covered by a surface layer with com-
position Cs:O ~1: 1, consistent with a layer of Cs,O,, although
the model parameters cannot be unequivocally determined using
only two emission angles. The observed shift of the Cs 3d bind-
ing energy, and the less pronounced one of the Sb 3d peak, can
be explained by band-bending induced by Cs;0,,”* analogous to
observations of superficially oxidized Cs3Sb."” While a Cs,O; layer
is necessary to activate photoemission from GaAs at visible or
infrared wavelengths, the absence of O 1s peaks in in situ XPS
measurements performed immediately following the in situ QE mea-
surements indicates that the oxide layer is not required for visible
light photoemission in this material.

IV. SCANNING TUNNELING MICROSCOPY

The development of high-quality alkali antimonide thin
films has been stymied by their propensity to form rough or
disordered surfaces during growth, contributing to high MTEs of the
photoemitted electrons.'””” Recent advances, including the careful
choice of substrate and growth temperature, have helped to miti-
gate the surface roughness of Cs3Sb films,'”'”*' but the synthesis of
atomically ordered films still requires a delicate multi-step shuttered
growth procedure. One advantage of CsSb indicated by the RHEED
patterns in Figs. 1(d) and 1(e) is that smooth, terraced films may be
produced by codeposition at a single temperature. To quantify this,
the morphology of a set of MBE-grown CsSb films [on monolayer
graphene coated TiO; (110)] was investigated using STM, and the
results are summarized in Fig. 3 and in the supplementary material.
A sample grown in regime (II) at a lower temperature of ~94°C
shows a rough and disordered grain structure with a characteristic
grain size of ~85 nm (equivalent disk radius) and a root-mean-
square (rms) roughness of 1.4 nm averaged over grains. The surface

pubs.aip.org/aip/apm
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FIG. 3. STM images of 14 nm thick Cs,Sb films grown on graphene coated TiO,
(110) substrates. (a)—(c) 1.0 x 0.76 um? images of samples grown at 94, 100,
and 129 °C, respectively. (d) Line cuts from the marked areas in the prior three
images; traces are offset for clarity. (e) and (f) Higher magnification images of
terraces imaged in samples in (b) and (c), respectively; the inset shows the Fourier
transform of the STM image.

roughness averaged over a 1x1 ym? area is found to be 2.3 nm.
In contrast, samples grown at higher temperatures, in regime (III),
show flat, smooth terraces, examples of which are shown in Figs. 3(b)
and 3(c). The terrace-averaged rms roughness observed in Fig. 3(b)
is only 240 pm (averaged over a lateral scale of ~200 nm) and
is 600 pm when averaged on the 1 ym scale. The sample grown
at higher temperature, in Fig. 3(c), shows a slightly increased rms
roughness of 750 pm on the 1 ym scale. These roughness values com-
pare favorably to state-of-the-art codeposited films of Cs3Sb on SiC”’
and SrTiO3."”

Figure 3(d) shows a set of representative line cuts from the
previous three images. The blue line cut shows the morphology of
a rough surface, while the pink and red lines show terrace widths
and heights for the flat samples of Figs. 3(b) and 3(c). The ter-
races are separated by steps of roughly 0.7 nm, though there is some
variation in the step heights measured across the STM maps, and
step heights between 0.5 and 0.9 nm are observed. A higher mag-
nification image of one of the terraces is given in Fig. 3(e), which
shows atomic rows with both pits and islands, likely due to the
presence of both atom vacancies and adatoms on the sample sur-
face. The inter-row spacing is 0.79 nm, and the atomic rows change
orientation at grain boundaries (cf. the supplementary material)
as expected from the fiber-texture diffraction pattern observed in
RHEED. Taken together, the RHEED and STM indicate that the
films grow locally in ordered crystalline domains, with length scales
of 100-200 nm, which are rotationally misaligned to form an even
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FIG. 4. Visualization of the crystal structure*? of the monoclinic phase, f-CsSb,
measured in Ref. 41. (a) Projection along [010] showing the layered structure of
the Sb spirals. Alternating layers have opposing tilts, and alternating columns have
alternating chirality. (b) Structure of a single f-CsSb monolayer, viewed down the
[100] axis, illustrating the quasi-1D structure of the Sb spirals.

distribution on the macroscale. As shown in Fig. 3(c), the ter-
raced structure of the films is preserved throughout regime (III);
from the Fourier transform of the STM image [Figs. 3(f) and
3(a)], a similar in-plane lattice constant of 0.76-0.78 nm can be
extracted.

