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ABSTRACT: Metal halide perovskites (MHPs) have attracted attention because of their high
optoelectronic performance that is fundamentally rooted in the unusual properties of MHP
defects. By developing an ab initio-based machine-learning force field, we sample the structural
dynamics of MHPs on a nanosecond time scale and show that halide vacancies create midgap
trap states in the MHP bulk but not on a surface. Deep traps result from Pb—Pb dimers that can
form across the vacancy in only the bulk. The required shortening of the Pb—Pb distance by
nearly 3 A is facilitated by either charge trapping or SO ps thermal fluctuations. The large-scale
structural deformations are possible because MHPs are soft. Halide vacancies on the MHP
surface create no deep traps but separate electrons from holes, keeping the charges mobile. This
is particularly favorable for MHP quantum dots, which do not require sophisticated surface
passivation to emit light and blink less than quantum dots formed from traditional inorganic

semiconductors.

Metal halide perovskites (MHPs) have garnered signifi-
cant attention as solar cell candidates due to their low
manufacturing cost and versatile electronic and optical
properties,”” including a tunable band gap,”~> long charge
carrier diffusion,®™® and strong light absorption.lo_12 With
these exceptional characteristics, MHPs can achieve solar-to-
electricity conversion efficiencies of >25%,"> approaching or
even surpassing those of traditional semiconductors such as
silicon. Furthermore, MHPs are much more diverse than
traditional semiconductors, owing to the versatile perovskite
structure that allows a broad range of compositions and
dimensionalities."*”"” MHPs are softer than inorganic semi-
conductors and undergo significant structural fluctuations that
can lead to large fluctuations of electronic energy levels,
particularly those associated with defects."*™" During the
fluctuations, midgap trap states can appear, reducing the
energy gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO). The HOMO and LUMO can split off the valence
and conduction bands and form midgap trap states that can
capture charge carriers, affecting their transport and recombi-
nation.”””*” The energy level fluctuations in MHPs are much
more significant than those in the traditional inorganic
semiconductors,’® and such fluctuations contribute to the
unusual defect properties of MHPs.”*** Defects in MHPs and
their fluctuations have been extensively studied at the ab initio
level. However, ab initio calculations are typically limited to
picoseconds, while MHPs undergo much slower structural
oscillations and rearrangements."” >' To gain a thorough
understanding of the MHP properties, it is essential to develop
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atomistic models that can sample MHP conformations on time
scales similar to charge carrier lifetimes. Extending the studies
to hundreds of picoseconds has already revealed new dynamic
regimes and phenomena.'”~*"

Machine-learning (ML) techniques allow one to train force
field (FF) models utilizing data from ab initio methods and
then apply MLFFs to sample a broad range of atomic
geometries and long time scales. MLFF algorithms offer high
accuracy while reducing computational cost com?ared to
calculations relying solely on ab initio methods.”*™>" MLFFs
allow one to address many problems, such as anharmonic
lattice dynamics,”®” phase transitions,"”*' chemical dynam-
ics,"* etc.2%?"*" Structural motifs in condensed matter
systems enable the generation of global and local descriptors.
These mathematical representations capture essential features
of a system and can be used to create physically motivated FF
models that approximate accurately interactions between
particles.45 As a result, cost-effective MLFFs can facilitate
molecular dynamics (MD) simulations for larger MHP systems
with longer trajectories compared with those of ab initio MD
simulations. MLFF-assisted studies can provide insights into
the structural evolution of MHPs on nanosecond time scales,
comparable to those of charge carrier trapping and
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recombination. Then, ab initio methods can be used to sample
electronic structure and electron—vibrational interactions,
providing important insights into how slow geometry
fluctuations influence excited state dynamics that govern
material properties and determine device efficiencies.

