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ABSTRACT

Alkali antimonides are well established as high efficiency, low intrinsic emittance photocathodes for accelerators and photon detectors.
However, conventionally grown alkali antimonide films are polycrystalline with surface disorder and roughness that can limit achievable
beam brightness. Ordering the crystalline structure of alkali antimonides has the potential to deliver higher brightness electron beams
by reducing surface disorder and enabling the engineering of material properties at the level of atomic layers. In this report, we demon-
strate the growth of ordered Cs3Sb films on single crystal substrates 3C-SiC and graphene-coated 4H-SiC using pulsed laser deposition
and conventional thermal evaporation growth techniques. The crystalline structures of the Cs3;Sb films were examined using reflection
high energy electron diffraction and x-ray diffraction diagnostics, while film thickness and roughness estimates were made using x-ray
reflectivity. With these tools, we observed ordered domains in less than 10 nm thick films with quantum efficiencies greater than 1% at
530 nm. Moreover, we identify structural features such as Laue oscillations indicative of highly ordered films. We found that Cs3Sb films
grew with flat, fiber-textured surfaces on 3C-SiC and with multiple ordered domains and sub-nanometer surface roughness on graphene-
coated 4H-SiC under our growth conditions. We identify the crystallographic orientations of Cs3Sb grown on graphene-coated 4H-SiC
substrates and discuss the significance of examining the crystal structure of these films for growing epitaxial heterostructures in future
experiments.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0229850
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. INTRODUCTION

Many modern accelerator applications employ high charge and
ultra-short pulsed electron beams that are created by photoemission.
These applications range from x-ray free electron lasers (XFELs)
to ultrafast electron diffraction and microscopy (UED/M) systems,
which are both probes of matter at sub-nanometer spatial scales
and femtosecond time scales.! The brightness of the electron beam
is an important figure of merit that is used to determine flux and
space-time resolution in these scattering experiments.l’ ]

In the case of XFELs, UED, and all other linear accelerators,
the maximum brightness achievable throughout the accelerator sys-
tem can be no greater than at the source.”® The desired properties
of high brightness photocathode are those with high photon-to-
electron conversion efficiency [quantum efficiency (QE)] and those
capable of emitting electron beams with small momentum spread
in all directions. The latter property requires atomically smooth,
ordered surfaces to minimize physical and chemical roughness
that can lead to the creation of excess photoemission momentum
spread.” '* Recent studies identified 3C-SiC as a promising sub-
strate for growing ordered cesium antimonide (Cs3Sb) films.' !
Molecular beam epitaxy (MBE) with reflection high energy electron
diffraction (RHEED) assisted deposition has successfully produced
single crystal Cs3Sb on 3C-SiC.'” These single crystal films demon-
strate significantly higher quantum efficiency (QE), exceeding 1%
at 530 nm for a 2 nm thick film, compared to their polycrys-
talline counterparts.'” In addition, atomically flat alkali antimonide
films, produced using sputtering techniques, have been grown at
greater thicknesses than single crystal films.'® Other studies have
investigated correlations among crystallinity and photoemission
performance of Cs3Sb.!”

In this work, we expand on previous results by using x rays and
RHEED to investigate the crystal structure of Cs3Sb films grown
on lattice-matched substrates to further understand correlations
between film crystallinity, quantum efficiency, and roughness. We
use 3C-SiC as a lattice-matched substrate and also study a rela-
tively new substrate for the growth of Cs3Sb films: graphene-coated
4H-SiC (denoted Gr/4H-SiC), which can be prepared as a flat,
defect-free surface.'” >’

The films were characterized using a variety of synchrotron
radiation-based methods and conventional thin film growth diag-
nostics. X-ray diffraction (XRD) and RHEED characterize the bulk
and surface atomic structure, respectively. The chemical composi-
tion of the film is monitored by x-ray fluorescence (XRF), while
the film thickness and roughness is measured with x-ray reflectivity
(XRR). Finally, QE is measured at multiple wavelengths from 300 to
700 nm. The colocation of these tools, and the ability to simultane-
ously use or rapidly switch between them, is an important strength
of our experimental configuration.

