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Abstract

Owing to spectacular optoelectronic properties halide perovskites hold great promises
in various fields, including photovoltaics and light-emission devices. Although hybrid
halide perovskites are known to be unstable when exposed durably to water and oxy-
gen, it has been shown that humid air and oxygen can restore the photoluminescent
properties of mehtylammonium lead tribromide (MAPbBr3) that vanish under vacuum
[Fang, H.-H. et al. Sci. Adv. 2016, 2, e1600534|. Here, thanks to density functional
theory (DFT) based calculations, we propose that the quenching and revival of sur-
face photoluminescent properties are due to the formation and passivation of surface
charge traps. Moreover, we establish that bulk properties are preserved either because
molecules are unlikely to penetrate the bulk, or because they do not interfere with the

electronic states involved in the optical properties.



Introduction

The evolution of light to electricity conversion efficiency of hybride lead halide perovskite
solar cells has witnessed an impressive improvement during the last decade, ! and is now pro-
gressively becoming competitive with the commercialized silicon and thin film technologies. *
Among their remarkable features one finds broad spectral absorption,®® high absorption co-

t,%10 efficient charge carrier,>!1!2? long carrier diffusion length!'3 and, importantly,

efficien
cheap and facile synthesis.>!* 18 As a result, halide perovskites are not only promising can-
didates for the third generation solar cells but they also attract considerable attention of
various fields. In particular, bromide perovskites show great potential in light emitting de-
vices!® with narrow bandwidth emission or broad white-light emission.?°2? In addition, the
multiphoton absorption of core-shell bromide perovskite colloidal nanocrystals is potentially
interesting for imaging applications,?® and its high sensitivity to v or X-ray make them
interesting photodetector materials.?425

The shadow being cast over the rise of halide perovskites originates from its inherent
instabilities. Those caused by chemical agents, such as water and oxygen, have been partic-
ularly studied in the recent years.?637 For instance, it is well known that prolonged expo-
sure of MAPbBry (MA=CH3NHZ) to water and/or oxygen can lead to its decomposition to
CH3NH,, PbBry, HBr and Br,.26 Several possible mechanisms have been suggested among
which, one suggests that the presence of water on the surface of halide perovskite can po-
tentially favors the reversible decomposition of the halide perovskite® while oxygen usually
plays an oxidiser role and can oxidise halide to their elemental form.3® An ab initio study
of the MAPDI; reported by Zhang et al. indicates that hydroxide anion and hydroxyl radi-
cal can induce a spontanous protons transfert between these species and methylammonium
cation (MA), causing the deprotonation of the latter to methylamine. They suggest this
last process could be the first step of the decomposition of halide perovskite under humid-

ity.3® Meanwhile, since the surface properties have a strong influence on the decomposition

process, efforts were made to better understand the surface morphology and the surface de-



fects of halide perovskite. Ab initio molecular dynamics simulations of MAPbI; have been
performed on both MA-I and Pb-I terminated surfaces. They show that the MA-I termi-
nated surfaces undergo a fast solvation process and bring out the release I atoms, while the
Pb-1 terminated surface exhibit higher tolerance regarding the degradation.?* Meggiolaro
and coworkers suggested possible mechanism for O, interaction with MAPbI; which may
result in the reversible photoluminescence quantum yield enhancement. 3¢ In 2015, She et al.
observed iodide vacancies located on the (001) surface of thin film of MAPbI3 grown on Au
(111)* and Ohmann et al. perceived the same type of vacancies for the (001) surface of a
cleaved MAPbBr; crystal. !

The wealth of applications envisioned for bromide perovskites relies heavily on the pro-
tection of its spectacular optical properties. Interestingly, recent spectroscopy experiments
carried on MAPbBrj3 single crystals show robust photoluminescent bulk properties and strik-
ing response of the surface under exposition of vacuum and environmental gases.*? Indeed,
the strong surface luminescence observed in normal conditions vanishes in vacuum but is re-
covered in the presence of humid air and oxygen. These results call for an in-depth study of
the impact of these species on the electronic properties of MAPbBr3. Such work should yield
a better understanding of the microscopic processes at the surface of bromide perovskites.

Here, within the framework of density functional theory (DFT), we scrutinize first the
effect of inclusion of water and dioxygen in MAPbBr3 bulk. It is shown that this inclusion
is either energetically forbidden or without significant effect on the optical properties of the
material. In a second step, we focus on the (001) surface of MAPbBr3 and propose surface
Br vacancies to be the cause of the luminescence quenching experimentally observed because
it creates a localized charge trap near the conduction bands. In addition, we inspect the
passivation of the defect by water and dioxygen. In the end, MAPbBr3 properties appear to

be remarkably robust as long as the integrity of the perovskite structure is preserved.



