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ABSTRACT: The distribution of charge carriers in metal halide perovskites draws Pristine Edge
strong interest from the solar cell community, with experiments demonstrating that Ffrdebobl ~y e
edges of various microstructures can improve material performance. This is rather X
surprising because edges and grain boundaries are often viewed as the main source of

charge traps. We demonstrate by ab initio quantum dynamics simulations that edges of
the CH3;NH;PbBr; perovskite create shallow trap states that mix well with the valence
and conduction bands of the bulk and therefore support mobile charge carriers.
Charges are steered to the edges energetically, facilitating dissociation of photo-
generated excitons into free carriers. The edge-driven charge separation extends carrier
lifetimes because of decreased overlap of the electron and hole wave functions, which
leads to reduction of the nonadiabatic coupling responsible for nonradiative electron—
hole recombination. Reduction of spatial symmetry near the edges activates additional
vibrational modes that accelerate coherence loss within the electronic subsystem, further extending carrier lifetimes. Enhanced
atomic motions at edges increase fluctuations of edge energy levels, enhancing mixing with band states and improving charge
mobility. The simulations contribute to the atomistic understanding of the unusual properties of metal halide perovskites, generating
the fundamental knowledge needed to design high-performance optoelectronic devices.

Charge Delocalization Charge Localization

Hybrid organic—inorganic halide perovskites (HOIPs), or even more complex species such as trions and multiple
such as CH;NH,PbX; [X = Cl, Br, I], are presently the excitons."®*°™** As demonstrated by the Ginger research
focus of intense research directed toward their extremely fast group in 201S, librational motions of the CH;NH;* (MAY)
progress in solar cell applications, with the record power cations modulate the electrostatic potential and suppress
conversion efficiency growing from 3.8%' in 2009 to the exciton formation, such that there exists no excitonic
current maximum of 25.2%.” The superior optoelectronic transitions in the edge structures, where the photo-induced
properties of HOIPs, such as high absorption in the visible dynamics is governed solely by uncorrelated free charge
spectrum,3 large charge carrier mobility4 and diffusion length,5 carriers.'’

favorable defect tolerance,”” efficient band gap tunability,”’ The heterogeneous local variation of photoluminescence
and long excited-state lifetime,”'" lay the foundation for (PL) yield and lifetime in different parts of a crystal structure is
multiple applications beyond photovoltaics' "' and including a controversial subject in the past few years.'%*"**7 I
lasers,"* field effect transistors,"* photodetectors,”” light- 20185, Grancini and co-workers suggested using the micro-PL

o . 16
emitting dl‘?des’ ete. ' ‘ spectroscopy that edge surfaces exhibited faster carrier

The carrier recombination time plays a pivotal role in the recombination dynamics with respect to the central region of
design of HOIP solar cells. It is used to estimate the perovskite MAPbDI, perovskite single crystals because of surface
film quality, with longer decay time7implying better perform- reconstruction and associated structural changes.””*® In
ance and hlgher. device e.fﬁaency. Nonradlatlve electron— contrast, Chen et al. and Harel et al. obtained subsequently
hole recombination constitutes the main pathway for charge the opposite evidence of slower PL decay near crystal edges, as

anAd energy losses in perovsk.l‘te .solar cells. Im})ortantly, there compared with the crystal internal region, according to the
exist drastic performance variations among different areas of ; . . 3425 .

