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Abstract

The recent discovery of lead-free halide double perovskites with band gaps in the
visible represents an important step forward in the design of environmentally-friendly
perovskite solar cells. Within this new family of semiconductors, CsoBiAgClg and
Cs9BiAgBrg are stable compounds crystallizing in the elpasolite structure. Following
the recent computational discovery and experimental synthesis of these compounds,
a detailed investigation of their electronic properties is warranted in order to estab-
lish their potential as optoelectronic materials. In this work we perform state-of the
art many-body perturbation theory calculations and obtain high accuracy band gaps
for both compounds. In addition, we synthesize single crystals of CsoBiAgClg and
Cs9BiAgBrg which are stable in ambient conditions. We measure their optical band
gaps from absorption and photoluminescence and obtain a good agreement with the
calculated quasiparticle band gaps.
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Hybrid organic-inorganic halide perovskites are currently the fastest developing photovoltaic
materials. ' Lead-halide perovskites are solution-processable at low-temperatures,® exhibit
efficient light absorption in the visible,” long diffusion lengths, and high mobilities of the

8 as well as the ability to recycle the photons emitted upon radia-

photogenerated carriers,
tive recombination.® In the last five years, perovskite solar cells based on methylammonium
lead-iodide and related materials showed an unparallelled growth in power conversion ef-

10712 yp to a certified record exceeding 22%.'% However, despite this astounding

ficiency,
success, perovskite solar cells are also facing important challenges, due to the lack of stabil-
ity upon prolonged exposure to light, humidity and increased temperatures.'*2° In addition,
the toxicity of lead calls into question the long-term environmental impact of perovskite solar

cells. 21723

A promising avenue for addressing both the stability and the toxicity bottlenecks is to explore
closely-related compounds via rational design. For example, it has been shown that by
employing mixed-halide and mixed cation perovskites not only can the electronic properties
be tuned,? %7 but also the composition of the mixes can be explored in order to locate
a ‘stability sweet-spot’.?® Similar design principles have been employed in the search for
potential Pb-replacements, but materials which can rival the unique optoelectronic properties
of lead-halide perovskites have not been found yet. The strategy of completely replacing Pb
by Sn has so far been unsuccessful, due to the tendency of Sn to oxidize in the +4 state
rather than the desired +2 state.?*3" Furthermore, recent studies focused on the ecotoxity of
Sn perovskites, and suggested that Sn is not likely to mitigate the health hazards of halide
perovskite solar cells.?! In addition, high-throughput computational studies pointed out that
the substitution of Pb by other metals in the periodic table is likely to compromise the ideal

31,32

optoelectronic properties of lead-halide perovskites, and demonstrated that lead is key

to the electronic properties of these materials.

Very recently, three independent studies reported simultaneously the successful replacement



of Pb via the heterovalent substitution with Bi and Ag,3¥3° so as to form a halide double
perovskites. In Ref. 35 we reported the computational design of a new family of halide dou-
ble perovskites of the type CsysBB'Xg (with B = Sbh, Bi; B = Cu, Ag, Au and X = Cl, Br, I).
These compounds exhibit band gaps which are highly tunable in the visible range, as well as
low effective masses. The experimental synthesis of two members of this family, Cs;BiAgClg
and Cs,BiAgBrg, was successfully demonstrated,?*3° both via solid-state reactions and via
solution processing. Both compounds crystallize in the elpasolite structure, a highly sym-
metric face-centered cubic double-perovskite structure, they absorb light in the visible range
of the solar spectrum, and exhibit an impressive stability under ambient conditions.3335
Shortly after the discovery of CssBiAgClg and CsyBiAgBrg, the synthesis of hybrid organic-
inorganic halide double perovskite CH3sNH3BiKClg was reported,3® further expanding the
potential for materials design in this family of compounds. While photovoltaic devices em-
ploying halide double perovskites have not yet been reported, these materials promise to be

the long sought-after stable, non-toxic halide perovskites, and warrant a thorough investiga-

tion of their optoelectronic properties.