Computational details

DFT calculations are performed using the SIESTA simulation package.® Structure relax-
ations are carried out with the C09 functional that takes into account van der Waals interac-
tions. % Single-point calculations are performed including spin-orbit coupling (SOC) through
the on-site approximation.*® To prevent conflicts between the on-site treatment of SOC and
the non-locality of C09, single-point calculations are conducted with the revPBE functional
on which C09 is based. %% Core electrons are described with norm-conserving Troullier-Martins
pseudopotentials. 47 1s', 2s22p?, 2s22p3, 4s24p®, and 5d'°6s%6p? are used as valence electrons
for H, C, N, Br and Pb respectively. The valence wavefunctions are expanded over a double-
¢ polarized basis set of finite-range numerical pseudoatomic orbitals.*® An energy cutoff of
150 Ry for the real-space mesh is used. Structure optimisations are considered to be con-
verged when the maximum residual force on each atom becomes smaller than 0.04 ¢V /A.
The Brillouin-zones are sampled with 4x4x4 and 3x3x1 Mokhorst-Pack k-grids for bulk
systems and slabs, respectively. The dipoles induced in the slabs are treated with the dipole

correction scheme as implemented in SIESTA.4°

Results and discussion

Insertion of H,O and O, in bulk MAPbBr;. We start from the experimental structure
of the low-temperature Pnma phase of MAPbBr3.5® The structure is fully relaxed (cell
parameters and atomic positions) by means of DFT with the SIESTA simulation package
(see Supporting Information, SI).** MAPbBr; presents a network of corner-shared PbBrg
octahedra with MA cations intercalated between octahedra (Figure 1a). Cations are oriented
in an anti-parallel manner leading to an anti-ferroelectric configuration with no dipole in any
direction. It shows a well-known direct-gap band structure with quasi-parabolic valence and
conduction bands facing at I' (Figure 1b) in agreement with the excellent optical properties

of MAPbBr3. As expected from plain DFT, the computed bandgap, 1.05 eV, is largely
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Figure 1: (a) DFT-optimized MAPbBr3 low-temperature Pnma structure, focus on the cavity
formed by the octahedra. Arrows mark the dipolar moment of MA cations. (b) Electronic band
structures (left panel) and projected density of states (right panel) for the native bulk MAPbBr;.
The valence band maximum is taken as the energy reference. (¢) Optimized structure with one HoO
molecule. Green arrows indicate the tilting of molecules. (d) Corresponding band structure. (e)
Optimized structure with one O2 molecule. (f) Corresponding band structure.
underestimated.

The structure possesses a cavity in its network of PbBrg octahedra where molecules can
be inserted (Figure la). When one HoO molecule is added, it occupies the cavity with H
atoms pointing to Br atoms with d(H---Br)=2.2 A (Figure 1c). That distance compares
well with the 2.3 A of the hydrogen bond formed with free bromide ion.?* Concomitantly, an
hydrogen bond forms between the closest MA cation and H,O (d(H---0)=1.8 A) causing
a slight rotation of the cation. As a result, the anti-ferroelectric arrangement no longer
exists and a residual dipole is expected. The inorganic framework is also affected with an

elongation of Pb-Br bonds going from 2.98 to 3.05 A leading to an overall volume expansion

of 2.7%. The formation energy (Ay) is obtained through:

Ay = (Bu,0 + ErvapbBrs) — EH,0aMAPbBrs (1)



where Fu,0, Evapber; and Ep,oamapbsr, represent the computed total energies of the water
molecule, of bulk MAPbBr3, of HyO inserted in MAPbBr3, respectively. We find that the
insertion of a water molecule is slightly unfavorable with Ay = 7.5 meV per MAPbBr; unit.
The resulting electronic band structure (Figure 1d) shows very little difference with the
pristine structure. After insertion of H,O, the gap opens by ca. 30 meV. This is related to
the increase of the cell volume that leads to the decreasing of anti-bonding character of both
valence and conduction band. Projected density of states (pDOS) show that HyO states lie
low in energy, away from the band edges, showing they will hardly influence the electronic
and optical properties of MAPbBrs;. In addition, conduction and valence bands are split.
This is due to the simultaneous presence of large SOC and the loss of centrosymmetry caused
by the tilting of MA cations. This phenomena, the Rashba effect, has been well documented
in halide perovskites.?? Here, it is caused by our computational setup and the enforcement
of periodic boundary conditions.

