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The high brightness, low emittance electron beams achieved in modern x-ray free-electron
lasers (XFELSs) have enabled powerful X-ray imaging tools, allowing molecular systems to be
imaged at picosecond time scales and sub-nanometer length scales. One of the most
promising directions for increasing the brightness of XFELSs is through the development of
novel photocathode materials. Whereas past efforts aimed at discovering photocathode
materials have typically employed trial-and-error based iterative approaches, this work
represents the first data-driven screening for high brightness photocathode materials. Through
screening over 74,000 semiconducting materials, a vast photocathode dataset is generated,
resulting in statistically meaningful insights into the nature of high brightness photocathode
materials. This screening results in a diverse list of photocathode materials that exhibit
intrinsic emittances that are up to 4x lower than currently used photocathodes. In a second
effort, multi-objective screening is employed to identify the family of MO (M=Na,K,Rb) that

exhibits photoemission properties that are comparable to the current state-of-the-art
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photocathode materials, but with superior air stability. This family represents perhaps the first
intrinsically bright, visible light photocathode materials that are resistant to reactions with

oxygen, allowing for their transport and storage in dry air environments.

1. Introduction

Upon first operation in 2009, the X-ray free electron laser (XFEL) developed at SLAC
National Accelerator Laboratory achieved a peak brightness that was ten orders of magnitude
larger than synchrotron sources at the time.!! Since then, the nanoscale wavelength and
femtosecond timescale pulses generated by XFELs have provided researchers with the first
direct observations of atomic-level fundamental processes.>#! As a result of the impressive
capabilities and results achieved by these XFELS, a rapid development of new XFELSs has
occurred globally, with the launch of three new facilities in the past three years alone.>71

Relations have been derived that relate the X-ray performance of an XFEL to its electron
beam brightness,'® which is dependent upon the transverse momentum spread of electrons at
the photocathode. Accordingly, the discovery of novel high brightness photocathode materials
Is one of the most promising directions for future XFEL performance improvements. Recent
simulations of photoinjector brightness demonstrate that identifying novel photocathode
materials could increase their brightness, and consequently that of XFELS, by up to two
orders of magnitude.r

Despite the large potential increase in beam brightness that can be realized from discovering
new ultrabright photocathode materials, a relatively small number of photocathode materials
have been experimentally explored. The time-intensive and challenging nature of measuring
the electron beam brightness from photocathode materials has limited experimental studies to
only focus on less than 20 materials.*™ Similarly, performing detailed ab-initio studies of
photoemission properties is computationally expensive, even for tens of photocathode
materials.[**31 With the recent development of massive materials databases, computationally
screening for materials with desirable properties is a powerful new tool for accelerating
materials discovery.[*4-6]

In this work, we present two large-scale and comprehensive computational screenings for
novel high brightness photocathode materials. In the first screening, we seek to identify the
photocathode materials in our database with the highest probability of experimentally
exhibiting an ultralow intrinsic emittance. Then, the second screening utilizes multi-objective

screening to identify high brightness photocathode materials, that are also photo-responsive to



visible light and are resistant against oxidation. In both screenings, our workflow is
constructed to provide robust predictions by explicitly accounting for the uncertainty of
computational quantities that can considerably differ from experimental measurements, such
as band gap and work function. Finally, we analyze our diverse dataset of tens of thousands of
material properties to provide statistically-motivated insights about how to more efficiently
search for ultrabright photocathode materials.

2. Identifying High Brightness Photoemitting Materials

Materials screening approaches seek to identify a set of promising candidate materials that
satisfy a list of desirable criteria. Although there is considerable flexibility in the choice of
criteria and how those criteria are evaluated, we utilize a few guiding principles to shape our
screening workflow. First, our screening workflow is constructed of sequentially applied
filters of increasing computational expense. This approach enables rapid and efficient
identification of materials by ensuring that computationally expensive criteria are only
applied to the most promising candidates, rather than the full dataset of materials.

Second, we construct our initial filters to efficiently screen through tens of thousands of
materials by utilizing simple, but physically motivated approximations. We construct these
initial approximations to consider the best-case scenario for each material, which thereby
minimizes the number of false negative predictions. This principle is crucial because the
initial use of a strict criteria may result in filtering out promising candidates early in the
screening, which completely prevents these materials from being discovered. Our approach
therefore identifies an upper limit of all photocathode materials that may be able to achieve
high brightness, which then serves as a base for further down-selection with increasingly
accurate calculations (Figure 1).

Finally, the most important part of developing a material screening workflow is the
validation of the newly discovered materials. For every candidate material discovered in this
work, we perform a validation of the materials’ properties in a manner that is independent of
our choice of screening criteria. Our initial screening criteria is simply a tool to accelerate
materials discovery by identifying a shortlist of candidate photocathode materials, whereas
the performance of these top candidates is subsequently established with methods that do not
depend on the screening process.
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Figure 1. Screening workflow for identifying low intrinsic emittance materials. The column on
the right indicates the number of remaining candidate materials after applying each screening

criterion.

2.1. Identifying Semiconducting Photocathodes

XFEL photocathodes should have high quantum efficiency (QE), low intrinsic emittance,
fast response time, and should be sufficiently stable to allow for sustained operation.™*]
Metallic photocathodes such as Cu and Mg are commonly used because of their long
operational lifetime, fast response times, ease of synthesis and reasonably low intrinsic
emittance.l*8-2°1 However, the high reflectivity and small electron-electron scattering mean
free path in metals fundamentally limits their possible QE, with a peak QE of 0.3% observed
in Mg.2 Semiconducting alkali antimonide photocathodes such as Na;KSh and Cs3Sh were
first discovered from pioneering photoemission studies by Sommer in the 1950s and remain
among the most popular choice of photocathode materials today, primarily because of their
impressively high QE (reaching over 40%) and relatively short response times.[?223
However, alkali antimonide semiconductor photocathodes are extremely sensitive to
oxidation. They typically require operation under ultra-high vacuum conditions and can
experience a degradation in QE, even after a few minutes of operation.l? Since the QE of
metallic photocathodes are typically orders of magnitude less than that of semiconducting
photocathodes, we focus our efforts on identifying a full spectrum of semiconducting
photocathode materials.



To begin our screening, we identify all semiconducting materials available on the Materials
Project database, a publicly available computational database containing the thermodynamic,
structural, and electronic properties of over 120,000 inorganic crystalline materials, as of
December 2020.151 Among these, 74,992 materials have calculated electronic band structures
available. We then identify all semiconducting materials (calculated band gap > 0eV) that
have less than 20 atoms in the primitive unit cell, resulting in 13,368 unique materials. We
choose to place a limit on the number of atoms in the primitive unit cell to filter out materials
with overly complex structures that may be difficult to synthesize and characterize. We also
eliminate all materials with spin-polarized band structures, since current DFT-based intrinsic
emittance models have not been formulated to account for electronic band structures with
non-degenerate spin states. These filters result in a list of 7,981 semiconducting materials that

we use to search for high brightness photocathode materials.

2.2. Low Intrinisic Emittance Scores
Intrinsic emittance, &;,,;, is the standard metric for assessing the brightness that a photocathode
material can achieve. If the momentum and position of the photoemitted electrons are

uncorrelated, &;,,; is given by:

1
et = —2) &

where m is the electron mass, c is the speed of light, and p, is the transverse momentum of
electrons emitted from the photocathode material (see Supplementary Note 1). During the
transmission of electrons across the photocathode-vacuum interface, the transverse momentum
of electrons is conserved. Therefore, the distribution of wavevectors in momentum space, as
given by electronic band structures, provides a means for estimating the intrinsic emittance of
a material. The relationship between the electronic band structure of a material and the intrinsic
emittance calculated from that band structure is illustrated in Figure 2. In short, the incident
photon energy dictates the states that can undergo optical excitations and the work function of
the photocathode sets a lower bound on the energy of the conduction band states that can emit
electrons.