; . : 17219 ) ) spatially resolved experimental studies. In addition, edge-
even a single perovskite microstructure. Rational device

design requires a clear understanding of the connection
between the local material morphology, e.g, bulk versus
edges, and photo-electric properties, as can be deduced from
excited-state dynamics studies. The lack of fundamental
understanding of the excited-state dynamics gives rise to
debates regarding the nature of photo-excited species, whether
they are neutral excitons, free charge carriers, or their mixture
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Figure 1. Optimized geometry (0 K) and a representative snapshot from the MD trajectory (300 K) of (a) pristine and (b) edge MAPbBr;. The
structures at 0 and 300 K demonstrate the importance of thermal atomic fluctuations that influence electron—phonon interactions. The fluctuations

are stronger in the edge configuration (Table 1).

assisted exciton dissociation and generation of long-lived
charge carriers for low-dimensional halide perovskites was
demonstrated by both experiment””*’ and atomistic simu-
lations.”** Recently, the edge effects in single-crystal
MAPbBr; perovskites were investigated by Zhang et al,”
who proposed that fluctuations of the electrostatic potential
near the edges could accelerate electron—hole separation
leading to formation of free charge carriers rather than
bounded excitons, and thus resulting in long excited-state
lifetimes. However, the atomistic mechanisms of the influence
of the edge structures on the nonradiative charge recombina-
tion are still missing, while their understanding is of utmost
importance for material processing and device optimization.

In this Letter, we use real-time time-dependent density
functional theory (TDDFT)*® and nonadiabatic (NA)
molecular dynamics (MD)**~*° to simulate directly the charge
carrier recombination dynamics in the MAPbBr; perovskite
with and without edges. The simulations establish the exciton
dissociation mechanism and the origin of the improved
excited-state properties. Edge structures with unsaturated
chemical bonds create states that are energetically close
(~0.1 eV) to valence and conduction bands and that mix well
with the band states. The edge states provide a driving force
for separation of photo-generated excitons into free electrons
and holes. At the same time, the electrons and holes are
coupled to the bands and remain mobile. Enhanced atomic
motions at edges increase fluctuations of edge-state energies,
facilitating coupling of edge and bulk states. The decreased
overlap between electron and hole wave functions in the
presence of edges reduces the NA coupling and slows down
the nonradiative charge recombination. Symmetry breaking
and enhanced atomic fluctuations at the edges activate
additional vibrational modes that couple to the electronic
subsystem and accelerate loss of quantum coherence, further
extending carrier lifetimes. The theoretical analysis provides a
fundamental understanding of the relationships between local
morphology and photo-physical properties of metal halide
perovskites, highlighting their unique structural and electronic
properties and assisting in the design of high-efficiency solar
cells and related devices.

This NAMD**~* simulations have been carried out with the
decoherence-induced surface hopping (DISH)” algorithm
based on a classical path approximation, implemented within
the time-dependent Kohn—Sham (KS) theory.”® The lighter
and faster electrons are treated quantum mechanically, whereas
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. . I 36,39
the heavier and slower nuclei are handled semiclassically.™

Decoherence, driven by coupling of the electronic system to
atomic motions, destroys superposition formed between pairs
of electronic states due to NA coupling and leads to branching
of nuclear trajectories.””*" The decoherence time is estimated
as the pure-dephasing time in the optical-response theory."’
Decoherence effects are needed because the decoherence time
is significantly shorter than the nonradiative electron—hole
recombination time.*”*> The method has been applied
successfully to investigate photoexcitation dynamics in a
broad range of condensed-phase materials, including perov-
skites containing grain boundaries,"* chemical dopants,*
defects,*® and water molecules;*® low-dimensional Ruddles-
den—Popper and Dion—Jacobson perovskites;*”** semicon-
ducting” ™" and metallic nanoparticles;">** black phospho-
rus;> "> and so on.”" %

