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ABSTRACT: Photocathodes emit electrons when illuminated, a process utilized across many ' -
technologies. Cutting-edge applications require a set of operating conditions that are not met with
current photocathode materials. Meanwhile, halide perovskites have been studied extensively and
have shown a lot of promise for a wide variety of optoelectronic applications. Well-documented
halide perovskite properties such as inexpensive growth techniques, improved carrier mobility, low
trap density, and tunable direct band gaps make them promising candidates for next-generation
photocathode materials. Here, we use density functional theory to explore the possible application
of pure inorganic perovskites (CsPbBr; and CsPbl;) as photocathodes. It is determined that the
addition of a Cs coating improved the performance by lowering the work function anywhere

e

&/

between 1.5 and 3 eV depending on the material, crystal surface, and surface coverage. A
phenomenological model, modified from that developed by Gyftopoulos and Levine, is used to predict the reduction in work
function with Cs coverage. The results of this work aim to guide the further experimental development of Cs-coated halide

perovskites for photocathode materials.

hotocathodes find many uses in satellites, communica-

tions," medical imaging,l’2 energy conversion,” and
fundamental scientific research.”> Many efforts to improve
cathode properties focus on their application in X-ray free-
electron lasers (XFELs). These devices promise advances in
understanding the physicochemical processes during materials
synthesis and characterizing transient states of matter by
offering unique probes in biology, chemistry, materials science,
and physics.”” However, XFELs also have demanding
requirements necessitating photocathodes to produce high-
brightness electron beams paired with a high quantum
efficiency (QE) in the visible spectrum. Gallium nitride
(GaN) is a promising material with a high QE (40%) that
was found to be resistant to vacuum contamination,” yet its
wide band gap of 3.4 eV requires it to be driven with UV light,
reducing the available power output.”® Much attention has
been paid to alkali-antimonide materials, such as Cs;Sb, which
exhibit threshold emission and high QE but are not very
thermally stable and typically contain rough surfaces that limit
the achievable mean transverse energy.”” Additionally, alkali-
based photocathodes are deposited by expensive, slow, high-
temperature methods such as vapor deposition or molecular
beam epitaxy.”'® The choice of the photocathode is dictated
by the specific application at hand. There will assuredly be a
trade-off between quantum efliciency vs lifetime/stability vs
response time vs emittance. It is generally accepted that the
next generation of high-brightness electron-emitting cathodes
requires the development of a device with high QE,
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inexpensive fabrication methods, and the ability to operate
under moderate vacuum conditions." ">

Perovskite materials can potentially be candidates for the
next generation of photocathodes. Promising results were
demonstrated for perovskite oxides, with the formula ABO,
where A and B are cations.'”™'® Moving away from oxides,
lead halide perovskites, in particular, ABX;, where B is Pb and
X is a halide, have been recently studied extensively and have
shown a lot of promise for optoelectronic applications such as
solar cells,'” photodetectors,lg’19 and light-emitting diodes
(LEDs)."”?° This is largely due to high carrier mobility,*"**
low trap density,””** and a tunable band gap.zs’26 With the
additional development of inexpensive solution growth
methods,””~%° perovskites have experienced large leaps in
photovoltaic power conversion efficiency (PCE). Starting from
a value of about 3% in 2009, recent reports in 2018
demonstrate a PCE exceeding about 23%, an increase by a
factor of 8 over the past decade.’*™** Since then, there have
been other studies that show perovskite materials for use in
water splitting and hydrogen evolution.”>™*° Although not as
extensively studied for photocathodes as perovskite oxides,
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Crespo-Quesada et al. demonstrated that these properties and
the promise that halide perovskites have shown in other fields
are potentially transferable to photocathodes.® In order to
lower the work function into the optical region for more
affordable operating conditions, one technique is to add a
coating of Cs. Indeed, recently reported efficient free-electron
emission halide perovskite thin films operating in the visible to
the ultraviolet spectral range for the first time®’ further
motivate in-depth computational studies on this emergent
application.

