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Relativistic electronic structure and photovoltaic
performance of K,CsSb+

Ruigi Wu® and Alex M. Ganose & *

The discovery of an efficient and cost-effective photovoltaic absorber is urgently needed to meet global
emission targets. Antimony-based materials have emerged as promising non-toxic and earth-abundant
candidates with similar electronic properties to the lead hybrid perovskites. The full-Heusler K,CsSb has
been widely studied as a photocathode and thermoelectric material but has not been evaluated as
a potential photovoltaic absorber. Here, using relativistic hybrid density functional theory, we
demonstrate that K,CsSb exhibits ideal properties for use in photovoltaic applications, based on its
bandgap, dispersive conduction band, and strong optical absorption. Using a detailed balance approach,
we reveal the maximum theoretical efficiency to be competitive with other state-of-the-art
photovoltaics, reaching over 28 percent at a thickness of 200 nm. Additionally, we perform band-
alignment calculations to provide recommendations for suitable device architectures that will minimise

rsc.li/materials-a contact losses.

Introduction

With increasing global energy consumption, electricity genera-
tion from renewable sources including hydropower, solar, and
wind is the main strategy for controlling annual temperature
growth and related environmental problems. In 2021, the
percentage of electricity generated from renewables saw an
annual growth of 7%, with the majority originating from
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photovoltaics together with wind power." In comparison to solar
energy captured chemically through oxidation and reduction
reactions, solar photovoltaics show improved performance with
maximum power conversion efficiencies of around 33% and
42% for single and multijunction devices, respectively. At
present, silicon-based photovoltaics play an important role in
the world's photovoltaics markets, accounting for approxi-
mately 95% of solar power generated in 2021.> However,
manufacturing silicon wafers is energy intensive and requires
thick films due to the indirect bandgap of silicon. The discovery
of a cost-effective photovoltaic material with earth-abundant
elements, high efficiency, and high stability under ambient
conditions is urgently needed if the world is to reach renewable
energy targets.

Since being discovered in 1903,> compounds with the full
Heusler structure X,YZ (where X and Y are transition metals,
and Z is a main group element) have been studied for a wide
range of applications, including spintronics, superconductors,
multiferroics, and topological insulators. Compared to
conventional full Heuslers with 24 valence electrons, the class of
8 valence electron Heuslers containing alkali metals exhibit low
thermal conductivity and favourable electronic transport
properties.*®* Among this class of materials, the ternary K,CsSb
has been extensively studied as a high-sensitivity photocathode
for particle accelerators and scintillators, with state-of-the-art
quantum efficiencies reaching over 10% and broad-band
optical absorption covering the entire visible spectrum.”®
More recently, K,CsSb was identified as a potential thermo-
electric material in a high-throughput screening study of binary
semiconductors.' Subsequent theoretical calculations revealed
that K,CsSb possesses an ultra-low lattice thermal conductivity

This journal is © The Royal Society of Chemistry 2023
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of 0.2 Wm ' K ' and a predicted p-type ZT over 5 at 800 K, one
of the largest ZTs of any material to date.™

Although K,CsSb has received much attention as a photo-
cathode and thermoelectric material, it has not been investi-
gated as a potential photovoltaic absorber. This is despite its
appealing composition of non-toxic elements, large predicted
carrier mobility greater than 450 em”> V! s at room temper-
ature, broad-band optical absorption,” and a relatively low
temperature (~90 °C sputtering) synthesis route.”* The band
gap of K,CsSb, determined to be 1.2 €V from photoconductivity
measurements'* and ~1.6 eV from GW calculations,’ falls
within the ideal range for a photovoltaic absorber (namely 1.1-
1.6 eV following the detailed balance limit). Furthermore, the
ultralow thermal conductivity, like that seen in K,CsSb, has
been associated with a hot-phonon bottleneck mechanism that
facilitates the extraction of higher energy carriers in
CH;NH;Pbl,.**