Optical measurements and electronic structure calculations suggest that both Cs,BiAgClg
and CsyBiAgBrg are indirect band gap semiconductors.?¥3® However, there are sizeable
discrepancies in the measured optical band gaps. The gaps reported for Cs;BiAgClg range
from 2.2 eV3 2.77 eV,3* while those of Cs,BiAgBrg range from 1.83 eV3? to 2.19 eV.3
These differences are possibly due to the different methods of sample preparation (solid

state reaction vs. solution processing), and measurement techniques (optical absorption and

photoluminescence3335 vs diffuse reflectance3?), but also to the fitting procedures used to
determine the indirect band gap from Tauc plots. Since the band gap is a crucial property
in the operation of solar cells, these discrepancies call for further investigations. Refs. 34,35
also report on the calculation of the band gaps using density functional theory and the
hybrid fuctionals PBE03738 and HSE.3¥ 40 The calculated band gaps also exhibit significant

discrepancies: the values reported for Cs,BiAgClg range from 2.6 eV3* to 3.0 eV and



those for CsyBiAgBrg range from 2 eV3* to 2.3 eV.? This may be due to the different
crystal structures used in the calculations, but also to the known tendency of PBEO and
HSE hybrid functionals to yield band gaps which can differ significantly.*! Moreover, hybrid
functional approaches are strongly dependent on the fraction of exact exchange and hence
not fully predictive. In this work we resolve the ambiguity on the determination of the band
gap of CsyBiAgClg and CsyBiAgBrg by performing state-or-the-art many-body perturbation
theory calculations in the GW approximation.*?¢ In addition, we synthesize Csy;BiAgClg
and CsyBiAgBrg and measure their optical band gaps, obtaining a very good agreement with

the computed quasiparticle band gaps.

CseBiAgXg (X = Cl, Br) crystallizes in the elpasolite KoNaAlFg structure, which corresponds
to an ideal double perovskite. This structure is a network of corner-sharing octahedra, with
Cs in the middle of the cuboctahedral cavity. The centers of the octahedra are either occupied

by Bi or Ag, alternating in a rock-salt configuration, as shown in Figure 1a.

We synthesize crystalline samples of CsyBiAgClg and CsyBiAgBrg through both an acidic
solution process and a solid state reaction route, as described in the Supporting Information.
Through these two methods we obtain high-purity pollycrystalline samples, as well as single-

3 in size (shown in Figure lc-d), respectively. Our single

phase crystals of up to 1 mm
crystals exhibit very good stability under environmental conditions. We fully characterize
their crystal structure through powder and single crystal X-Ray diffraction (XRD) measured
at room temperature (Figure S1 of the Supporting Information). For both compounds
we find Fm3m face-centered cubic structures, and resolve the atomic positions and lattice
parameters. Our refinements are in agreement with Refs. 33-35. The primitive unit cells

comprise of only one formula unit, as shown in Figure 1b, while the conventional unit cell

comprises of four formula units (Figure 1a).

We investigate the electronic structure of both compounds by first calculating the band struc-

tures within the local density approximation to density functional theory”*® (DFT-LDA,



Figure 1: Polyhedral model of (a) the conventional unit cell and (b) the primitive unit
cell of CsyBiAgXs (X = Cl, Br). In (b) the red dashed lines mark the primitive lattice
vectors. The large light blue spheres represent the Cs atoms, the small grey, blue and green
spheres are the Ag, Bi and halogen atoms, respectively. Single crystal of CsyBiAgCls (c) and
Cs9BiAgBrg(d), synthesized as described in the Supporting Information.

as described in the Supporting Information), as implemented in the Quantum Espresso
suite.*® In both cases the calculated band gap is indirect, with the valence band top at the
X (27/a,0,0) point, and the conduction band bottom at the L (7/a, 7 /a,7/a) point of the
Brillouin zone. In Figure 2a and 2b we show a comparison between the band structure of
Cs9BiAgClg and CsyBiAgBrg calculated with or without spin-orbit coupling. We observe
a large spin-orbit splitting of 2 eV of the first conduction band. The spin-orbit coupling
leads to the formation of an isolated conduction band in the middle of the scalar relativis-
tic band gap. Such a large qualitative difference between the scalar-relativistic and the
fully-relativistic calculations is reminiscent of lead-halide perovskites, where the spin-orbit
50,51

coupling is essential for the correct description of the band edges and effective masses.

In all the following calculations we explicitely take into account spin-orbit coupling.
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Figure 2: DFT-LDA band structure of Cs,BiAgClg (a) and CseBiAgBrg (b). The calculations
are performed with (blue lines) and without (red lines) spin-orbit coupling. The light blue
shading highlights the width of the lowest conduction band as calculated from DFT+SOC:
0.6 eV for CsyBiAgClg and 0.9 eV for Csy;BiAgBrg.

