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Cs4PbBrg is a member of the extended halide perovskite family that is built from isolated (zero-dimensional)
PbBre*~ octahedra with Cs* counter ions. The material exhibits anomalous optoelectronic properties:
optical absorption and weak emission in the deep ultraviolet (310-375 nm) with efficient luminescence
in the green region (~540 nm). Several hypotheses have been proposed to explain the giant Stokes shift
including: (i) phase impurities; (ii) self-trapped exciton; (i) defect emission. We explore, using first-
principles theory and self-consistent Fermi level analysis, the unusual defect chemistry and physics of
Cs4PbBre. We find a heavily compensated system where the room-temperature carrier concentrations
(<10° cm™®) are more than one million times lower than the defect concentrations. We show that the

low-energy Br-on-Cs antisite results in the formation of a polybromide (Brs) species that can exist in
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Accepted 13th August 2019 a range of charge states. We further demonstrate from excited-state calculations that tribromide
moieties are photoresponsive and can contribute to the observed green luminescence. Photoactivity of

DOI: 10.1039/c9ta06874k polyhalide molecules is expected to be present in other halide perovskite-related compounds where
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Introduction

Defects in solids can absorb and emit radiation with optical
lines as narrow as 1 cm ™. When it comes to wide band gap
semiconductors and dielectrics, defect luminescence enables
a single material to emit photons across the visible range, e.g.
red emission in ZnO,* blue emission in GaN,’ and the range of
F-centers in alkali halides.* In contrast to established systems,
defect processes in the new generation of halide perovskite
inspired compounds are poorly understood with little quanti-
tative information on the identity and concentrations of elec-
trically and optically active centres.?

Conventional ABX; halide perovskites are based on corner-
sharing networks of BX, octahedra in 3D, while layered 2D
networks have also been intensively studied for application in
solar cells.®® The family of A;BXs compounds, so called 0D
perovskites, containing isolated octahedra, however, have
attracted significant research attention recently due to their
unique crystal structure and opto-electronic properties.®*
These ternary compounds can be formed by the reaction of the
two corresponding binary halides:
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they can influence light absorption and emission.

4AX + BX, = A,BX, (1)

which is achieved under AX-rich growth conditions.

As a member of the extended perovskite family, Cs,PbBr, has
been the subject of attention due to its high photoluminescence
quantum yield (PLQY) at green wavelengths and long-term
stability.>** In 1983, the absorption edge of Cs,PbBrs was
firstly reported as 2.34 eV, and later different optical properties
of Cs,PbBrs bulk and thin film samples were revealed." While
the thin film sample showed absorption and emission features
around the ultra-violet (UV) region, the bulk sample showed
activity around the green visible-light region. Since another
phase of Cs-Pb-Br, namely CsPbBr;, has a band gap in the
green region, it has been believed that green PL of Cs,PbBrg is
due to CsPbBr; phase impurity. In addition, a recent report
showed a high PLQY of up to 97 % for CsPbBr; nanocrystals
embedded in a Cs,PbBrg host."'® Meanwhile, it was claimed
that pure Cs,PbBrg single crystals also emit green light with
considerable PLQY.'*"” Native defects of Cs,PbBrs were specu-
lated to cause green emission. However, direct evidence of
defect-assisted green emission has not been reported. Hence,
active debate on the origin of green luminescence of Cs,PbBr; is
ongoing.'**

In this investigation, we critically assess existing hypotheses
on defect formation and luminescence in Cs,PbBrg with rele-
vance to other OD 4:1:6 perovskites. Based on a first-
principles description of point defect reactions, including
self-consistent Fermi level analysis to predict equilibrium

This journal is © The Royal Society of Chemistry 2019
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defect concentrations, we find unusually strong charge
compensation in this systems that severely limits the free
charge carrier concentration. We show that bromine vacancies
have a high-formation energy (negligible concentrations) in
these systems and suggest an alternative complementary
defect-assisted luminescence process involving the photo-
chemistry of tribromide complexes.