The Vienna ab initio simulation package (VASP)“" has been
employed to perform geometry optimization, adiabatic MD
simulations, and electronic structure and NA coupling
calculations. The exchange—correlation interactions are
described by the Perdew—Burke—Ernzerhof (PBE) func-
tional,®® while the interactions between ionic cores and valence
electrons are treated with the projector-augmented wave
(PAW) approach.”® The plane wave energy cutoff has been
set to 400 eV. Atomic coordinates are relaxed witha 2 X 1 X 6
Monkhorst—Pack k-point mesh,’” and much denser 6 X 4 X 8
and 6 X 1 X 8 k-meshes have been used for electronic structure
calculations of the pristine and edge MAPDbBr; perovskite
systems, respectively. The adiabatic MD and NAMD
simulations have been performed at the R-point, which
contains the direct band gap of the MAPbBr; perovskite
simulation cell under investigation. Geometry optimization has
been stopped when the ion forces have become less than 1073
eV-A™'. The Grimme DFT-D3 method with the Becke—
Johnson damping is used to describe the van der Waals
interactions.”*®” After geometry optimization corresponding to
0 K, the systems have been heated to 300 K with repeated
velocity rescaling for 2 ps. Then, 6 ps adiabatic MD trajectories
have been generated in the microcanonical ensemble with a 1
fs atomic time step, and the NA couplings between the
conduction band minimum (CBM) and valence band
maximum (VBM) have been computed along these
trajectories. The 6 ps of NA coupling and orbital energies
have been repeated multiple times and used to perform longer-
time NAMD calculations.**™° 2000 initial geometries have
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been selected randomly from the 6 ps of the NA Hamiltonian,
and 100 realizations of the DISH stochastic process have been
sampled for each initial geometry using the PYXAID code.”**

Both pristine and edge simulation cells contain 180 atoms.
The pristine simulation cell is modeled by a 3 X § X 1 supercell
in cubic phase, whose optimized lattice parameter of the unit
cell is 5.928 A, agreeing well with the experimental value of
5.938 A.”° The edge simulation cell is constructed by cutting
the three-dimensional periodic system along the b-axis and
adding 20 A of vacuum so that spurious interactions between
the two edges are removed. This setup has proven to provide
an effective description of stoichiometric perovskite edges
according to our group’s previous work on the (BA),Pbl, 2D
perovskite.”

The edges of the MAPbBr; perovskite may be terminated in
three different ways. A stoichiometric structure necessitates
that the two edges are terminated asymmetrically, with MAI
and Pbl, on the different sides. Alternatively, one can consider
nonstoichiometric systems with symmetric termination of the
edges with either MAI or Pbl, on both sides. Our main
simulation is carried out with the stoichiometric structure, as
shown in Figure 1. The other two nonstoichiometric MAI-
terminated and Pbl,-terminated structures display similar
properties, as shown in Figure S1 of the Supporting
Information. In order to mimic the experimental viewpoint
regarding electrostatic potential fluctuations caused by MA
librations at edges,26 we rotate the MA cations to different
angles, as highlighted by the red boxes in Figure S2.

Figure 1 shows the optimized geometries at 0 K and
representative snapshots from the MD trajectories at 300 K for
pristine and edge MAPDbBr;. Thermal fluctuations of the
inorganic Pb—Br lattice may influence electron—hole inter-
actions, because Pb and Br atoms determine the fundamental
band gap in the MAPbBr; perovskite. The calculated average
Pb—Br bond length is 2.981 A at 0 K in the optimized pristine
structure, agreeing with the previous calculations and the
experimental values.”"”?* Under thermal fluctuations, the
canonically averaged Pb—Br bond length in the pristine system
increases slightly to 2.986 A at 300 K, a 0.005 A extension. A
strong periodic order and a rigid inorganic framework are
maintained. In comparison, the edge system undergoes a
notably larger deformation due to thermal motions. The Pb—
Br bond extends by 0.026 A on average, from 2.987 A at 0 K to
3.013 A at 300 K. The edge structure undergoes significant
local distortions due to thermal fluctuations, and such
distortions influence electron—vibrational interactions and
electron—hole recombination.