Recently, Antoniuk et al. developed a DFT-based framework for calculating the intrinsic
emittance of photocathode materials.?5! This method is particularly well suited for screening
thousands of materials since it does not require any empirical parameters (such as electron

effective mass or band gap) as inputs and was developed to be applied to a broad spectrum of



photocathode materials. In combination with the recent development of massive databases of
calculated electronic band structures, this method enables the accurate determination of the
intrinsic emittance for tens of thousands of candidate materials. Additional details regarding
this method are given in Supplementary Note 1.

As shown in Figure 2, if all thermal effects are ignored, the intrinsic emittance is zero when
the incident photon energy is below the photoemission threshold and typically increases
monotonically as a function of photon energy when above the photoemission threshold.
Therefore, searching for low emittance materials based on the minimum intrinsic emittance
value is unlikely to provide meaningful results. Instead, we define a quantity that we call the
intrinsic emittance score (s;.) to use as a convenient metric for identifying materials that may
exhibit low intrinsic emittance. To calculate s;,, we first bin the intrinsic emittance values into
0.05eV intervals by taking the maximum of each interval. s;, is then defined as the lowest non-
zero intrinsic emittance value among all of these bins (Figure S1). Formulating s;.in this
manner is extremely convenient because the value of s;, is invariant to shifts in band gap values,
as can be seen by comparing the same-colored lines in Figure 2. As a result, utilizing s;, allows
us to identify low intrinsic emittance photocathode materials despite the well-known
underestimation of the Materials Project band gaps that are calculated with the semi-local
Perdew-Burke-Erzenhof (PBE) functional.[?¢271 We also note that the Materials Project utilizes
GGA+U electronic structure calculations for Co, Cr, Fe, Mn, Mo, Ni, V, and W oxide systems.
Although s;, is a predictive and convenient screening metric for identifying low intrinsic
emittance materials, but should not be interpreted as a quantity that can be directly compared
to experimental measurements. We further validate the use of this metric in Section 5.2 and
Supplementary Note 2.
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Figure 2. Calculated intrinsic emittance (&;,.) and intrinsic emittance scores (s;.) for the
prototypical semiconductor, wurtzite-GaN, plotted with various hypothetical work function
values(¢). Left Column: Bulk electronic band structure of wurtzite-GaN obtained from a) the
Materials Project database calculated with the PBE functional and b) the Materials Project with
the band gap fit to the experimentally measured band gap of 3.50eV.[?8l Notably, the value of
s;e does not change for different band gap values in the case of a fixed vacuum level, relative
to the conduction band minimum (compare same colored s;, values in a) and b)) However, the
underestimation of the band gap will also lead to an underestimation of the photon energy and
work function required for low intrinsic emittance. The vacuum level corresponding to
different work function values (¢) are shown as dashed horizontal lines. The work function of
1.2eV in a) corresponds to the value used in our screening. Middle Column: g;,,; calculated as
a function of incident photon energy for various hypothetical work function values. The
intrinsic emittance is evaluated with an incident photon energy spacing of 0.05eV. Right

Column: intrinsic emittance score (s;.) obtained for each hypothetical work function value.

Since the work function (¢) of the materials in our database depends on the surface termination
of the crystal and is not known a priori, we initially take ¢ = max(E;gy — 0.5eV, 0eV), where

E g is the energy of the conduction band minimum, relative to the Fermi level (Supplementary
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Note 2). Representing ¢ in this way can be considered the most optimistic choice of ¢, since it
allows all conduction band states to potentially contribute to photoemission, thus maximizing
the number of materials that can have low intrinsic emittance. This optimistic choice of ¢ is
desirable for an early stage of the screening process because it identifies all materials that have
the potential for low emittance. As illustrated in Figure 2b), assuming a moderate work function
of ¢ = 4.0eV for GaN in our screening would prevent us from discovering the low intrinsic
emittance that is possible at lower values of ¢.

By utilizing these approximations, we determine the intrinsic emittance score for all 7,981
semiconducting materials that were identified in Section 2.1. The distribution of the results of
these calculations are given in Figure 3. For the purposes of this screening, we consider a
material to have low intrinsic emittance if it has s;, < 0.3ummm™!. For comparison,
commonly used Cs,Te and K>CsSb photocathodes operate with intrinsic emittances in the range
of 0.4-0.6um mm~1.[2°31 Remarkably, we find that 3,468 materials in our database meet this
low intrinsic emittance score cutoff. However, we emphasize that this value represents an upper

bound to the number of materials with the potential for exhibiting low intrinsic emittance.

400- Emittance Score Cutoff

Number of Materials

0.5 1.0 1.5 2.0 2.5
Intrinsic Emittance Score (um/mm)

Figure 3. Distribution of intrinsic emittance scores (s;.) of the 7,981 materials identified in
Section 2.2. For the purpose of this screening, we classify a material as having a low intrinsic
emittance if s;, < 0.3um mm™1. We find that 3,468 materials in our database meet this low

intrinsic emittance criteria.



2.3 Synthesizability and Thermodynamic Stability

To ensure our candidate photocathode materials can be readily integrated into photocathode-
based devices, we filter out materials that have not been reported to be synthesized in the
literature. For the purposes of this paper, we refer to a material as being synthesizable if that
material has a previously reported synthesis in the literature. To ensure rapid implementation
of our novel photocathode materials, we note that this definition of synthesizability
intentionally excludes materials that are synthetically feasible, but have not yet been realized.
This condition is checked by cross-referencing our candidates against the experimental
synthesis information provided in the ICSD database.[**! We also verify the thermodynamic
stability of our candidates through the energy above the convex hull, Ey,,;;, metric provided on
the Materials Project database.™*> The energy above the convex hull is defined as the formation
energy of a material with respect to the most stable ground state in the chemical space of the
material. This thermodynamic stability filter has previously been employed in materials
screenings as a means to identify both stable and metastable candidate materials.[*2-3! A recent
analysis of all synthesized inorganic materials on the Materials Project database has found the
90" percentile metastability (close to being unstable) to be 67 + 2meV /atom above the
convex hull that describes the lowest free energy phase(s).l**! Therefore, in accordance with our
principle of identifying an upper limit to the number of possible photocathode materials, we
select for materials with a calculated energy above the hull of Ej,,;; > 100meV/atom. This
choice of filter therefore captures the majority of synthesizable materials, while still eliminating
synthesizable, but thermally unstable candidates.

The resulting list of 2,114 materials is noteworthy as it represents a nearly complete list of all
synthesizable, bulk, inorganic semiconductor materials that may exhibit low intrinsic emittance.
Despite the very low number of photocathode materials with experimentally measured low
intrinsic emittance, this result seems to suggest that low intrinsic emittance may not be a rare
property. However, this conclusion is dependent on how well our s;, metric corresponds to
experimentally measured intrinsic emittance values. In particular, this likely represents an upper
bound to the number of low intrinsic emittance materials since it assumes a favorable work
function value for every material.

We note that this list of 2,114 materials contains all of the known low emittance
semiconducting photocathode materials that have been reported in the literature to date (Cs3Sb,
K2CsSb, GaN, GaAs, Cs;Te),l'l emphasizing the ability of our screening to successfully

identify promising ultrabright photocathode materials. Although this list contains some
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chemical analogues of these known photocathode materials, the full spectrum of identified
materials is diverse and 98.3% of the materials do not belong to any known family of
photocathode materials (Table S1). It is therefore unlikely that these novel photocathode

materials could have been discovered through chemical analogy.