Antimony-based materials have recently attracted consid-
erable attention as photovoltaic absorbers. This is, in part, due
to the success of the hybrid halide perovskites and the simi-
larities in the electronic structures of antimony and lead.*
Antimony selenide (Sb,Se;) is one such material that has seen
remarkable progress in the last decade, with power conversion
efficiencies reaching over 10% in 2022."” However, the current
generation of antimony-based absorbers are typically low-
dimensional semiconductors with quasi-1D connectivity.
This arises from antimony's 5s*5p° electronic configuration
due to the formation of a stereochemically active lone pair.*®
Accordingly, these materials typically display larger effective
masses (~0.4-1.0m,) than other state-of-the-art photovoltaics
and exhibit complex defect energy landscapes, with unusual
four-electron negative-U vacancies observed in Sb,Se;.” In
contrast, K,CsSb crystallises in a highly symmetric face-
centred cubic structure and will therefore exhibit isotropic
absorption and transport behaviour. Here, antimony adopts
an Sb®~ oxidation state with a full 5s>5p°® outer shell configu-
ration that avoids the issues of stereochemical activity whilst
still providing beneficial relativistic effects that increase the
dispersion of the unoccupied 6s states forming the conduction
band. Accordingly, K,CsSb warrants further exploration as
a potential photovoltaic candidate.

In this work, we assess the potential of K,CsSb as a photo-
voltaic absorber using relativistic hybrid density functional
theory. We reveal it possesses an ideal band gap of 1.6 eV, small
conduction band effective mass of ~0.17m,, and intense visible
light absorption due to a secondary band pocket just above the
fundamental band edge. Detailed balance calculations indicate
K,CsSb is competitive with state-of-the-art absorbers, with
maximum theoretical efficiency greater than 28% for 200 nm
thin films. By performing band alignment analysis we provide
guidance on the choice of contact materials for an optimal
device architecture. We highlight that attention should be paid
to the choice of electron contact layer due to the small electron
affinity when compared to existing photovoltaic technologies.
Our work suggests that K,CsSb shows promise as a novel earth-
abundant photovoltaic candidate.

This journal is © The Royal Society of Chemistry 2023
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Methodology

We employ Kohn-Sham density-functional theory (DFT)* for all
calculations in this work. Calculations were performed using
the Vienna Ab initio Simulation Package (VASP),>*~** with inter-
actions between core and valence electrons described using the
projector augmented wave (PAW) method.> The plane wave
energy cutoff and k-point mesh were converged to a tolerance of
5 eV per atom and 1 eV per atom respectively. Ground state
calculations used a plane-wave energy cutoff of 300 eVand a 6 x
6 x 6 I'-centred k-point mesh. For optical absorption calcula-
tions, a 10 x 10 x 10 I'-centred k-point mesh was needed to
provide convergence. Geometry optimisation was performed
using the PBEsol functional,* a version of the PBE functional®
revised for solids. The convergence criteria for energy and forces
were set to 10~ % eV and 10 meV A™". To provide a more accurate
description of optoelectronic properties, band structures,
density of states, and optical absorption calculations were per-
formed using the Heyd-Scuseria-Ernzerhof hybrid functional
(HSE06)***° which is known to provide band gap estimates in
agreement with experiments for a wide range of materials.***
The inclusion of spin-orbit coupling (SOC) effects was essential
to describe optoelectronic properties accurately due to the
presence of the heavy atom Sb. This combination of HSE + SOC
has been shown to provide a reliable description of the elec-
tronic properties for a range of antimony®*** and bismuth®*
containing materials. The SUMO?* package was used to calcu-
late band edge effective masses and visualise band structure
and optical absorption diagrams.

Crystal orbital Hamilton population (COHP) calculations
were performed using the LOBSTER package to visualize
bonding types between atomic orbitals.*® The ionic contribution
to the static dielectric constant was obtained from density
functional perturbation theory (DFPT) calculations performed
using the PBEsol functional.®” The high-frequency dielectric
response was calculated using HSE + SOC through the
frequency-dependent microscopic polarisability matrix as
implemented in VASP.*” We note that higher-level methods
such as time-dependent DFT have been applied to study the
optical response of Heusler and related compounds;* however,
due to computational restrictions we have not used this method
in our work. To analyse the upper radiative limit of thickness-
dependent energy conversion, we applied the “Spectroscopic
Limited Maximum Efficiency” (SLME)* approach and the
detailed balance method proposed by Blank et al*® Band
alignment calculations were performed using a slab model
constructed via the SURFAXE package*! with a slab and vacuum
thickness of 30 A each. The (110) surface was used due to the
lack of a surface dipole and low surface energy.