Additional information about the thermal atomic fluctua-
tions in the pristine and edge structures is provided by the
canonically averaged standard deviations of the positions for

each type of atom, 6; = \/ ({7, — 7.)). Here, 7, represents the

location of atom i, and the angular bracket stands for canonical
averaging. The calculations are done separately for the MA, Pb,
and Br atoms (Table 1). The atomic fluctuations are
consistently larger for edge than pristine MAPbBr;. The

Table 1. Standard Deviations (A) in the Positions of MA,
Pb, and Br Atoms in Pristine and Edge MAPbBr; at 300 K

MA Pb Br
pristine 0.698 0.468 0.627
edge 0.776 0.672 0.745
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increase is more significant for the Pb and Br atoms of the
inorganic lattice, compared to the organic MA cations,
indicating that the structural integrity of the inorganic lattice
is notably undermined at the edges.

Generally, strong atomic fluctuations can create disorder
that localizes electron and hole wave functions and decreases
electron—hole interactions and the NA coupling. At the same
time, larger atomic fluctuations lead to anharmonicities that
can allow a broader range of phonon modes to couple to the
electronic system. This can both increase the NA coupling and
shorten the coherence time. A decreased electron—hole
overlap and shortened coherence time extend the excited-
state lifetime, while an increased NA coupling decreases the
lifetime.

The projected density of states (PDOS) of the pristine and
edge structures computed using the optimized geometries are
presented in Figure 2, showing contributions from the s and p,,
py p. orbitals of the Pb and Br atoms. For the pristine
MAPbBr;, the VBM arises from the Pb (6s)—Br (4p)
antibonding interaction. The CBM originates from interaction
of Pb (6p) and Br (4p) orbitals. The Pb (6p) orbitals
contribute most to the CBM. The organic MA cations
contribute to neither the CBM nor the VBM. Because the
nonradiative electron—hole recombination takes place between
the CBM and the VBM, the NA coupling is generated by the
Pb and Br atoms. The organic MA cations can contribute to
the NA coupling indirectly, by perturbing motions of the
inorganic Pb—Br sublattice and by electrostatic interaction
with the charges. The calculated direct band gap for pristine
MAPDBr; is 1.94 eV at the R-point, in agreement with the
previous DFT calculations with the PBE functional.”” The gap
is underestimated by 0.41 eV relative to the experimental value
of 2.35 eV.”*”> In order to account for the difference, we scale
the calculated band gaps in both pristine and edge systems by
adding 0.41 eV during the NAMD calculations. Exposure to a
vacuum layer narrows the VBM—CBM energy gap to 1.76 eV
in the edge structure, because unsaturated chemical bonds
induce shallow defect states near the band edges. These states
mix well the band states of the bulk and extend relatively deep
inside the slab.

In general, a smaller band gap favors a greater NA coupling
and a faster nonradiative recombination. However, surpris-
ingly, this is not the case in the present system. The edge states
promote charge localization and exciton dissociation, separat-
ing electrons and holes, decreasing overlap of the electron and
hole wave functions, and extending the excited-state lifetime. It
is essential that the edge states do not create deep traps inside
the band gap and that they couple well and mix with the states
of the conduction and valence bands. These properties ensure
that the charges are not permanently trapped at the edges and
can travel and carry current to the electron and hole collection
layers in a solar cell.

Figure 3 depicts the charge density distributions of the VBM
and CBM in the two systems in their optimized geometries
and for representative geometries at ambient temperature. The
results agree with the PDOS analysis in Figure 2. The electrons
are supported primarily by Pb atoms, while the holes distribute
on both Br and Pb atoms. Apart from the band gap, charge
carrier recombination is strongly influenced by the NA
coupling, whose strength is determined by the overlap of the
CBM and VBM wave functions, {(@cpmlVrldvem). As
demonstrated in Figure 3a for bulk pristine MAPbBr;,
electrons and holes are delocalized over the inorganic lattice

https://dx.doi.org/10.1021/acs.jpclett.0c02800
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Figure 2. Projected density of states (PDOS) of (a) pristine and (b) edge MAPbBr; calculated with the optimized geometries and separated into
contributions from Pb and Br atomic orbitals. The CBM is formed by Pb orbitals, while the VBM arises primarily from Br orbitals and secondarily
from Pb orbitals. Zero energy is set to the Fermi level. The edge structure has a smaller band gap due to shallow edge defect states which mix well

with band states.
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Figure 3. VBM and CBM charge densities in (a) pristine and (b)
edge MAPDBr; in their optimized structures and for a representative
geometry at room temperature. Thermal disorder enhances the
localization. Larger orbital localization in the edge system leads to
weaker NA coupling and slower nonradiative electron—hole
recombination.