The aforementioned STM measurements of the film morphol-
ogy are also consistent with prior studies of the bulk crystal structure
of CsSb. It has been shown previously that bulk CsSb may crystal-
lize in one of the two related structures; it was originally discovered
that at higher temperatures (>500 °C) and longer reaction times
(>100 h), a NaP-type orthorhombic phase with space group P2,2,2;
forms."" Later, it was observed that at lower temperatures (~440 °C)
and shorter reaction times (~1 h), a monoclinic phase may form
with space group P2;/c.*! Following Emmerling et al.,*' we term
the high-temperature orthorhombic phase as a-CsSb and the lower
temperature monoclinic phase as 8-CsSb. Although the crystal sym-
metries differ, the & and f8 phases share a common structural motif,
being composed of extended chains of Sb atoms surrounded in a
cage of Cs ions—it is the relative orientation of the chains and their
stacking sequence, which differentiates the two phases. A visualiza-
tion of the f8 phase based on crystallography data reported in Ref. 41
is provided in Fig. 4, and the discussion of the « phase is provided
in the supplementary material. For consistency, in both structures,
we take the axis along the chains to be the [010] direction. In the
B phase, the chirality of the Sb chains alternates across the (001)
planes and the relative rotation of the chains alternates across (100).
The f phase is composed of monolayers of chains stacked along the
[100] direction with an expected spacing of 0.70 nm, which is also
consistent with the measured STM step heights. Additionally, the
row spacing expected from bulk measurements for (100) oriented
B—CsSb is 0.72 nm, which is consistent with the above STM mea-
surements. Note that presence of the « phase cannot be ruled out
entirely by the measurements performed here as determination of
the crystal symmetry by ex situ x-ray diffraction was not possible due
to the air-sensitivity of the samples. Further refinement of the struc-
ture using in situ x-ray diffraction would help to clarify the precise
phase stabilized under these growth conditions.

V. ANGLE-RESOLVED PHOTOEMISSION
SPECTROSCOPY

Using in situ ARPES measurements and density functional the-
ory (DFT) calculations, we can compare the measured electronic

pubs.aip.org/aip/apm

structure of the MBE-grown CsSb films with the predicted band
structure from prior bulk studies. A calculation of the band structure
for bulk-like B-CsSb is shown in Fig. 5(a), and the correspond-
ing calculation for the « phase is included in the supplementary
material. Given the quasi-one-dimensional crystal structure, it is
perhaps unsurprising that the resulting electronic structure is also
quasi-one-dimensional. Paths parallel to the [010] axis (highlighted
in blue) show dispersive features corresponding to hopping along
the Sb-Sb chains. In contrast, paths perpendicular to [010], i.e.,
hopping across a more ionic Sb—Cs-Sb bond, show much flatter dis-
persion. Qualitatively, the band structures of the « and f3 phases
are quite similar—the main difference arises from band splittings
corresponding to the larger number of inequivalent Sb sites in the
monoclinic cell. The DFT bandwidth of the near Er manifold, pri-
marily composed of Sb 5p states, is calculated to be 3.12 eV in
the B phase and 3.06 eV in the a phase. These bandwidths are
both substantially larger than those measured for the valence bands
of Cs3Sb, 1.2 eV,"” meaning that determination of the density of
states by ARPES is a good metric for discriminating between the
two phases [e.g., see the comparison in the supplementary material,
Fig. S6(b)].

