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Silver-Bismuth Halide Double Salts for Lead-Free
Photovoltaics: Insights from Symmetry-Based Modeling

Bruno Cucco, Laurent Pedesseau, Claudine Katan, Jacky Even, Mikaél Kepenekian,*

and George Volonakis*

Ag/Bi halide double salts, also called rudorffites, constitute a promising path to
achieve low-cost, high-efficiency lead-free optoelectronic devices, in particular
solar cells. These materials present tunable gaps within the visible range, high
short-circuit currents, and interesting efficiencies in outdoor and indoor devices.
Herein, a combination of symmetry analysis and first-principles calculations is
used to explore the structural, electronic, and optical properties of prototypical
rudorffites solar cell absorbers AgBil, and Ag;Bils. The challenges to model
those ternary materials are first established. It is shown that Ag/Bi double salts
cannot be modeled as random alloys. Second, a Wyckoff position splitting
method is developed leading to the generation of model structures, which are
unique for each compound, and agrees with experimental structural data. These
structures are used to establish the optoelectronic properties of AgBil, and
AgsBilg. Finally, the ideal photovoltaic performance of the materials is predicted
through the spectral limited maximum efficiency approach. It is shown that
AgBil, presents a slightly higher potential for solar cell applications, and the
realized devices are mostly limited by the low open-circuit voltage. The structural
models developed here can help unveiling complex properties of the materials
and explore substitutional engineering within halide double salts.

1. Introduction

The last decade of photovoltaic research has
been marked by impressive achievements
when it comes to device efficiency and
performance. In particular, in the field of
emerging photovoltaics, lead halide perov-
skites, which exhibit remarkable optical
and electronic properties, have conquered
the place of most promising light absorbers
for high-performance next-generation pho-
tovoltaic devices and as efficient building
blocks for tandem solar cells. In fact, the
latest tandem device has surpassed the
30% mark achieving a stunning certified
power conversion efficiency (PCE) of
31.3%." One common feature shared
between high-performance materials is
the presence of hazardous elements such
as lead. Lead, in particular, has raised
serious concerns regarding human health
and environmental preservation.*?! The
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simplest substitution approach is to replace

Pb with other atoms that share the same +2

oxidation state, thus allowing to maintain
charge neutrality and retaining the same crystalline structure.
Unfortunately, perovskite materials and devices based on diva-
lent metals from same column of the periodic table with Pb, such
as Sn and Ge, were shown to be unstable when exposed to ambi-
ent conditions and are strongly affected by external variables
such as illumination, temperature, moisture, and oxygen,
due to the fast oxidation of Sn*? and Ge™ into Sn™* and
Ge ™ *% Another strategy is to replace two Pb with atoms in
different oxidation states, significantly increasing the number
of possible prototypical materials. Taking the standard ABXj;
halide perovskite family for example (A is a monovalent cation,
B a divalent metal, and X a halogen atom), one can combine
monovalent and trivalent atoms at the B-site in a rock-salt like
arrangement to form the so-called A,BB’X; halide double
perovskites.’” % Among these, the materials that contain Ag
and Bi, like Cs,BiAgBrg, have attracted significant interest for
optoelectronic applications,!''™"*) including solar cells.'***!

In 2017, Ag/Bi lead-free materials with the stoichiometric for-
mula Ag,Bi,l, (x = a + 3b) were shown to be highly stable and
were proposed as promising materials for solar cell applications,
exhibiting well positioned optical bandgaps in the visible,
between 1.4 and 2.0 eV.I" These materials are in fact a mixture
of the two salts: Agl and Bils, and Turkevych et al.'”) proposed to

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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call these compounds “rudorffites”, after Walter Ruidorff and his
pioneer work on NaVO,, which forms a similar prototypical crys-
tal lattice."® Members of this class of materials are easily pro-
cessable and were successfully synthesized by spin coating
techniques,™ thermal coevaporation,*” and through a solution
atomization to produce aerosols.”’! Among these, AgBil, and
AgsBils have been shown to be particularly interesting candi-
dates as demonstrated by their successful integration in solar cell
devices, achieving remarkably high short-circuit current of
10.7 mA cm~ 27?2 and PCE of up to 5.6%**! for outdoor and
5.17%*! for indoor devices. These PCE values are among the
highest achieved for lead-free perovskites and perovskite-like
materials, excluding the less stable Sn-based materials.*
Materials that are more on the Bi-rich side like AgBi,I; tend
to exhibit poorer performances in optoelectronic devices.”**!
In a further attempt to improve device performance, the partial
and total replacement of both Ag and Bi were investigated. Qu
et al. showed that substituting Ag with Cu leads to the formation
of CuBily, and can improve the photoelectric performance of
these materials, reaching photocurrents of 500 mA W~'%! In
the case of Bi substitutions, the phase diagram of Sb-doped
AgSb; _,Bi, I, materials and its thermochromism effects were
also investigated by Gray et al.?®! Finally, the incorporation of
Alkali metals, such as Li*, Na*, K*, Rb*, and Cs* by Wu
et al,, leads to efficiencies of up to 2.5% and a 6 month stability
for AgsBilg-based photovoltaic devices.*”