As shown in Figure 2, the conduction band bottom in both cases has two minima, with
energies within less than 0.2 eV. This small difference is sensitive to the structure of the
compound. In Figure S2 of the Supporting Information we show a comparison between the
DFT band structures calculated for the experimental and for the optimized structures. In
the case of CsyBiAgClg, we can see that the conduction band bottom is either at the I' or L
point, depending on whether calculations are performed on the optimized or the experimental
structures. Similar results are obtained in the case of Csy;BiAgBrg. In order to avoid any
ambiguity arising from the sensitivity of the conduction band edge to the crystal structure,
in all following calculations we use the experimental crystal structures, with atomic positions

and lattice parameters listed in Table S1 and S2 of the Supporting Information.

In order to clarify some of the peculiar features of the band structures of these compounds,

we calculate the atom-projected density of states (Figure S3 of the Supporting Information)



a Cs,BiAgCl, Cs,BiAgBr,

Bi-Cl Ag-Br Bi-Br
/// \ ! \\\
Bi6p,, s 1 ! \ Biép
/2 | I\\ l l 1 3/2
— Pt 15%7 N Ag5s Ag 5s /D‘ I/'D

Figure 3: (a) Comparison of the molecular orbital diagrams CsyBiAgClg (left) and
CsyBiAgBrg (right). The atomic one-electron energies are marked by black thick lines,
dark blue rectangles correspond to the Bi-halide hybrid bands and the grey rectangles corre-
spond to the Ag-halide hybrid bands. The light blue rectangles represent the bands formed
in CsyBiAgClg and CsyBiAgBrg respectively. Filled rectangles represent occupied (valence)
bands, while the empty rectangles represent the unoccupied (conduction) bands. All bands
are aligned with respect to the all-electron energy level of the Bi-5d;/, and then red-shifted
by 1.5 eV for visualization purposes. (b) Square modulus of the wave functions for states
marked from 1 to 3 on the molecular orbital diagram of Cs;BiAgCls. 1 represents the Bi-
6p1/2/halide-p antibonding orbitals at the bottom of the conduction band (at I' point). 2 is
the antibonding Ag-5s/halide-p at the L-point of the conduction band), while 3 corresponds
to the Ag-4d/halide-p antibonding orbitals found at the top of the valence band (at X-point).
The color codes for the atoms are the same as in Figure 1. In the wave-function plots the
Cs atoms are not shown for clarity.

and use this to construct the molecular orbital diagrams of both halide double perovskites.
In Figure 3 we show a schematic representation of the bonding and antibonding states in the
valence and conduction bands. In both compounds the isolated conduction band originates
primarily from spin-orbit coupling, due to a splitting of the Bi-p;/, and Bi-ps/, states in

the conduction band (Figure 2 and Figure S3). This band is predominantly antibonding



Bi-p/halogen-p states, and its corresponding bonding orbitals can be found approximately
5 eV below the valence band top in both cases (Figure S3). In addition, a small contribution
of the Bi-s/halogen-p antibonding state can be seen at the top of the valence band (diagram
3 in Figure 3b). Hybridized Ag-d/halogen-p states are predominant throughout the highest
valence band in both compounds, while the Ag-s states are pushed to the conduction band,

consistent with the +1 character of the noble metal in this chemical environment.

From Figure 3 we can rationalize the changes in the electronic structure of the two double
perovskites with the halogen atom. As we move from Cl to Br we observe that the valence
band width is reduced and the valence band top is slightly higher in energy. The band
narrowing is due to the smaller difference in energy between the Ag-d and Br-p levels as
compared to Ag-d and Cl-p; the shift to higher energies is due to the fact that the Bi-p
states are higher than the Cl-p states. The change in the band gap when moving from Cl
to Br is dominated by the increase in the width of the bottom conduction band from 0.6 eV
to 0.9 eV (Figure 2). This feature is due to the more delocalized nature of Br-4p orbitals
as compared to the Cl-3p states, which increases the overlap with the Bi-6p wave functions,
and thereby the dispersion of the conduction bands. In addition, Br-4p levels are shallower
and closer in energy to the Bi-6p states than in the case of the Cl-p, leading to a shift of the

conduction band to lower energies in the case of CsyBiAgBrg.