O, molecules also form hydrogen bonds with neighboring MA cations (Figure le) leading
to a tilting of the cations and a H---O distance of 1.9 A. The insertion of O, leads to a
volume expansion of 1.9% smaller than the one of H,O. However, the formation energy is
much greater with Ay = 65.0 meV per MAPDbBr3 unit, rending the inclusion of O, unlikely.
By contrast with HoO, Oy greatly affects the electronic structure of MAPbBr3 (Figure 1f).
As shown by pDOS, a set of bands due to O, states intercalate between the bands formed
by Pb and Br states. More contributions from O, are found close below the valence band
maximum. These states correspond to the empty anti-bonding 7* states resulting from
the triplet state described for O,, whose degeneracy is lifted by a weak interaction with
the MAPbBr3 network. However, the band structure of the perovskite mostly unaffected,
indicating the absence of strong chemical interaction between the O, molecule and its host.

Therefore, the insertion of molecules, HoO or Oy, in MAPbBr3 follows two different
scenarios with a common conclusion. Either the energetic cost of the insertion is low but

the consequences on the optical properties are minors, or the optical properties are deeply



impacted, but the energetic cost is high and the insertion unlikely.

Surface charge traps formation and passivation. Surfaces play a determinant role
in the optoelectronic properties of semiconductors since they offer numerous opportunities
to form localized trap states leading, in particular, to a quenching of luminescence.¢ >
Such perturbations of optical properties have been observed on bromide perovskite crystals
and nanocrystals. 426061 Remarkably, good optical performances can be ensured by exposing

60,61 o1 expose the surface to wet air or O, gas.*? Here, we

nanocrystals to protecting species
examine possible origin of the luminescence quenching observed at the surface of MAPbBr3
under vacuum and of the recovery under selected gas.*?

Surface phenomena are scrutinized using the (001) surface of MAPbBr; terminated by
Ma-Br (Figure 3a). This termination is suggested by previous experimental and computa-
tional investigations. %6263 We aim at the study of surface defects and passivation, because of
the periodic boundary conditions used in our investigation, defects created in the simulation
cells can interact with their periodic images. In order to limit this artifactual interaction,
we have doubled the size of the cell in directions perpendicular to (001). This 2x2 supercell
offers a satisfying compromise between the too limited single cell and the computationally
unmanageable 3x3 supercell (Figure S1, SI). We then add a vacuum region of 85 A along the
c-axis. The resulting MAPbBr3 slab contains three PbBrg octahedra along the c-axis. Dur-
ing the structure optimization, the lattice parameters are fixed and the bottom octahedron
is kept frozen in the bulk configuration, while the rest of the structure is allowed to relax.
From the pristine (001) surface (Figure 3a), we consider the removal of one {MA,Br} pair
leading to a formally neutral defect (Figure 3b). The choice of halide vacancies at the sur-
face relies on previously obtained experimental and computed results. In particular, surface
halide vacancies have been characterized by scanning tunneling microscopy at the surface of

MAPDBBr3,%! but also at the surface of MAPbI;.4° Computational DFT-based investigations

have also been conducted in the case of MAPbBr; and confirm the privileged formation of



— {MA,Br} _ v N
¢ H,0andO,
passivation

a MAPDBr, b  {MABr}
(001) surface vacancy

d HO-and O,-
passivation

Figure 2: (a) Top layer of the pristine MAPbBr3 (001) surface. (b) Same with a missing {MA,Br}
pair. (c) Passivation of the defect by a neutral molecule (H2O or O3). (d) Passivation by an anionic
molecule (HO™ or O). Pb, Br, O, N, C and H atoms are depicted in gray, orange, red, blue, black
and pale pink, respectively.

neutral defects, i.e. {MA,Br} pairs, at the crystal surface.%* Then, passivation (Figure 3c,d)
is performed by adding either a formally neutral molecule (HyO, O2) or a cation/anion pair
({MA,HO}, {MA,0,}) leading to globally neutral systems in all cases.

The (001) MAPDbBr; surface maintains a direct band gap at the center of the reduced
Brillouin zone (Figure 3a). Because of the confinement imposed by the use of a slab, the
bandgap opens up to 1.46 eV. The partial charge densities computed at the gap edges show
states delocalized on all octahedra (Figure 3b). When a defect is created at the MAPbBrs
surface, under the form of a bromide vacancy, the band structure shows little variation, al-
though the bandgap closes by 20 meV (Figure 3c). More importantly, a striking evolution
occurs on the distribution of the conduction band minimum (CBM, Figure 3d). Indeed,
the CBM strongly localized on the Pb atoms holding the dangling bond left by the removal
of Br—, noted Pb*, with smaller contributions also to the Pb atoms immediately under it.
Localization of states is also noticeable on the pDOS (Figure 3e). After the creation of the
defect, the contribution from Pb* shows a more localized peak at the bottom of the con-
duction bands, while the rest of Pb atoms show contributions identical to the one computed
for the pristine surface. Therefore, the creation of a surface defect creates a localized charge

trap within the band gap that is likely to promote nonradiative recombination of charges



MAPbBr;— {MA,Br} e 2 MAPbBr — Pb
,, : 1 — Pb

? w

{MA,Br}

?