The density of states calculated by DFT matches well with in
situ measurements of the valence band structure, in terms of both the
peak structure and overall bandwidth, which is measured to be
3.55 eV in Fig. 5(b). The measured position of the Fermi level, at
620 meV above the valence band maximum, can be attributed to
pinning of the chemical potential in the gap. This shift is similar to
the DFT-calculated gap value of 520 meV—indicating that the Fermi
level may lie at or near the conduction band minimum. While this
suggests native electron doping, no weight is observed at Ep, so addi-
tional optical and electrical measurements are required to determine
the true gap size and the carrier sign. We note that underestimation
of the bandwidth (in this case by ~14%) by the electronic structure
calculation is similar to previous measurements of Cs3Sb/SiC (100),
where the observed bandwidth of the valence states is between 10%
and 20% larger than the local-density approximation (LDA) predic-
tion."” In addition to the expected Sb 5p and Cs 6s states near the
Fermi level, an additional peak is observed between 4.2 and 6.8 eV
of binding energy—associated with the presence of oxygen 2p states.
The calculated photoemission cross section for oxygen is enhanced
over that of antimony in this energy range by a factor of 4.12,%
so even superficial oxidation of the surface, as suggested by XPS
measurements, may result in a large O 2p signal in ARPES. A more
accurate representation of the oxygen DOS is included in the shaded
region of Fig. 5(b) where the oxygen weight has been divided by its
relative cross section. Finally, the weak peak observed at 7.5 eV is
attributable to Sb 5s states, which have a diminished cross section
(only 1.7% of ogpsp at hv = 21.2 eV).*

A consequence of the quasi-one-dimensional band struc-
ture is that when angle-resolved photoemission measurements are
performed on these fiber-texture films, momentum resolved fea-
tures are clearly visible, as shown in Figs. 5(c) and 5(d), taken
with helium-I (hv =21.2 eV) and krypton-I (hv = 10.0 V) light,
respectively. Using the fitted electron affinity, calculated bandgap,
and measured work function, we estimate an inner potential’® of
Vo ~5.74 eV, placing the out-of-plane momenta at 5.26 and
3.56 r.lu. (1 rlu = 27/dg00) dioo) = 13.92 A) for helium-I and
krypton-I. At both photon energies, dispersive bands are visible
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FIG. 5. Calculated and measured electronic structure of 14 nm thick CsSb films grown on SiC (100). (a) DFT calculation of the band structure of monoclinic 8-CsSb. Cuts
taken along directions parallel to the [010] axis are highlighted in blue. (b) Calculated density of states, with Cs and Sb contributions highlighted in orange and blue. Angle-
integrated photoemission spectra illustrating the structure of the near Er Sb 5p manifold in green and magenta. O 2p states are observed between 4.4 and 6.7 eV; their
adjusted weight (divided by the ratio of the O/Sb photoemission cross sections ~4.12) is shaded. Composite angle-resolved spectra taken with helium-I (hv = 21.2 eV) and
krypton-I (hv = 10.0 eV) light are shown in (c) and (d), respectively. Corresponding simulated spectra for a fiber-textured (100) oriented film are displayed in (e) and (f) at
out-of-plane momenta of 5.26 and 3.56 r.l.u. (1 r.l.u = 271/d(190) With d{409) ~ 13.92 A). Bands originating from specifically oriented domains are overlaid. (g) Brillouin zone****
of B-CsSb with the k-space path from (a) outlined in gray. Positions, in the folded zone scheme, of the ARPES cuts in (c) and (d) are highlighted in magenta and green,

respectively.

between 0.75-2.25 and 2.50-4.00 eV, with a maximum observed at
the center of the projected zone, consistent with the DFT calcu-
lation. The fact that the band structure is not completely washed
away by the macroscopic rotational disorder is a consequence of the
quasi-one dimensional nature of the structure: the measured spec-
trum is an incoherent sum over rotated domains with most of the

dispersion arising from domains where [010] is nearly aligned to the
electron analyzer slit. Domains of other orientations contribute pri-
marily flat bands and add up to a nearly momentum independent
background.

More quantitatively, the spectra can be simulated by calculat-
ing a spectral function from the DFT band structure for each rotated
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domain and then performing a sum over angles. The results of these
calculations, at out-of-plane momenta corresponding to those of the
ARPES measurements, are shown in Figs. 5(¢) and 5(f). This sim-
ulation captures many of the salient features of the ARPES spectra
even without taking into account optical matrix element effects. The
most well-defined features and clearest dispersion are observed near
the zone center, with the mismatched lattice constants of the rotated
domains blurring the spectra at higher momentum. Nonetheless,
the features from the neighboring zone are still recognizable in the
ARPES spectrum Fig. 5(d), as predicted by the simulation in Fig. 5(f).
As expected, the features corresponding to the highly dispersive
direction along the Sb-Sb chains (shown in blue) are dominant with
a lesser contribution from the flatter bands (shown in green) from
paths perpendicular to the chains.