uniformly at 0 K. The electron and hole wave functions overlap
well, favoring larger NA coupling. The VBM and CBM charge
densities are localized near edges in the edge system at 0 K
(Figure 3b). Moreover, the electrons and holes are located at
the opposite edges. This factor facilitates exciton dissociation
into free charge carriers and extends carrier lifetimes. One can
attribute the opposite edge locations of the VBM and CBM to
asymmetry of the termination of the simulation cell and the
fact that electrons are supported by Pb atoms, while holes are
primarily on Br atoms. In order to test this hypothesis, we
performed additional calculations on systems with symmetric
edge terminations (Figure S1). Here also, the VBM and CBM
are localized on the opposite sides. We further tested the role
of rotation of the MA cations, which can create long-range
electrostatic fields separating electrons and holes. The VBM
and CBM tend to localize on the opposite edges with MA
rotation as well (Figure S2). It is possible that in some
configurations the VBM and CBM are localized on the same
edge and overlap. However, electrons and holes are supported
by different atoms (Pb and Br) and are driven in opposite
directions by electric fields present in the system. Further,
localization of two particles at the same place is unlikely

9103

statistically because of decreased entropy. These three factors,
i.e., localization of electrons and holes on different atoms, their
opposite response to internal electric fields, and entropy,
compete with electron—hole attraction, which is well-screened
because of the material’s large dielectric constant that increases
further upon light irradiation.”® Even if electrons and holes are
located on the same edge of a crystal, it is unlikely that they are
found at the same place. Importantly, experiments confirm that
edges favor exciton dissociation.

Thermal atomic fluctuations at ambient temperature
intensify charge localization in both systems (Figure 3). Still,
the electrons and holes are separated much more and the wave
functions overlap much less in the edge system compared to
the pristine system. Consequently, the average absolute NA
coupling is nearly 4 times weaker in the edge system (0.17
meV) relative to the pristine system (0.61 meV) (Table 2).

Table 2. Band Gap, Average Absolute NA Coupling, Pure-
Dephasing Time, and Nonradiative Electron—Hole
Recombination Time for Pristine and Edge MAPbBTr,

band gap NA coupling dephasing  recombination
(ev (meV) (fs) (ns)
pristine 2.35 0.61 4.3 0.77
edge 2.17 0.17 2.4 2.54

The decreased NA coupling in the presence of edges extends
charge carrier lifetime. It is important to note that the two
edges are close to each other in the simulated system because
of computational limitations on the system size. In practice,
edges are separated by large distances, and the NA coupling
between edge separated electrons and holes is significantly
smaller than in the present calculation.

The inverse participation ratio (IPR
degree of orbital localization. It is defined as

Tk
(T2
IPR € (0, 1]

7,78 .
)78 characterizes the

IPR = N-

where N is the number of grid points and k; is the charge
density within the volume corresponding to grid point i. The
number of grid points is determined by the kinetic energy
cutoff for the plane wave basis and is in the hundreds of