Here we use density functional theory (DFT) to investigate
the photocathode performance of Cs-coated halide perovskites.
Many current photocathodes utilize Cs coatings to lower the
work functions of photocathode materials due to the low
electron affinity of Cs.””~*” In this study, we specifically focus
on Cs-coated CsPbX;, where X is a halide (Br or I). We
consider the influence of surface termination, coating thick-
ness, and material composition on the work function,
electronic and optical properties, and Cs adsorption energy
of these perovskites. It has been demonstrated that Cs Pb
perovskite thin films are more thermodynamically stable than
those that contain MA, and thus this work will focus on
CsPbBr; and CsPbl;.** We find high work functions, of around
4 eV, for pristine CsPbX; (X = I, Br), in agreement with
experiment.”' ~** The Cs coating significantly reduces the work
function from ~4 eV to between 1.8 and 2.3 eV, depending on
the specific surface termination of the perovskites. The value of
the work function depends on the chemical composition of the
material, the surface termination, and the surface coverage. In
order to predict how to tune the work function, a
phenomenological model based on one developed by
Gyftopoulus and Levine (GL)*~* is used for the develop-
ment of future systems. Finally, we calculate the formation
energy of the Cs coating and Br and I perovskite surfaces. This
study should work as a guide toward further experimental
development of Cs coated halide perovskites as possible next-
generation photocathode materials.

From this work, as well as the work on perovskite oxides by
Jacobs et al. and Zhong and Hansmann, we recognize that the
work function is extremely sensitive to a variety of structural
and calculation parameters.'>*® Therefore, each source of error
is carefully considered and quantified for our simulations.
Kohn—Sham wave functions are expanded into a plane wave
basis. Information on the energy cutoff, K-point mesh, vacuum
spacing between the slabs, and slab thickness is given in the SI
(Figures S1—S3 and Table S1). Overall, we correctly capture
the range of experimental values reported for the work function
and band gap of the bare CsPbX; and thus expect our values
for the Cs-coated surface to likewise be largely accurate. DFT
calculations, using the projector-augmented wave method, are
performed with the Vienna Ab Initio Simulation Package
(VASP).*’=' The generalized-gradient approximation of
Pardew, Burke, and Ernzerhof (PBE)®” is used to describe
exchange and correlation (XC). We focused on the cubic phase
of CsPbX; (X = I, Br), with the simulation cell of the [001]
surface shown in Figure la—c and the [110] surface shown in
Figure 1d—f. The cell parameters’ slab design considerations
are described in the SL

In the case of pure materials, we use the cubic phase of
CsPbX;, (X =1 or Br) with the simulation cell of the [001] and
[110] surfaces as shown in Figure la,d (details of slab design
are presented in SI). To simulate the Cs-coated surface, we
started with 0.5 monolayer (ML)** of coverage on the [001]
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a) b)

Figure 1. Model of the [001] surface slab of CsPbX; with (a) no Cs
coating, (b) a single coating, and (c) a dense coating (d—f are the
same as a—c but for the [110] surface).

surface of CsPbl;. Two inequivalent adsorption sites have been
considered; above the Cs in the perovskites slab and above the
I (Figure S4). After geometry optimization, the Cs adsorbed
over the I appears to be more stable by 1.5 eV compared to the
other absorption configuration. The resulting structure is
shown in Figure 1b. We further increased the thickness of the
Cs coating to 1 ML of coverage in order to observe the effect
of additional Cs.”® We considered two configurations initially;
Cs adsorbed in-plane with the Cs adsorbed over the Pb (on
top of the Cs already in the layer (Figure SS5a) and Cs
adsorbed above the Cs adsorbed over the Pb (Figure SSb)).
After optimization, the later configuration with staggered Cs
layers, as shown in Figure Ic, is found to be more stable. This
staggered layer was used as the initial configuration for further
calculations. A similar strategy was used to obtain Cs-coated
model CsPbBr; structures.

Moving to the [110] surface, we kept the previously used Cs
coverage density fixed with respect to the [001] surface
(Figure 1b,c). The initial starting position of the adsorbed Cs
was determined by continuing the underlying lattice structure
and further matching the preferential adsorption of Cs over the
Pb atoms. The resulting structures used for simulations are
shown in Figure 1b,c.