However, since employing these materials for solar cell appli-
cations there has been practically no thorough investigation of
their electronic structure. Xiao et al.*®! first reported the band
structure of AgBil,, employing a cubic Fd3m cell with ordered
Ag and Bi atoms. In 2017, Sansom et al.* included the density
of states for AgBil, using the lowest energy structure of Ag/Bi
ordering in a supercell. The reason behind this lack of theoretical
investigations is related to the absence of precise determination
of the positions of Ag and Bi atoms from the available structural
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data. Barone et al.*” developed a high-throughput approach
based on a machine learning algorithm to screen AgBil, struc-
tures and identify the most appropriate atomic arrangements.
Employing an extensive number of possible structures key prop-
erties such as lattice parameters, simulated X-ray diffraction
(XRD) patterns, density of states, bandgaps, and bulk moduli
are obtained as an ensemble average of the screened structures.
In this work, we first thoroughly analyze the symmetry of the
lattice of Ag/Bi double salts and show why these materials are
particularly challenging to model. We show that the lattice sym-
metry and electronic properties strongly depend on the choice
and ordering of the Ag/Bi positions. For two prototypical mem-
bers of the family, AgBil, and Ag;Bils, we develop an approach
based on the splitting of the Wyckoff positions of the reported
space groups to accurately describe the crystal lattices and the
electronic properties. We directly compare our findings to the
available experimental data, while we also employ modeling
methods designed to treat random alloys (i.e., the special quasir-
andom structures [SQS] and the virtual crystal approximation
[VCA]). We find that both structural and electronic correlations
are better captured using subgroups generated by the Wyckoff
position splitting approach. Having established the most reliable
model, we move on to employ calculations from first principles
and investigate in detail their electronic and optical properties.
We use our findings to further probe the potential performance
of these materials by means of their spectral limited maximum
efficiency, and establish their actual photovoltaic potential.

2. Results and Discussion

2.1. Structure of Ag/Bi Double Salts

For ABX; perovskites, heterovalent substitution of two Pb*2 with
a monovalent Ag™ and a trivalent Bi** leads to the formation of

(a) Lead-based Lead-free (b)
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(PbX, + CsX) (BiX; + AgX +2CsX)
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Figure 1. a) Schematic relationships between corner-sharing lead-based and lead-free Ag/Bi perovskites and the edge-sharing lead-based and Ag/Bi
halide double salts (PbX;, corresponds to the 2H-PbX, polytype). b) Atomistic structure of AgBil, made of partially occupied Ag/Bi sites and vacancy
sites. ¢) Vacancy percentage in the double salt structures as a function of the Bi-to-Ag ratio.
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Ag/Bi double perovskites, like in the case of Cs,AgBiX”>"

(Figure 1a). In a similar way, substitution of two Pb*? in the
simple salt (e.g., 2H-PbX;) would lead to the formation of an
Ag"/Bi™® double salt. This structure is shown in Figure 1a,
where like the starting Pb salt, the double salts are made of a
network of edge-sharing AX, and BX, octahedra. Yet, for the
iodide material, i.e., AgBily, the actual lattice of the double salt
differs to the simple 2H-PbX,, as the octahedra do not form
ordered layers of octahedra separated by vacuum. Instead, the
material arranges to form a 3D lattice that contains Ag, Bi,
and vacancies sites (A), and is shown in Figure 1b. As these dou-
ble salts are a mixture of Ag and Bi salts, there is a large phase
space of materials that can be synthesized depending on the
Ag-to-Bi ratio. This structural diversity is a direct consequence
of the existence of vacant sites, as these allow to achieve charge
neutrality when tuning the Ag-to-Bi ratio. This is not possible for
the case of double perovskites, as there are no empty sites but a
third salt (e.g., CsBr) that fixes the stoichiometry to Cs,AgBiX.