Understanding the crystal structure and conditions for the
epitaxial growth of alkali-antimonides is critical for developing
high brightness photocathodes. Beyond the reduction of surface
roughness described above, epitaxial growth opens the door to
materials engineering on the scale of atomic layers by straining
the crystal lattice or by heterostructuring. Exceptionally high spin-
polarization was achieved from strained GaAs photocathodes.”"””
Spin-polarization has also been demonstrated in a study with alkali
antimonides, which found that polarization can improve to greater
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than 50% through heterostructuring.”” QE enhancement via het-
erostructuring has also been demonstrated with GaAs and GaN
photocathodes but has yet to be demonstrated with the alkali
antimonides.” "’

Il. EXPERIMENT AND METHODS

In this experiment, we grew thin films of Cs3Sb in a dedi-
cated deposition chamber at the National Synchrotron Light Source
IT (NSLS-II) Beamline 4-ID ISR of Brookhaven National Laboratory.
The growth chamber was mounted at the end of the x-ray beamline
on a motorized rotation stage. We fix the x-ray energy at 11.5 keV
(1.08 A). X rays enter the vacuum chamber via beryllium windows,
interact with the film sample, and exit the chamber. Two Eiger 1M
cameras shown in Fig. | were positioned behind the beryllium win-
dows; the first camera captures grazing angle scattering for the XRR
and coplanar diffraction, and the second camera was positioned at
a closer distance to the chamber and 30° away from the first cam-
era (angle 8 in Fig. 1) to capture higher angle Bragg reflections. The
chamber itself was mounted on a motorized stage, which enabled us
to scan the 20 angle for sampling diffraction modes. Chamber pres-
sures were maintained at 1 x 10~ Torr during film deposition with
a base pressure of 2 x 10™'° Torr.

The substrates were cleaned with isopropyl alcohol (IPA) and
methanol sonication prior to growth and then placed on a holder in
the center of the growth chamber that could rotate about the sub-
strate normal by ~30° (angle ¢ in Fig. 1). The substrates were then
annealed between 30 mins and 1 h at 500-550 °C.

The Cs3Sb samples were grown on the 3C-SiC and Gr/4H-SiC
substrates, as well as Gr/SiO; as a test substrate for a comparison
with Gr/4H-SiC. The graphene layers on the 4H-SiC were epitaxially
grown on 4H-SiC in the IBM LEEM-II instrument,”® >’ while the
graphene layer was transferred onto SiO;.

Two thin film growth techniques were used: pulsed laser depo-
sition (PLD) and conventional thermal evaporation.”’ The PLD
method uses a pulsed excimer laser (248 nm) incident on a com-
mercial Sb target to vaporize Sb onto the mounted substrate. An
in-vacuum resistive heating cell was used to evaporate Sb for thermal
evaporation. A similar resistive heating cell was used to evaporate
Cs into the chamber for both growth techniques.

X-ray Eiger
1M detectors

11.5 keV
x-ray light
source

=

RHEED e-gun

RHEED camera I p;

FIG. 1. Schematic of x-ray and RHEED diagnostics inside the photocathode
growth chamber. The 11.5 keV x rays (red) from NSLS-II scatter off the film at the
characteristic angle 6. X-ray cameras are positioned to capture high and low angle
diffraction. Electrons from the 15 kV RHEED system interact with the film surface
at a grazing incidence angle of less than 2°. The film sample can be rotated about
the angle ¢ in the chamber on a motorized stage.
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Two deposition methods were used during the growth on
3C-SiC substrates: co-deposition of Cs and Sb at a single tempera-
ture and a dual temperature growth using a deposition temperature
and an annealing temperature. Single-temperature co-deposition
was the only technique used for the films grown on Gr/4H-SiC.
During single-temperature co-deposition, the substrate was held at
a constant temperature between 80 and 100 °C, while Cs and Sb
were simultaneously deposited on the substrate. During the two-
temperature growth, the substrate was held at temperatures between
40 and 60 °C in the deposition step until ~2-3 monolayers of Cs3Sb
were deposited. The sample was then heated to 80-110°C in the
annealing step for 15 min. The Cs shutter was left open to replace
de-sorbed Cs, while the Sb flux was turned off in this step. This cycle
completes a deposition stage. We completed 2-4 deposition stages
per sample and performed XRD, XRR, RHEED, and QE scans after
each deposition stage. The XRD provided structural information in
the bulk of the sample, RHEED provided structural information at
the surface, XRR provided film thickness measurements and rms
surface roughness estimates, and the QE diagnostic provided mea-
surements of the number of electrons emitted from the film divided
by the number of incident photons. Growth parameters such as tem-
peratures and deposition rates for each sample will be discussed
in Sec. I11.