Vibrational properties were calculated within the harmonic
approximation using the finite displacement method as
implemented in the PHONOPY package.** A 3 x 3 x 3 supercell
of the conventional lattice was found to provide convergence of
the phonon eigenvalues. Phonon calculations were performed
using the PBEsol functional, with the structure relaxed to
a tighter force convergence criterion of 0.1 meV A~*. Finite
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displacements were performed with a 700 eV energy cutoff and
I'-centered 2 X 2 x 2 k-point mesh.

Results and discussion
Crystal structure

The geometry of K,CsSb (space group Fm3m) follows the typical
X,YZ full Heusler structure where the 8c (3, 1, 1) Wyckoff posi-
tions are occupied by the most electronegative element X (K),
the less electronegative alkali metal Y (Cs) atoms occupy the 4b
1,1, 3) sites, and the main group element Z (Sb) occupies the 4a
(0,0,0) sites.”* In K,CsSb, the K sites form a simple cubic sub-
lattice, while Cs and Sb form an interpenetrated rocksalt sub-
lattice (Fig. 1). The formal oxidation states are K'*, Cs'*, and
Sb*~, with each species displaying a fully occupied outer shell of
electrons. This is responsible for the semiconducting behaviour
observed in Heusler alloys. The K,CsSb structure was fully
optimised using the PBEsol functional. We find excellent
agreement with the experimental lattice parameter, with the cell
lengths reproduced to within 0.67%. This small degree of lattice
shrinkage can be explained by the lack of temperature effects in
our calculations. Our work is consistent with other theoretical

calculations on K,CsSb as highlighted in Table S1 of the ESIL.}

Fig. 1 Crystal structure of K,CsSb. Teal, purple, and brown spheres
represent Cs, K and Sb atoms, respectively.
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To assess the dynamical stability of K,CsSb, we further
calculate vibrational properties within the harmonic approxi-
mation. The phonon dispersion diagram presented in Fig. S2 of
the ESIf reveals the absence of imaginary modes, highlighting
the stability of the ground state structure. To investigate the
thermodynamic stability of K,CsSb, we employed convex hull
analysis to calculate the energy above hull against all competing
elemental, secondary, and ternary phases in the Materials
Project database. We find the energy above hull above to be
zero, indicating that the material is stable with respect to
decomposition. Accordingly, our calculations highlight the
thermodynamic and dynamical stability of K,CsSb as is also
observed in experiments.

Electronic properties

The projected density of states calculated using HSE + SOC is
presented in Fig. 2a. The valence band maximum is dominated
by Sb 5p states, whereas the conduction band minimum is
a mixture of Sb 6s, Cs d, and K d contributions. The orbital
projection scheme fails to capture a significant portion of the
total density of states in the conduction band. As we shall
demonstrate, this is a consequence of a highly delocalised
electron density that fills the interatomic voids in the crystal
structure and gives rise to very small electron effective masses.

The Sb 5p states at the valence band edge are largely non-
bonding in character. This is confirmed through the COHP
analysis presented in Fig. 2b, which provides an indication of
the type (bonding vs. antibonding) and strength of orbital
interactions. Despite a strongly localised peak in the density of
states, the COHP analysis reveals a much smaller negative peak
at the valence band edge indicating weakly antibonding/non-
bonding interactions. This can be rationalised by considering
the partial charge density isosurfaces of the valence band
maximum presented in Fig. 3a. The isosurface indicates
a spherical electron density surrounding the antimony sites
(corresponding to the fully filled Sb 5p orbitals), with no other
orbital interactions present. The fully filled Sb 5s, K 3p and Cs
5p orbitals are found much deeper inside the valence band and
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Fig. 2
the valence band maximum has been set to zero eV.
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(a) The density of states and (b) crystal orbital Hamilton population (COHP) analysis of K,CsSb calculated using HSE + SOC. In (a) and (b),

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Partial charge density isosurfaces for the (a) valence band maximum and (b) conduction band minimum of K,CsSb calculated using HSE +

SOC.

can be considered semicore states (see Fig. S2 in the ESIf). In
contrast, the conduction band minimum exhibits strongly
antibonding character, as indicated by the large negative peak
above the Fermi level in the COHP analysis (Fig. 2b). As can be
observed in the partial charge density isosurface of the
conduction band minimum, the Sb 6s states are mixed with
higher energy unoccupied alkali orbitals to form channels
throughout the crystal, resulting in a “sponge” like structure.
The obvious lack of charge density between the antimony s
states and the almost free electron density between the atoms
highlights the antibonding character of these states.