Starting from the general class Ag,Bi,A,I,, where x, y, z, and
w denote the stoichiometry of each species, it is possible to derive
the entire Ag-Bi-I family of materials based on two simple rules.
First, the atomic species for these compounds are established by
associating the right amount of halogens per metal site for a crys-
tal lattice of edge-sharing octahedra. This leads to the equation:
x +y+ z = 2w. We can further normalize the halogens occupa-
tion at the anion sublattice and this expression is simplified to:
x +y + z = 2. Next, the charge neutrality is defined based on the
nominal oxidation states of each species, that is, Bi*?, Ag*?, A,
and I, leading to the equation: 3y 4+ x = 2. These two equations
give the relation between Ag, Bi, and A, and can be used to define
the entire Ag-Bi—I materials phase space (Figure S1, Supporting
Information), which was also shown by Turkevych et al.l’”!
Figure 1c presents the evolution of the vacancy ratio (A%) per
total metal sites in the unit cell, in relation to the Bi-to-Ag ratio
(Bi%) in these compounds, which is given by the equation
A% = 2Bi%/(1 + 2Bi%). Here, it is shown that for compounds
in Bi-rich limit, a larger number of vacant sites must exist in
order to retain the charge neutrality of the system. For example,
in the case of 0% Ag material: BiXj, it contains 75% vacant sites,
which is exactly the case of the Bil; crystal.

Among the possible materials in the AgI-Bil; phase space, in
1985, Dzeranova et al. reported on the synthesis of Ags;Bilg and
AgBil,, but were unable to assess their precise stoichiometry.?
In 2013, Mashadieva et al. proposed that instead such system
would consist of a combination of Ag,Bils and AgBiZI7.[33]
Yet, the atomic positions on the crystal structures were not deter-
mined. In 2016, Kim et al. investigated the Ag,Bil, describing it
as a combination of Agl octahedra and Bilg hexahedra, similar
to the prototypical cubic ThZr,H,.'! This structure was shown
to be thermodynamically unstable by Xiao et al.,*® and instead it
was shown to adopt an Ag-deficient Fd3m (227) AgBil, structure.
The same kind of Ag-deficient structure was further reported and
extensively investigated by Sansom et al., where they show that a
perfect untwinned plate-like crystal of AgBil, can be associated to
a rhombohedral CdCl,-like cell with no ambiguity.*® However,
the same results show that for bulk powders, octahedral-faceted
crystal, or polycrystalline films of AgBily, it is not possible to
unambiguously assign either a cubic defect spinel or a
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rhombohedral CdCl,-like structure. The challenge to assign a
space group and identify the compound relates to the fact that
the diffraction patterns are extremely similar, and can be resolved
into different symmetry groups.'”?*) Moreover, the atomic posi-
tions can be determined using sites with partial occupations of
the Wyckoff positions by different atomic species. The use of par-
tial occupancies allows an accurate refinement of the crystalline
structure, but poses a challenge for the atomistic modeling of the
materials as one needs the exact atomic coordinates to place each
atom (i.e., except within the VCA discussed below). Let us con-
sider, for example, the experimental structure of AgBil, investi-
gated and refined by H. C. Sansom!*” in the Fd3m (227) space
group. This material has Ag and Bi atoms sharing the 16¢
Wyckoff position with occupancy of 0.492 and 0.508, respectively.
However, the I atoms are located at 32e sites. As a consequence,
assigning coordinates for Ag and Bi would inevitably lead to a
symmetry breaking of the experimental crystal lattice.