Results and discussion
Structural and electronic properties of Cs,PbBr,

The structure of the Cs,PbBrs rhombohedral cell with space
group R3¢ (167) is shown in Fig. 1a. Cs atoms are at 2a and 6e
Wyckoff positions, while Pb and Br atoms are at 2b and 12f,
respectively. PbBrs octahedra are isolated by surrounding Cs
atoms; there is no direct connectivity between octahedra. The
calculated bulk parameters of a, = 13.61 A, co =17.16 A for the
conventional (hexagonal setting) cell agree with previous
reports.”>* The bulk modulus of By = 12.1 GPa for Cs,PbBrs was
obtained from fitting to the third-order Birch-Murnaghan
equation-of-state,* which suggests 0D Cs,PbBr, is much softer
than 3D CsPbBr; (B, = 21.5 GPa).”®

The calculated band gaps within density functional theory
(DFT) at the (semi-local) PBEsol + SOC and (non-local) HSE06 +
SOC levels of theory are 3.20 eV and 4.11 eV, respectively. The
HSEO06 + SOC band gap is comparable to the absorption peak
position of 310 nm (4.00 eV) from Cs,PbBr, thin film at room
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temperature.” This material shows flat band structure (Fig. 1b)
where upper valence bands are composed of Pb 6s and Br 4p
whereas the lower conduction bands are comprised of Pb 6p
and Br 4p (also see Fig. S1t). The flat band structure is associ-
ated with spatial confinement of the upper valence band and
lower conduction band wavefunctions within individual octa-
hedra as shown in Fig. 1c and d. The octahedra are electroni-
cally isolated and, consequently, charge carriers may localize.
The effective masses for both electrons and holes are calculated
to be heavy with m, = 2.94m, and m;, = 3.29m,, in contrast to
mz < 0.2m, found for 3D lead halide perovskites.”®

A small value for the static dielectric constant (¢,) of 8.02 was
obtained from density functional perturbation theory,*” arising
from the sum of the ionic contribution (&jonic = 4.81) and optical
dielectric constant (e, = 3.21). We note that the combination of
high carrier effective masses and low dielectric constant of
Cs,PbBr; is opposite to the low carrier effective masses and high
dielectric constants of many 3D hybrid perovskites.>*>°

Electronic alignment between Cs,PbBrs and CsPbBr;

To assess the role of phase impurities in light emission, we
calculated the absolute electron energies of the valence band
maximum (VBM) and conduction band minimum (CBM) of
Cs,PbBr; following the procedures outlined in ref. 30. The VBM
and CBM energies (HSE06 + SOC) are —5.68 eV and —1.56 eV
with respect to the vacuum level of non-polar Cs,PbBrs(110)
surface, which has a low surface energy of 6.99 meV A2, The
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Fig. 1 (a) Crystal structure representation of Cs4PbBrg. (b) Electronic band structure along the high symmetry lines of the first Brillouin zone.
Orbital character in the (c) upper valence band and (d) lower conduction band. (e) Calculated stability field in chemical potential space, where the
stable region for Cs4PbBrg is shaded gray. Note that the parent stability field of 4ucs + upp + 6ugr = AH{Cs4PbBrg) = —17.45 eV is reduced by

competitive phases.
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ionization potential matches well with measurements for Cs,-
PbBry nanocrystals of —5.73 eV by Zhang et al. where the (110)
surface is exposed.®* Further details of our surface model are
found in the ESI.}

A range of band energies have been reported experimentally
for CsPbBr; as shown in Fig. 2.°**° Natural band alignment
between Cs,PbBrs and CsPbBr; displays formation of weak type
I or II heterojunction depending on the reported values. Here,
the valence band offset is found to be subtle (max. £0.3 eV).
Since natural band alignment neglects effects of the specific
interface (e.g. built-in potential which can shift the type of band
alignment),?*~® band alignment at an actual CsPbBr;/Cs,PbBr,
mixture might differ depending on crystal orientation, stoi-
chiometry, and structure matching across the interface. Thus,
further study on the interface is required to obtain a quantita-
tive band alignment to describe CsPbBr;-assisted green emis-
sion. However, many recent reports, e.g. increase of PLQY by
CsPbBr; embedded Cs,PbBrs and similar photo-response
between Cs,PbBr, and CsPbBrj, still indicate that CsPbBr;
can act as a radiative recombination center for green emission
if they co-exist.'"416:20:37