The work function of a material is the minimum energy
needed for an electron to escape from the surface of a material
to the vacuum, and it plays a dominant role in determining the
QE of a photocathode.”"” The calculated work function can be
expressed as

¢ = Evacuum - EFermi (1)

where E,, ., is the vacuum energy level and Eg,; is the Fermi
energy of the material.>> A representative graph of the averaged
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Figure 2. Calculated work functions ¢ of CsPbX; materials. The experimental value for pristine CsPbl; was the average value reported in ref 36.
The experimental value for pristine CsPbBr; comes from refs 33 and 34. The experimental values for Cs-coated perovskites are taken from ref 37.

electrostatic potential is shown in Figure S6. The top portion
shows the cell being modeled along with which atoms are kept
in their bulk positions and which atoms are allowed to
optimize. We observe that the electrostatic potential is
oscillating within the perovskite slab. However, these
oscillations are essentially insensitive to optimization of the
surface. In contrast, the vacuum potential does vary with
optimization. Before any optimization, the vacuum energy is
flat because the system is perfectly periodic. When one side is
allowed to optimize to mimic a surface, the vacuum energy
becomes different on the sides of the slab. Since we are
interested in the surface vacuum energy, the flat part of the
dipole-corrected potential closest to the optimized surface
provides the value of interest.

Calculated work functions for different materials considered
along with available experimental data are summarized in
Figure 2. Experimental values for the work function of pristine
slabs ranged from 4.1 to 4.4 eV* for CsPbl, and from 4 to 4.3
eV?>** for CsPbBr,. Here, the modeled work function of the
pristine material closely matches the published experimental
values, with the [001] and [110] surfaces representing higher
and lower bounds, respectively. This likely points to the fact
that the experimental values are an average over the surfaces
present in samples. CsPbBr; has a lower work function than
CsPbl;, 4.4 eV compared to 4.7 eV for the [001] surface.
However, both CsPbBr; and CsPbl; have nearly identical work
functions of around 3.88 eV for the [110] surface. The [110]
surface of CsPbX; (X = I, Br) materials is essentially
terminated by Cs (Figure 1) and can thus be considered to
be partially cesiated. Once a Cs coating is added, we find a
significant drop in the work function of anywhere from 1.6 to
2.9 eV compared to the original uncoated systems depending
on the specific configuration. This reduction is dominated by
the addition of a single Cs layer to the surface (a drop of 1.6 to
2.55 eV). A double Cs layer further lowers the work function
by an additional 0.1 to 0.3 eV. In addition, once a coating is
added, the work functions on the [110] and [001] surfaces
become very similar. Compared to CsPbBr;, the Cs coated
CsPbl; has a slightly lower work function.

A phenomenological model to describe the reduction in
work function due to the coverage and surface termination of
alkali metals such as cesium, represented as hard spheres, was
modified and simplified from a model developed by
Gyftopoulos and Levine (GL).*** The GL model successfully
predicts the reduction in quantum vyield for different
wavelengths of metal surfaces with a fractional coverage of
#5455 The coverage is governed by the parameter 6,
with € = 0 being the absence of cesium and @ = 1 being the

cesium.
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complete coverage of the surface (a monolayer). In the model

work function, (@) is composed of an electronegativity term

W and a dipole term d:
$(0) = w(0) + d(6) )

The foundation and derivation of the GL model are
presented in detail in the SI. There is only one scalable
parameter, a dimensionless factor f, that is related to the
number of coating atoms per unit cell at monolayer coverage.
Because the coating atoms need not lie in a plane but can
reside on a “rough” surface, the value of f can take values
greater than unity. In the results below, f is allowed to vary to
achieve measured values of (6 = 0.5) evaluated using the
DFT methods above. Depending on the value of f, a
characteristic minimum of ¢(#) can occur at submonolayer
coverages as shown in Figure S7 for the iconic Cs on W
configuration treated by GL. In addition to the fitting
parameter f, the covalent radii of the coating atom (cesium)
r. and the substrate atom (Cs or halide) r,, are important input
parameters as well.