In this Letter, we demonstrate that a halide vacancy, one of
the most common defects in MHPs,***” exhibits different
behavior on the surface and in the bulk. Focusing on the Br
vacancy in CsPbBr;, we develop a MLFF that allows us to
sample MHP structural dynamics on a nanosecond time scale
and identify changes in the electronic properties induced by
such dynamics. At 0 K, neither bulk nor surface vacancy
exhibits midgap levels. However, at ambient temperature, up to
four midgap trap states can emerge on a time scale of tens of
picoseconds in the bulk but not on the surface. Similarly,
charging the vacancy can create deep traps only in the bulk.
The defect level properties correlate well with the distance
between the two Pb atoms surrounding the bulk vacancy. In
contrast, for the surface vacancy, no correlations are observed
between the movement of the Pb atom directly beneath the
vacancy and the energy of the electronic state. Rather than
trapping charges, the surface halide vacancy facilitates
electron—hole separation while keeping charges mobile. The
deep traps appear in the bulk only transiently and infrequently,
and therefore, they are not detrimental to optoelectronic
performance. However, once charged, the traps become stable
and can cause poorer performance, e.g, at a high carrier
density. The absence of charge traps due to halide vacancies on
the MHP surface rationalizes the excellent optoelectronic
properties of perovskite quantum dots (QDs), which emit well
and blink little, in comparison to QDs composed of traditional
inorganic semiconductors that blink due to surface charge
trapping.

Density functional theory (DFT) calculations are performed
using the Vienna Ab-initio Simulation Package (VASP).* The
electron—ion interactions are characterized by employing the
Perdew—Burke—Ernzerhof (PBE) functional®”” and the projec-
tor-augmented-wave (PAW) method.”® A 400 eV plane-wave
energy cutoff is used. The structures are visualized using the
VESTA software.”’ Two CsPbBr; models with Br vacancies on
the surface and in the bulk are constructed by considering a
CsPbBr; slab composed of 2 X 2 X S unit cells (Figure 1). The
surfaces of the slab are terminated with CsBr, because such
termination provides the most stable surfaces, as established
both experimentally’>** and theoretically.”*>> A 20 A vacuum
layer is added to the z-direction containing five-unit cells.
Periodic boundary conditions are employed in all directions. Br
vacancies are introduced by removing one Br atom from the
top (surface) and middle (bulk) layers. The locations of these
vacancies are highlighted by the dotted green circles in panels a
and d of Figure 1. The electronic structure calculations are
performed at the I' k-point because the structure already
includes 20-unit cells and because the CsPbBr; band gap is
located at the I" point. The CsPbBr; models with Br vacancies
contained 87 atoms each.

To investigate the defect properties on a nanosecond time
scale, which is comparable to the duration of charge carrier
trapping and recombination, and to circumvent the high
computational cost of direct ab initio calculations, a MLFF
model is trained for the vacancy systems. For the collection of
training and validation data sets, the CsPbBr; systems with the
Br vacancies are heated from 0 to 1600 K in increments of 100
K using the ab initio method described above. The wide range
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Figure 1. (a) Optimized structure of CsPbBr; with a Br vacancy on
the surface. Cs, Pb, and Br are represented by large light brown,
medium blue, and small dark brown spheres, respectively. The
vacancy is highlighted by the green circle. (b and c) Corresponding
VBM and CBM charge densities, respectively. (d) Optimized
structure of CsPbBry with the Br vacancy in the bulk. (e and f)
Corresponding VBM and CBM charge densities, respectively. (g and
h) Projected DOS of CsPbBr; with the Br vacancy on the surface and
in the bulk, respectively, at 0 K. In the optimized structures, the
vacancies create no midgap trap states, and the frontier orbitals are
delocalized.

of temperatures provides a diverse set of configurations that
the systems may explore on a long time scale at ambient
temperature. At each temperature up to 1200 K, 4000 data
points are collected, while 2000 data points are gathered at the
higher temperatures. The output of the ab initio calculations is
processed by a data preparation algorithm embedded in the
DeepMD package™ to extract information for the MLFF
model’s input data. The input data are randomly partitioned
into training and validation sets at an approximate ratio of
80:20. The quality of the MLFF is assessed by comparing the
potential energies obtained ab initio and from the ML model.
The ML and ab initio potential energies show good agreement,
as demonstrated in Figure S1. The root-mean-square errors are
1.74 meV per atom for the surface vacancy system and 2.18
meV per atom for the bulk vacancy system.