Thermodynamics of point defect formation

In order for defects to make an appreciable contribution to light
absorption and emission, there needs to be a high population of
an active species. When considering a single point defect, the
equilibrium concentration (n4) present in a crystal is simply

determined by
AG
ng = Ny exp( - K;) @

where Ny is the specific lattice site concentration, AGq is the
Gibbs free energy of defect formation, kg is Boltzmann constant,
and T'is temperature. Within the modern first-principles theory
of defects, vibrational entropy is often neglected and AG, is
replaced by the enthalpy of defect formation (AHg), which can
be calculated following
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Fig. 2 The natural electronic band alignment with respect to vacuum
level (set to 0 eV). Range of reported CsPbBrs valence band maximum
(VBM) and conduction band minimum (CBM) values are shown for
comparison as taken from ref. 32-35. The thermodynamic defect
transition levels for each point defect are marked in red (acceptor
defect) and blue (donor defect) dashes with respect to the valence and
conduction bands of Cs4PbBre.
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AHd(a7 q) =
E(a,q) — E(host) + Y m(Ei + ;) + q[Evem + E¥] + Ecorr (3)

where E(«,q) and E(host) are total energy of a supercell with point
defect « in charge state g and a perfect supercell, respectively. E;
is the total energy of the standard state for element i, which is
the reference for u;, while n; is the number of 7 atoms exchanged
with the thermodynamic reservoir when defect « forms. Er is the
Fermi level (electronic chemical potential) referenced to the
VBM of the host Cs,PbBrg (Eyvgm), and E.q,, is a finite-size elec-
trostatic correction term. Note that the defect formation energy
and hence the equilibrium populations are dependent on the
atomic chemical potential and Fermi level.>?%%°

In addition to the reaction pathway for Cs,PbBr, involving
the binary halides (eqn (1), AHf'® = —0.43 eV), there is an
equilibrium involving the 3D perovskite CsPbBrj3, including the
disproportionation reactions:

CsPbBr; + 3CsBr — Cs4PbBrg (4)
Cs4PbBrg + 3PbBr, — 4CsPbBr3 (5)

which have AH{'® = —0.26 eV (eqn (4)) and —0.38 €V (eqn (5)),
respectively. This implies that the coexistence of Cs,PbBrs and
CsPbBr; is possible, depending on local environment of
precursors. Accordingly, phase competition in the Cs-Pb-Br
system results in a narrow stability field for Cs,PbBrs in
chemical potential space where bec Cs, fce Pb, and solid Br are
regarded as reference states (shown in Fig. le with further
details in the ESIt). These findings are consistent with obser-
vations that Cs,PbBr, samples often contain CsBr or CsPbBr;
secondary phases.'>*°

Within the Cs,PbBr, stable region on the chemical potential
space (Fig. 1e), we sampled three representative regions (A, B,
and C), and analyzed the defect formation energies. Here, all
possible native point defects, i.e., three vacancies (V¢s, Vpp, Var),
six antisites (Pbgs, Brcs, CSpp, Brpn, CsSpr, Pbg;), and three
interstitials (Cs;, Pb;, Br;) were considered. For interstitial
defects, we assumed the 6d Wyckoff position for the initial
configurations. We also tested site preference of V¢, Pbcs, and
Brgs point defects at both 2a and 6e Wyckoff positions and we
find that Cs at 2a site is always favored (shows lower defect
formation energy by ~0.5 eV). Therefore, V¢, Pbcs and Brgg in
the text refer those that occur at Cs at 2a site. Calculated defect
formation energies as a function of Fermi level are shown in
Fig. 3a-c where the self-consistent Fermi level is indicated as
a dashed vertical line. Our results show that Pbs and V¢ are the
dominant donor and acceptor defects that pin the Fermi level
under all three conditions considered.

The concentration of native defects is predicted along the
linear path A — B — CinFig. 1e and plotted in Fig. 3d. While the
concentration of most of low-energy (high-concentration) defect
species remains constant along the path, the population of Brgg
varies drastically. Under Br-rich/Cs, Pb-poor conditions (A point),
the concentration of Brgs is 5 x 10'® em™, which decreases to 3
x 107% ecm® under Br-poor/Cs, Pbrich conditions. The

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a—c) Change of defect formation energies as a function of Fermi level at the chemical potential corresponding to points A, B, and C in

Fig. le. Calculated self-consistent Fermi level is plotted as black dotted li
Fermi level, Ef, as a function of chemical potential.

concentrations of Pbgg and V¢ remain around 10'® em™ 3. The
equilibrium carrier concentrations (Fig. 3e) of <10° cm™ are
much smaller than the defect concentrations due to a combina-
tion of strong compensation (charges of positive and negative
defect cancel) and the fact that none of the defects considered are
shallow donors or acceptors (see defect levels in Fig. 2). This
represents a severe case of intrinsic doping limits established for
wide gap semiconducting compounds.***»** Pure crystals of
Cs,PbBr; in the dark are therefore predicted to be highly resis-
tive. Full values for defect and carrier concentrations and Fermi
level can be found in Table S2.7

