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Computational Methods
All the calculations within the DFT framework are performed using the Quantum ESPRESSO
Suite.!? Structures are optimized with a 90 Ry cutoff for the plane-wave kinetic energy with a
8 x 8 x 8 Brillouin zone sampling. The threshold on forces and total energy during ionic min-
imization were converged to 1076 and 10~!!, respectively. During the optimization a 0.1 Kbar
threshold is employed for the pressure on the variable cell. A threshold of 10~!! is employed
for the SCF steps. All the calculations are performed using fully-relativistic norm-conserving
PBE pseudopotential® taken from the pseudo-dojo database (http://www.pseudo-dojo.org). The
phonon calculations are performed within the DFPT framework as also implemented in Quan-
tum ESPRESSO. A 4 x4 x 4 k-grid is employed for the SCF, while the phonons are solved in a
2 x 2 x 2 q-grid. A 107! threshold for phonon self-consistency is employed. For the electronic
band structure symmetry analysis, we assume a cubic structure for CspSnlg due to the structural
and energetic similarities between the perfectly cubic crystalline structure and the distorted/rotated
one. The total energy difference between the perfectly cubic and slightly tilted Cs;Snlg is smaller
than 1 meV/atom. The GoW calculations are performed on a 6 x 6 x 6 k-grid sampling using the
Rojas-Godby-Needs plasmon pole model to treat the frequency-dependent dielectric function.*
Spin-orbit coupling is accounted non-perturbatively. We employ the equivalent of 15 Ry cutoff to
set number of G vectors to be summed in the expression of the exchange self-energy, alongside a
8 Ry cutoff for the dielectric function calculation. We also include 400 bands for the sum over state
summation in the GW correlation self-energy term. We included 600 polarization function bands
for the calculation of the static dielectric screening. Optical absorption calculations are performed
using the YAMBO? code. Calculation are performed within the Bethe-Salpeter formalism for e-h
coupling and also IP approach. The BSE is solved within the Tamm-Dancoff approximation® on
top of the GoWy calculations by direct diagonalization on a uniform 6 x 6 x 6 k-grid with 26 in-
cluded bands around the band edges. We employ a cutoff of 10 Ry and 2 Ry for the summations
on the reciprocal lattice vectors which appear in the exchange and attraction terms of the kernel,

respectively. The calculations are performed using the same static dielectric screening from GW.



For the exciton spacial distribution, the hole position ry, is fixed close to the halogen atoms. This as-
sumption comes from the fact that the VBM of these compounds is mainly composed by halogen-p
orbitals. The GoW( band structures were interpolated with Wannier90’ on a dense 50 x 50 x 50
k-grid to evaluate accurate effective masses. The orbitals composing the VBM and CBM of each
material were used as basis to construct the Wannier functions. The effective masses were obtained
by applying finite differences method to the Wannier interpolated band structures, as implemented
on the WannierTools® software package.
Bethe-Salpeter Equation

The electron-hole interactions are included via the BSE equation which can be written in the space
of transitions between valence and conduction states as a pseudo-eigenvalue problem for a two-

particle Hamiltonian as follows

H\Y’Cclfk’ = (€ck — &vk) Oy Ocer O + (fer — Sok) [ZVv‘fil,(k, - Wv‘;ilfk/] (1)

where v, ¢ and k are indicating valence, conduction and momentum indexes, f.; and f,; are Fermi

distribution functions, and Vvv,ﬁl,‘k,

and W vv,il,‘k, are the electron-hole exchange and attraction part of the
BSE kernel. To best describe the quasiparticle energies entering in the BSE kernel we perform the
solution based on our previously discussed GoWy calculations, allowing us to take into account the
band-gap renormalization and dispersion corrections due to the formation of GW quasi-particles.
For the calculations without e-h exchange interactions the Vv‘fz"fk, term is neglected.
Wannier-Mott Model

The Wannier-Mott (WM) exciton is usually found in semiconductors with small band-gaps and
high dielectric constants. As a result, the Coulomb interactions between electrons and holes are
strongly screened leading to small binding energies and a delocalization of the exciton wavefunc-

tion. Within the WM model, the binding energies and exciton bohr radius are obtained via the

following equations
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where U represents the reduced effective mass, € is the dielectric constant, R, is the Rydberg
constant and a,, is the Bohr radius.

Tables

Table S1: Structural parameters optimized within DFT-PBE. Here, a and a,y, are the theoretical
and experimental lattice parameters, respectively, dy/—x is the bond-length between the metal site
and halide, and V), is the volume of the vacancy-site, which is defined as the volume of the AXgq
octahedron. (M is the metal-site, A the vacancy-site and X the halogens).