2.2. Random Alloys Models

In order to model materials that have partially occupied atomic
sites, one of the most common approach is to employ supercells,
where one can set up different atomic arrangements by assigning
atom to different sites in the large cell. To assess the impact of
ordering on the electronic structure, we perform density func-
tional theory (DFT)-based calculations, using the PBE
exchange—correlation functional, for a series of different orderings
obtained first from the primitive and then the conventional unit
cell of AgBil,. As shown in Figure S2, Supporting Information,
within the primitive unit cell of AgBil, there are only two possible
orderings, while within the conventional cell we identify five
in-equivalent orderings. All the structures are fully optimized, with
the computational details provided as Supporting Information.
First, we compare the X-ray powder diffraction pattern for each
modeled structure to the available experimental data. As shown
in Figure 2a, different ordering representations lead to very
different diffraction patterns, not matching the measured data.
More importantly, we find large variations, of above 40%, for
the electronic bandgap of the material depending on the
atomic order between the cation species on the crystal lattice
(Table S1, Supporting Information). Hence, the selected atomic
order and the size of the employed supercell strongly affect both
the diffraction pattern and the electronic structure of AgBil,.
Another approach would be to model these systems as random
alloys, and employ for that purpose methods such as the SQS
proposed by Zunger et al.** or the VCA by Bellaiche et al.l*”!
We employ both methods as the SQS method is developed to
generate the structure that best mimics the figure’s correlations
of a perfectly random alloy, while the VCA introduces fictitious
(virtual) atomic species that exhibit the averaged electronic con-
figuration of the alloyed species in a single unit cell. To first
assess the description of AgBil, structural properties, we com-
pare the experimental XRD patterns and theoretical ones
obtained within the SQS and VCA (Figure 2b). Both approaches
improve the description with respect to the simple supercell
models. In particular, the SQS presents an accurate compatibility
between the experimental and theoretical XRD patterns, while
the VCA leads to some shifts between experimental and

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 2. Simulated XRD patterns for different structural models and the
experimental structure. a) Structures with different atomic orderings (C)
within a supercell of the Fd3m (227) AgBil, unit cell. The inset shows a zoom
around the largest intensity peak. b) AgBil, modeled as a random alloy within
the SQS supercell and the VCA methods. c—d) Models of AgBil, and Ag;Bilg
in its subgroups by means of Wyckoff position splitting, respectively.

theoretical peaks. However, the electronic structures do not
exhibit the same nice agreement, as within both the generated
SQS cell and the VCA (Figure S3, Supporting Information),
AgBil, is predicted to be metallic, which is in direct contradiction
to experiment.*®) Consequently, AgBil, cannot be treated as a
random alloy and a method to pick specific atomic coordinates

www.solar-rrl.com

for Ag and Bi is needed. In fact, the experimentally proposed par-
tial occupancies reflect the difficulty to unambiguously deter-
mine a space group and refine the specific Wyckoff positions
of each Ag, Bi, and vacancies. This is consistent with the analysis
of Sansom et al. for the untwinned plate-like crystal of AgBil,,
where each Ag and Bi is unambiguously associated with specific
atomic positions.*’!

2.3. Symmetry-Based Model: Wyckoff Position Splitting

Starting from the available experimental data, we can model
these systems and assign atomic positions by breaking the crystal
symmetry in an elegant and controlled way. This is done by using
the group/subgroup relations starting from the identified space
group. Given, for example, a parent space group G, its symmetry
operations can be reduced to another group H which is a sub-
group of G. Hence, using the subgroup H the original
Wyckoff positions can split to different sites with different
multiplicities. The way the positions split happens is controlled
by the group/subgroup transformations. This is known as
Wyckoff position splitting and was investigated by H.
Wondratschek *®! Establishing this transformation is particularly
important, as it allows using a different cell (e.g., a supercell) to
describe the same structure, and maintains most symmetry oper-
ations of the original cell intact.

The Wyckoff position splitting for the case of AgBily is shown
in Figure 3a. To validate the structural description, Figure 2c
shows the comparison between the simulated XRD patterns of
the experimental Fd3m (227) structure and the material modeled
within the subgroup Imma (74) after optimizing the atomic coor-
dinates. As the XRD patterns agree well, we also look at the cal-
culated average Bi-I (3.08 A) and Ag-I (3.09 A) bond lengths on
the reduced symmetry structure. These are in good agreement

(@) Parent group

Wyckoff position split

Subgroup

Fd3m (227)

16¢c

AgBil,

Ima (74)

Ag ] A Bi
_ / 4a
@ Ag
JosBios » Bi
(b) R3m (166) Ag,Bil Coim (12)
¥ 2Ag

o

3a 3b

Ado.67Blo.as Ago33l0.67

Adoe7Bioss

AQosslosr ©

49/ I2a 2c 4h

Ag Bi Ag A

Figure 3. Predicted Wyckoff position splitting when a) AgBil, is transformed from parent space group Fd3m (227) to its subgroup Imma (74) and
b) AgsBilg transformed from space group R3m (166) to its subgroup C2/m (12). The octahedra color matches the Wyckoff sites of the parent and

subgroup space groups as shown in the middle panel.