Once a reliable MLFF model is established, the systems are
heated to 300 K, and 1 ns MD trajectories are generated for
each system in the microcanonical ensemble, using the Large-
scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS).”” During the 1 ns MD trajectories, the Br
vacancies are observed to migrate between layers, indicating
that the MLFF method can be used to perform a detailed
atomistic study of defect migration that plays important roles
in MHPs, causing phase segaration, current—voltage hysteresis,
and chemical instabilities.”” > For the purpose presented here,
we select parts of the trajectories in which the vacancies remain
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in the selected locations. Once the MLFF trajectories are
generated, the electronic properties are investigated every 1 ps
by ab initio DFT. The electronic properties for selected parts
of the trajectories are investigated every 100 fs. The developed
MLFF allows one to study large systems; however, the need to
characterize the electronic properties for multiple geometries
using ab initio DFT sets a limit on the system size.

Figure 1 presents the geometric and electronic structures of
the defective CsPbBr; systems in the optimized geometries,
corresponding to 0 K. The Pb—Pb distance surrounding the
vacancy in the bulk is 6.19 A, similar to that in the pristine
region without vacancies. Despite the presence of the defects,
no midgap trap states are observed in either structure. The
charge densities of the valence band maximum (VBM) and
conduction band minimum (CBM) for both surface and bulk
vacancies are delocalized. The densities of states (DOS) for the
two structures demonstrate that the CBM and VBM are
formed primarily by Pb and Br atomic orbitals, respectively.

At ambient temperature, MHPs undergo significant
structural fluctuations that can modulate their electronic
properties. Defect levels that are either shallow or hidden
inside bands at 0 K can become deep, while levels that are deep
at 0 K can approach band edges. In particular, a halide vacancy
defect that creates no midgap states in the optimized geometry
can create a level as deep as 1 eV below the CBM at room
temperature.'®'? In this study, we observe a qualitative
difference in the fluctuation of the defect energy levels for
the Br vacancy on the surface and in the bulk. The surface
vacancy is located on the topmost layer of the slab, while the
bulk vacancy is in the middle of the slab (Figure 1). While both
structures undergo significant geometric distortions at ambient
temperature, only the bulk Br vacancy creates deep midgap
trap levels. The Br vacancy on the CsPbBr; surface creates no
deep trap levels, though the band edges still undergo
fluctuations (Figure S2).

Figure 2 presents the evolution of the energy gap between
the lowest unoccupied molecular orbital (LUMO) and LUMO
+1 for CsPbBr; with the Br vacancy in the bulk. The figure also
shows the distance between the two Pb atoms across the
vacancy. The evolution of the electronic energy levels from
HOMO-S to LUMO+S5 is shown in Figure S2. There are
several times over the 200 ps trajectory during which the
LUMO/LUMO+1 energy gap reaches 0.6 eV, while LUMO
separates from the CBM by 1 eV, like the iodine vacancy in
bulk MAPbI,."” Focusing on one such event (Figure 2a), we
observe that the deep trap exists for ~3 ps, also like MAPbI,
with an iodine vacancy."” The LUMO/LUMO+1 energy gap
exhibits a strong correlation with the Pb—Pb distance: the
shorter the distance, the deeper the trap state. The Pb—Pb
distance across the Br vacancy measures 6.19 A in the
optimized structure, while it fluctuates from 3.80 to 6.45 A at
300 K. The 2.65 A fluctuation of the defect structure, giving
rise to the 1 eV fluctuation of the defect energy level, is
possible because MHPs are soft, much softer than traditional
inorganic semiconductors, such as Si, CdSe, and TiO,. When
the Pb—Pb distance is at its shortest, up to four midgap states
can appear (Figure 3).