The presence of measurable momentum-resolved features in
the ARPES spectra further evidences the high degree of surface order
that can be achieved in this system, despite the macroscopic rota-
tional disorder in the films. Additionally, the agreement between
the measured spectra and calculated electronic structure from the
monoclinic phase further corroborates that the phase of the films
is predominantly CsSb rather than another member of the Cs-Sb
phase diagram. We note, however, that due to the very similar struc-
ture of the Sb-Sb chains in the « and f3 phases, the general dispersive
features of a— and S—CsSb are expected to be quite similar. Hence,
while the measured dispersive features and DOS match well with
calculations for 3-CsSb, it is not possible to unequivocally rule out
the presence of the a phase with photemission measurements alone.
However, the valence band structure and dispersion observed in
these measurements allow Cs3Sb and Sb metal to be confidently
excluded as the dominant photoemitting phases of the film.

VI. QUANTUM EFFICIENCY AND OXIDATION

We finish with a discussion of the low-energy photoemission
properties of CsSb, which are of primary importance to its appli-
cation as a high-brightness photoemitter. To this end, the spectral
response of two CsSb films was measured, and the results are sum-
marized in Fig. 6(a), together with the measurement of a codeposited
Cs3Sb reference sample. The films were synthesized on 3C-SiC (100)
in a different MBE growth system than those discussed in pre-
vious sections; however, the structure was again monitored using
operando RHEED and the growth temperatures were adjusted to
take into account a different thermocouple and heater geometry.
The resulting CsSb films exhibited the same fiber texture RHEED
pattern observed in Figs. 1(d) and 1(e) and similar QEs of ~10™* at
504 nm. Following growth, the samples were transferred in vacuo
to a storage chamber (to avoid reaction with residual Cs vapor
in the growth chamber), where the spectral response was mea-
sured between 700 and 400 nm. The maximum QE observed in
this range was ~1.2% at 400 nm, which is comparable to Cs3Sb
at 590 nm. The photoemission threshold for each cathode was
estimated using the Dowell-Schmerge model”” modified for semi-
conductors. From this fitting, the threshold was estimated to be
2.19 eV for CsSb and 1.65 eV for Cs3Sb. A threshold of 2.19 eV
corresponds to about 566 nm, which is a close to second harmonic
of common laser gain media, including Nd:YAG, Nd:YVO,, and
Nd:YAP. This would allow for near-threshold emission, at which
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FIG. 6. (a) Spectral response of CsSb and Cs3Sb thin films grown by codeposition;
the film thicknesses are estimated to be 8 nm (blue) and 18 nm (green) for the
CsSb films and 45 nm for the Cs3Sb film (red). Fitting of the response curves
gives photoemission thresholds of ~566 nm and >650 nm for CsSb and Cs3Sb,
respectively. (b) QE of the same CsSb and Cs;Sb films as a function of oxygen
exposure. Dashed lines represent the best fit to an exponential decay; the ratio
between the CsSb and Cs3Sb decay constants shown is 15.

the beam mean transverse energy is typically minimized,” with-
out the use of complex optical schemes, such as optical parametric
amplification.

Following spectral response measurements, the QE degrada-
tion of these CsSb photocathodes was measured as a function of
oxygen exposure. The samples were exposed to controlled levels of
O, via a leak valve and nozzle with the O, partial pressure main-
tained between 5 x 107 and 5 x 107® Torr; the chamber background
pressure was below 10™° Torr. The QE is reported as a function of
nominal oxygen dose (in Langmuir, 1 L equivalent to 1 x 10~ Torr
x 1) in Fig. 6(b). As a control, a high efficiency Cs3Sb cathode was
also synthesised in the same MBE growth system and dosed in an
identical geometry for a comparable reference. Laser wavelengths of
400 and 532 nm were chosen to measure the QE of the CsSb and
Cs3Sb samples, respectively. These wavelengths give similar excess
energies (hv — ¢) for the two phases (0.87 eV for CsSb and 0.68 eV
for Cs3Sb) as well as comparable starting QEs of ~1%.