3. Discovery of Ultralow Emittance Photocathode Materials

In the previous section, we have identified a diverse spectrum of materials that have the
potential to exhibit low intrinsic emittance under ideal conditions. We now seek to identify the
photocathode materials in our database that can achieve lower intrinsic emittance than the
current state-of-the-art photocathode materials when subject to typical FEL operating
conditions.

First, we identify photocathode materials in our database that exhibit low intrinsic emittance
when illuminated by photon energies between 1-5eV. This range of photon energies was
chosen to match the range of photon energies typically used in photoinjectors (266nm for Cu
and 532nm for K,CsSb photocathodes),®*%*! while also accounting for the consistent
underestimation of PBE calculated band gaps.l?! The work function of a material can vary
heavily based on the atomic geometry of the surface, the presence of surface contaminants, or
external electric fields.*-** To ensure that our candidate photocathode materials are robust
against these variations in work function, we also screen our photocathode candidate materials
to ensure that they exhibit low intrinsic emittance across a continuous range of possible work
function values of at least 1.0eV (Supplementary Note 3 and Figure S2). A total of 1,070
materials satisfy these two criteria.

At this stage of the screening, we have identified 1,070 semiconducting materials that have
low intrinsic emittance scores, are synthesizable, are thermodynamically stable, emit electrons
when illuminated by photon energies between 1-5eV, and exhibit low intrinsic emittance over
a 1eV range of work function values. As such, all 1,070 of these semiconducting materials
appear to be promising high brightness photocathode materials. The next step is to extensively
validate the properties of these top candidates since they were identified through approximate
screening criteria. Since it is computationally intractable to validate all 1,070 materials, we
proceed by identifying 13 materials that are commercially available. By identifying
commercially available materials among our low emittance candidates, we expect these
materials will already have a well understood synthesis, thereby accelerating the experimental

realization of these promising materials.
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For all 13 of these materials, we perform accurate DFT calculations of the intrinsic emittance

that includes calculating the work function of the experimentally observed stable surface
termination, calculating photoexcitation matrix elements, calculating the electronic structure
with the hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE06),14% and evaluating the
electronic structure using a dense, uniform k-point mesh (see Methods for details). In previous
work, we have shown that intrinsic emittance predictions made from this method agree with
experimental measurements with a mean absolute error of 0.044pum mm~™1 across a diverse
range of materials.?®1 As a means of comparison, we perform analogous computations for the
current state-of-the-art photocathode material, KoCsSb.
Remarkably, we find that 11 out of 13 of these commercially available materials (BeSe, c-AlN,
Li.Te, w-AlN, ZnTe, ZnSe, MgTe, CdS, Na.Te, GaN and GaP) have DFT calculated intrinsic
emittance values below 0.30um mm ™1 when the work function is optimized (Table S2, Figure
S4). The underestimation of the intrinsic emittance scores of the two misclassified materials
(BP and BexC) is likely due to the exclusion of low symmetry k-points in the Materials Project
band structure (Figure S4).

The 3 materials with the lowest predicted intrinsic emittance values are shown in Figure 4b).
For an excess energy of 0.20eV, our DFT predictions suggest that CdS will exhibit an intrinsic
emittance that is an impressive 4x less than that of K>CsSbh. Additionally, this ultralow
emittance in CdS is sustained for a broader range of photon energies than for K.CsSbh. However,
our predictions indicate that achieving this ultralow emittance in CdS will require lowering the
work function to below 2.0eV. Similarly, we predict NazTe to achieve an intrinsic emittance 2x
lower than K>CsSb at an excess energy of 0.2eV, while only requiring a work function below
3eV. Additionally, 4 of the discovered low emittance materials (BeSe, Li>Te, cubic AIN, and
hexagonal AIN) are predicted to exhibit intrinsic emittance values below 0.30um mm™1

without requiring any work function optimization (Figure 4a)).
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Figure 4. DFT calculated intrinsic emittance of representative examples of the ultralow
emittance photocathode materials discovered in this work. The DFT calculated intrinsic
emittance of the commonly used photocathode, K>CsSb is shown for comparison. a) 3
representative examples of photocathode materials (cubic-AIN, Li>Te and BeSe) that achieve
lower intrinsic emittance than K>CsSb without requiring work function optimization. b) 3
representative examples of photocathode materials (Na;Te, ZnSe, and CdS) that achieve
ultralow intrinsic emittance when the work function is optimized to the range of values
indicated in parentheses. All 11 materials with low DFT calculated intrinsic emittance are given
in Table S2.

4. ldentification of Air-Stable Visible Light Photocathodes
4.1. Visible Light Photoemitters

Photocathode materials that can operate with visible light driving lasers are preferred since
they can be illuminated by the second harmonic of Nd:YAG lasers and can lead to high spatial
quality beams.*¥ In order to identify photocathodes that exhibit low emittance when
illuminated by a visible light laser, we search among the 2,114 candidates identified in Section
2.3 for materials that possess a work function below 3eV, have low intrinsic emittance for
photon energies Aw < 3eV, and exhibit low emittance across a 1.0eV range of work function
values. Setting an upper bound on the incident photon energy values required for low intrinsic
emittance in this step naturally accounts for the consistent underestimation of Materials Project

GGA band gaps, thus minimizing the number of false negative material predictions.?!
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Figure 5. Screening workflow for identifying air-stable visible light photocathode materials.
The column on the right indicates the number of remaining candidate materials after applying
each screening criteria. Filters A-C are identical to Figure 1. However, filters D and E identify

all air-stable binary materials that have low intrinsic emittance when illuminated by visible light.

In general, the work function of a material is dependent on the most stable Miller index surface
termination, as well as the atomic geometry of that termination. For the 2,114 low intrinsic
emittance materials identified in Section 2.3, considering all possible surface terminations up
to a Miller index of 1 would require an immense 90,698 surfaces, which is an intractable number
to evaluate with DFT. Instead, we utilize a recently published random forest model for
predicting the work function of surfaces.*¥ This model was trained on the PBE calculated work
function values of 29,270 low Miller index surfaces of 2,492 crystal structures that are on the
Materials Project database. Remarkably, this random forest model was shown to predict DFT-
calculated work function values with a mean absolute test error of 0.19eV across a vast chemical
space, which is comparable to the error between DFT-calculated and experimental work
function values.*®l Notably, we can expect similar accuracy from this random forest model on
our dataset since our photocathode candidates are drawn from the same database that the
random forest model was tested on. Ensuring that low emittance is sustained across a 1.0eV
range of possible work function values instills further confidence that our predictions are robust
against the +0.19eV error that is expected in the random forest model work function

predictions. With this machine learning approach, we efficiently calculate the work function
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of all 90,698 surface terminations (see Methods) to identify all materials with any ¢ <3eV
surface.

Applying these three criteria to the 2,114 low intrinsic emittance materials identified in
Section 2.3 results in the identification of 493 low emittance, visible light photocathode
materials (Figure 5). We note that the low work function surface terminations identified here
are not checked for thermodynamic stability at this step.

Interestingly, we don’t observe any significant correlation (Pearson correlation coefficient,
r = 0.010) between the minimum work function of a material and its intrinsic emittance

(Figure S5), suggesting that these two properties may be able to be independently engineered.