Figure 3 demonstrates projected DOS for four representa-
tive CsPbBr; structures with the Br vacancy in the bulk,
exhibiting one to four midgap states. The corresponding
charge densities can be found in Figure 4 and Figure S3.
Generally, the shorter the Pb—Pb distance, the greater the
number of midgap states. When the Pb—Pb distance exceeds
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Figure 2. Correlation between the energy gap from LUMO to LUMO
+1 (blue) and the Pb—Pb distance (orange) in CsPbBr; with the Br
vacancy in the bulk for (a) a 7 ps region with a deep trap and (b) the
long trajectory. The time period shown in panel a matches the time in
panel b. A strong correlation is observed. The Pb—Pb distance refers
to the two Pb atoms across the vacancy. The LUMO to LUMO+1 gap
demonstrates that the deepest midgap trap state fluctuates by 0.6 eV
away from the second deepest trap. Overall, the deepest trap
fluctuates 1 eV down from the CsPbBr; CBM, as illustrated in Figure
S2.
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Figure 3. (a—d) Projected DOS of CsPbBr; with a Br vacancy in the
bulk at four representative MD time points. Midgap trap states
emerge as the Pb—Pb distance varies from 4.68 to 3.80 A A greater
number of midgap trap states are observed as the Pb—Pb distance is
shortened. When the Pb—Pb distance reaches 3.80 A, four trap states
are detected.

4.7 A, no trap states are observed, as shown in Figure S4. As
the Pb—Pb distance decreases, midgap trap states begin to
emerge. Figure 3 illustrates a single trap appearing when the
Pb—Pb distance reaches 4.68 A and two traps emerging when
the distance is reduced to 3.91 A. Subsequently, three traps
appear when the Pb—Pb distance reaches 3.87 A, and four
traps appear when the distance is 3.80 A. A maximum of three
trap states was observed in the previous study of the halide
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(b) Trap 2 (c) Trap 3

(d) Trap 4

Figure 4. (a—d) Charge densities of the four midgap trap states in
CsPbBr; with the Br vacancy in the bulk, corresponding to Figure 3d.
All midgap states are localized around the vacancy. Trap 1 is
supported by the o-bond formed by two p orbitals of the Pb atoms
across the vacancy. It has the lowest energy and is the most localized.
The other trap states are supported by p orbitals perpendicular to the
Pb—Pb dimer direction, forming 7-bonds. They are higher in energy
and delocalize onto neighboring pristine Pb atoms.

vacancy in MAPbL;," in comparison to the four states seen
here. Most likely, this is because the CsPbBr; structure is more
compact than the MAPDI, structure, because Br is smaller than
I and Cs is smaller than MA. Thus, shorter Pb—Pb distances
are possible across the halide vacancy in CsPbBr; than in
MAPDI;. All-inorganic perovskites, such as CsPbBr;, differ
from mixed organic—inorganic perovskites, such as MAPbI;, in
the shape of the inert cation Cs* versus MA". Cs* and other
inorganic cations are spherically symmetric, while MA* and
other organic cations have an asymmetric charge distribution
and can form hydrogen bonds with the inorganic lattice.*®
These factors can create additional structural disorder in
hybrid organic—inorganic perovskites compared to all-organic
perovskites, increasing charge localization.”*"°° In both
CsPbBr; and MAPbDI; studied thus far, only one of the trap
states arising from a halide vacancy is very deep, while the
other states are relatively shallow (Figure 3 and ref 19).
Analysis of the defect state charge densities indicates that
deeper traps are more localized (Figure 4 and Figure S3).
Shallower traps couple strongly with CsPbBr; conduction band
states and extend onto multiple neighboring atoms of the
pristine structure. The missing Br atom leaves unsaturated
valencies in the two surrounding Pb atoms, and the charge
densities of the trap states are localized on the corresponding
Pb orbitals. Table 1 presents the contributions of p orbitals
from the two Pb atoms to the four traps seen in Figure 3d, with
the charge densities shown in Figure 4. The deepest trap 1 is
localized on the p, orbitals of the two Pb atoms and is oriented
perpendicular to the slab. Trap 2 is oriented in the plane of the
slab. It originates from the p, orbital of a single Pb atom and
spreads onto the neighboring Pb atoms in the x-direction. Both