The electronic band structure of K,CsSb, calculated using
HSE + SOC, is presented in Fig. 4. The band structure displays
a direct band gap of 1.59 eV at the I'-point, within the ideal
range for a photovoltaic absorber between 1.1 and 1.6 eV. We
find relatively strong relativistic renormalisation of the band
gap (0.183 eV) due to the presence of heavy antimony atoms.
The renormalisation mainly originates from the valence band
maximum, which is raised by 0.179 eV due to spin splitting.
This is considerably larger than seen in other antimony-based
absorbers such as Sb,Se; which exhibits relativistic renormali-
sation on the order of 0.05 eV.** We note the calculated band
gap is significantly overestimated compared to experiment.

= ' .
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Fig. 4 Projected band structure of K,CsSb calculated using HSE +
SOC. The valence band maximum is set to zero eV.

This journal is © The Royal Society of Chemistry 2023

Photoconductivity measurements on K,CsSb thin films suggest
a band gap of 1.2 eV." The origin of this discrepancy is unclear.
One possible explanation is the absence of lattice expansion
and electron—-phonon coupling in our calculations that can act
to renormalise the gap. Regardless, our results are in agreement
with a recent GW study that reported a band gap of 1.62 eV.°

The valence band maximum is relatively dispersionless with
strong antimony p character (Fig. 4), in agreement with the
calculated density of states and partial charge density iso-
surfaces. In contrast, the conduction band minimum is highly
dispersive and largely composed of antimony s character. We
also note a secondary conduction band pocket at the X high-
symmetry point, with a direct gap of 1.85 eV, only slightly
larger than the fundamental gap at I'. This secondary minimum
has mainly Cs d character, with some Sb p mixing away from the
band edge.

To better understand the carrier transport properties of
K,CsSb, we calculated band edge effective masses using the
SUMO package.*® The effective masses of the valence band
maximum and conduction band minimum are listed in Table 1.
The conduction band minimum exhibits very small electron
effective masses of 0.17m, in both the I' — L and I' — X high-
symmetry directions. This is comparable to state-of-the-art
photovoltaics such as CH3NH3Pbl; (m. = 0.15m,)* and CdTe
(0.11m,) and considerably smaller than other Sb-containing
absorbers including CuSbSe, (0.71my),* SbSI (0.65m,),*” and
Sb,Se; (~0.35my),>* as well as other half-Heuslers such as
RuNbSb (0.71m,) and FeNbSb (1.43m)** and full-Heusler
Fe, VAl (0.60m,).*° The small electron effective masses in K,CsSb
originate from the high conduction bandwidth and “sponge”
like delocalised nearly free electron density. Small effective
masses are beneficial for charge extraction since photoexcited
carriers have a greater chance of reaching the contact layers
before recombining and generally result in large polarons,
weakly bound excitons, and small defect capture cross
sections.®® The hole effective masses in K,CsSb are noticeably
larger, with values of 1.01m, (along I' — L) and 0.82m, (I' — X).
This is similar to other emerging bismuth- and antimony-based
absorbers such as BiSI (m, = 0.95m),”* Sbl; (1.15m,),** and
Sb,Se; (0.90my),** which also display preferential electron
transport behaviour.