The electronic structure of the Bi-Ag halide double perovskites exhibits similar features to
ternary chalchopyrite semiconductors, CulnS, (CIS), CuGaS, (CGS) and also the quater-
nary CupZnSnS, (CZTS).??3 In this family of compounds the noble metal d states are
predominant in the valence band and exhibit strong bonds with the chalcogen anions, in
close analogy to CsyBiAgClg and CssBiAgBrg. The anion-p orbitals contribute to both the
conduction and valence bands both in the double perovskites (see Figure S2) and in CZTS.*?
In addition, CZTS also exhibits an isolated conduction band, although it corresponds to a

Sn-s/S-p character and therefore is not arising from spin-orbit coupling. In fact, the iso-



lated conduction band is a common feature in quaternary compounds, and in particular in

elpasolites.®*

As expected, the band gaps calculated within DFT-LDA including spin-orbit coupling un-
derestimate the optical band gaps reported in Refs 33-35, the discrepancy being as large as
1.6 eV. To correct this severe underestimation, we calculate the GW quasiparticle band gaps
of CsyBiAgClg and CsyBiAgBrg using the Yambo code.? A detailed report of all convergence
tests with respect to the number of empty states, plane-wave cutoffs as well as the Brillouin

zone sampling can be found in the Supporting Information (see Figure S4 and S5).

The semicore states 4524p° of Ag are particularly important for the calculation of the quasi-
particle energies. This is shown in Figure S6 of the Supporting Information, where we
compare the quasiparticle energies and the separate contributions from the exchange and
correlation self energies calculated using the 4d'%5s! and 4s%4p®4d'°5s" valence configura-
tions of Ag. Here we see that the quasiparticle band gap increases by 1 eV when the semicore
4524p5 states of Ag are included in the calculation (Figure S6a). As shown in Figure S6b
and S6c¢, the largest contribution of the semicore states to the quasiparticle correction comes
from the exchange term. The correlation self-energy, on the other hand, is virtually unaf-
fected. This effect originates in the large overlap between the 4d'° orbitals and the 4s? and
4p° orbitals of Ag (see Figure S7 of the Supporting Information, and is more pronounced in
the exchange self-energy, which is energy-independent. The contribution of semicore states
to the quasiparticle energies is most pronounced at the top of the valence band, where the
Ag-4d is predominant (Figure S6). The impact of semicore electrons on the calculation of

44,56-59

the exchange self energy is well documented in the literature, and is known to have

a large contribution when d electrons overlap significantly with the s and p electrons of the

same shell. %6

In Figure 4 we plot the direct and indirect band gaps calculated from Gy, along with the

measured optical band gaps for Cs;BiAgClg and CsoBiAgBrg. For completeness, in Figure 4

10
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Figure 4: Comparison between the quasiparticle indirect (red disks) and direct band gaps
(green disks) and experimental band gaps (blue lines) for CsyBiAgClg (a) and Cs;BiAgBrg
(b). The area shaded in light blue is given by the positions of the two shoulders each side
of the peaks in the photoluminescence spectra shown in (¢) and (d). Room temperature
photoluminescence spectra measured for Cs;BiAgClg (c) and CsoBiAgBrg (d). The blue
continuous lines mark the positions iof the main peaks in each case, while the light blue
shaded area makes the region between the two shoulders located each side of the main
peak. The photoluminescence spectrum of CssBiAgClg is the same as the one we reported
in Figure 2 of Ref. 35.

we report the two lowest computed indirect band gaps between L-X and I'-X, as well as the
computed direct band gap at the X-point. For Cs;BiAgClg we obtain indirect quasiparticle
band gaps of 2.42 ¢V (L-X) and 2.48 eV (I-X) and a direct band gap at X of 2.96 eV, while for

Cs2BiAgBrg we obtain indirect band gaps of 1.83 eV (L-X) and 1.97 eV (I'-X) and a direct

band gap of 2.51 eV. These values are smaller than in the hybrid functional calculations

11



reported in Ref 34,35 by up to 0.6 eV. The room-temperature photoluminescence (Figure 4)
and optical absorption (Figure S8 of the Supporting Information) spectra of CsyBiAgClg
and CsyBiAgBrg are consistent with the indirect character of its band gap, in agreement
with Refs 33-35. The main peaks of the photoluminescence spectra are at 567 nm (2.19 eV)
for CsyBiAgClg and 649 nm (1.91 eV) for CsyBiAgBrg; this is consistent with the optical
absorption spectra shown in Figure S8 of the Supporting Information. Our measured band
gap for CsyBiAgBrg is in very good agreement with Ref. 33. By contrast, the indirect band
gaps of both Csy;BiAgClg and CsyBiAgBrg reported in Ref. 34 overestimate our results and
those of Ref. 33 by up to 0.6 eV. Given these observations, the agreement between the

calculated and experimental band gaps reported in Ref. 34 is likely fortuitous.