Table 1. Contributions of p Orbitals of the Two Pb Atoms
across the Vacancy Site in CsPbBr; with the Br Vacancy in
the Bulk, Corresponding to the Four Trap Charge Densities
Shown in Figure 4

Px Py P
trap 1 Pb (above) 0.000 0.000 0.139
Pb (below) 0.000 0.000 0.025
trap 2 Pb (above) 0.007 0.000 0.001
Pb (below) 0.259 0.000 0.000
trap 3 Pb (above) 0.000 0.013 0.001
Pb (below) 0.000 0.163 0.002
trap 4 Pb (above) 0.000 0.026 0.001
Pb (below) 0.000 0.088 0.001
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trap 3 and trap 4 have charge densities supported by the p,
orbitals of the two Pb atoms across the vacancy. They
delocalize significantly onto many neighboring Pb atoms. Trap
1 is a deep state, because it is supported by a o-bond formed by
the two Pb p orbitals pointing toward each other across the
vacancy. The other states are formed by Pb p orbitals pointing
perpendicular to the Pb—Pb vacancy dimer direction and,
therefore, can form only 7-bonds and are higher in energy.
In contrast to the bulk vacancy, the Br vacancy on the
CsPbBr; surface does not exhibit deep traps. The LUMO/
LUMO+1 energy gap fluctuates within 0.15 eV (Figure $),
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Figure S. Relationship between the energy gap from LUMO to
LUMO-+1 and the displacement of the Pb atom under the Br vacancy
on the CsPbBr; surface for (a) a selected 7 ps region and (b) the long
trajectory. The time period shown in panel a matches the time in
panel b. The Pb atom displacement refers to the position normal to
the surface, and O refers to the average position of all Pb atoms in the
surface layer. In contrast to the Br vacancy in the bulk, in Figure 2, the
trap state separates from the CBM by only 0.15 eV, as illustrated
further in Figure S2. No significant correlation between the energy
gap fluctuation and the Pb movement is observed.

compared with the 1 eV fluctuation for the bulk vacancy
(Figure 2). The HOMO/LUMO energy gap can decrease
significantly (Figure S2ce); however, this decrease is not
associated with the formation of deep trap states separated
from the bands. Rather, the whole set of valence and
conduction band states fluctuate in energy, decreasing the
fundamental band gap. It should be noted that, while the
properties of defect states can be modeled with small models,
such as the current simulation cell, because the defect states are
localized, the extent of fluctuation of energies of delocalized
band states may depend on simulation cell size, because
typically, states delocalized over more atoms fluctuate less.
Halide vacancies on lead halide perovskite surfaces do not
form deep trap states because there is only one Pb next to the
vacancy and there is no opportunity to form a Pb—Pb dimer, as
in the bulk. We did not find a simple structural feature that
would correlate with the LUMO/LUMO+1 energy gap for the
surface vacancy system. For example, considering the displace-
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ment of the Pb atom below the vacancy in the vertical
direction perpendicular to the slab, an analogue of the Pb—Pb
dimer distance for a single Pb atom, we observe no correlation
with the LUMO/LUMO+1 gap. Such a correlation should not
be expected because defect states energetically close to band
edges are coupled to band states and delocalize, and therefore,
their properties are determined by collective motions of
multiple atoms.