J. Mater. Chem. A, 2023, 1, 21636-21644 | 21639
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Table1 Optoelectronic properties of K,CsSb. The bandgap (E,), effective masses of holes (my,) and electrons (m.), and high-frequency dielectric
constant (¢.) were calculated using HSE + SOC. The static dielectric constant (e) includes ionic contributions obtained using DFPT with the
PBEsol functional. The Wannier—Mott exciton binding energy (E,) was calculated using effective mass theory

me (mo) my, (mo)
Compound Eq (eV) £ao & Ey, (meV) Ir—-1L Ir—-x Ir—-1L Ir—-Xx
K,CsSb 1.589 6.11 14.02 9.9 0.17 0.17 1.01 0.82

Optical properties

A large dielectric constant is thought to play a key role in
achieving defect tolerance by minimising trap-introduced non-
radiative losses within photovoltaic devices.'®** This is due to
the role the dielectric constant plays in the defect capture cross-
sections. A large dielectric constant also screens charged
impurities preventing defect scattering.>® The high-frequency
(e«) and static (eg) dielectric constants of K,CsSb were calcu-
lated to be 7.91 and 14.0, respectively. The relatively large
difference between the two constants indicates that ionic
screening due to longitudinal polar optical phonons plays
a major role in the dielectric response. Due to the cubic
symmetry the dielectric constants are isotropic. The calculated
static dielectric constant is considerably smaller than those
found in other ns® containing solar absorbers such as Sb,Se
(~75)* and CH3NH;PbI; (80),°® which exhibit very large ionic
screening due to the polarisability of the lone pair. However, it
is comparable to well-established photovoltaics including
silicon (11.7),°” GaAs (12.90),*® and CdTe (10.31).® We therefore
expect a reasonable degree of charge screening will be observed
in K,CsSb.

The static dielectric constant can be used to calculate the
Wannier-Mott exciton radius within effective mass theory as a,
= &,/ (in au), where the reduced effective mass u = (memy,)/(m,
+ my). This gives an exciton radius of 52 A and associated
exciton binding energy (E, = 1/(2¢5a,)) of 10 meV. This suggests
that excitons will not play a significant role in photovoltaic

a)
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Fig. 5

device physics and are unlikely to be the origin of the discrep-
ancy between the calculated and experimentally measured band
gap.

In addition to the appropriate band gap and mobile charge
carriers, strong visible light absorption is essential to achieve
high photovoltaic efficiency. The optical absorption of K,CsSb,
calculated using HSE + SOC, is displayed in Fig. 5a. The
absorption displays a steep onset, quickly reaching greater than
10° cm ™" within 0.7 eV of the fundamental bandgap. The sharp
onset is competitive with other thin-film absorbers such as
CdTe and the hybrid perovskites, and significantly stronger
than indirect band gap absorbers such as silicon.® The strong
absorption can be rationalised by the relatively flat valence band
which increases the joint density of states near the fundamental
gap. Furthermore, as detailed above, the secondary conduction
band pocket at X will result in additional absorption at photon
energies above 1.85 €eV.

To evaluate the potential for K,CsSb in photovoltaic appli-
cations, we calculated the thickness-dependent conversion
efficiency using the “spectroscopic limited maximum effi-
ciency” (SLME) model* and the detailed balance metric
proposed by Blank et al*® The Blank approach extends the
SLME metric by distinguishing the external luminescence yield
from internal radiative recombination, with more details of this
approach given in Section S7 of the ESI.{ Both approaches used
the frequency-dependent dielectric response calculated using
HSE + SOC. The theoretical efficiency is strongly dependent on
the thickness of the absorber layer, with the maximum
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(a) Optical absorption spectrum of K,CsSb calculated using HSE + SOC. (b) Thickness-dependent theoretical maximum efficiency of

K>CsSb calculated using the “spectroscopic limited maximum efficiency” (SLME) method and detailed balance metric proposed by Blank et al.*°
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efficiency reaching a plateau of 30% at a thickness of 10 pm. The
Lambertian model reduces losses by simulating unity reflec-
tance for the back surface and a diffusely scattering front
surface, and exhibits higher efficiencies than both SLME and
a flat surface for the same film thickness. At a thickness of 200
nm (appropriate for thin-film photovoltaics), the maximum
efficiency is found to be over 28%. This is considerably larger
than those predicted for Sb,Se; and NaSbS, at the same film
thickness (~10% (ref. 32) and 22.3%,*" respectively) and
comparable to those of other emerging absorbers such as Sn,-
SbS,1; (~29%).** We stress that these metrics provide an upper
limit to the theoretical efficiency and do not take into account
voltage losses due to non-radiative recombination and resistive
interfaces. Regardless, these results highlight the potential for
K,CsSb as an absorber layer in photovoltaic devices.