The x-ray diagnostics used in this experiment were similar
to those described in Refs. 16, 31, and 32. To measure QE, a
laser-driven light source (LDLS) and monochromator were used to

(b)
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illuminate the photocathode films over a 300-700 nm wavelength
range, and the photocurrent was measured by inserting a biased
anode at 50-80 V ~5 mm from the cathode surface.

lll. RESULTS AND DISCUSSION

We first look at the RHEED patterns from the Gr/4H-SiC sub-
strate and Cs3Sb film in Fig. 2. Qualitative information about the
surface structure can be interpreted from the RHEED pattern, such
as whether the surface is smooth, rough, or textured. The RHEED
pattern also provides quantitative information, in particular the
d-spacing between crystal faces, which can be calculated from the
distance between reflections.

To identify the in-plane crystallographic orientations, we use
RHEED analyses similar to Hafez and Dabrowska-Szata to calcu-
late the d-spacing of the film and characterize the surface.””’* We
measure the distance between the streaks in the pattern, I,, and
determine the distance between the lattice vectors in reciprocal
space, k, using the following equation:

nk= ke (1)

(%)2 +1

where k. is the electron wavenumber (k. = 27”\ /2mE + E—z, E is the
electron kinetic energy, h is Planck’s constant, and L = 27 cm is the

g
Graphene/4H-SiC [10] Cs3Sb. Tdep=90 °C, PLD. Thickness < 3 nm. é
0 50 100 1;0 200
k”(pixels)
(d) Cs,Sb(220) (e) Cs,Sb(111) (f) Cs,Sb(331)
O Cs
©0 000 -
00 000 CCDECODEQOD. o Sb
(Y +) [+ T & OO 0>
00 ﬁoo CODICTniooD: o C
0000 T
XYY VRRR®
U NN U X Y NS
Graphene(1001) Graphene(1001) Graphene(1001)

FIG. 2. Growth and surface structure characterization of Cs3Sb films grown on Gr/4H-SiC using PLD. (a) RHEED image of Gr/4H-SiC along the [10] direction. Reflection
streaks from graphene (green arrows) are seen, as well as satellite reflections from the carbon buffer layer™* (blue arrows) that lies between the graphene and SiC
layers are seen. (b) A RHEED pattern of the Cs3Sb film. The position of the dashed line (blue) is used to generate the intensity profile in (c). Distances between reflection
peaks were used to calculate the corresponding d-spacing and azimuth planes labeled above each peak. The first order peaks are labeled “AP” for another phase of the
material, as it does not correspond to a possible d-spacing of Cs3Sb and is further described in the text. We estimate the thickness of the film to be less than 3 nm with
XRR. Schematics of probable orientations that could result in epitaxy between the film and substrate are shown for (d) Cs3Sb(220), () Cs3Sb(111), and (f) Cs3Sb(331) with
matching lattice-plane periodicity between Cs3Sb (blue) and graphene (purple) and with corresponding unit cells (black lines).

APL Mater. 13, 011120 (2025); doi: 10.1063/5.0229850
© Author(s) 2025

13, 011120-3

62:6€:80 G20z Asenuer /g


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

APL Materials ARTICLE

distance from the sample to the RHEED detector. The d-spacing can
then be calculated as d = 27”, where k is calculated from Eq. (1). We
use the first diffraction order n = 1 for all calculations of d-spacing.
The RHEED beam energy is 15 keV.

The RHEED pattern of the Gr/4H-SiC substrate in Fig. 2(a)
consists of reflections from the graphene surface layer (green
arrows) as well as “satellite” peaks from the carbon buffer layer’”**
(blue arrows) that lies between the graphene layers and the 4H-SiC
surface. We measure the distance between the graphene peaks in the
substrate image and find a d-spacing of 2.20 A, which corresponds
to the (1001) lattice plane (measured value: d = 2.19 A),”*® which
we will denote the [10] direction.

We use the same analysis using the RHEED image of the ~3 nm
thick film grown with PLD shown in Fig. 2(b), where an intensity
profile is extracted along the horizontal dashed line and plotted in
Fig. 2(c). The d-spacing values were calculated using Eq. (1), and the
corresponding Miller indices (hkl) are identified for the interplanar
spacing along the azimuth as in the case of the substrate. Several in-
plane Cs3Sb crystal orientations relative to the (1001) orientation of
hexagonal graphene were observed.