In both photoluminescence spectra we observe two shoulders on each side of the main peaks,
at 520 nm (2.38 eV) and 656 nm (1.89 eV) for CsyBiAgCls and at 600 nm (2.07) and
718 nm (1.73 eV) for CsyBiAgBrg. In both cases the difference between the position of
the main peak and the two shoulders is too large to be explained by the absorption or
emission of phonons, which have energies in the range of 10 meV.® On the other hand,
these features are similar to the two indirect optical transitions observed in the temperature-
dependent photoluminescence spectra of WSe,.%! Therefore, it is possible that the peaks and
shoulders in the PL spectra may correspond to multiple indirect transitions, although we
cannot exclude that excitonic effects play a role in these features. To account for the the
broad PL lineshape in our analysis, in Figure 4c we plot the indirect band gaps obtained
from the energies of the main peaks of the photoluminescence spectra (continuous lines), as
well as a shading with a width given by the energies of the shoulders on each side of the main
peaks, and compare these results with our GW band gaps. In general a direct comparison
between optical band gaps measured at room temperature and quasiparticle band gaps is
not straightforward, due to the absence of excitonic and electron-phonon coupling effects
in the GW formalism. However, by analogy with the case of CH3NH3Pbl3, we can expect

that these effects will have only a small contribution contribution to the band gap. Indeed,

12



in the case of CH3NH3Pbls, the excitonic effects are bellow 50 meV,%%% while increasing
temperature opens the band gap by up to at 50-60 meV within the same crystal phase.%
These two small effects tend to cancel each other, therefore it is meaningful to compare the

experimental optical band gaps and calculated quasiparticle band gaps.®

Figure 4 shows that our calculated quasiparticle band gaps are in good agreement with the
optical measurements for the two double perovskites. The indirect quasiparticle band gaps
of CsyBiAgClg overestimates the optical band gap range obtaind from photoluminescence
by approximately 0.2 eV, while in the case of CsyBiAgBrg, the two indirect band gaps are
within less than 0.1 eV from the optical band gap. These small discrepancies could be
due to local changes in the crystal structure which can affect the measured band gaps; in
particular, local structural distortions should have a stronger effect for Cs,BiAgClg than for
CsyBiAgBrg. This hypothesis is supported by the analysis of the band structures calculated
for experimental and optimized crystal structures shown in Figure S2; the band gap variation
calculated in the case of CsyBiAgClg (0.33 e€V) is twice as large as the one calculated for
Cs9BiAgBrg (0.16 V).

In conclusion, we have presented a detailed study of the electronic properties of the newly
discovered CsyBiAgClg and CsyBiAgBrg halide double perovskites within DFT+SOC and
state-of-the-art GW quasiparticle calculations. We have synthesized Csy;BiAgClg and Css
BiAgBrg single crystals and performed optical absorption and photoluminescence measure-
ments. Our analysis of the electronic structure revealed that the two halide double per-
ovskites are indirect band gap semiconductors with electronic properties which resemble
closely the well known lead-halide perovskites as well as the ternary and quaternary chal-
chopiryte semiconductors of the CIGS and CZTS family. We have calculated the quasipar-
ticle band gaps of both compounds with high accuracy and obtained indirect gaps of 2.4 eV
for CsyBiAgClg and 1.8 eV CsyBiAgBrg. These values are in very good agreement with our

experimental band gaps of 2.2 eV and 1.9 eV for Cs;BiAgClg and Csy;BiAgBrg respectively.

13



Future studies should address the optical, excitonic and transport properties properties, as
well as the temperature dependence of the structural and electronic properties of these new
compounds, in order to fully assess their potential as photovoltaic materials. By following
the same materials design strategies currently used for lead-halide perovskites, we believe
that it will be possible to optimize the optoelectronic properties this new class of stable and

environmentally-friendly perovskites for optoelectronic applications.
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Computational Setup

Band structure and density of states calculations. All density functional theory calcula-
tions are performed within the local density approximation (LDA),! as implemented in the
Quantum Espresso suite.? Band structures are calculated with and without spin-orbit cou-
pling effects, using ultrasoft pseudopotentials® including non-linear core correction? for Bi,
Ag, Cl and Br, as found in the Theos Library.? For Cs we use the norm-conserving non-
relativistic pseudopotential in the Quantum Espresso Library. For the projected density of
states we sample the Brillouin zone using a dense 20 x 20 x 20 k-point grid in both cases.
The molecular orbital diagrams shown in Figure 2a are built using the data obtained from
the projected density of states calculations. For the band structure and projected density
of states calculations we use plane-wave cutoffs of 60 Ry and 300 Ry for the wave functions

and charge density respectively.

