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Figure S1: Orbital projected band structures calculated from PBEsol(+SOC). Band splitting
is observed for lower conduction bands after spin-orbit coupling (SOC) was included in the
calculation. Valence band maximum was set to 0 eV. Upper valence bands are composed of
Pb 6s and Br 4p orbitals whereas lower conduction bands are composed of Pb 6p and Br 4p
orbitals.

Surface calculations

For surface calculations of Cs,PbBry(110), symmetric slab model was considered with 25
atomic layers and vacuum region of 15 A. The plane-wave kinetic cutoff energy of 700eV
and I'-centred k-point grid of 4 x 3 x 1 was used. Full atomic relaxation or the slab was
performed where the innermost five atomic layers were fixed at their bulk values.

The surface energy (Fg,f) was calculated following

atom
E o 1 rel Nslab E (1)
surf — 24 slab Ngltlclfl bulk

where E;le;b and Epu are the total energy of relaxed slab and bulk, N3%™ and N2O™ are the

number of atoms in the slab and bulk. The use of symmetric surface slab models necessitates

a factor of 1/2.
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Figure S2: Atomic structure of unrelaxed and relaxed surface slab model of Cs,PbBr(110).
Both top view (upper figures) and side view (lower figures) are shown.
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Defect calculations

To maintain stable Cs,PbBrg phase in thermodynamic equilibrium growth conditions, the

chemical potential of Cs, Pb, and Br should satisfy

Apcs + ppy + 6pup, = AHi(CsyPbBrg) = —17.45eV (2)

where p; is the atomic chemical potential of constitute element ¢ and AH¢(j) is the formation
energy of compound j. To avoid existence of secondary phases, inequalities below must also

be satisfied

fos + ey + 3up: < AHi(CsPbBr;3) = —6.46eV (3)
pos + 2ppy + Supr < AHi(CsPbyBrs) = —9.28 eV (4)
Apics + Opipy, < AH;(Cs,Phg) = —2.68 ¢V (5)

pes + ppr < AHg(CsBr) = —3.58eV (6)

s + 2me < AHy(PbBry) = —2.67 ¢V (7)

The chemical potential satisfying Eqns. (2-7) are shown as the shaded region in Figure le.

The formation energy of neutral defects, AHy(c,0), was calculated following
AHy(,0) = E(o,0) — E(host) + Y ny(E; + ;) (8)

where F(a, 0) and E(host) are total energy of supercell with a point defect a and perfect
supercell, E; stands for the the total energy of pure elemental solid of element ¢ which is
reference for pu;, and n; is the number of i atom exchanged between the perfect supercell
and the thermodynamic reservoir when defect o forms. Calculated neutral defect formation
energies are tabulated in TableS1. It is worth mentioning that the equilibrium defect con-

centration can not be estimated by the neutral defect formation energy as the neutral defect
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formation energy doesn’t take account of the electronic chemical potential (Fermi level).

Table S1: Formation energy of point defects (in unit of eV) of Cs,PbBry at points A, B, and

C in chemical potential space (Figure le).

Vos Ve,  Vee Pbes Bregs Csp, Brp, Csg, Pbp: Cs; Pb; Bry
A: pos = —3.62, ppy, = —2.96, pp, = 0.00

093 225 345 218 0.16 1.78 1.49 7.09 7.09 3.78 524 0.72
B: pes = —2.88, pupy, = —1.48, pp, = —0.74

1.67 3.74 271 144 1.65 252 3.72 561 485 3.04 3.75 1.47
C: pos = —2.13, ppy, = 0.00, pp, = —1.49

242 523 196 0.70 3.14 327 596 4.12 262 229 227 221

Table S2: Self-consistent Fermi level (in unit of eV) and concentration of charge carriers
and point defects (in unit of cm™?) of Cs,PbBrg at points A, B, and C in chemical potential

space (Figure le).

A B C

Ep 0.897405 1.64186 2.38636
e [345x 1073 1.11x 1072 356 x 1079
ht 7.08 x 10°  2.21 x 10797 6.87 x 10~
Ves | 1.14 x 10 1.13 x 10 1.13 x 10'®
Vep | 1.11 x 107 111 x107® 1.11 x107°
Vae | 482x107° 483 x107° 4.83 x107°
Pbes | 1.14 x 10" 1.13 x 10®  1.13 x 10%
Brog | 4.84 x 10 3.92 x 10792 2.79 x 10792
Cspp | 3.14 x10°  3.15x10®  3.15 x 103
Brpy, | 8.79 x 10* 855 x 1072 5.09 x 10728
Cspy | 1.05 x 10735 1.06 x 10736 3.74 x 10736
Pbg, | 3.23 x 107°° 3.49 x 1074 1.22 x 10722
Cs; | 854 x10° 856 x10° 856 x 10°
Pb; | 298 x 1073 1.12x 10738 5.66 x 1017
Br; | 3.49 x 10" 3.44 x 10 3.44 x 10M
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Table S3: Frequency (in cm™!) of the vibrational modes in polybromide species. Infrared
(left) / Raman (right) intensities are given within parenthesis.

‘ V1 V2 Vs

Br,” | 78 (0.3/0.0) 156 (430.3/0.0) 168 (0.0/155.5)

Br,® | 68 (276.7/0.5) 83 (0.2/490.0) 94 (0.5/324.2)

Figure S3: Calculated spin density plot of Bres~ (Brsy® ) where up spin electron fills anti-
bonding orbital.
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Figure S4: The vibrational modes in polybromide species. The direction of displacement
vectors are indicated by blue arrows.

Table S4: Energy (F) and oscillator strength (f) for the lowest-lying same-spin electronic
transition in different states of tribromide species.

| E(um) E(eV) f

Br, (180°) | 401 3.09  0.000
Br, (170°) | 411 3.02  0.012
Br, (160°) | 443 2.80  0.037
Bry*” 822 1.51  0.003
Br,* 99 12.54  0.000
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Figure S5: Simulated absorption spectra for the different polybromide anions. Characteristic
electronic excitations (Sn) are indicated.
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Figure S6: Energy penalty required to distort Bry from linearity as a function of the internal
bending angle 6.
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Table S5: Energy difference (in eV) between the first excited state (S;) and the ground state
(So) for the tribromide species as a function of the Br-Br distance (in A). Br-Br distance of
Br,  and Bry® in their ground state is 2.56 A and 3.21 A, respectively.

Br-Br ‘ Br,” Bry> Br,*

250 | 340 362 6.84
256 | 3.11 337 7.29
2.60 | 292 320 7.59
270 | 250 283 819
280 | 213 249 8.68
290 | 1.81 220 9.14
3.00 | 1.54 194 9.55
3.21 | 1.07 150 10.17
3.50 | 0.61 1.06 10.70
4.00 | 0.07 0.58 11.06
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Figure S7: Ground state Sy (black line) and first excited state Sy (blue line) relative energies
as a function of the Br-Br distance for Br,® .
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