We also find a d-spacing, which does not match an allowed
d-spacing of fcc Cs3Sb in Fig. 2(c). This single reflection could
appear from a domain of Cs3 Sby(111), where the calculated
d-spacing of d = 10.1 A*>* is approximately the same as the mea-
sured d-spacing, d = 10.2 A. Another likely explanation for this peak
is surface reconstruction.

A schematic of possible epitaxial orientations of Cs3Sb observed
in the experiment is shown in Figs. 2(d)-2(f). The separation
between lattice planes of the film and substrate approximately corre-
sponds to integer multiples in each of the observed cases from Fig. 2,
confirming that multiple epitaxial orientations are likely for this film
and substrate pair. We use the ideal F,, 3, structure of Cs3Sb for visu-
alization purposes instead of the identified stable structure, which
has approximately the same lattice constant.'>*'

Cs3Sb on 3C-SiC, T=90 C,
Thermal evaporation. Thickness: 8.3 nm

Cs3Sb on 3C-SiC, Tgep=50 C Trec=85 C, PLD
Thicnkess ~ 5 nm

pubs.aip.org/aip/apm

Qualitatively, the vertical streaks in the RHEED pattern for the
film indicate that the surface is very smooth. This is confirmed with
x-ray reflectivity (XRR) measurements for multiple thicknesses of
the grown film from 3 to 20 nm,”’ demonstrating that while the
films grew with multiple grain orientations on the substrate, the
rms roughness remains less than 1 nm for film thicknesses up to
30 nm.

In Fig. 3, we present the RHEED patterns of films grown on
3C-SiC using both PLD and thermal evaporation techniques. The
streak patterns in Fig. 3(a) indicate that a smooth surface was
achieved under the specified growth parameters. Conversely, a
RHEED pattern consisting of spots is observed in Fig. 3(b) from
a film grown using a two-temperature growth method with a
deposition temperature of 50 °C and an annealing temperature of
85 °C. This pattern of transmission spots indicates that an ordered
film was grown with three-dimensional “islands” on the surface and
is visually distinct from a pattern corresponding to an extremely
smooth, single crystal film, which would consist of small spots along
a Laue circle. These results suggest that we have yet to optimize
the two-temperature profile to achieve the single crystal film quality
demonstrated by Parzyck et al.l

In Fig. 3(c), we show the RHEED pattern of a film grown on
3C-SiC using PLD. This RHEED pattern consists of smooth streaks
and is qualitatively identical to the pattern in Fig. 3(a). The resulting
films were fiber textured: the surface was ordered out-of-plane, while
the domain orientations were misaligned in-plane. This result, along
with the results from the films grown on Gr/4H-SiC, indicates that
the substrate has a larger influence on the resulting crystal structure
of the film than the choice of PLD or thermal evaporation.

Finally, we compare the ordered films grown on 3C-SiC to a
film grown on a SiO, substrate with a bilayer of graphene on the
surface, denoted as Gr/SiO,, in Fig. 3(d). The RHEED pattern of
the Cs3Sb film grown on the Gr/SiO; substrate reveals that the film
is fiber textured and is qualitatively similar to the films grown on

FIG. 3. RHEED images of Cs3Sb on 3C-SiC(100) and SiO,
substrates. (a) A Cs3Sb film with a fiber textured surface
grows on 3C-SiC. (b) Decreasing the deposition tempera-

Cs3Sb on 3C-SiC, T=90 C, PLD. ~5 nm thick

Cs3Sb on Gr/Si02, T=80 C,PLD. 18 nm thick

ture and using a two temperature deposition method results
in the growth of an ordered film with the formation of 3D
islands (roughness). (c) Smooth, fiber textured films are
grown on 3C-SiC using PLD. (d) A fiber textured film is
grown on Gr/SiO, with PLD.
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3C-SiC. However, when comparing the quality of the films grown
on Gr/SiO; to the films grown on Gr/4H-SiC in Fig. 2, which had
an ordered in-plane structure on the surface, the difference is likely
due to Gr/4H-SiC having a smoother surface than Gr/SiO,, where
the graphene layer was transferred to SiO». Similar structural differ-
ences between Cs;Te films grown on Gr/4H-SiC and Gr/SiO; have
been observed in other experiments.*?