Ground state calculations. For the calculation of the single particle energies, we use norm-
conserving® pseudopotentials. For Cs and Cl we use non-relativistic pseudopotentials (as
found in the Quantum Espresso library) as we do not expect the spin-orbit coupling effects
to be significant for these ions. In the case of Bi, Ag and Br we generated a set of fully
relativistic, Troullier-Martins norm conserving pseudopotentials® using the 1d1.x code of
the Quantum Espresso distribution. For these ions we consider the following electronic
configurations: 5d'°6s%6p® (Bi), 4s?4p®4d'95s? (Ag) and 3d'%4s?4p® (Br). In order to show
the importance of semicore electrons for GW calculations we also generate a pseudopotential
of Ag with the 4d°5s! cofiguration. Unless othewise specified, all calculations are performed
including semicore states for Ag. The charge density is calculated using a large plane wave
cutoff of 300 Ry and a 10x10x10 I'-centered k-point grid in order to sample the Brillouin

zone.

Quasiparticle energies. The quasiparticle energies can be calculated from many-body per-

turbation theory as: E,x = €+ Z (€nx) (nK| Sk (€nk) — Vie[nk) , 710 where €, are the Kohn-



Sham eigenvalues for band n and wave-vector k, F, are the corresponding eigenvalues,
Y(w) is the frequency-dependent self-energy, Z(w) = [1 — Re(9%/0w)]| ™! is the quasiparticle
renormalization, and V.. is the exchange and correlation potential. The self-energy is calcu-
lated within the GyWj approximation as ¥ = iGoW), where Gy is the single-particle Green’s
function and W) is the screened Coulomb interaction. The self energy is typically separated
into two terms, the energy-independent exchange self energy, ., and the energy dependent

correlation self energy, 3..7 10

For the calculation of the quasiparticle eigenvalues we use the GyW, approximation as im-
plemented in the Yambo code.!! We calculate the dielectric matrix within the random phase

1213 and model its frequency dependence within the Godby-Needs plasmon

approximation
pole approximation.!* We use a plane wave cutoff of 50 Ry to calculate the exchange part

of the self-energy.

In Figures S4 and S5 we show the convergence with respect to the empty states and po-
larizability cutoff of the direct band gaps calculated at the I'-point for CsyBiAgClg and
CsyBiAgBrg respectively. We have also checked that the indirect band gaps follow a similar
convergence trend. We define the empty states cutoff as the energy of the highest band
included in the summation over empty states with respect to the valence band top at the
[-point. The rightmost points in Figures S4a and and Sba correspond to calculations which
include 1000 total bands (906 empty states in the case of CsyBiAgCls and 856 empty states
in the case of CsyBiAgBrg). We find that the band gap converges within 20 meV for 600
bands and 95 eV cutoff in both cases. In addition, we test the convergence with respect to
the k-point mesh. We obtain that the band gap of Cs;BiAgClg changes by 10 meV when we

increase the density of the k-point mesh from a 4 x 4 x 4 grid to a 5 x 5 x 5 grid.

The final set of parameters used for our best converged calculation is: 50 Ry plane-wave
cutoff for the exchange self energy, 600 bands, 95 eV plane-wave cutoff for the polarizability

and a 4 x 4 x 4 k-point mesh centered at I'.



Experimental Methods

Solution-based synthesis and crystal growth of Csy BiAgXs (X = Cl, Br). Samples of Cs;BiAgXe
(X= Cl, Br) were prepared by precipitation from an acidic solution of hydrochloric and hy-
robromic acid. A mixture of a 1 mmol BiBrs (Sigma Aldrich, 99.99%) and AgBr (Sigma
Aldrich, 99%) were first dissolved in 12 ml 8.84 M HBr. 2 mmol of CsBr (Sigma Aldrich,
99.9%) were added and the solution was heated to 150°C to dissolve the salts. The solution
was cooled to 118°C at 4°C/hour to initiate supersaturation and produce single crystals.

The chlorine compound CsyBiAgClg was fabricated using similar solution method with hy-

drochloric acid, BiClz and CsCl.

High-purity polycrystalline samples were synthesised following the method used by Morss
et al.’® A mixture of 8 ml (8.84 M) HBr and 2 ml 50 wt% H3PO, solution was heated to
120°C and 1.31 mmol of AgBr and BiBr3 dissolved into it. Adding 2.82 mmol of CsBr caused
an orange precipitate to form immediately. The hot solution was left for 30 minutes under
gentle stirring to ensure a complete reaction before being filtered and the resulting solid

washed with ethanol and dried in a furnace.