M-site valency s0 p? d°
Compounds  CspSnBrg  CspSnlg  CsyTeBrg  CspTelg CsoZrBrg  CsyZrlg
a(A) 11.14 12.02 11.32 12.08 11.24 12.00
aexp (A) 10.86°  11.621° 1091 11702 11.161%  11.66M
dy—x (A) 2.65 291 2.74 2.98 2.65 2.88
Viae (A%) 33.2 38.3 34.9 40.4 33.1 40.2

Table S2: Summary of the predicted electronic band-gaps within DFT and GoW.

Compound CsySnBrg CspSnlg  CsyTeBrg CspyTelg  CspZrBrg  CsyZrlg

DFT (eV) 1.30 0.17 2.04 1.16 2.73 1.65
GoWy (eV) 3.65 1.51 3.66 2.63 5.02 3.32

Table S3: Charge carrier effective masses at the band edges within DFT and GoW,. Here we
adopt the standard definitions of light and heavy effective masses for double degenerate bands, and
fast and slow transport directions. Numbers inside parenthesis represents the heavy bands, while
numbers inside square brackets represents the slow direction.

Effective

masses(me) CsySnBrg CsySnlg CsyTeBrg CsyTelg CsyZrBrg CsyZrlg
me gy 0.24 0.29 0.29 [0.50] 0.33[0.67] 1.27[11.29] 0.86[11.55]
mhy,y, 0.55(1.22) 0.58(1.08) 0.31[12.0] 0.20[9.29] 1.12(2.82) 0.60 (1.45)
mejpr 0.26 0.30 0.25[0.46] 0.15[1.27] 095[3.71] 0.66[3.25]

mhj e 0.66 (1.60) 0.70 (1.38) 0.81[11.2] 0.43[0.65] 1.26(3.25) 0.74 (1.90)




Table S4: Exciton binding energies EgSE and dark-bright splitting (A;p) obtained from
BSE@GyWj. The exciton binding energy is defined as the energy difference between the first
direct dipole-allowed electronic transition and the first bright excitonic peak. The parameters em-
ployed for the Wannier-Mott model are also shown. Number between parenthesis represents the
calculation with heavy effective masses.

Compound Cs,SnBrg Cs,Snlg Cs,TeBrg Cs,Telg CsyZrBrg CsyZrlg

Bl (eV) 0510 0.190 1.240 0.530 0.780 0.540
Agp (meV) 6 4 155 71 34 24
£ 3.30 4.84 3.62 481 3.20 4.02
mely 0.24 029  029[0.50] 0.33[0.67] 1.23(4.17) 0.85(3.20)
mhi,  0.37(0.77) 0.54(0.65 0.22[1.80] 0.21[2.30] 0.61 (1.10) 0.33(0.48)
i 0.182 0.200 0.161 0.185 0.870 0.417
Eb, (eV) 0228 0.116 0.167 0.109 1.156 0.351
rwar (A) 9.54 12.76 11.83 13.69 1.94 5.04
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Figure S1: Phonon dispersion of optimized structures. The absence of imaginary (or soft) modes
indicate mechanical stability.
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Figure S2: (a) GoW) electronic band structures and charge densities. The irreducible representa-
tions and point group symmetries are shown and the valence band maximum (VBM) and conduc-
tion band minimum (CBM) are marked with blue circles. (b) Charge densities calculated at the

VBM and CBM for the iodides.
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Figure S3: Calculated band structure of CsyTelg. The GyW( bands are show in blue solid lines,
while the DFT is show in red dotted lines. The black line at zero points the Fermi level.
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Figure S4: Exciton spatial distribution |¥(ry,r.)|?> for the bright exciton of Cs,Snlg, CsyTelg,
CsyZrlg and CsyZrBrg. The hole position 1, is fixed in the vicinity of the halogen atoms. The
wavefunctions are plotted using 85% of the maximum isovalue.
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Figure S5: Projection of the weights \A§h| over the DFT-PBE band structure. The band-gaps are
rigidly shifted to match the GoW calculation. Here ]Aﬁh\ represents the expansion coefficient of
the first bright exciton eigenvectors in terms of the electron-hole pairs |eh), i.e. |A) = ZehA:}h|eh).
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Figure S6: Cs,ZrBrg calculated exciton oscillator strength with fine structure shown as inset plot.
On the right, an illustration of the dark-bright splitting

| CSVQSnBrG '

p
~ | W/oe-h exx 2
E | Withehexx 3.95eV
$ 4
]

I CSVZZrI?‘,r6 |

a (105cm)

Energy (eV)

Energy (eV)

Energy (eV)

Figure S7: Comparison between the absorption coefficient obtained from solving the BSE with
vek . show in Equation S1. The

and without the inclusion of the e-h exchange interaction term VV,C,k,

black dotted lines show the position of the first direct dipole-allowed transition E‘; at GoWy level.
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