https://dx.doi.org/10.1021/acs.jpclett.0c02800
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Figure 4. Evolution of the inverse participation ratio (IPR) of (a) VBM and (b) CBM for pristine and edge MAPbBr;. The higher the IPR value,
the stronger the localization of the charge density. Larger IRP in the edge system corresponds to reduced electron—hole overlap and smaller NA
coupling (Table 2). The VBM is localized more than the CBM, because holes are supported primarily by nonmetal atoms (Br), while electrons are
supported by metal atoms (Pb), and bonds involving metal atoms are less directional and more stable to perturbation.
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Figure 5. Spectral density obtained by FTs of the ACF for phonon-induced fluctuations in (a) VBM—CBM band gap and (b) VBM—CBM IPR
difference in pristine and edge MAPbBr;. The nonradiative electron—hole recombination is driven by low-frequency modes. The edge structure
exhibits a broader range of frequencies due to symmetry breaking and relaxation of electron—phonon coupling selection rules.

thousands. The IPR value varies from O to 1, as follows from
wave function normalization and mathematical properties of
the above expression. The larger the IPR, the more highly
localized the charge density. If an IPR equals 1, the charge is
totally located on a single site.

Figure 4 presents the IPR for the VBM and CBM orbitals
along 2 ps parts of the trajectories at 300 K for the pristine and
edge systems. The IPR values are larger in the edge system, for
both VBM and CBM, indicating more localized states, in
agreement with the charge densities shown in Figures 3, S1,
and S2. The canonically averaged IPR values are 3.61 X 107*
versus 2.66 X 10™* for the VBM and 1.82 X 10™* versus 1.46 X
10~ for the CBM, with the larger values corresponding to the
edge system. Perhaps surprisingly, the difference of the
averaged IPR between the edge and pristine systems is only
a factor of 1.25—1.36, indicating that thermal fluctuations
induce a significant amount of disorder to localize electrons
and holes even in bulk MAPbLBr;. This observation also
confirms that edge states mix well with band states.
Interestingly, the localization is larger for the hole (VBM)
than electron (CBM). This can be attributed to the fact that
electrons are supported by metal atoms (Pb), while holes are
localized primarily on nonmetal atoms (Br). Bonds involving
nonmetals are more directional, and distortion of such bonds
causes more significant charge localization, as observed in our
previous simulations of semiconductor quantum dots’”*" and
2D perovskites.”' The larger charge localization in the edge
structure corresponds to a smaller overlap of electron and hole

wave functions, a weaker NA coupling, and a longer lifetime
(Table 2).

Electron—vibrational interactions initiate inelastic and elastic
electron—phonon scattering events, both of which exert
influence on nonradiative electron—hole recombination.
Inelastic scattering dissipates the electronic energy to phonons,
while elastic scattering destroys the superposition formed
between VBM and CBM via NA coupling, giving rise to
quantum decoherence. Decoherence is closely related to pure-
dephasing in the optical response theory."" It is typical that fast
decoherence delays quantum dynamics. Quantum transitions
can stop entirely if the decoherence time is infinitesimal,
manifested by the quantum Zeno effect.**’

For purpose of diagnosing the phonon modes participating
in the nonradiative electron—hole recombination dynamics, we
calculated spectral densities by performing Fourier transforms
(FTs) of the autocorrelation functions (ACFs) for the
phonon-induced fluctuations of the band gap and the
difference of the IPRs of the CBM and VBM (Figure S).
According to both FTs, the electron—hole recombination
dynamics is driven by low-frequency phonons with frequencies
under 300 cm™. A wider spectrum of modes appears in the
IPR FT, because it reflects properties of the wave functions
rather than energy, and wave functions are more sensitive to
perturbations. For instance, the first-order correction to the
energy is zero in the mean-field theory, including DFT, while it
is not zero for the wave function. The micro-Raman spectral
measurements by Zhang et al.”® can be used to assign the
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Figure 6. (a) Pure-dephasing functions for the CBM—VBM transition in the pristine and edge MAPbBr; systems. The inset shows the
unnormalized ACFs. Larger initial values of the un-ACFs lead to faster pure-dephasing. (b) Nonradiative electron—hole recombination dynamics in
pristine and edge MAPbBr;. The edge structure exhibits slower decay because of smaller NA coupling and faster pure-dephasing (Table 2).