Synthesis via solid-state reaction. Single-phase samples of CsyBiAgXs (X = Cl, Br) were
prepared by conventional solid-state reaction in a sealed fused silica ampoule.!® For a typical
reaction, the starting materials CsCl, CsBr (Sigma Aldrich, 99.9%), BiCls, BiBrs (Sigma
Aldrich, 99.99%) and AgCl, AgBr (Sigma Aldrich, 99%) were mixed in a molar ratio 2:1:1,
respectively. The mixture was loaded in a fused silica ampoule that was flame sealed under
vacuum (10-3 Torr). The mixture was heated to 500°C over 5 hours and held at 500°C for
4 hours. After cooling to room temperature, a yellow and orange polycrystalline material
was formed for CsyBiAgClg and CsyBiAgBrg, respectively. Octahedral shaped crystals of
maximum size 1 mm? could be extracted from the powder samples that later were used to

determine the crystal structures.

Structural characterization. Powder X-ray diffraction was carried out using a Panalytical



X'pert powder diffractometer (Cu-K,; radiation; A = 154.05 pm) at room temperature.
Structural parameters were obtained by Rietveld refinement using General Structural Anal-
ysis Software.!” Single crystal data were collected for CsyBiAgClg and Csy,BiAgBrg at room
temperature using an Agilent Supernova diffractometer that uses Mo K, beam with A =
71.073 pm and is fitted with an Atlas detector. Data integration and cell refinement was
performed using CrysAlis Pro Software (Agilent Technologies Ltd., Yarnton, Oxfordshire,
England). The structure was analysed by Patterson and Direct methods and refined using

SHELXL 2014 software package. '8

Optical characterization. A Varian Cary 300 UV-Vis spectrophotometer with an integrating
sphere was used to acquire absorbance spectra and to account for reflection and scattering. A
397.7 nm laser diode (Pico-Quant LDH P-C-405) was used for photoexcitation and pulsed at
frequencies ranging from 1-80 MHz. The steady-state photoluminescence (PL) measurements
were taken using an automated spectrofluorometer (Fluorolog, Horiba Jobin-Yvon), with a

450 W-Xenon lamp excitation.



Table S1: Crystallographic data for a Cs;BiAgClg single crystal. The refinement data are

the same as those we reported in Table S1 of the Supporting Information of Ref.!

Uss(Cs) = 0.04248 + 0.00044, Uss
Uss(Ag) = 0.02384 & 0.00048, Uas(

i) = 0.02103 £ 0.00040,
) = 0.06567 £ 0.00152

Compound CsyBiAgClg
Measurement temperature 293 K
Crystal system Cubic
Space group Fm3m
Unit cell dimensions a = 10.777 + 0.005 A
a=p0=~v=90°

Volume 1251.68 A3
7 4
Density (calculated) 4.221 g/cm?
Reflections collected 3434
Unique reflections 82 from which 0 suppressed
R(int) 0.1109
R (sigma) 0.0266
Goodness-of-fit 1.151
Final R indices (Ran) 0.0212
WR b 0.0322
Wavelength 0.71073 A
Weight scheme for the Weight = 1/[sigma?(Fo?)+(0.0074 * P)?+0.00*P]
refinement where P = (Max(Fo?,0)+2*Fc?)/3
Isotropic temperature Uiso (Cs) 0.04284 4+ 0.00044, (Bi) 0.02103 4+ 0.00040 ,
factors (A?) (Ag) 0.02384 + 0.00048, (Cl) 0.05063 £ 0.00107
Anisotropic temperature  Uj;(Cs) = 0.04284 + 0.00044, Uy (Bi) = 0.02103 £ 0.00040,
factor (A?) Ui1(Ag) = 0.02384 + 0.00048, U4 (Cl) = 0.02039 + 0.00149,
Usa(Cs) = 0.04248 + 0.00044, Ugy(Bi) = 0.02103 £ 0.00040,

Ug(Ag) = 0.02384 £ 0.00048, Uy (Cl) = 0.06567 £ 0.00152,

(Bi)
1

Atomic Wyckoff-positions ~ Atom  Site X y z site occupancy
Cs 8c 0.25 0.25 0.25 1
Bi 4a 0 0 0 1
Ag 4b 0.5 0.5 0.5 1
Cl 24e  0.2489 0 0 1




Table S2: Crystallographic data for a CsyBiAgBrg single crystal.