To determine the crystallinity of the films, we examine the
azimuthal dependence of the RHEED and XRD patterns of the
deposited Cs3Sb film relative to the Gr/4H-SiC and 3C-SiC sub-
strates, as shown in Fig. 4. Modulations in the RHEED and XRD
azimuth scans observed in Fig. 4 imply in-plane ordering in the thin
films. The maximum angular range in the azimuth scans was ~30°,
but even in this limited range, we were able to capture sharp intensity
modulations from the RHEED and XRD scans for films grown on
Gr/4H-SiC. The labeled intensity modulations in the XRD azimuth
scan shown in Fig. 4(a) correspond to three different grain orienta-
tions of a 20 nm thick film on Gr/4H-SiC grown with PLD, which is
from a subsequent growth on the sample shown in Fig. 2. Signatures
of these same grain orientations, along with others, are observed in
the RHEED scan of this film in Fig. 4(b), which are identical to the
sample in Fig. 2.

The azimuth scans of an 8.3 nm thick film grown by thermal
evaporation on 3C-SiC are shown in Figs. 4(c) and 4(d), where the
XRD scan [Fig. 4(c)] shows azimuthal modulations for film peaks
and the RHEED scan in Fig. 4(d) shows an absence of modulation.
The absence of modulations with streaks in the RHEED image indi-
cates that the surface is fiber textured. This is an intriguing result,
since x rays detect intensity modulations about the angle ¢, while the
RHEED does not. An interpretation of this result is that the 8.3 nm
thick film was ordered in-plane below the surface, at an earlier stage

pubs.aip.org/aip/apm

in the growth, and became less ordered as the thickness increased.
Another possibility is that the XRD was more sensitive to partial
ordering than the RHEED in this case.

We now examine the 26 scans of the films grown on 3C-SiC and
Gr/4H-SiC. The x-ray 20 scan of the film on Gr/4H-SiC is depicted
in Fig. 5(a), where the Miller indices (hkl) are indicated in white. In
this scan, we observe Bragg reflections corresponding to the (400),
(422), and (620) planes of the film, relative to the (100) plane of the
substrate. The vertical axis of Fig. 5(a) represents the angular range
of the detector, while the horizontal axis shows the range of 20 val-
ues. This figure was generated by stitching together two-dimensional
images over a range of 26 values to provide a comprehensive view of
the diffraction pattern.

In Fig. 5(b), we see several Bragg peaks appearing in identical
locations for the samples grown on both Gr/4H and 3C-SiC. This
implies that the Cs3Sb films grew with some of the same out-of-plane
grain orientations on both cubic 3C-SiC surfaces and hexagonal
Gr/4H-SiC surfaces. While the films did not grow as a single crystal,
they also did not grow purely polycrystalline, but instead as mul-
tiple large crystallites with surface and out-of-plane ordering. The
ordered domains in the film are large enough to produce tight Bragg
peaks in the 20 scans, but small compared to the millimeter probe
size to see multiple orientations.

Another feature we observed from the Cs3;Sb films on Gr/4H-
SiC is Laue oscillations around Bragg peaks shown in Fig. 6. Laue
oscillations result from the incomplete destructive interference of
Bragg reflections when the domains of the probed film consist of the
same number of unit cells and are generally indicative of smooth,
high quality crystalline films."*** We fit a sinc?(f) function to a ver-
tical line cut of the oscillations from Fig. 6(a) and shown in Fig. 6(b)
to show that the feature is of the correct functional form, confirming