Measuring the QE degradation of the two distinct photocath-
ode films starting from percent-level quantum efficiencies demon-
strates the critical difference between CsSb and Cs3Sb. The CsSb
films exhibit a resistance to oxidation more than 10 times that of
Cs3Sb up to an exposure of 30 L. Such chemical stability means that
the use of CsSb might extend the usable lifetime of alkali antimonide
cathodes in photoguns by over an order of magnitude—extending
their use to weeks or months instead of the days-long lifetimes of
standard alkali antimonide photoemitters."”
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VIl. CONCLUSIONS

We have demonstrated the synthesis of atomically smooth
thin films of CsSb by codeposition of Cs and Sb on both 3C-SiC
(100) and graphene/TiO; (110). This compound, although less effi-
cient than Cs3Sb, is characterized by 1% QE at 400 nm, and its
photoemission threshold is close to 532 nm; both wavelengths are
easily achievable from common laser gain media. This means that
it would be equally easy to operate this cathode both at ~1% QE
and near the photoemission threshold, where the lowest emittance
is expected. Note that the intrinsic emittance has been measured
to be minimal at the photoemission threshold only on metal and
alkali antimonide photocathodes,'” while Cs,Te is a notable excep-
tion,” so further studies are needed to ascertain its photon energy
dependence for CsSb. STM and RHEED studies of the morphology
indicate that CsSb can be grown atomically smooth via codepo-
sition at a single temperature, which sidesteps some of the chal-
lenges facing the growth of AA3Sb photoemitters, where physical
and chemical roughness limit the realization of the intrinsic emit-
tances of the material. We have shown that, despite the random
in-plane orientation of domains in the film, the surface remains
sufficiently ordered to display dispersion in ARPES. Finally, we
observe that CsSb has a greatly improved resistance against oxida-
tion over Cs3Sb. This allows for the preservation of the atomically
ordered surface during vacuum suitcase transfers, as revealed by
STM and XPS. This robustness would facilitate studies on the intrin-
sic emittance of ordered high efficiency semiconductors, providing
a benchmark for the theoretical study of low-energy photoemission
process on this class of materials. The superior resistance to oxida-
tion, reasonably high quantum efficiency in the visible range, and
exceptionally low surface roughness indicate that CsSb is worth con-
sidering as a photocathode for future photoinjector beamlines and
light sources.

VIIl. MATERIALS AND METHODS
A. Thin film synthesis

CsxSb thin films were grown on 10 x 10 mm? 3C-SiC
(001) and graphene coated rutile TiO»(110) substrates affixed to
custom niobium sample holders in a Veeco Genl0 MBE sys-
tem (Ppge ~ 3 x 107° Torr) at the PARADIM thin film facility
(https://www.paradim.org/). Substrates were heated using a resis-
tive heater and the temperature monitored via a thermocouple
suspended behind the sample holder. Preceding growth, substrates
were degassed at 650 °C for 15 minutes until a clear RHEED pat-
tern was observed and then cooled in vacuum to the deposition
temperature. Deposition was performed using molecular beams
from an elemental Sb source and a Cs-In alloy source.'”” Typical
source temperatures were 288-310 and 407-420 C, giving fluxes of
1.6-3.0 x 10"* and 3.8-4.9 x 10" for cesium and antimony, respec-
tively. The ratio between the Cs and Sb fluxes was kept between
6 and 6.6 for all growths. Source fluxes were calibrated via quartz
crystal microbalance, with an accuracy of +15%, and the sample
thicknesses were estimated using the measured Sb flux as well as
the lattice constants and calculated number density of Sb atoms in
each phase.
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B. Sample characterization