Optical transitions of point defects

Although analysis of the thermodynamic defect levels indicate
traps within the band gap, this does not correspond to the
photon energy associated with emission or absorption of radi-
ation. To understand the optical properties (fast response) it is
necessary to consider the role of structural relaxation as
described by configurational coordinate diagrams.*** Here, we
chose several key point defects including Vs and Pbcs as they
are dominant acceptors and donors with high concentrations.
Vg: has been suspected as a green emission center,'®"” while
Brgg is an interesting defect whose concentration can be tuned

This journal is © The Royal Society of Chemistry 2019

ne. (d) Change of defect concentration, (e) carrier concentration, n;, and

by changing the chemical potential. We also consider Br; as it
shows higher concentration than the remaining defect species.
In the dark, a defect will tend to adopt its lowest energy
charge state at the equilibrium Fermi level, e.g. +1 for Pbgg.
Upon illumination, capture or release of an electron from the
semiconductor band edges can occur, which leads to one-
carrier transitions described in Fig. 4. These can be radiative
or non-radiative depending on the nature of the potential
energy surfaces involved. Pbcs has been suggested as a UV-
emissive defect,* but we predict it will have much lower
optical emission energy (667 nm) than the UV region. Rather Vg
has the potential to emit UV light from the transition between
the 0 and — charge states. Among all defect species considered
above, only Vs shows weak electron-phonon coupling (small
lattice relaxation), whereas the other defects show strong elec-
tron-phonon coupling (large lattice relaxation) during carrier
capture process. From the range of defects and capture
processes considered, green luminescence is not found.

Molecular behavior of the tribromide species

We now focus on Brg; as the only dominant native point defect
whose concentration is controllable via changing growth or
annealing conditions (chemical potential). The incorporation of
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Fig. 4 Calculated configurational coordinate diagram using the four-point method for one-carrier ionization processes of (a) Vs, (b) Vg, (c)

Pbcs, (d, €) Bres, and (f) Br;.

excess bromine results in the formation of a Br; polybromide
species, which is similar to molecular-like halide interstitials
found in hybrid perovskites***® and other metal halide systems."

The Brcs antisite is unconventional as, nominally, an anion
(Br™) substitutes a cation (Cs'). However, inspection of the local
structure around the defect reveals the formation of the Br;
species: the substituted Br atom forms short bonds with
neighbouring lattice Br~ ions. The neutral defect (Brds in point
defect notation) therefore corresponds to Br;~ (with spin S = 0).
The negatively charged defect (Bres ) corresponds to Bry>~

1
(S = E) , while the doubly-negative defect (Bres> ) is Br;* ™ (S =

0). The local structure of the polybromides in Cs,PbBrg are
shown in Fig. 5a. As these species gain electrons, a localized
anti-bonding orbital is filled and, consequently, Br---Br bonds
elongate (see Table 1 and Fig. S37).

To shed light on the excited-state behavior of Br; in Cs,-
PbBrg, we adopted the molecule-in-crystal approach where Br;
species were embedded in a dielectric medium (¢, = 8.05) close
to the calculated ¢, of Cs,PbBrs.*>*” For Br; , good agreement is
found between the bond lengths and angle from supercell
defect calculations and those computed from embedded
molecular calculations (see Table 1). However, Br;>~ shows
disagreement in their values with elongation in the molecular
case, which implies spatial confinement effect of Cs,PbBrs
crystals become larger for more negatively charged Br; (i.e.
Bry”>~ and Br;®7). Moreover, it is found that Br;*~ does not
retain its molecular structure in a dielectric medium, whereas it
remains stable in the Cs,PbBrs crystal due to the steric

20258 | J. Mater. Chem. A, 2019, 7, 20254-20261

confinement. All calculated values representing the ground-
state molecular geometry of Br; species are tabulated in Table 1.