4.2. Air Stability

Beyond elucidating all possible low emittance visible light photocathodes, we now seek to
identify candidate materials that can serve as air-stable replacements for alkali antimonide
photocathodes. Computationally, the air stability of a material can be probed through the
construction of an oxygen phase diagram. However, this method requires calculating all
possible competing phases and neglects the kinetic stability of phases.[?l Instead, we
hypothesize that we will be most likely to identify air stable candidate materials by searching
among stable oxide materials. We emphasize that this screening strategy is aimed at targeting
a chemical space that is likely to contain a high proportion of air resistant materials, whereas
we rigorously establish the air stability of these materials by leveraging previous experimental
reports in Section 5.1. Although there are a total of 185 oxide-containing materials in our list
of 493 visible light photocathodes, we only select for binary, non-radioactive oxides for their
ease of characterization and synthesis. This filter results in only 3 materials: the M0
(M=Na,K,Rb) anti-fluorite family.

To further assess the photoemission properties of the MO family, we perform detailed DFT
calculations to determine the intrinsic emittance for Na,O, KO and Rb>O. Our calculated
properties of M2O and K>CsSb are well-validated by experimental values previously reported
in the literature (Table 1) and highlight the exciting potential of the MO family as air-stable
replacements to alkali antimonide photocathodes. In particular, we find that the MO family
exhibits intrinsic emittance comparable to KoCsSb (Table 1, Figure S3), but with the additional
benefit of superior air stability. Although the presence of oxide anions in the M>O family allow
them to be stable against oxidation, their ionic nature is also likely to be responsible for the
higher band gap of the M20 family, relative to KoCsSb (Table 1, Figure S3).
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Table 1. DFT calculated and experimentally measured properties of the newly discovered
Na20, K20 and Rb20 photocathode materials. The equivalent properties for KoCsSb are
shown for comparison. The intrinsic emittance scores (s;.) shown here are calculated with the
DFT-calculated work function (¢) of the experimentally observed surface termination,
HSEQ6 electronic band structure, photoexcitation matrix elements, and a dense uniform k-
point mesh. For Na;O, K>0 and Rb20, the experimental and DFT work function values are
with respect to the alkali-terminated (111) surface. For K>CsSb, the experimental and DFT
work function values are with respect to the Cs-terminated (111) surface.

Material | HSE- | Literature | Experiment | DFT | Electron Band Sie Air
06 Band ¢ ¢ Effective Gap (um | Resist-
Band | Gap (eV) (eV) (eV) | Mass (me) | Type |mm™1)| ant?
Gap
(eV)
Na,O | 3.26 - 1.95[43] 2.4 0.35 Direct | 0.23 Yes
K20 2.96 - 1.75144 2.0 0.41 Indirect | 0.19 Yes
Rb,O | 2.52 - 1.214%] 1.1 0.36 Indirect | 0.31 Yes
K,CsSb | 1.45 1.2130] 1.81471 1.6 0.18 Direct | 0.28 No
5. Discussion

5.1. Discussion of Discovered Photocathode Materials

There have been numerous reports of the synthesis of Na2O thin films in the literature, 3484l
These syntheses typically involve thermally evaporating sodium onto a substrate, followed by
controlled oxidation in a dry oxygen atmosphere. Similar reports have been made for Rb,0O and
K0.[44] Electron diffraction spectra on Na2O confirm a sodium-terminated (111) surface and
subsequent field emission measurements give a work function of 1.95eV.[*3l This measured
work function value is in good agreement with our DFT predictions and is well below the 3.2eV
work function required for low intrinsic emittance (Figure S4). Additionally, electron
momentum spectroscopy (EMS) spectra taken immediately after Na,O deposition showed no
change in electronic band structure after 22 hours of exposure to the EMS electron beam.8 To
the best of our knowledge, there has been no prior studies exploring the use of any MO material
for photoemitter applications.

These previously reported experimental findings provide convincing validation for the air
stability and robustness of Na2O. Although further experimentation is required to fully assess
the lifetime of Na2O when operated in a photoinjector and the sensitivity towards water vapor,
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we expect the high air stability of the M>O family will allow them to be operated in milder
vacuum conditions and exhibit longer operational lifetimes than K>CsSbh photocathodes. The
discovery of this family therefore paves the way for new photonic devices and applications that
are not easily amenable to ultra-high vacuum conditions. If realized, the relaxed vacuum
conditions provided by the M>O family will also greatly simplify the fabrication, synthesis,
storage, and transfer of photocathodes.

Among the 11 commercially available, low emittance photocathode materials discovered in
this work, 4 are I11-V semiconductors (c-AIN, w-AIN, GaN, GaP). Il1I-V semiconducting
materials such as GaN and GaAs have long been considered a promising class of photocathode
materials and have demonstrated impressively high quantum efficiencies.®! This work builds
on this knowledge by computationally validating the low intrinsic emittance in these 4 materials,
while also elucidating a complete spectrum of 14 111-V semiconductors that can be expected to
exhibit low intrinsic emittance (Table S1).

The other 7 materials with low DFT-calculated intrinsic emittance are semiconducting
chalcogenides (BeSe, Li2Te, ZnTe, ZnSe, MgTe, CdS, NazTe). Li.Te and NaxTe can be
considered as chemical analogues of the well-known photocathode material, Cs,Te. BeSe,
ZnTe, ZnSe, MgTe and CdS have all been previously considered in optoelectronic applications
as a result of their wide band gap and low effective masses.[®?%¢ Interestingly, these properties
are also responsible for the low predicted intrinsic emittance values in this work. The electronic
properties of these materials have also been extensively studied experimentally. Our HSEQ06
predicted band gaps agree with experimental bands gaps with a mean absolute error of 0.28eV,
providing experimental validation of the electronic structures used for the intrinsic emittance
predictions in this work (Table S2). We emphasize that all 16 candidate photocathode materials
studied in this work have been previously synthesized and the surface terminations were chosen

based on the experimentally stable surfaces of each structure type (see Methods).

5.2. Deriving Physical Insights from Intrinsic Emittance Scores

The 16 candidate photocathode materials discovered in this work provide a means to validate
the predictive power of the intrinsic emittance scores that we introduced in an empirical manner.
We find that the intrinsic emittance score metric (s;.) is remarkably successful at identifying
low intrinsic emittance materials. 14 out of 16 (88%) of the materials with low s;, were also
found to exhibit low DFT-calculated intrinsic emittance values. As a result of the strong

correspondence between s;, and DFT-calculated intrinsic emittance values, understanding the
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physical properties that are correlated with s;, can provide physical insights into designing low
intrinsic emittance photocathode materials.

The most frequently used method for understanding the intrinsic emittance of photocathodes
is the model of Dowell-Schmerge, which predicts the intrinsic emittance to scale as €;,,; < \/E
where m;, is the electron effective mass.[%%":%81 Owing to this proportional relationship between
Eine and \/m_;; , previous searches for low intrinsic emittance photocathode materials have
focused on identifying low electron effective mass materials with direct band gaps.®":5%60]
Notably, the Dowell-Schmerge model assumes in its derivation that the electronic structure can
be represented by parabolic bands of the form, E(E) =E,+ % where m;, is taken to be
isotropic. In comparison, the model that we use in this work utilizes the full electronic band
structure directly, without making any assumptions about its functional form.?®! Plotting s;,
against m;, therefore allows us to quantitatively assess how well m; can be used to predict
intrinsic emittance across a broad spectrum of materials.

Our dataset provides some evidence that lower electron effective mass materials are more
likely to exhibit low intrinsic emittance scores. On average, materials with m; < 0.2m,, are
approximately 1.3x more likely than random (58% vs. 44%) to exhibit low intrinsic emittance
scores (Figure S7, S8 and S9). Furthermore, the average electron effective mass of the
materials with DFT calculated intrinsic emittance values below 0.3um mm™1 is 0.26m,, which
is a lower electron effective mass than 83% of the entire dataset. However, low electron
effective mass is not a guarantee for low intrinsic emittance. Even among the materials with a
very low electron effective mass of m; < 0.20m,, only 58% of these materials exhibit low
intrinsic emittance scores. Conversely, 19% of materials with a relatively large electron
effective mass of m; > 1.00m, also exhibit low intrinsic emittance scores.