Figure 6 shows a representative CsPbBr; structure with the
surface Br vacancy, its DOS, and charge densities of HOMO,
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Figure 6. (a) DOS of CsPbBr; with the Br vacancy on the surface for
a representative geometry at room temperature. (b—d) Charge
densities of the VBM, CBM, and CBM+1, respectively. There are no
midgap states. The VBM and CBM are spatially separated and remain
largely delocalized. Such a condition favors long-lived excited states.

LUMO, and LUMO+1. Because there are no states inside the
band gap separated energetically from the bands, the HOMO
can be regarded as the VBM, and the LUMO as the CBM. All
states are delocalized in the plane of the slab; however, the
symmetry of the slab is broken by the vacancy, such that the
CBM and VBM are localized on the opposite sides. Such a
scenario leads to separation of electrons and holes, which
nevertheless remain mobile because the HOMO and LUMO
are delocalized and not separated from the bands energetically.
Such a situation favors material performance in solar cells,
detectors, and other applications that require charge
separation. On the contrary, light-emitting diodes and lasers
require the formation of excitons, i.e.,, bound electron—hole
pairs, to emit light. Localization of the CBM and VBM on
opposite surfaces is not maintained continuously. However, it
assists in solar energy applications even if it happens only in a
fraction of conformations. Such electron—hole symmetry
breaking has been detected in other MHP systems, with and
without defects.””~”* The reduced probability of formation of
deep trap states on MHP surfaces and the electron—hole
separation facilitated by surfaces, interfaces, and grain
boundaries minimize nonradiative charge recombination that
constitutes the primary loss channel in photovoltaic
applications.

Calculations show that halide vacancies create midgap trap
states associated with Pb—Pb bonding when the vacancies are
charged.”””> A more negative charge replacing a halide ion
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attracts the Pb*" cations across the vacancy, creating a Pb—Pb
species that is stable at both low and ambient temperatures.
This mechanism of deep midgap trap formation cannot
operate on perovskite surfaces because there is no second Pb
atom to create a dimer. This is confirmed by the results
depicted in Figure 7, demonstrating three midgap trap states
for the bulk vacancy with a charge of —2 and only one shallow
state for the surface vacancy with a charge of —2. The trap
states can be distinguished by localization in the periodic
direction of the slab. Because generation of deep trap levels
requires the capture of two electrons, the bulk vacancy defects
should be detrimental at high charge carrier densities and
benign at low carrier densities. Thus, the surface halide vacancy
demonstrates the absence of deep midgap trap states, while the
same vacancy in the bulk exhibits multiple deep trap states that
can arise from thermal fluctuations and are stabilized by
trapped charges.

The absence of deep trap states associated with halide
vacancies, a very common point defect, on lead halide surfaces
contributes to the bright emission of MHP QDs. 774776
Colloidal QDs made from traditional inorganic semiconduc-
tors, such as CdSe, PbS, or Si,”” "’ blink, and the blinking is
typically associated with the formation of charged trap states
on QD surfaces.”’™* The surface vacancy defects do not form
deep traps, reducing the rate of blinking.”® It remains to be
seen whether the favorable differences in the properties of
point defects in the MHP bulk versus surface persist for other
point defects, motivating further investigations. It is important
to emphasize that one needs to consider not only optimized
structures but also structures sampled at an appropriate
temperature, and the fact that proper structure sampling may
require long trajectories to capture the slow structural
rearrangements of MHPs."~*!

Slow anharmonic motions play many important roles in
MHPs. They induce partial charge carrier localization®”**~**
that rationalizes the unconventional temperature dependence
of radiative and nonradiative charge carrier lifetimes; i.e., the
lifetimes increase rather than decrease with temper-
ature.*¥**?%° Geometric distortions of the soft MHP
structure give rise to temperature-induced changes in the
MHP band gap.'®*””"??> Anharmonicity relaxes electron—
phonon coupling selection rules and allows additional
vibrations to couple to the electronic subsystem at higher
temperatures.”” This accelerates loss of coherence in the
electronic subsystem, and typically, short coherence times
favor long excited state lifetimes,”>™"° a valuable feature for
solar energy and optoelectronic applications.97_99 However, at
low temperatures, when anharmonicity is insignificant,
coherence times can be very long,”* an important condition
for quantum information processing.