The presence of polybromide species (Br; or larger) may be
inferred from their vibrational and optical signatures. We
predict Br;~ to have three characteristic vibrations in low
frequency region: 78 cm ™ (#,); 156 cm ™" (v,); and 168 cm ™" (v;).
Interestingly, the »; modes of Br;~ is calculated to be Raman
active. Previous experimental Raman measurement by Cha
et al** found shoulder peak near 160 cm™ ', while the
measurement by Velazquez et al** didn't. We suspect it is
because of strong environmental dependency of tribromide
defect formation as we discussed above. This suggests that the
observed Raman peak near 160 cm ! is not intrinsic vibrational
modes of Cs,PbBr, but signature of tribromide defects. The full
range of frequencies and IR/Raman intensities are provided in
Table S3 and Fig. S4.t

Beyond vibrational excitation, we next consider the optical
excitation of these species. First, we analyzed the UV-Vis spectra
using time-dependent DFT (Fig. S5t). Among the three species,
only Brz~ provides a low-lying singlet excitation (S;) in the
visible range: S, calculated at 401 nm (3.09 eV). This electronic
transition is symmetry forbidden if the triatomic species is
linear (internal angle of 180°). However, slight distortion from
linearity is predicted in Cs,PbBr crystal due to its low energetic
cost (Fig. S61), which leads to a non-zero oscillator strength for
S, in Br;~ (Table S47). Both Br;>~ and Br;®~ are calculated with
S; absorption far away from the green region: at 822 nm (1.51
eV) and 99 nm (12.54 €V), respectively.

Once excitation to S; from the Franck-Condon region
occurs, excited-state geometry relaxation proceeds. We thus

This journal is © The Royal Society of Chemistry 2019
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Fig.5 (a) The local structure associated with Brls (Brs™), Bres™ (Brs> ),
and Bre?~ (Brs®7) point defect species in Cs4PbBrg. (b) Ground state Sq
(solid line) and first excited state S; (dotted line) relative potential
energy surfaces as a function of the Br—Br distance for Brs~ (left) and
Brs®~ (right). Note that in a crystal environment the range of accessible
Br-Br distances is limited in the 2.5-3.7 A range.

Table 1 Calculated bond lengths (d; and d>) in unit of A and bond
angle () in unit of ©

State d, d, 0
Periodic crystal Br;~ 2.55 2.56 178.98
Br;*>~ 3.09 3.11 171.27
Br;*~ 3.71 3.71 155.64
Embedded molecule Bry~ 2.56 2.56 180.00
Bry?~ 3.21 3.21 175.12
Bry®~ 14.14 14.45 130.70

analyzed the lowest-lying electronic excitation energy as a func-
tion of the Br-Br distance. We restricted the scan to the range of
bond lengths that was predicted in the crystal calculations
(from 2.5 to 4.0 A). Bry~ and Br;>~ provide S;-S, energy differ-
ences in the range of green emission (ca. 2.3 €V or 540 nm) for
the scanned Br-Br distances, whereas Br;*>~ shows too large S;-
So gaps (Table S5 and Fig. S7t). The ground-state geometry for
Br;?~ provides a halogen-halogen distance of 3.21 A, which
already gives a too small S;-S, energy gap (1.5 eV). Geometry
relaxation of the first excited state of Br,>~ would lead to an even

This journal is © The Royal Society of Chemistry 2019
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smaller S;-S, energy difference, thus promoting a non-radiative
path to the ground state (Fig. 5c right). In contrast, for Br;~ the
ground-state separation is 2.56 A, which leads to an S,-S, energy
difference of 3.11 eV. While the S; state (Br-Br = 2.56 A)
undergoes non-radiative relaxation to its ground state (Br-Br =
2.8 and 2.9 A), radiative relaxation to the S, state can occur with
associated green luminescence (Fig. 5b left).

Non-radiative electronic relaxation through a conical inter-
section between S; and S, in Br;~ is ruled out as an energy
barrier of >0.5 eV needs to be overcome. Our results, therefore,
suggest the presence of a radiative mechanism with visible-light
emission in Br;~ molecular species that could contribute to the
green fluorescence recorded in Cs,PbBrg upon tribromide
defect formation. However, such defect-assisted luminescence
cannot account for the absorption of green light in Cs,PbBr,.
Therefore we can attribute the green absorption to CsPbBr;
phase impurities alone, as it has confirmed by de Weerd et al.,*
while emission could involve a combination of phase impurities
and point defects. Our results may conflict with recent obser-
vations by Yin et al.'” that Cs,PbBrs nanocrystals grown under
Br-poor condition display higher PLQY than those grown under
Br-rich conditions. However, nanocrystals exhibit large differ-
ences in their size (i.e. surface to volume ratio) and morphology
depending on the synthesis conditions, which requires addi-
tional investigations for Cs,PbBreg.