In agreement with the intuition that direct band gaps are needed for low emittance
photocathodes, we find that direct band gap materials are approximately 1.5x more likely (59%
vs 38%) to exhibit low intrinsic emittance scores than indirect band gap materials (Table S3
and Figure S6). Even though direct band gap materials are more likely to exhibit low intrinsic
emittance, we note that 2,035 indirect band gap materials in our database also exhibit low
intrinsic emittance scores. The relative proportion of direct and indirect band gap materials that
can exhibit low intrinsic emittance is expected to be affected by the exclusion of phonon

scattering in our calculation of s;,.
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To assess how well m;, values can be used as a predictor for intrinsic emittance scores, we fit
a square root relationship between these two quantities (Figure S10). However, the mean
absolute error between this square root law and the calculated intrinsic emittance scores is
0.53um mm™1. This result indicates that a very wide range of possible intrinsic emittance
scores can exist for a given value of mj, as is illustrated in Figure 6. This spread in intrinsic
emittance scores may arise due to the presence of degenerate bands, non-parabolic bands and/or
anisotropic bands in the electronic band structure, all of which cannot be captured by the
electron effective mass parameter.

In summary, low electron effective mass materials are, on average, more likely to exhibit low
intrinsic emittance scores. However, we find that electron effective mass cannot be used as a
sole predictor for identifying low intrinsic emittance photocathode materials. Rather, the full
electronic band structure is required to accurately model the intricate relationship between the
electronic structure of a material and its intrinsic emittance.

Interestingly, we note that the well-studied photocathode materials, GaAs, K>CsSh, and
Cs2Te, exhibit intrinsic emittance scores that are among the lowest in our entire dataset (Figure
6). Although these materials were discovered through trial-and-error based approaches and with
limited data, an understanding of the physics of photoemission has allowed researchers to
successfully discover a few of the brightest photocathode materials among hundreds of

thousands of possible materials.
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Figure 6. Calculated intrinsic emittance scores (s;.) plotted against the electron effective mass
for the 7,981 semiconducting candidate materials in Section 2.2. Both the intrinsic emittance
scores and electron effective mass are calculated from the Materials Project band structures.
Materials with direct and indirect band gaps are indicated by blue and gray, respectively, in
both the scatter plot and the histogram. Calculated values for the state-of-the-art photocathode
materials GaAs, K>CsSb and Cs,Te are shown for comparison. All categories shown in the
histograms are independently normalized to account for the larger number of indirect gap
materials in our database (2,084 direct gap materials and 5,897 indirect gap materials). The
electron effective mass of each material is calculated from the curvature of a parabola fit to the
4 k-points on both sides of the conduction band minimum. As a result, the electron effective
mass is calculated in the direction of the reciprocal space path that contains the conduction band
minimum. If multiple conduction band minima are present, the minimum with the lowest

electron effective mass is plotted.

5.3. Insights into Low Work Function Photocathode Materials

The traditional strategy for achieving low work function materials is to coat the surface of
the material with electropositive atoms (typically cesium). This results in a reduced work
function due to the build-up of electron density at the surface and the formation of surface

dipoles.'®t Here, we utilize the ML predicted work functions of 90,698 surfaces to extend these

19



findings to the problem of identifying low work function (<3eV) photocathode materials. We
find that among the low work function materials identified in this work, 53.5% contain alkali
metals, 31.5% contain alkaline earth metals and 20.6% contain lanthanides (Figure S11). On
the other hand, we find only 125 out of the 90,698 surface slabs (0.1%) had work functions
below 3eV and did not contain alkali metals, alkaline earth metals or lanthanides. However,
there is also no guarantee that any of these 125 low work function surfaces will be stable.
Although it is well-known that electropositive atoms are required for achieving a low work
function, our results allow us to suggest that stable <3eV work function surfaces are
exceedingly unlikely to exist for materials without alkali, alkaline earth or lanthanide atoms.
Physically, this result may suggest that only alkali, alkaline earth, and lanthanide atoms are
sufficiently electropositive to generate a large enough surface dipole that is required for a <3eV
work function material. This important insight greatly reduces the search space for future

searches for visible light photocathodes.

6. Conclusion

In this work, we have computationally screened 74,992 inorganic bulk materials to identify
novel low emittance photocathode materials. As a result, we discover 2,114 synthesizable, low
intrinsic emittance photocathode materials, serving as a rich space for future material discovery
efforts. The low emittance materials discovered in this list span a diverse range of chemistries,
suggesting that they could not have been discovered as chemical analogues of known
photocathode materials. Our DFT validations on a subset of the discovered materials confirm
the estimated low intrinsic emittance in 88% of the tested materials, highlighting the robustness
of our screening predictions. Through analyzing 7,981 electronic band structures and 90,698
surface slabs, we provide statistically meaningful insights to guide future development of
photocathode materials. These screening efforts also result in the identification of the M20
family as the first air-stable visible light photocathodes, as well as ultralow emittance materials
with up to 4x lower emittance than the current state-of-the-art. These discoveries are expected

to greatly expand the range of experimental possibilities for photoemitting materials.

7. Methods
Machine Learning Predictions of Work Functions of Surface Slabs: The machine learning
model used in this work to predict the work function of surface slabs was trained in

Reference [39] on a dataset that consists of 2,492 Materials Project structures. As described in
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Reference [39], these 2,492 structures were obtained by querying all elemental, binary, or
ternary materials that met certain synthesis, crystal structure, and thermodynamic stability
conditions. From these 2,492 structures, 29,270 unique surface terminations were generated
and their work functions were calculated with the PBE exchange correlation functional. A
number of machine learning models, including linear regression, neural network, and random
forest models, were trained and tested with a 90/10 split of this dataset. In this work, we have
chosen to utilize the random forest model to identify visible light photocathode materials since
this model achieved the lowest test error among all tested models in Reference [39]. For each
of the 2,114 materials identified in Section 2.3, we identify all symmetry-distinct planes with
Miller indices up to a maximum of 1. For each unique Miller index, unique surface terminations
are determined from the local environment criteria detailed in Reference [39]. Each of these
surface slabs is then represented according to the 15 feature model described in Reference [39].
These features are comprised of various functional forms of the atomic electronegativities,
atomic radii, first ionization energies, Mendeleev numbers, the packing fraction of the atomic
layers, and the distances between atomic layers. The random forest model with this featurization
was previously shown to predict the work function of surfaces with a mean absolute test error
of 0.19eV. Notably, since our photocathode candidate materials are drawn from the same
database, we expect the work function of materials in this work to be predicted with comparable
accuracy. The code for this random forest model is available at

https://github.com/peterschindler/WorkFunctionDatabase.

DFT Intrinsic Emittance Calculations: All DFT calculations in this work are performed with
the VASP 5.4.1 package with the projector augmented-wave method.[2631 All electronic
structure calculations are relaxed until a convergence of less than 10~*eV and ionic relaxations
are converged to 10~3eV. Plane wave basis sets are expanded with a kinetic energy cutoff that
is set to be 30% larger than the VASP default values.

Calculating the intrinsic emittance requires three distinct DFT calculations. First, we calculate
the electronic structure with the PBE functional by uniformly sample the first Brillouin zone on
a uniform k-point mesh of at least 500 k-points per atom. For every k-point in this mesh, we

also calculate the photoexcitation matrix elements, (y;, .|p|wz ). Second, we calculate the

band gap with the HSEO6 hybrid functional, which is expected to estimate the experimental

band gap to within 0.5eV.[?584 The intrinsic emittance is then determined from the PBE
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electronic structure calculated on the uniform k-point mesh with the scissor operator applied to
the electronic states to match the HSE06 band gap.®!