peaks. The dominant peak around 85 cm™ can be assigned to
the Pb—Br stretching mode, and the side peak at 60 cm™
corresponds to the Br—Pb—Br bending vibration.>***~**
These modes couple most strongly to the recombining
electrons and holes, because the band edge states are
supported by the inorganic lattice. The minor peaks located
at 120—180 cm™" are due to the Raman active librations of the
fast and light organic MA cations.”® The signals in the 200—
350 cm™' range arise from MA torsional motions.”*** Even
though the MA cations do not contribute to the electron and
hole wave functions, their motions influence the electron—
phonon interaction. MA motions can perturb the inorganic
Pb—Br lattice sterically, and the asymmetric charge destribu-
tion of the MA cations leads to fluctuating electric fields
interacting with the charge carriers.

Compared to the pristine structure, the edge shows higher
peaks and a broader range of frequencies in Figure S. Several
higher-frequency motions arising from the MA cations are
active in the edge system, while they are inactive in the pristine
structure. This is because edges break the structural symmetry
of the material, relaxing electron—phonon coupling selection
rules. Larger amplitude motions of the MA dipoles, observed in
the Raman experiments,24’26 increase anharmonicity86 that
relax the coupling selection rules further. The conclusions
apply to FT's of both band gap and IPR difference. Higher peak
intensities and a broader range of phonon modes present in the
edge system contribute to the more rapid coherence loss
(Table 2).

We estimate the decoherence time as the pure-dephasing
time of the optical response theory.*’ Under the second-order
cumulant approximation, the pure-dephasing function, D;(t) =
exp(—# fot dt’ /Ot/ dt”Ci}-(t”)), is determined by the unnor-
malized ACF (un-ACF), C(t) = (SE;(t' )E;(t — t')),, of the
deviation, 8E;(t), of the band gap from its canonically averaged
value. The pure-dephasing time is controlled by the rate of the
un-ACF decay and its initial value. The larger the initial value
and the faster the decay, the shorter the coherence time.*’

Figure 6 displays the pure-dephasing functions and un-ACFs
for the CBM—VBM transition in the pristine and edge systems.
Fitting pure-dephasing functions to a Gaussian, exp(—0.5(¢/
7)%), gives the pure-dephasing time, 7, shown in Table 2. The
pure-dephasing times are sub-S fs in both systems, because
electrons and holes are localized on different atoms, and the
fluctuations of the CBM and VBM energies are poorly
correlated. The fluctuations of the CBM—VBM energy gap
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are large, because the material undergoes substantial
distortions at ambient temperature, and electrons and holes
become localized in different parts of the material because of
thermally induced structural disorder. In addition, multiple
phonon modes interact with the electronic subsystem, as
demonstrated in Figure 5. The calculated pure-dephasing time
is almost twice shorter for the edge than pristine system. As
presented in the inset of Figure 6, the un-ACFs decay on
similar time scales, and therefore, the pure-dephasing rates are
determined by the un-ACF initial values, which are equal to
the square of the energy gap fluctuation.”” The un-ACF initial
value is larger for the edge system, rationalizing the shorter
pure-dephasing. The large band gap fluctuation and the shorter
pure-dephasing time in the edge system agree with the higher
intensity of the major peak and a broader range of phonon
modes coupled to the electronic transition (Figure Sa).
Generally, rapid loss of coherence suppresses charge
recombination. Thus, the short decoherence time contributes
to the long charge carrier lifetimes and high efficiency of metal
halide perovskites. The decoherence is shorter for the edge
system because electrons and holes are more separated and less
correlated (Figures 3, S1, and S2).