Conclusions

The defect chemistry of the zero-dimensional Cs,PbBrg perov-
skite is highly unusual. The low formation energy of the
dominant donor (Pbgs) and acceptor (V¢g) defects results in
a high concentration of 10'® cm ™ at room temperature. Due to
strong charge compensation, the material is predicted to be
resistive with an excess hole concentration below 10° em ™ in
the dark. This doping limit may be overcome under illumina-
tion or by finding extrinsic donors/acceptors with high solu-
bility. In contrast to the 3D perovskites, and to recent
speculation, the concentration of halide vacancies is shown to
be negligible. The incorporation of excess bromine in the form
of Brgg results in deep defect levels, and its concentration can be
high or low depending on the growth condition. We show that
this defect results in the formation of molecular Br;-type species
that exhibits a range of optical transitions in the visible range.
Defect-mediated green luminescence can result from the fluo-
rescence of optically excited Br;~ to its ground state. The unique
ability of halide ions to form aggregates with variable charge
states likely plays a hidden role in the photochemistry of halide
perovskite semiconductors, extending from carrier trapping, to
electron-hole recombination, and luminescence.

Computational methods
Density functional theory

Calculations of Cs,PbBrg were performed based on Kohn-Sham
density-functional theory*® considering periodic boundary
conditions. The Vienna Ab Initio Simulation Package (VASP)***>
was used with Projector Augmented-Wave (PAW)**** pseudo-
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potentials where the valence states of Cs, Pb, and Br are treated
explicitly by 9(5s>5p®6s'), 14(5d'°6s’6p*) and 7(4s’4p°) elec-
trons, respectively. The Perdew-Burke-Ernzerhof exchange-
correlation functional revised for solids (PBEsol)*® was used to
optimize structure of primitive unit cell (22 atoms) of Cs,PbBr,
with 4 x 4 x 4 I'-centered k-mesh. We considered spin-orbit
coupling (SOC) and PBEsol to calculate band structure and
effective masses. For all PBEsol calculations, the plane-wave
kinetic cutoff energy was set to 700 eV, while convergence
criteria of 10 ° eV and 102 eV A~ for total energy and forces on
each atoms were employed.

Defect formation and transitions

For defect calculations, a conventional hexagonal unit cell (66
atoms) of Cs,PbBrs was employed and perfect and defected unit
cells were optimized within the same condition above. A 3 x 3
x 2 I'-centered k-mesh was used. Since defect properties from
scalar-relativistic PBEsol calculation are known to be inaccurate
in perovskite system,*® we performed single-shot self-consistent
calculation using a non-local hybrid functional (HSE06)°”** with
spin-orbit coupling (SOC) on PBEsol-optimized unit cells. This
approach is utilized for computational efficiency and will
introduce errors when the PBEsol geometry is a poor approxi-
mation to that of HSE06. To further reduce the computational
cost we reduced the plane-wave kinetic cutoff energy and the
Brillouin zone (BZ) sampling to 400 eV and 2 x 2 X 2, respec-
tively. Finite-size corrections were also applied for charged
defect supercell calculations using the calculated dielectric
constant.’>* CPLAP and SC-FERMI package were used to
calculate stability field in chemical potential space and self-
consistent Fermi level, respectively.®"%

Excited states

For the electronic excitation of the tribromide defects, we per-
formed time-dependent DFT molecular calculations at the
hybrid PBEO/cc-pVTZ level of theory*®-*® by using the Gaussian-
16.A03 suite of programs®® for the Br; anionic species. Note that
PBEO and HSE(06 are very similar in terms of functional
formulation, the later using an error function screened
Coulomb potential for the exchange part. We chose, however,
the PBEO functional for the optical properties of the embedded
system as it has been largely tested and shown slightly better
accuracy for excited state predictions.®” In order to simulate the
perovskite environment in the molecular calculations, the self-
consistent reaction field approximation was employed through
the polarizable continuum solvent model (PCM)*** with
a solvent that matches the dielectric constant of the 0D perov-
skite Cs,PbBrg (1-bromopropane, ¢ = 8.05). First, minimum
energy geometries were obtained for Br;~, Br;>~ and Brs®™.
Their absorption spectra were simulated by calculating the 30
lowest same-spin electronic excitations at the TD-PBEO/cc-pVTZ
+ PCM level, and the first electronic transition energy was
scanned as a function of the Br-Br distance. In the scan, the
minimum-energy internal angle for the ground state was kept
fixed, and both Br-Br bond lengths were varied simultaneously
in a range of values between 2.5 and 4.0 A.
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Data access

The crystal structure files for the optimized pristine and
defective materials have been made available in an on-line
repository at DOI: 10.5281/zenodo.2641358. The other input
and output files are available upon request.
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