- 20
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o 10
[
< | (620) 5
— ()
= RHEED: Cs3Sb on Gr/4H-SiC 0 FIG. 4. (a) The XRD diffraction peaks as a function of angle
¢ as the Cs3Sb film on Gr/4H-SiC is rotated about the
5 10 15 20 25 30 0 3 6 9 12 15 azimuth. Rotational dependence of the XRD peaks implies
¢ (0) ¢ (0) the growth of ordered domains, which are identified by
the Miller indices (400), (422), and (620). (b) The azimuth
33 s 1 scan of the film with RHEED identifies the same surface
m azimuths as in (a) in addition to others. (c) XRD captures
31 = small modulations in the film on 3C-SiC. (d) RHEED finds
~ g no modulations on the surface of the films grown on 3C-SiC,
a9 3 indicating smooth and fiber textured surfaces.
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FIG. 5. 20 scans of Cs3Sb grown on
(@) Gr/4H-SiC via PLD, film thickness:
10 nm, and (b) 3C-SiC, film thickness:
8.3 nm, grown via thermal evaporation.
The blue curves are the integrated inten-
sities along the tilt axis. Some Bragg
peaks are seen in identical locations for
the films grown on different substrates.
The 3C-SiC substrate Bragg peaks are
the bright spots at 260 ~ 34° and at
20 ~ 53°.
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FIG. 6. (a) The (422) Bragg peak on camera 2 from a 10.5 nm thick film grown on
Gr/4H-SiC. Laue oscillations appear around the film confirming the growth of flat,
crystalline films. (b) A line profile of the oscillations about the peak in the vertical
direction are plotted along with a fitted sinc?(6) function to show that the behavior
is of the correct functional form.**

the growth of flat, structurally ordered thin films. We estimate the
thickness to be 10.5 nm from the following equation:**

At v —, (2)

where At is the thickness of the film and Agq is the distance from the
Bragg peak to the furthest Laue fringe in inverse nanometers, which
agrees with the 10.5 nm thickness measurements from XRR.

We now look at the evolution of the film structure in Fig. 7,
with the XRD scans showing Bragg peak (400) and (620) at film
thicknesses of 2, 4, 10, and 20 nm, labeled L1-L4, respectively. The
broadened shape in the diffraction peaks from L1 and L2 are most
likely coming from misfit dislocations that occurred in the het-
eroepitaxial layers due to lattice mismatch and relaxation. In L3,
both diffraction peaks are showing increased intensity and reduced
peak width, indicating reduced stress stored in the crystal lattices and
the crystalline domains in the film (in the probing diffraction plane).
As the film thickness increases and the stress releases in the film,
twist and tilt occur in the crystalline domains, resulting in increased
mosaicity, which can be seen by multiple peaks in the diffraction
pattern in Figs. 7(d)—7(h).4"'47

45 50 55

Bragg peak splitting in L4 of Fig. 7 occurred for films grown on
4H-SiC at thicknesses of ~20 nm, suggesting the formation of a new
crystal grain in the film due to strain relaxation with possible defects.
Surface defects along with loss of coordination with the substrate at
greater thicknesses influenced the crystal grains to grow with less
strain compared to the grains produced at lesser thickness. In both
(400) and (620) cases, the newly formed Bragg peak in L4 appeared
at a larger value of 20 and smaller d-spacing from d ~ 2.31 A in
L3 to d ~ 2.28 A for the new peak in L4, indicating the release of
tensile strain with increasing film thickness.

In addition to investigating the surface and bulk structure of
ordered Cs3Sb films, we collected the spectral response over a range
of ultraviolet and visible wavelengths as shown in Fig. 8. The mea-
sured QE was in excess of 1% at 530 nm for the thin ordered films
grown on 3C-SiC.

The modulations in the quantum efficiency seen in Fig. 8 might
initially appear to be noise in the measurement, but they actually
arise from optical interference effects in the multilayer substrate
as described by Alexander.*® The 3C-SiC substrate is composed of
a silicon carbide layer and a silicon layer, where the interfaces of
the multilayer reflect light back into the overlaying photocathode.
This reflection leads to constructive or destructive interference with
the incident light, producing the observed oscillations. We find that
this cathode-substrate system improves the quantum efficiency by
more than a factor of two at constructively interfering wavelengths
compared to a cathode without QE enhancement from optical inter-
ference. The maximum quantum efficiency can be set to a desired
wavelength in this optical system by tuning the thicknesses in the
multilayer.*’

Looking across datasets, the film surface roughness did not have
a measurable effect on the QE, and neither did the growth technique
(PLD or thermal evaporation) or the crystal ordering of the film.
QE dependence on film thickness is the only correlation that was
observed in addition to optical interference.”’