Thirdly, we calculate the work function with the PBE functional and with the experimentally
observed stable surface termination. We take this to be the (111) cation terminated surface for
all antifluorite structures, the (110) surface for all zinc blende structures, (1010) for all wurtzite
structures and Cs-terminated (111) for K,CsSh.#347:66671 e relax the positions of the atoms in
the slab for Na2O, K20, Rb>0, and K>CsSh, and then calculate the work function for this relaxed
surface slab. Due to computational expense, we calculate the work function of all other
materials from slabs that have their atoms in the bulk atomic positions. For all surface slab
calculations, we employ a dipole correction, include at least 15A of vacuum space between
periodic slab images, and ensure a minimum slab thickness of at least 10A. The work function
is determined from the difference between the Hartree potential in middle of the vacuum region
of the computational cell and the Fermi level.

From these three calculations, the intrinsic emittance, &;,,;, is calculated as:

h N
gme(w,T) = — \/z wi(k, w, T)k2; (1)

L

where w; represents the relative probability that the it" possible optical transition will result in
emitting an electron with wavevector, k... This weight, w; is then calculated as the product of

three terms:
- 1 - - -
Wi(k, w, T) = Nwi_kpt(k) X Wi’opt(k, w,T) X Wi escape (k) (2)

where w; p; (k), Wi ope (K, @, T) and wi gscape () represent the k-point degeneracy, the
probability of photoexcitation, and the probability of photoemission from the photocathode,

respectively (see Supplementary Note 1). Therefore, the electronic structure calculations

performed above give the distribution of wavevectors, k, necessary to evaluate all 3 of these

terms. In addition, we perform HSEOQ6 electronic structure calculations to more accurately

represent the band gap of the material, which affects Wi,opt(E’ w, T). Finally, the work

function calculation is required to evaluate w; ¢scqpe (E) since the work function describes the

energy required for electrons to be emitted from the photocathode.
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Over 74,000 semiconducting materials are computationally screened to identify promising
ultrahigh brightness photocathode materials for use in next-generation free electron lasers.
This broad search results in the identification of novel materials that are predicted to be
considerably brighter and more resistant to oxidation than the current state-of-the-art

photocathode materials.
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Supplementary Note 1: Background on Intrinsic Emittance Calculations
In this work, we adapt the methodology of Antoniuk et al. to calculate the intrinsic emittance
of all 7,981 semiconducting materials identified in this work.?® Within this approach, the
intrinsic emittance, &;,,¢, is calculated as:

— h T 2
Eint(w, T) = p— z Wl-(k, w, T)kx'i (S1)
i

where w; represents the relative probability that the it" possible optical transition will result in
emitting an electron with wavevector, k.. The weight, w; is then calculated as:

- 1 - - -
Wi(k, w, T) = Nwi,kpt(k) X Wijopt(k, w, T) X Wi,escape(k) (52)

where N is a normalization factor and wi_kpt(E) is the number of symmetry equivalent k-points
with the same value of k,. Wi,opt(Ef w, T) is the photoexcitation probability of excitation
between a final conduction band state, 5 ., and an initial valence band state, 17 ,, and is given
by:
—_ N 2 —_ —_
Wiope (K, 0, T) = (g c[Bl¥7,)” X 8[Ec(k) — Ey(k) = heo] X [f (B, T) = f (Ee, TI(S3)

where f(E,T)is the Fermi-Dirac distribution of a state with energy, E, and an electronic
temperature, T, § is the Dirac delta function, and p is the momentum operator of the optical

field. Wi,escape(E) is the probability of the photoexcited electron being emitted from the surface
of the photocathode. Since all three of the terms in Equation S2 depend on k, evaluating
Wi,kpt(E) requires a calculation of the electronic dispersion of the material, E(E) Evaluating
Wi,opt(Ev w, T) requires an additional calculation of the matrix elements of the photoexcitation,
Hep = (W3 (|B|¥5 ). Finally, w; escape (k) is then given by,

E B 4kz,inkz,out
Wi,escape( ) - (kzin + kzout)?

(54)

where k, ;,, is the z-component of the crystal momentum wavevector inside the photocathode
and k 5, is the z-component of the wavevector of the emitted electron. k, ,,,. is dependent on
the work function of the surface of the photocathode, ¢, through the expression:

2m
kz,out = \/? (E—¢) - k;%,out - kaz,out (S5)
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In summary, determination of the intrinsic emittance of a photocathode material with Equation

S1 requires, at minimum, some representation of ¢, H,,, and E(k) of the photocathode
material. We refer interested readers to Reference [25] for a rigorous derivation of these
expressions. We note that this photoemission model assumes a resonant electron emission
process, whereby the emitted electron is assumed to be in the same conduction band state that
it was photoexcited into. This photoemission model therefore neglects the thermalization of
excited electrons into the conduction band minimum, as well as the transport of electrons to the
surface for emission which could be relevant in materials with large skin depths. Additionally,
this model assumes that the photoemission is dominated by bulk electronic states, which we
expect to be valid in materials with skin depths of at least 10nm.

Supplementary Note 2: Discussion of Intrinsic Emittance Score
In Section 2.2, we employ a number of approximations to allow Equation S1 to be evaluated
with only the data that is available on the Materials Project database. First, we assume the
photoexcitation matrix elements, H.,,, to be unity for all pairs of conduction band states and
valence band states. This approximation assumes that all pairs of conduction and valence band

states that obey E.(k) — E,(k) = hw will have an equal probability of being excited by a

photon of energy, hw. We represent the electronic dispersion of the material, E(E), with the
electronic band structures pulled from the Materials Project database. We assume a weight of
wi,kpt(E):l for every k-point in the electronic band structure. We also note that these band
structures are calculated with the PBE functional and are expected to underestimate the
experimental band gap by approximately 40%, with a mean absolute error of 1.0eV.[B:58l
Following the method in Ref. [25], we use a lifetime broadening of 0.20eV for evaluation of §
in Equation S3. We also take the transverse direction to be along the x-axis. The photon energy
dependence of €;,;(w) is captured by calculating &;,,; (w) with photon energies ranging from
hw = ¢, up to Aw = ¢ + 5eV, with a step size of 0.05eV.

Evaluation of Equation S1 also requires a work function value, which is not known for each
material in our database a priori. However, there are a number of physical and computational
considerations that constrains our initial choice of work function value. First, the work function
must be non-negative since it physically represents the energy required to remove an electron
from the material. Secondly, it is preferential at the initial stage of the screening process to have
the work function to be lower in energy than the conduction band minimum. Placing the work
function below the conduction band minimum allows all conduction band states to potentially
contribute to photoemission (Equation S5), which increases the likelihood that a material can
exhibit low intrinsic emittance. The result of this choice is that we identify an upper limit to the
number of materials that can have low intrinsic emittance. This is desirable for an early stage
of the screening process because it identifies all materials that have the potential for low
intrinsic emittance and prevents promising candidates from being filtered out due to a more
restrictive choice of work function. Thirdly, we note that the calculated intrinsic emittance does
not change when the work function is less than the conduction band minimum, when assuming
constant photoexcitation probability (Equation S1-S5). Therefore, placing the work function far
below the conduction band minimum is computationally inefficient since no electron emission
will occur for photon energies less than the band gap, i.e. hw < Ecgy — Epgn- Taking all of
these considerations into account, we take the work function of each photocathode material to
be ¢ = max(Ecgy — 0.5eV,0eV), where E.gy, is the energy of the conduction band minimum,
relative to the Fermi level. This choice ensures that the work function is always non-negative
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and lower in energy than the conduction band minimum. The choice of taking ¢ to be 0.5eV
below the conduction band minimum allows for electrons excited into conduction band minima
states to be emitted in the case that k, 4, Or ky, 5, are non-zero (Equation S5).