We applied GL theory to CsPbl; (Figure 3) and CsPbBry
(Figure S8). Here the values of ¢9(6) in Figure 2 were matched
to the values of & = (0, 0.5, 1.0) for both [001] and [110]
crystal planes. As shown in Figure 1, different orientations of
the crystal faces at the surface bring different atoms to the
quincunx on the plane making up the surface. For both the

CsPbl;
5
q e DFT-100
— GL-100
o DFT-110
— GL-110
S
KA

Figure 3. Gyfopoulous—Levine relation for CsPbl; evaluated using eq
(S6) with parameters r, = 0.230 nm and n = 1 using the values of
¢(0) from Figure 2 for the fitted value of f = 1.0127 and r,, = 0.133
nm for [001] (N, = 1) as the quincunx corners are I and f = 0.8197
and r,, = 0.230 for [110] (N, = 2) as the quincunx corners are Cs.
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Figure 4. Density of states (DOS) of CsPbl; for (a) the [001] surface without Cs, (b) the [110] surface without Cs, (c) the [001] surface with a
single layer of Cs, and (d) the [110] surface with a single layer of Cs, (e) the [001] surface with a double layer of Cs, and (f) the [110] surface with

a double layer of Cs.

Absorption Coeff. (arb. unit)

— Clean surface
—— Single Cs coat
— Dense Cs coat

1.5 2
Energy (eV)

Figure S. Charge density of the [001] surface for the HOMO of (a) the pure CsPbl, slab, (b) the CsPbl, slab with a single Cs layer, and (c) the
CsPbl; slab with a dense layer of Cs. (d) Optical absorption spectra of [001]-terminated CsPbl, with a clean surface and with a Cs coating. The

low-energy peaks are prominent with the dense Cs coating.

[001] and [110] faces, the center of the quincunx is Cs. For
the [110] surface, the four corners of the quincunx are also Cs
and thus r,, is set to the Cs value. For the [001] surface, the
four corners of the quincunx are I or Br, and for this case, r,, is
set to the halide value. Clearly, this assignment is subjective as
the model was developed for single-species crystals and
perovskites are multispecies crystals. However, this is accept-
able for phenomenological hard-sphere theory like GL, which
can make valuable predictions, such as work function tuning,
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on-material surface termination, and surface coverage for the
experimental design of next-generation photocathodes. For
further discussion of the emission of electrons from
submonolayer coatings, see refs 46 and 56.

Further insight into what is physically taking place can be
ascertained by looking at the partial density of states, charge
density, and absorption energy of Cs on a surface. In order to
compare the different systems on the same footing, we aligned
the Pb:Sd states at —15.3 eV. The partial density of states

https://doi.org/10.1021/acsjpclett.1c01412
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(Figure 4 for CsPbl, and Figure S9 for CsPbBr;) shows that
the dominant contributor to the valence band maximum
(VBM) in all cases is the halide, as expected. In pure perovskite
systems, the conduction band minimum (CBM) is almost
entirely composed of Pb orbitals for the [001] surface (Figure
4a and Figure S9a), but for the [110] surface, a significant
portion for the DOS comes from the Cs orbitals. This is
another indication of the [110] surface being effectively
partially cesiated. There are two main differences in the DOS
once a Cs coating is added to the pure perovskite slabs (Figure
4c—f for CsPbl, and Figure S9c—f for CsPbBr;). Most notably,
the Fermi level (and likewise the highest occupied molecular
orbital (HOMO)) is raised into the conduction band of the
pristine system. Such a major change is responsible for the
lowering of the work function. Furthermore, with the addition
of surface Cs more occupied Cs edge states appear within the
band gap, contributing to the net lowering of the work
function.

To illustrate these observations, we displayed the charge
density of the HOMO for the [001] surface of pure CsPbl,
(Figure Sa) and the same quantity for systems with one and
two monolayers (Figure Sb,c). As expected the charge density
of the HOMO in a pure perovskite slab is completely
delocalized within the bulk of the material and is spatially
located on the I atoms. In contrast, the charge density of the
HOMO for the Cs-coated slabs is located completely on the
surface Cs atoms. The respective HOMOs for the [110]
surfaces of pure and Cs-coated CsPbBr; shown in Figure
S10a—c display a very similar pattern. All charge densities were
plotted using a 3 X 107* isovalue.