An advantage of growing atomically ordered films with low
roughness compared to polycrystalline Cs3Sb is the potential reduc-
tion in intrinsic emittance as described by Galdi.® The silicon carbide
substrates facilitate the growth of thin, ordered Cs3;Sb films with
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FIG. 7. Diffraction peak (400) (a)-(d) and (620) (e)-(h) labeled by the first to final layers, L1-L4, respectively, of a Cs3Sb film grown on Gr/4H-SiC using PLD. Film
thicknesses are L1: 2 nm, L2: 4 nm, L3: 10 nm, and L4: 20 nm. The crystal structure becomes more defined as the layer thickness increases to 10 nm. Bragg peak splitting

is seen at 20 nm thickness as tensile strain releases in the film.
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FIG. 8. Spectral response of Cs3Sb films grown on 3C-SiC and Gr/4H-SiC via PLD
and thermal evaporation. Listed in the legend are the substrates, film thickness,
growth technique, and film surface characterization from RHEED for each film.

QE in excess of 1% at 530 nm and several percent at 400 nm.
A notable advantage of growing these films on lattice-matched sub-
strates and utilizing the XRD and RHEED structural diagnostics
is that the ordered films of Cs3Sb with high QE are consistently
reproducible and can be grown within minutes after suitable growth
parameters are identified.

IV. SUMMARY AND CONCLUSION

In summary, highly ordered Cs3Sb films were synthesized on
graphene (Gr/4H-SiC) and silicon carbide (3C-SiC) substrates using

pulsed laser deposition (PLD) and conventional thermal evapo-
ration growth techniques. X-ray diffraction (XRD) and reflection
high-energy electron diffraction (RHEED) were used to observe the
crystal structure of the films. Ordered domains were observed with
both in-plane and out-of-plane preferential ordering on the Gr/4H-
SiC substrate for the first time, while smooth, fiber-textured films
with out-of-plane ordering were observed on 3C-SiC. XRD and
RHEED diagnostics were used to determine the surface and normal
orientations of the Cs3Sb domains relative to the (1001) orientation
of the Gr/4H-SiC substrate.

For the films grown on 3C-SiC, XRD scans showed tight, well-
defined Bragg peaks that had subtle azimuthal dependence, while
RHEED images indicated out-of-plane ordering with no azimuthal
dependence and a disordered in-plane structure. The tight Bragg
peaks in the XRD 20 results, combined with the lack of long-
range ordering from RHEED results, suggest that the film was
more ordered in the early stages of growth and became disordered
in-plane as the thickness increased.

This claim is further supported by the Bragg peak splitting
observed for films grown on Gr/4H-SiC with thicknesses near
20 nm, indicating changing strain in the films. The formation of
an additional Bragg peak at a slightly larger 20 angle indicates the
formation of a domain with a larger d-spacing and thus relaxation
of tensile strain. Greater strain at earlier stages of the growth then
suggests that there was coordination between the substrate structure
and the film structure.

Laue oscillations around the Bragg peaks were seen for films
grown on Gr/4H-SiC at thicknesses near 10 nm, indicating the
growth of a well-ordered film and high out-of-plane coherence.
A calculation of the film thickness was performed using this feature,
which agreed with thickness measurements from x-ray reflectivity.
This agreement implies that the vertical, out-of-plane ordering of
the film is coherent throughout the entirety of the 10 nm thickness.
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Combining this conclusion with the in-plane and out-of-plane
ordering observed with RHEED and XRD, respectively, we conclude
that these films grew as large crystallites with a few different orien-
tations relative to the substrate, but with exceptionally high in-plane
and out-of-plane coherence within each crystallite domain.

In addition to the structural characterization, quantum effi-
ciency (QE) of the crystalline films was measured across a range
of UV and visible light, showing percent-level QE at 530 nm. An
optical interference effect in the photocathode-substrate multilayer
enhanced the QE by more than a factor of two at wavelengths
coinciding with constructive interference from this feature.

The significance of examining the crystal structure of alkali
antimonides using XRD and RHEED is twofold: First, it validates
the ability to synthesize films with an improved surface structure
and reduced roughness compared to conventionally grown poly-
crystalline films using PLD and thermal evaporation. Second, it
demonstrates that a comprehensive 3D structural characterization
of ordered alkali antimonides can be performed, which is advan-
tageous for future experiments aiming to grow heterostructures
with these compounds, as it provides insights into crystal order-
ing at various stages of growth. This structural understanding can
be effectively provided by XRD and RHEED diagnostics, as demon-
strated in this study. These findings underscore the capability of
XRD and RHEED diagnostics in enabling the consistent growth
of smooth and ordered alkali antimonide films with high quan-
tum efficiency within minutes, once suitable growth parameters are
identified.
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