Although it is possible to use our machine learning model to predict ¢ to use in our initial
screening, the main complication that arises is that we do not know which Miller index surface
termination is the most stable for each material in our database. Choosing ¢ =
max(Ecgy — 0.5eV, 0eV) identifies all materials that can achieve low intrinsic emittance by
initially using an optimistic choice of ¢, which we then validate later in our screening with DFT
calculations on the experimentally reported stable surface termination.
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Figure S1. Procedure for calculating s;, for hypothetical intrinsic emittance data. First, we
determine the maximum intrinsic emittance value for a bin size of 0.05eV. s,, is then the
minimum of all of these bins, giving s;, = 0.26um/mm (top) and s;, = 0.70um/mm
(bottom). Notably, the binning prevents the &;,,; = 0.10um/mm point on the bottom plot to
give rise to a low s;,. This increases the robustness of our screening workflow by preventing
fortuitously low &;,,; values from giving rise to low intrinsic emittance scores.
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After employing these approximations, we can then use Equation S2 to calculate &;,,;(w). The
intrinsic emittance score (s;,) that we use to identify low intrinsic emittance materials is then
calculated from ¢;,,; (w). To calculate s;,, we bin all non-zero values of ¢;,,;(w) with an interval
of 0.05eV by recording the maximum intrinsic emittance in each bin. The value of s;, is then
taken to be the lowest of these binned values (Figure S1).

Formulating s;, in this way provides a number of useful properties that aid in the robust
identification of low intrinsic emittance materials. First, the inclusion of the 0.05eV sliding
window ensures that the low emittance materials discovered from our screening are able to
exhibit low intrinsic emittance for a range of photon energies, rather than requiring an
extremely precise incident photon energy. Additionally, s;, is invariant to shifts in the band
gap, assuming the vacuum level is located below the conduction band minimum. Although
different choices of exchange-correlation functionals will impact the value of Ecgpy, such
shifts in the band gap will simply horizontally translate a plot of intrinsic emittance vs. photon
energies (Figure S1), without changing the curvature of the plot. Since we calculate the
intrinsic emittance score by recording the maximum intrinsic emittance in each 0.05eV bin,
the intrinsic emittance score will be unaffected by shifts in Eqgy. This allows us to accurately
identify low intrinsic emittance materials despite the well-known underestimation of band
gaps calculated with the generalized gradient approximation PBE functional.?®?"] Finally, s;,
removes the photon energy dependence of &;,,;(w), allowing the photoemission properties of
different materials to be directly compared without requiring specification of a particular
photon energy.

The loose k-point sampling that is inherent to the Materials Project band structures may have
two negative effects on our screening results: i) discovering materials with poor performance
(overestimating emittance) or ii) accidentally eliminating promising materials
(underestimating emittance). In the first scenario, we emphasize that for all 17 candidates that
we study in detail in this work, we perform DFT validations with a dense, uniform k-point
mesh. These calculations provide validation for the photoemission properties of these top
candidates in a manner that is independent of the limitations of the MP band structures.
Among these 17 materials tested, we found that 15/17 (88%) of the low emittance materials
discovered with the MP band structures retained their low emittance with dense k-point
calculations. As a tool for accelerating materials discovery, we find that this is a remarkably
high rate of success for finding promising candidates. Although our screening identifies a
high proportion of successful materials, the 2 misclassified materials highlights the
importance of the DFT validations that we perform following the screening process. In the
case of the second scenario where emittance is underestimated, it is nearly impossible to
quantify how many materials are left undiscovered. However, we do not see any significant
underestimation of the MP predicted emittance in any of the 17 validated materials (Figure
S4).

Due to the proportional relationship between &;,,, and k2 in Equation S1, we note that the value
of s;, can be limited by the k-point density of the DFT calculation. For example, the smallest
non-zero value of k, for an electronic structure calculation on a uniform 16x16x16 k-point

1 . . A
mesh would be = g giving the smallest possible non-zero value of ¢;,,; to be — (F”a)z. For

a typical lattice constant of a = 5.04, this corresponds to a minimum intrinsic emittance of
0.16um/mm. Therefore, for materials with small values of s;,, the value of s;, calculated from
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Materials Project band structures may be overestimated if it is limited by the k-point density of
the band structure calculation. Nevertheless, this effect does not prevent s;, from distinguishing
between materials with high intrinsic emittance and low intrinsic emittance.

Supplementary Note 3: Calculating Range of Work Function Values with Low Intrinsic
Emittance:

To determine the range of hypothetical work function values that can give rise to low intrinsic
emittance, we calculate s;, with the method described in Supplementary Note 2. The work
function dependence of s;, is determined by calculating s;, with hypothetical work function
values ranging from ¢ = max(E¢gy — 0.5eV,0eV) up to ¢ + 5eV, with a step size of
0.25eV. Once the work function dependence of s;,(¢) has been calculated, we find the
largest continuous range of work function values, ¢, that give s;.(¢) < 0.3um/mm (Figure
S2). In both Sections 3 and 4.1, we screen for the materials that have a range of work function
values that is at least 1.0eV. This criteria increases the robustness of our screening workflow
by ensuring that a low s;, value is maintained over a relatively broad range of hypothetical
work function values, rather than just the initial hypothetical work function value of ¢ =
max(Ecgy — 0.5eV,0eV) used in Section 2.2.

B Evac,min:ECBM'O .5eV

' r Evac,maszvac,min+5eV

b
0 i 1 0
® ® D m
AN ANV V V
o O o oo
Wwwww

E.0<a!5 -
€' 0>%s —
€' 0<s —
E.0<a!5 -
£'0>%5 —
€' 0>%s -—

—
2 eV range WF robust

Figure S2. Procedure for determining the range of work function values that give s;,(¢) <

0.3um/mm for a hypothetical band structure. The spacing between vertical dotted lines is
0.50eV.
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Table S1. Chemical formulas of the synthesizable, low intrinsic emittance photocathode
materials discovered in Section 2.3 that belong to known chemical families of photocathode
materials. We consider a material to belong to a family only if all atoms in the formula are
represented in the family name. For example, KNaTe is considered an alkali telluride, but
KCuTe is not. The remaining 2,078 of the 2,114 materials do not fall into any known family.