To explore the influence of the Cs coating on the optical
properties of these perovskites, we evaluate the frequency-
dependent dielectric function within the random phase
approximation as implemented by Gajdos et al.>” Furthermore,
the imaginary part of this function was used to calculate the
optical spectra of [001]-terminated CsPbX; (X = I, Br). As
shown in Figures Sd and S11, the absorption spectra for clean
surface CsPbl; exhibit its semiconducting nature with the
absorption edge appearing at 1.5 eV. With the Cs coating,
however, the spectra have distinct low-energy absorption peaks
below ~1 eV indicating surface absorption and effective
shrinkage of the band gap. Moreover, the intensity of these
low-energy peaks is enhanced by the thickness of the Cs
coating. These low-energy peaks arise due to the optical
transitions among the metallic states of Cs-coated CsPbX; (X
= 1, Br). Observed changes in the absorption spectra in the
energy range of 0—1.5 eV are concomitant with the lowering of
the work function with a Cs coating on the CsPbX; (X = I, Br)
surface.

Previous studies demonstrated that the inclusion of spin—
orbit coupling (SOC) is important for the correct modeling of
the electronic structure of halide perovskites containing Pb.>*
Its influence on the calculated work function, however, has not
been established. To test this, we calculated the work function
of the [001] surface of pure CsPbl;. We found that neither the
Fermi energy nor the vacuum potential changes in any
significant way. Eg.; increases by 0.033 eV, and E, .um
decreases by 0.198 eV. This is not surprising as the Fermi
energy in the pure systems is determined by the top of the
valence band and it is the conduction band that is changed
significantly when SOC is included. However, since the Fermi
energy is shifted into the conduction band for cesiated systems,
it is not obvious that SOC can be completely excluded in those
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cases. Consequently, we calculated the work function for the
Cs-coated [001] surface of CsPbl, with®’ and without SOC
and found that while both the Fermi energy and vacuum
potential shifted (details in SI Table S2), the overall work
function changes from 2.12 eV without SOC to 2.30 eV with
SOC. This is less than a 200 meV difference and is well within
the uncertainties of our study. The comparatively small change
in work function with the inclusion of SOC is an indication
that the calculated work function is not very sensitive to the
level of theory used.

In addition to having a low work function and suitable
optical properties, the material also has to be thermodynami-
cally stable. The adsorption energy of Cs on the different
surfaces reflects the overall stability of the systems investigated
in this study. The adsorption energy of a Cs atom on the
surface of the perovskite slab is computationally estimated as

Eads = Etotal - (Eslab + ECS) (3)

where E,, is the energy of the entire system, Eg,, is the
energy of the pristine perovskite slab, and Ec is the total
energy of the Cs coating. With this convention, negative values
indicate an exothermic process. This value is then divided by
the number of Cs atoms coating the surface to obtain the
energy per Cs atom. This allows for a better comparison of the
single and dense coatings. These calculated results for
adsorption energy are presented in Table 1. Here we see

Table 1. Adsorption Energy (eV) of Cs Coating on the
[001] Surface for CsPbX,

CsPbl, CsPbBr;
single coating —-0.47 -0.36
dense coating —0.25 —0.17

that CsPbl; has not only a lower work function but also a
slightly lower adsorption energy. This suggests its higher
stability compared to the bromide perovskites when being
coated with Cs.

To conclude, in this letter we examined the influence of the
Cs coating on the work function of CsPbX; (X = I, Br). We
found that introducing a Cs coating lowers the work function
substantially from 3.9 to 4.7 to 1.8—2.3 eV depending on the
participating halide and terminating surface. Specifically, we
find that for pure perovskites, systems containing Br and being
terminated with the [110] surface have the lowest work
functions. However, once a Cs coating is added, systems
containing I and terminated with a [001] surface have the
lowest work functions. These results are in good agreement
with the recent experimental demonstration of Cs-coated
perovskite materials as photocathode devices,”’ and the
insights gained here can further be used for material
development. A phenomenological model was developed to
predict the work function with the material, surface coverage,
and surface termination. The density of states calculations
show that adding a Cs coating raises the Fermi energy (and
HOMO energy) into the conduction band, lowering the work
function. A charge density calculation demonstrates that these
new states within the band gap and below the new Fermi
energy are attributed to the surface Cs atoms. The optical
absorption further exhibits low-energy peaks supporting the
surface optical activity of these coated perovskites. Altogether,
this study aims to facilitate the further experimental develop-
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ment of Cs-coated halide perovskites as possible next-
generation photocathode materials.
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