In summary, we have demonstrated that halide vacancies can
create deep trap states in the bulk of lead halide perovskites;
however, no analogous states arise on lead halide perovskite
surfaces. The appearance of deep traps requires the formation
of a bond between the two Pb atoms across the vacancy, and
no such bond can form on the surface. The conclusion applies
to both neutral and charged vacancies. Negatively charged
vacancies can form stable Pb—Pb dimer species, while neutral
vacancies can create the dimers transiently due to large-
amplitude thermal fluctuations of the MHP Ilattice. The
transient neutral defects are benign; however, stable charged
vacancy defects can be detrimental in the bulk. Because the
generation of deep trap states requires the capture of two
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Figure 7. Densities of states of a Br vacancy (a and b) on the CsPbBr; surface and (c and d) in the CsPbBr; bulk with added (a and ¢) —1 and (b
and d) —2 charges in the optimized geometries. The insets show the charge densities of the key states. In the —1 state, the vacancies create no
midgap trap states at 0 K. The surface vacancy breaks the slab symmetry and results in electron—hole charge separation, like the neutral vacancy at
room temperature (Figure 6b,c). Note that there is no electron—hole separation in the neutral surface vacancy at 0 K, as shown in panels e and f of
Figure 1. In the —2 state at 0 K, the surface vacancy creates a shallow electron trap (b). However, the bulk vacancy creates three deep midgap traps
(d), like the neutral vacancy at room temperature (Figures 3 and 4 and Figure S3). The negative charge attracts the Pb>" cations across the bulk

vacancy, creating a stable species.

electrons, the bulk vacancy defects should be detrimental at
high charge carrier densities and benign at low carrier densities.
The relevant lattice fluctuations occur on a 50—100 ps time
scale, and to sample such fluctuations, we have developed a
MLFF, trained on the basis of ab initio DFT. As the length of
the Pb—Pb bond across the Br vacancy is shortened, up to four
trap states can appear inside the CsPbBr; band gap. The
deepest trap state is formed by the p orbitals of the Pb atoms
overlapping to make a o-bond. The shallow trap states arise
from p orbitals of the Pb atoms, forming sn-bonds. A halide
vacancy on a lead halide perovskite surface breaks the
symmetry in the distribution of electron and hole charge
densities with the electron being localized at the vacancy on
the surface and the hole being localized in the bulk. Although
the electron state is supported by the surface vacancy, it is not
a trap state, because it is not separated energetically from the
conduction band and it is delocalized along the surface. The
electron—hole separation facilitated by the surface halide
vacancies extends nonradiative and radiative excited state
lifetimes. The formation of multiple deep midgap levels in the
lead halide perovskite bulk by halide vacancies is possible due
to the flexible nature of the lattice that allows large-scale
thermal fluctuations and a strong structural response to
injected charges. This behavior makes MHPs qualitatively
different from traditional inorganic semiconductors that are
stiff and undergo minimal structural fluctuations. Halide
vacancies are among the most common point defects in
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MHPs. The absence of the vacancy-generated trap states on
MHP surfaces, combined with the vacancy-induced electron—
hole separation, contributes to the excellent optoelectronic
properties of MHP QDs that exhibit bright luminescence and
slow nonradiative excited state decay without the need for a
thorough surface passivation. The absence of charge traps on
MHP QD surfaces decreases the rate of blinking, which is
common in QDs formed from traditional inorganic semi-
conductors. The insights provided by this study contribute to
the fundamental understanding of MHP properties and help in
the development of efficient solar energy and optoelectronic
devices.
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