Following growth, samples were transferred through a UHV
manifold (P < 2 x 10~ Torr) to adjacent measurement chambers.
The QE was measured using laser diodes, a positively biased col-
lection coil, and a picoammeter. In situ ARPES measurements were
performed at room temperature in an analysis chamber with base
pressure better than 5 x 107" Torr using a Scienta Omicron DA30-
L electron analyzer and a Fermion Instruments BL1200s plasma
discharge lamp generating helium-I (hv = 21.2 eV) and krypton-I
(hv = 10.0 eV) light. In situ x-ray photoelectron spectroscopy (XPS)
measurements were performed in the same chamber using a non-
monochromated Scienta Omicron DSX400 x-ray source. Selected
samples were transferred using a UHV suitcase (P < 5 x 10" Torr)
to a separate UHV system for further XPS and STM measurements.
X-ray photoelectron spectra were analyzed with an Omicron Sphera
IT analyzer after excitation by an unmonochromated Mg Ka source
(Omicron DAR 400). XPS spectra were collected at photoelectron
emission angles of 0° and 70° from the sample’s surface normal.
In the latter configuration, the reduced photoelectron escape depth
(by ~1/3) enhances the surface sensitivity, making the measurement
sensitive to composition gradients and surface contaminants. STM
analysis was performed at room temperature in ultrahigh vacuum
using a W tip and a Omicron variable-temperature STM. The tun-
neling conditions were 50-100 pA at —0.5 to —0.8 V applied to the
sample.

C. Spectral response and oxygen dosing

For the QE measurements and oxidation experiments depicted
in Fig. 6, sample growth on 3C-SiC (100) substrates was reproduced
in a custom-built MBE system equipped with operando RHEED and
QE measurement capabilities. The 3C-SiC (100) substrates were
annealed at 650 °C for 1 h before lowering to a temperature between
160 and 200 °C for deposition. Following growth, the samples were
moved to an adjacent UHV chamber (P~107'° Torr) to prevent fur-
ther reaction with residual alkali metal vapor in the growth system.
There, the spectral response of the samples was measured using an
Oriel Apex Monochromator light source, a Newport optical pow-
ermeter (model 843-R), and an SRS 8340 lock-in amplifier. The
photocurrent was collected by biasing a metallic coil placed 5 cm
from the sample at +120 V.

For the oxygen dosing experiments, selected samples were
returned to the growth chamber, where oxygen was introduced from
a leak valve through a nozzle directed at the sample surface; the
oxygen partial pressure was measured by using a residual gas ana-
lyzer. The QE was measured at a single wavelength, provided by a
laser diode, and the photocurrent was measured by monitoring the
drain current from the electrically floating sample holder (biased
at —40 V). Dosing experiments were performed on both CsSb and
Cs3Sb samples in the same configuration to rule out differences
between the measured pressure at the gauge and the pressure at
the sample surface arising to the chamber’s pumping layout. The
QE vs oxygen dose curves have been fitted with a simple exponen-
tial decay. In particular, for the CsSb data, the initial faster decay
within the first 10 L, visible in Fig. 6(b), was disregarded. The
ratio between the decay constants of CsSb and Cs3Sb is found to
be ~7 - 15.

APL Mater. 11, 101125 (2023); doi: 10.1063/5.0166334
© Author(s) 2023

11,101125-8

6%:0€:L) €20C 1990100 €2


https://pubs.aip.org/aip/apm
https://www.paradim.org/

APL Materials ARTICLE

D. Density functional theory calculations

Plane-wave density functional theory calculations of a— and
B-CsSb were performed using GGA-PBE exchange-correlation
functionals®’ and SG15 norm-conserving pseudopotentials’ imple-
mented in JDFTx.”* For the monoclinic (3-CsSb) structure, a plane
wave cutoff of 40 hartrees was used and optimized structural para-
meters of a = 15.50 A, b = 7.50 A, ¢ = 14.55 A, and 8 = 113.82° were
obtained from a relaxation calculation; calculations of total ground
state energy and DOS used a mesh of 5 x 7 x 5. To enable efficient
interpolation of the electronic band structures to arbitrary crystal
momenta and for more accurate calculation of the DOS, the Wan-
nier interpolation technique™ was used to generate a maximally
localized Wannier basis set’” using a supercell of 4 x 7 x 4 primitive
cells using linear combinations of bulk Bloch bands at binding ener-
gies from 0 to 11 eV below the valence band maximum. To generate
the simulated ARPES spectra in Figs. 5(e)-5(f), a set of spectral func-
tions A(k, @) ~ 1/((w - & )> + Z"?) was then generated from the
Woannier interpolated eigenvalues, €;x, and an imaginary self-energy
of 2" = 75 meV.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional RHEED and
STM images, further display and analysis of XPS data, and a dis-
cussion of the crystal and electronic structure of the orthorhombic
phase a-CsSb.
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