Sol. RRL 2022, 6, 2200718 2200718 (4 of 8)

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH

51017 SUOLLLIOD BANEBID) 3|0l dde aU) A poULRACD 918 SILE YO ‘38N J0 S9N 10 ARRiq 7 8UIIUO AB]IA UO (SLIO 1 IPUOO-PLE-SLLLBYALI0D"AB | W AJE.qIpUI|UO//'SCTIU) SUONIPUOD PUe SWi | U} 39S *[£202/G0/ST] U0 ARRIqIT 8UIIUO AB|IM ‘90UBIH BURILO0D Ad 8T2002202 1105/200T OT/10p/00 A3 | I AJe.d 1PUI UO//SANY WOIJ POPE0|UMOQ ‘ZT ‘220 ‘X86TLIET


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ‘RRL

www.advancedsciencenews.com

with the experimental structure (3.06 A) measured by Sansom
et al,* and the structures based on the machine learning
approach by Barone et al.,*” which have Bi-I and Ag-I bond
lengths of 3.14 and 3.09 A, respectively. We employ this approach
for the Ag-rich compound, Ag;Bil. Oldag et al.*”! refined the
lattice to the R3m (166) space group, with Ag and Bi atoms par-
tially occupying the 3a Wyckoff site in ratios of 2/3 and 1/3,
respectively. The site 3b is also partially occupied by 1/3 Ag
and 2/3 vacancies, respectively. To split these two sites, we looked
at the subgroups of the R3m group, and identified its subgroup
C2/m (12), within which the 3a position splits to sites 2a and 4g,
and the 3b position splits to the 2¢ and 4h sites, as shown in
Figure 3b. By assigning respectively Ag and Bi to the 4g and
2a positions, the desired Ag/Bi ratio of the original structure
is preserved. In a similar way, at the 3b position one can assign
Ag and vacancies to the 2c and 4h sites, respectively. Such space
group to subgroup transformation for Ag;Bils also leads to a
good agreement between the measured XRD pattern and the
simulated one (Figure 2d). In fact, we also compare the radial
distribution function calculated for the various models
(Figure S4, Supporting Information), and we find important dif-
ferences in the interatomic distances even for the atoms at short
distances, which explain the strong effect of the model structures
on the electronic properties. Consequently, these double salts
crystallographic models selected using the Wyckoff splitting
allow us to maintain most of the parent structure symmetries
and move on to calculate the electronic and optical properties
for this family of materials.

2.4. Electronic Structure and Optical Properties

Figure 4 shows the electronic band structure and projected den-
sity of states (pDOS) for AgBil, and Ag;Bils. We choose to
employ the DFT-PBEO hybrid functional, which is known to over-
come to a large extent the well-known bandgap underestimation
of DFT (for all values, see Table S2, Supporting Information).
AgBil, has an indirect bandgap of 1.67 eV from I to R that is
in close agreement with the experimental value of 1.73 eV.[*")
We note that the conduction band minimum (CBM) is practically
degenerate (less than 14 meV) between the I' and the R-point.
Ag;Bil; also has an indirect bandgap of 1.74 eV between the
valence band maximum (VBM) located at X and the CBM that

www.solar-rrl.com

is found at k-point (1/3, —1/3,1/3), along the path between
I' and the I-point. The value of the bandgap is again in good
agreement with the experimentally measured value of
1.83 eV.¥ The VBM of both materials is formed by hybridized
I 5p and Ag 4d states, as seen in the pDOS for both materials. The
CBM is made of hybridized Bi 6p and I 5p orbitals. We also note
the bandwidth reduction of the conduction band when going
from AgBil, to Ag;Bils. This is consistent with the reduction
of the Bi/Ag ratio, as Bi is the main contributor to the CBM.
Interestingly, the same electronic character is observed for
corner-sharing Bi/Ag double perovskites,***? i.e., a VBM domi-
nated by I 5p orbitals and CBM resulting from a hybridization
between Bi 6p and I 5p orbitals. These results suggest that even
though the corner-sharing feature is lost, the electronic character
is similar between these perovskite-like family of materials. The
calculated bandgap (and band-edge compositions) of AgBil, is in
agreement with the work of Barone et al.?¥ (i.e., 1.8 eV), and is
well within the experimental range of 1.63-1.80 eV obtained by
Sansom et al.’**!