Compound CsyBiAgBrg
Measurement temperature 293 K
Crystal system Cubic
Space group Fm3m
Unit cell dimensions a = 11.264 + 0.005 A

a=p=~=90°
Volume 1429.15 A3
Z 4
Density (calculated) 4.936 g/cm?
Reflections collected 3830
Unique reflections 95 from which 0 suppressed
R(int) 0.0691
R (sigma) 0.0150
Goodness-of-fit 0.360
Final R indices (Rap) 0.0192
WRobs 0.0676
Wavelength 0.71073 A
Weight scheme for the Weight = 1/[sigma?(Fo?)+(0.1874 * P)2+0.00*P]
refinement where P = (Max(Fo?,0)+2*Fc?)/3
Isotropic temperature Uiso (Cs) 0.05012 £ 0.00077, (Bi) 0.01985 + 0.00051 ,
factors (A2?) (Ag) 0.02820 + 0.00071, (Br) 0.05347 £ 0.00066

Anisotropic temperature U11(Cs) = 0.05012 4+ 0.00077, Uy1(Bi) = 0.01985 £+ 0.00051,
factor (A2) Ui (Ag) = 0.02820 = 0.00071, Uy, (Br) = 0.02003 % 0.00092,
Ug2(Cs) = 0.05012 4 0.00077, Usa(Bi) = 0.01985 £ 0.00051,

)

)

(
Use(Ag) = 0.02137 £ 0.00296, Uge(Br) = 0.07019 =+ 0.00083,
Us3(Cs) = 0.05012 + 0.00071, Usz(Bi) = 0.01985 =+ 0.00051,
Us3(Ag) = 0.02137 £ 0.00296, Uss(Br) = 0.07019 + 0.00083

Atomic Wyckoff-positions ~ Atom  Site X y zZ site occupancy
Cs 8c 0.25 0.25 0.25 1
Bi 4a 0 0 0 1
Ag 4b 0.5 0.5 0.5 1
Br 24e  0.25091 0 0 1
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Figure S1: Powder X-ray diffraction spectrum for of CsyBiAgBrg measured at room temper-

ature.
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Figure S2: Comparison between the band structures of CsyBiAgClg (a) and CsyBiAgBrg
(b) calculated for the experimental (exp) crystal structures reported in Ref.'6 (Cs,BiAgClg)
and in Table S1 (CsyBiAgBrg) and the optimized (opt) crystal structures. The dashed lines
indicate the band edges (black for the valence band top in each case, red and blue for the
conduction band bottom obtained from the calculation on the optimized and experimental

crystal structures, respectively). The optimized crystal structures are obtained as described
in Ref.16
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Figure S3: Projected densities of states calculated for Cs;BiAgCls (a) and Csy;BiAgBrg (b)
within DFT+SOC. The grey shaded peak appearing just above -8 eV in the valence band
corresponds to the states localized on the Cs atom. The total density of states is plotted
with a black line everywhere. Blue lines correspond to the p states, red lines correspond to
the s states and light blue lines correspond to d states. These states are assigned to Bi, Ag,
Cl or Br according to the legend. For Bi we distinguish between the spin-orbit split Bi p 1/2
(continuous line) and Bi p 3/2 (dashed line).
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Figure S4: Convergence of the direct band gap at I' with respect to the empty states cutoff
(a) and polarizability cutoff (b) for Cs;BiAgCls. All band gaps are obtained from calculations
at [-point only using a polarizability cutoff of 95 eV for the convergence with the empty

states (a) and an empty states cutoff of 45 eV (506 empty states) for the convergence with
the polarizability cutoff.
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Figure S5: Convergence of the direct band gap at I" with respect to the empty states cutoff (a)
and polarizability cutoff (b) for CssBiAgBrg. All band gaps are obtained from calculations
at [-point only using a polarizability cutoff of 95 eV for the convergence with the empty

states (a) and an empty states cutoff of 42 eV (506 empty states) for the convergence with
the polarizability cutoff.
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Figure S6: Plot of the quasiparticle energy (a), correlation self energy, ¥. (b) and the
difference between exchange self energy and the exchange-correlation potential, ¥, — Vi,
(c) with respect to corresponding Kohn-Sham eigenvalues, for calculations without (empty

black circles) and with (blue dots) semicore states for Ag. Both calculations are performed
for CsyBiAgClg.
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Figure S7: Overlap of the radial part of the 5s, 4d, 4p and 4s pseudo-atomic electron density
of Ag as a function of the distance from the nucleus. The inset shows a schematic diagram
of the energies of each orbital.
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Figure S8: Room temperature optical absorption spectra of CsyBiAgClg (a) and Csy;BiAgBrg

(b)
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