Figure 6b describes evolution of the excited-state popula-
tions in the pristine and edge systems, representing non-
radiative electron—hole recombination. Fitting the short-time
linear approximation to the exponential function, P(t) =
exp(—t/t) & 1 — t/7, gives the nonradiative decay times, 7,
shown in Table 2. The recombination times are on the order of
a nanosecond, in agreement with the results of the time-
resolved experiments.”**** The recombination is slower in
the edge system, confirming the experimental observation that
edges assist in exciton dissociation and extend carrier
lifetimes.”® The band gap, NA coupling, and pure-dephasing
time are the three factors that govern the population dynamics.
Typically, greater band gap, smaller NA coupling, and faster
pure-dephasing lead to longer recombination. The band gap is
smaller for the edge system, even though the recombination is
slower. Therefore, the slower recombination is rationalized by
the smaller NA coupling and faster pure-dephasing (Table 2).
The NA coupling is smaller in the edge system, because of the
decreased overlap of electron and hole wave functions that are
typically localized on the opposite sides (Figures 3, S1, and
S2). The pure-dephasing is faster because the separated
electrons and holes are less correlated, and because the edge
state couple to a broader range of vibrational modes (Figure
5). The simulation cell allows only for a modest electron—hole
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separation. Nevertheless, the carrier lifetime is nearly 3 times
longer in the presence of the edges. In realistic systems with a
much better charge separation, the enhancement in the carrier
lifetime is more significant. The model used in the present
study captures the properties of the edges and explains in detail
the mechanism underlying the experimentally observed
increase in the carrier lifetimes. The study identifies the
factors that govern the nonradiative electron—hole recombi-
nation and demonstrates how these factors are influenced by
the edges. The analysis is performed from a fully atomistic
perspective and explicitly in the time-domain, most closely
mimicking the time-resolved experiments.

To summarize, we have investigated nonradiative electron—
hole recombination in the MAPbBr; perovskite with and
without edges, using a combination of NAMD and ab initio
real-time TDDFT. The simulations show that unsaturated
chemical bonds at MAPbBr; nanostructure edges do not create
deep trap states for electrons and holes. Instead, the edge states
are characterized by a continuous distribution of energies
within about 0.1 eV of conduction and valence bands. Further,
the edge states are coupled strongly to the band states and mix
with them. As a result, edges of MAPbBr; nanostructures
provide a driving force for separation of photo-generated
excitons into free electrons and holes, which remain mobile
and can carry electrical current. The spatial separation of
electrons and holes minimizes overlap of their wave functions
and decreases the NA coupling responsible for the non-
radiative carrier losses. The increased mobility of edge atoms
and lowering of the structural symmetry at the edges activate
additional vibrational motions that accelerate elastic charge—
phonon scattering, inducing coherence loss within the
electronic subsystem and slowing down quantum dynamics
of carrier recombination. The majority of the electron—
phonon coupling arises from slow motions of the Pb—Br
inorganic lattice with frequencies around 100 cm™. Faster
motions of the organic MA cations with frequencies up to 300
cm™' contribute strongly at the edges. Large amplitude
motions of edge atoms induce fluctuations of edge-state
energies, facilitating energy crossings and coupling of edge and
bulk wave functions. The decreased NA coupling and
shortened coherence time extend charge carrier lifetimes by
a factor of 3 in the edge system relative to the pristine
structure. Observed already in the simulation cell, the lifetime
enhancement should be much more significant in real systems
allowing for long-range edge-driven separation of electrons and
holes. Edges of perovskite microstructures facilitate exciton
dissociation into free charges, slow down nonradiative
electron—hole recombination, while at the same time, do not
create deep trap states and maintain charges mobility. All of
these factors improve performance of photovoltaic and
optoelectronic devices. Our study establishes the atomistic
mechanism responsible for long-lived charge carriers in the
edge areas of the MAPDBr; perovskite, provides a detailed
understanding of the complex relationships between local
structural morphology and the material’s photo-physical
properties, and generates valuable insights for design and
optimization of advanced perovskite materials and devices.
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