To quantify the dispersion of the electronic bands, we calculate
the effective masses at the band edges. For AgBil,, we calculate a
hole effective mass average of 0.77 m,, and for electrons we
obtain an average mass of 0.42 m,. The detailed calculated effec-
tive masses are summarized in Table S3, Supporting
Information, and we note a strong anisotropy in the reported
mass tensor. Sansom et al. also report anisotropic electron
and hole effective masses of AgBil,/*” in close agreement with
our values. Their work further highlights the strong variation
(more than 60%) of the masses for two different structural
models (i.e., defect spinel and CdCl,). Such anisotropy can be
attributed due to layers of Ag and Bi atoms, which are an artifact
related to the cell type and size, hence here we choose to report
the average mass as a more realistic quantity. For the Ag-rich
compound Ag;Bilg, we obtain isotropic hole and electron effec-
tive masses of 0.57 m, and 0.55 m., respectively. The isotropic
masses are consistent with our symmetry-based model for which
there are no arranged vacancy layers while using a prototypical
layered-like model to describe Ag;Bils*® results in fast and slow
directions for charge carriers.

Next, we move on to investigate the optical properties of the
two materials by means of calculating the band-to-band active
transitions. Figure 5a shows a comparison between the

(a)4 AgBil, (b) Ag,Bil,
= =15 |/ N/
g W%
g (s
= = Ag-s
S T2 e
5 ¢
S \Bi - ‘Bi-p
2 1.67eV P 1.74eV
Ag-d Ag-d

r R w S r

TPDOS I | X r

Z H PDOS

Figure 4. Interpolated hybrid DFT-PBEO band structures for a) AgBil, (Imma (74)) and b) AgsBilg (C2/m (12)). The conduction band bottom in (b) is
located at the k-point (1/3, — 1/3,1/3) between the I'-| path and it is represented in red dashed lines. The respective projected density of states are also

shown.
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Figure 5. a) Absorption coefficient of AgBil, (Imma (74)), AgsBilg (C2/m (12)), and Cs,AgBiBre; dotted lines indicate the corresponding bandgaps
Eg. b) SLME as a function of the thin-film thickness for AgBil, (Imma (74)), AgsBils (C2/m (12)), and Cs,AgBiBre. Current density as a function of
voltage (J-V plot) for a thickness of ¢) 100 nm and d) 300 nm. The black dashed curve represents the experimental curve obtained by Turkevich

et al.l"”! for a device containing AgsBils.

calculated absorption coefficients for AgBil, and Ag;Bils. The
absorption onset for both materials are sharp close to the position
of the calculated bandgaps (E,), as the first-allowed direct transi-
tion is found close in energy with E,. For comparison with the
Ag/Bi double salts, we also include the absorption coefficient,
calculated at the same theory level, of the prototypical Ag/Bi dou-
ble perovskite Cs,AgBiBre.[*¥ The absorption onset is at higher
energies, well above 2.3 eV, which is due to the large difference
between the indirect bandgap (1.98 eV) and the first-allowed tran-
sition. Ag;Bils shows stronger absorption in the range between 2
and 3eV when compared to AgBil,, indicating a possible
enhancement of the optical properties when more Ag is added.
Interestingly, the same effect has been observed experimentally
and reported by Turkevych et al.’” when measuring optical
absorption via UV-vis/NIR spectroscopy.

2.5. Theoretical Photovoltaic Performance

Having established the electronic and optical properties of these
materials, we move to investigate the performance of these mate-
rials as solar cell absorber. The Shockley—Queisser (SQ) limit is
one of the most used predictors when it comes to address the
photovoltaic capabilities of a material.*!! Here, we employ the
spectroscopic limited maximum efficiency (SLME) theory
proposed by L. Yu and A. Zunger.*” In comparison to the
SQ limit, the SLME offers a refined description of the fraction
of the radiative electron-hole recombination current f, (For
SQ f,=1) taking into account its bandgap nature and
absorption coefficient. All details on the formulation and

Sol. RRL 2022, 6, 2200718 2200718 (6 of 8)

the computational implementation can be found in the
Supporting Information.