L
VA, Bi}+H,0

{MAB+{MA, OH}

B
W
Y

M
/Aﬂ/
A

? W

pDOS (states/eV/atom)
l\); -

{(MA BT

i
M

0
Energy (eV)

N o

—

o

Figure 3: (a) Band structure of MAPbBr3 (001) surface. (b) Corresponding partial charge density
computed at the conduction band minimum (CBM). (¢) Band structure of MAPbBrsg (001) pre-
senting a {MA,Br} vacancy. (d) Corresponding partial charge density computed at the CBM. (e)
Projected density of states (pDOS) computed for the pristine MAPbBr3 (001) surface, the {MA,Br}
vacancy, its passivation by HoO, {MA,OH}, Oy and {MA,02}. DOS are projected on O (red lines),
on the Pb atom holding the dangling bond (noted Pb*, black lines), on other Pb atoms (blue lines).
Partial charge densities of the MAPbBr3 (001) surface passivated by (f) H20, (g) {MA,OH}, (h)
Oz and (i) {MA,O2}.

over efficient emission. This is in agreement with the vanishing luminescence experimentally
observed on MAPbBr; monocrystals when subject to vacuum. 2

In the set of experiments carried out by Fang et al., luminescence is recovered after ex-
position under humid air and dioxygen.*? Here, we survey the potential passivation of the
{MA,Br} vacancy by small molecules found in environmental gases. We begin with HyO.
The molecule places itself on top of the sub-coordinated lead atom with the oxygen substi-
tuting the Br atom. As shown by the pDOS and the charge density (Figure 3e,f), the new
environment of Pb* contributes to partially restore the delocalized nature of the CBM found
in the emitting pristine MAPDbBr; surface. The passivation remains however incomplete
with a still marked localized CBM. On the other hand, if one consider the hydroxide anion
HO™ as passivated agent, the contribution from Pb* becomes alike those of other Pb atoms

(Figure 3e) and the CBM recovers its delocalized nature (Figure 3g).

Similar behaviors are observed in the case of O, and the superoxide O;. Indeed, O,
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shows only partial passivation of the Pb* dangling bond (Figure 3e,h), while O; exhibits
complete passivation with both pDOS and charge densities pointing to a fully recovered CBM
(Figure 3i). Notably, both species are accompanied by the apparition of supplementary mid-
gap states due to the oxygen species.

In the end, HyO and O, act as L-type ligands coordinating Pb*, while HO™ and Oy
behave as X-type ligands. The former fail to repair the perturbation caused by surface
vacancies, while the latter can fulfill Pb* dangling bonds and cancel the charge trap likely

to extinguish the strong surface luminescence of MAPbBr;.

Conclusions

Halide perovskites present interesting optoelectronic properties including bright lumines-
cence. We have examined the robustness of this feature with respect to water and oxygen
in the case of MAPbBr3. Firstly, we have shown that the insertion of HyO or Oy molecules
inside a crystal was either unlikely (O,) or with no consequence on the optical properties
of the material (Hy0), as long as its overall structure is preserved. Naturally, the material
remains sensitive to water and oxygen and prolonged exposition can eventually lead to the
decomposition of the material.?® Then, we have focused on surface effects and in particular
the occurence of bromide defects that would leave a lead dangling bond. Our investiga-
tion establishes that such a vacancy generates a localized charge trap at the bottom of the
conduction band that is likely to quench the radiative recombination. Focusing on environ-
mental gases, we found that hydroxide and superoxide anions successfully passivate the lead
atom and restore a fully delocalized charge, thus cancelling the charge trap. These observa-
tions are in excellent agreement with the spectroscopic results obtained on monocrystals of
MAPDBBr;.4? This work delivers essential ingredients to preserve optical properties of halide
perovskite crystals and nanocrystals that have strong potential as active materials in light

emitting devices.
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Photoluminescence is quenched by surface traps but can be recovered

through passivation.
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Figure S1: Top views of the (001) surface of MAPbBrs deprived of one MA and one Br per
simulation cell. Blue rectangles highlight the missing atoms. For clarity, only the top layer is
displayed. (a) The single Pnma cell is used. The removal of one {MA ,Br} couple per unit leaved a
line of defects because of periodic boundary conditions. (b) Same with a 2x2 supercell. Defects are
now separated. (c) Same with a 3x3 supercell. Defects are further apart, but the computational
cost becomes unmanageable.
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