Known Materials In Family # Materials in
Photocathode Family
Family
Alkali LioTe (mp-2530), CsTe (mp-8361), KoTe (mp- 11
Tellurides 1747), Csz2Te (mp-573763), KTe (mp-2072),
(Cs2Te) RboTe (mp-441), CsNaTe (mp-5339), NaxTe

(mp-2784), KLiTe (mp-4495), KNaTe (mp-
8755), RbTe (mp-8360)

Alkali Cs3Sh (mp-10378), LizSh (mp-2074), RbsSh 11
Antimonides (mp-16319), RbSb (mp-10487), RbSh (mp-
(CssSh, 7444), KzSb (mp-10159), NaLi>Sb (mp-5077),

K2CsSh) CsSb (mp-573514), CsK>Sbh (mp-581024), KSb
(mp-1536), KNazSb (mp-15724)
-V AlAs (mp-2172), AIN (mp-1700), GaN (mp- 14
Semiconductors | 830), GaP (mp-2490), InN (mp-22205), BP
(GaN,GaAs) (mp-1479), AISb (mp-1018100), AlSb (mp-
2624), GaSb (mp-1156), GaAs (mp-2534),
GaSb (mp-1018059), AlGasN4 (mp-1019508),
AIP (mp-1550), InP (mp-966800)
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Figure S3. Calculated intrinsic emittance for K.CsSh, Na2O, K20 and Rb20 plotted against
the energy above the photoemission threshold (top) and against the incident photon energy
(bottom). For all 4 materials, the work function is calculated with the alkali-terminated (111)
surface. For KoCsSb, the (111) surface is taken to be Cs terminated. The Dowell-Schmerge
(DS) model with an electron effective mass of m;; = 1.0m,, is also plotted for comparison. !
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Table S2. Intrinsic emittance of all materials studied with DFT calculations. The “DFT ¢”
column indicates if the material has low intrinsic emittance (<0.30um/mm) over a 0.05eV
range of incident photon energies is with the DFT calculated work function value (¢). The DFT
calculated work function value is with respect to the experimentally observed stable surface
termination (see Methods). The “Optimized WF” column indicates if the material has low
intrinsic emittance (<0.30um/mm) over a 0.05eV range of incident photon energies with any
work function value. The DFT calculated work function of each material is also given, along
with the Miller index and terminating atom of the surface. Band gaps indicated by a * indicate
an electronic band gap. Otherwise, experimental and computed band gaps refer to the optical
band gap of the material. Electron effective masses are obtained from Materials Project band
structures.

Formula | Structure | DFT ¢ | €t Eint HSEO6 | Exp. Electron

(MP ID) Type (eV) | <0.30um| < 0.30um| Band Band Effective
/mm /mm Gap Gap Mass
(DFT (Optimiz | (eV) (eV) (Exp.)
WF) ed WF) (m,)

K2CsSb | Face- 1.6 No Yes 1.45 | 1.0 0.18

(mp- centered | (Cs,111) Direct

581024) cubic

Na20 Anti- 24 Yes Yes 3.26 - 0.35

(mp- fluorite | (Na,111) Direct

2352)

K20 Anti- 2.0 Yes Yes 2.96 - 0.41

(mp- fluorite | (K,111) Indirect

971)

Rb.0O Anti- 1.1 Yes Yes 2.52 - 0.36

(mp- fluorite | (Rb,111) Indirect

1394)

BP Zinc 5.2 No No 2.08* | 2.0*[8I 1.11

(mp- blende (110) Indirect

1479)

BeSe Zinc 5.1 Yes Yes 5.15 | 5.5 0.28

(mp- blende (110) Indirect

1541)

Be2C Anti- 2.6 No No 1.91* | 1.9%7 0.24

(mp- fluorite | (Be,111) Indirect

1569)

AIN Zinc 4.7 Yes Yes 5.35 | 5.34[71 0.34

(mp- blende (110) Indirect

1700)

Li>Te Anti- 3.4 Yes Yes 3.22 - 0.31

(mp- fluorite | (Li,111) Indirect

2530)

AIN Wurtzite 4.6 Yes Yes 541 | 6.12["4 0.31

(1010) Direct
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(mp-

661)

ZnTe Zinc- 4.7 No Yes 1.95 | 2.26l"1 0.13
(mp- blende (110) Direct

2176)

ZnSe Zinc- 4.8 No Yes 224 | 2,714 0.14
(mp- blende (110) Direct

1190)

MgTe Zinc- 4.7 No Yes 3.09 | ~3.00% -
(mp- blende (110) Direct

13033)

CdS | Waurtzite 4.7 No Yes 2.12 2.417°] 0.17
(mp- (1010) Direct

672)

Na;Te Anti- 3.4 No Yes 2.78 - 0.24
(mp- fluorite | (Na,111) Direct

2784)

GaN Zinc- 5.0 No Yes 2.80 | 3.2108 0.19
(mp- blende (110) Direct

830)

GaP Zinc- 4.6 No Yes 2.36 | 2.741 0.17
(mp- blende (110) Indirect

2490)
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Figure S4. Comparison of intrinsic emittance predictions made using the Materials Project
band structures described in Section 2.2 (purple), a PBE calculation with a uniform k-point
mesh (yellow) and our PBE calculations shifted to the HSEO06 band gap (teal). For materials
that exhibit low intrinsic emittance only with an optimized work function (Table S2), the
intrinsic emittance is plotted over a range of hypothetical work function values to illustrate the
potential for low intrinsic emittance. The intrinsic emittance plotted for the hypothetical work
function values are calculated with the band structure shifted to the HSE06 band gap. For
K2CsSbh, the experimentally measured intrinsic emittance values are shown. [31] The DFT
work function is calculated with respect to be the (111) cation terminated surface for all
antifluorite structures, the (110) surface for all zinc blende structures, (1010) for all wurtzite
structures and Cs-terminated (111) for KoCsSb.
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Figure S5. Intrinsic emittance scores (s;.) calculated for 2114 low intrinsic emittance materials
identified in Section 2.2. The work function plotted for each material is the minimum work
function predicted by the machine learning model over all possible Miller indices up to an index
of 1 and all possible termination atoms. A linear fit (y=0.0009x + 0.136) to all data points is
indicated by the red line. The Pearson correlation coefficient between the two quantities is 0.010,
indicating a lack of significant correlation.
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Table S3. Number of materials within intrinsic emittance score ranges as shown in Figure 6.
The percentage shown in parentheses is calculated with respect to the number of materials in
the “All Materials” row. A total of 215 out of 7,981 materials experienced errors in their high-
throughput calculation of intrinsic emittance scores and are omitted here.

Intrinsic | # Direct # # Total
Emittance Band Indirect | Materials
Score Gap Band
(um/mm) | Materials Gap
Materials
<0.05 79 171 250
(3.9%) (3.0%) (3.2%)
<0.10 417 675 1092
(20.5%) (11.8%) (14.1%)
<0.20 902 1645 2547
(44.4%) (28.7%) (32.8%)
<0.30 1198 2222 3420
(59.0%) (38.7%) (44.0%)
<0.40 1283 2453 3736
(63.2%) (42.8%) (48.1%)
<0.50 1331 2646 3977
(65.6%) (46.1%) (40.4%)
All 2030 5736 7766
Materials
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Figure S6. Percentage of 7,981 materials identified in Section 2.2 with an intrinsic emittance
score below a cutoff value, plotted for indirect and direct band gap materials.
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Figure S7. Percentage of the 7,981 materials identified in Section 2.2 with an intrinsic
emittance score below a cutoff value, plotted for multiple electron effective mass ranges.

Materials with negative electron effective masses are excluded.
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Figure S8. Percentage of direct band gap materials with an intrinsic emittance score below a
cutoff value, plotted for multiple electron effective mass ranges. Materials with negative
electron effective masses are excluded.
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Figure S9. Percentage of indirect band gap materials with an intrinsic emittance score below a
cutoff value, plotted for multiple electron effective mass ranges. Materials with negative
electron effective masses are excluded.

47



Square Root Fit to Database
: O GaAs
o K2CsSb
¢ Cs2Te

1 2 3 4
Electron Effective Mass (m,)

Figure S10. Calculated intrinsic emittance scores (s;.) plotted against the electron effective
mass for the 7,981 semiconducting candidate materials in Section 2.2. A square root law of the
form y = vax is fit to the data and plotted in yellow. The mean absolute error between this
square root law and the data points is 0.53um/mm, whereas the standard deviation in intrinsic
emittance scores is 0.66um/mm.
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Figure S11. Fraction of the 2,114 low emittance materials identified in Section 2.3 with at least
one surface termination with a work function < 3eV/, colored by the topmost element of the
surface. Elements that do not appear in the database are colored grey.
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