Figure 5b shows the calculated SLME as a function of the thin-
film thickness for AgBil,, Ag;Bilg, and Cs,AgBiBrs. We observe
that based on the calculated absorption coefficients, the Ag/Bi
double salts are predicted to achieve superior SLME than the dou-
ble perovskite, and that AgBil, can reach theoretical values of
above 25%. Furthermore, one observes a steeper increase of
the SLME with respect to the film thickness for the Ag-rich com-
pound, with both materials reaching a plateau above 400 nm
thickness. Interestingly, the Ag;Bils outperforms AgBil, for
thin-film thickness below 100 nm, which is consistent with a
larger absorption coefficient. The higher SLME of AgBil, at
higher thicknesses can be understood due to the smaller
bandgap exhibited by AgBily, which leads to a higher absorption
of infrared photons that are not absorbed by Ag;Bils. This con-
tribution becomes more important as one increases the thin-film
thickness, while the shape of the absorption coefficient becomes
less important. This is given by a(E) = 1 — exp(—2a(E)L), where
a(E) is the absorptivity, a(E) is the absorption coefficient, and L is
the thin-film thickness.*?! As expected, SLME-predicted per-
formances are higher than those for the devices made to-date.
Turkevich et all'”! report high performance for Ag-rich
Ag;Bilg-based photovoltaic devices, yet based on the SLME we
find that there is no intrinsic advantage with respect to
AgBily. Table S4, Supporting Information, contains a summary
of the values obtained within SLME and SQ limit.

To further analyze the performance data, in Figure 5c we show
the J-V plot for two different thin-film thicknesses of 100 and
300nm. We also note the correspondent open-circuit voltage
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(Vo) and short-circuit current (J). Comparing the two Ag/Bi
double salts, the materials exhibit identical characteristics for
the 100 nm thickness. The V,, for both materials are very similar,
which is related to their similar bandgaps. Going to 300 nm
increases the estimated J, for both, yet slightly more for
AgBily, resulting at higher SLME values. With respect to the
Cs,AgBiBrg, the Ag/Bi double salts exhibit slightly smaller V.
due to their smaller bandgaps, but significantly higher values
of Js.. We note that photovoltaic devices based on Cs,AgBiBrg
have experimentally reached a PCE of 3.11%,"* which is above
40% of the ideal SLME, while Ag;Bils devices achieved PCE of
5.6%, barely at 26% of the SLME. More generally, the maximum
SLME values of AgBil, and Ag;Bilg are found slightly smaller
than those of chalcopyrite-based materials like CulnS, (29% effi-
ciency*?)), and perovskite-based absorbers like MAPbI; (31.5%
efficiency!™) and CagSn,S100,4 (32.53% efficiency!®)). Hence,
there is room for experimental improvement of device perform-
ances. Comparing the experimental curves measured by
Turkevich et al.,'” shown in Figure 5c, the J,. is at 60% of
the ideal SLME value, while the V, is at 43%. Low V,. can have
several origins like, for example, the choice of unfitted electron or
hole transport layers; thus, the SLME results indicate that a pos-
sible direction for improving power conversion efficiencies of
Ag/Bi double salts devices is the optimization of the applied elec-
tron/hole transport layers and their interfaces.

3. Conclusions

We explored the structural details, electronic and optical proper-
ties, and ideal photovoltaic performances of two prototypes of the
Ag/Bi halide double salts: AgBil, and Ag;Bils. The particular
challenges to describe their crystal lattice and atomic positions
are identified, and we establish a theoretical approach that is
based on experimental structures and symmetry, which enables
the proper modeling, using a single cell, of their structure and
description of their electronic properties. Our findings show that
particular care should be taken, as the materials are not random
alloys of the relevant halide salts. The structures generated by the
symmetry-based approach developed here nicely reproduce the
measured XRD patterns and predict that the materials are semi-
conductors with tunable bandgaps in the visible spectrum, in
agreement with available experimental data and ML-based tech-
niques. We report relatively low charge carrier effective masses,
which favor the materials application in optoelectronic devices.
The optical absorption spectrum showed that the Ag-rich mate-
rial is more efficient at absorbing photons of energy below 2 eV.
Yet, the calculated SLME clearly shows that AgBil, has the poten-
tial to achieve higher PCE values for film thicknesses above
100 nm. Both materials are predicted to perform better than
Ag/Bi double perovskites as solar absorbers. Finally, as the devel-
oped structural models were shown to reliably describe the fun-
damental structural and optoelectronic properties of both AgBil,
and Ag;Bils, we believe that this work can be a valuable tool
for exploring compounds within halide double salts, and
enable higher theory level calculations to probe more complex
properties such as the materials chemical and mechanical
(photo-)stability.
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