Band alignment

To provide recommendations on the ideal device architecture of
K,CsSb devices, we performed band alignment calculations
using a slab-vacuum model. An efficient band alignment
between electron and hole contact layers can minimise barriers
for carrier diffusion at interfaces and prevent open-circuit
voltage losses. We note our calculations provide estimates of
the “bulk” band alignment, and do not take into account
relaxations and band bending at the surface. We calculate an
ionisation potential and electron affinity of 1.82 eV and 3.42 eV,
respectively. Our results differ somewhat from early experi-
mental reports on K,CsSb that observed an electron affinity of
1.1 eV through photoconductivity measurements.®” The origin
of this discrepancy is unclear, but could result from the rela-
tively thin films used or reconstruction at the surface. Further-
more, our calculated results are for the bulk electronic
structure, whereas experimental measurements will depend on
the surface termination of the crystal. Regardless, these rela-
tively small values mean that photons with energies greater
than the ionisation potential could cause the emission of elec-
trons through the photoelectric effect, preventing carrier

View Article Online
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collection at the device contacts. To simulate the impact on the
internal quantum efficiency due to photoemitted carriers, we
perform the SLME metric with the absorption greater than the
ionisation potential set to zero. We find very little change in the
predicted theoretical efficiencies (less than 1%, see Fig. S5 in
the ESIT). This can be rationalised since high-energy ultraviolet
photons contribute a vanishing portion of the AM 1.5 solar
spectrum. Accordingly, the impact of the small ionisation
potential of photovoltaic performance is expected to be limited.

In Fig. 6, we compare the band alignment of K,CsSb to
a range of conventional and emerging photovoltaic absorbers.
We find the electron affinity and ionisation potential of K,CsSb
to be much smaller than those of any other commonly used
absorber.®”*® For example, the ionisation potential of K,CsSb is
smaller than the electron affinity of both Si and AgCuS. The
origin of the small ionisation potentials can be explained by the
electronic configuration of antimony. In K,CsSb, the 5p orbitals
are fully occupied and form the valence band maximum,
whereas in other common absorbers, the valence p states are
either fully unoccupied (thereby forming the conduction band)
or covalently bonded to give occupied bonding states and
unoccupied antibonding states (the latter of which forms the
conduction band).

The low ionisation potential and electron affinity of K,CsSb
will require judicious choice of contact materials to maximise
the obtainable open-circuit voltage. For favourable electron
transport throughout a device, the work function (@) of the
transparent electron contact should be greater than the electron
affinity of the absorber. Conversely, the work function of the
hole contact layer should be smaller than the absorber's ion-
isation potential. Commonly used n-type transparent conduc-
tors have significantly deeper work functions (greater than 4 eV)
and will not be appropriate for use with K,CsSb. Accordingly,
use of an ultralow work function n-type contact, such as the
semiconducting polymer TPHP(LiClO,) (¢ = 2.2 eV), will be
necessary.” For the hole transport layer, a small work function
metal alloy such as MgNd (¢ = 3.5 eV) may be appropriate,”

Vacuum Level

f

3.4eV

<———1———>

46eV | | 47eV

K
|
|
|
|
|
|
[
|
v

|
|
|
|
i
v

Valence Band

Fig. 6 Calculated band alignment of K,CsSb compared to conventional and emerging photovoltaic absorbers. Electron affinity and bandgap

data were taken from ref. 63-66.
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although other contacts without expensive Nd would be
preferred.

Conclusion

We have proposed K,CsSb as a potential photovoltaic candidate
based on relativistic density functional theory calculations.
K,CsSb possesses an ideal band gap of 1.59 eV, very small
electron effective mass (0.17m,), small predicted exciton
binding energies, and strong optical absorption across the
entire visible spectrum. We have highlighted the origin of the
favourable electronic properties is a highly delocalised
“sponge”-like electron density in the conduction band. The
predicted maximum theoretical efficiency of 28% for a 200 nm
thin film is competitive with other state-of-the-art absorbers.
Furthermore, we performed band alignment calculations to
provide suggestions for an optimised device architecture that
can maximise open-circuit voltages. We believe K,CsSb is
a promising candidate photovoltaic absorber worthy of further
study.
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