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ABSTRACT: Perovskite solar cells have attracted intense attention over the past decade
because of their low cost, abundant raw materials, and rapidly growing power conversion
efficiency (PCE). However, nonradiative charge carrier losses still constitute a major factor
limiting the PCE to well below the Shockley—Queisser limit. This Perspective summarizes
recent atomistic quantum dynamics studies on the photoinduced excited-state processes in
metal halide perovskites (MHPs), including both hybrid organic—inorganic and all-inorganic
MHPs and three- and two-dimensional MHPs. The simulations, performed using a
combination of time-domain ab initio density functional theory and nonadiabatic molecular
dynamics, allow emphasis on various intrinsic and extrinsic features, such as components,
structure, dimensionality and interface engineering, control and exposure to various
environmental factors, defects, surfaces, and their passivation. The detailed atomistic
simulations advance our understanding of electron—vibrational dynamics in MHPs and
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provide valuable guidelines for enhancing the performance of perovskite solar cells.

Metal halide perovskites (MHPs) receive remarkable
attention in solar energy and optoelectronics' ™"
because of their excellent optoelectronic properties, includin%
high absorption coefficients,’ large charge diffusion lengths,(”

long charge carriers lifetimes,””"" and suitable bandgaps that
can be easily tuned by alloying via a variety of cations and
anions."”™"* These advantages have further extended the
applications to other areas, such as photodetectors'® and light-
emitting diodes."”'® Since the first utilization of CH;NH;Pbl,
(MA = CH,NH,") as a light absorber in 2009," the power
conversion efficiency (PCE) of perovskite solar cells has grown
rapidly from 3.8%"” to 25.2%° within a decade. However, this
record value still lags behind the Shockley—Queisser
theoretical limit”" of a single p—n junction solar cell because
of nonradiative charge and energy losses.

In general, electron—vibrational interactions constitute the
major source for nonradiative channels with scattering of
electrons by simultaneous creation or annihilation of phonons
arising from the electronic response to nuclear vibrations.”
The presence of defects in bulk perovskites or at grain
boundaries (GBs) typically accelerate nonradiative processes.™
Auger-type recombination becomes important when the carrier
concentration is high. Auger recombination of an electron and
a hole is associated with energy transfer to another charge
carrier, followed by the carrier relaxation via phonons and
generation of heat.”* On the one hand, nonradiative losses
limit open-circuit voltage and the fill factor of solar cells,
hindering further PCE improvements.23 On the other hand,
nonradiative recombination centers, such as point defects,
promote degradation of perovskite materials and devices,
inhibiting their longevity and commercial development.*
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Therefore, tremendous experimental efforts have been
dedicated to eliminating defects and reducing nonradiative
energy losses’™** by increasing grain size and crystallinity”’
and passivating defects.”® A large number of ultrafast time-
resolved spectroscopy experiments followed the synthetic

29-34 9
motivating time-domain atomistic studies aimed at exploring
the complex electron—vibrational dynamics with the emphasis
of a variety of realistic factors. The present Perspective
summarizes the recent key findings obtained in our group on
the phonon-assisted charge separation, trapping, and recombi-
nation in three- and two-dimensional (3D and 2D) hybrid
organic—inorganic and all-inorganic perovskites, and provides
important insights for design of high-performance perovskite-
based photovoltaic and optoelectronic devices by optimizing
photoinduced charge separation and reducing nonradiative
charge and energy losses.

The mixed quantum-classical nonadiabatic (NA) molecular
dynamics (MD) methodologies™ ™ * developed in our group
and implemented within the time-dependent (TD) Kohn—
Sham (KS) representation of density functional theory
(DFT)* provide robust tools for modeling nonequilibrium
quantum dynamics in condensed phase and nanoscale

efforts, generating enormous amounts of data,
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Ab initio quantum dynamics sim-
ulations combining nonadiabatic
molecular dynamics with time-
dependent density functional
theory provide a unique tool for
modeling far-from-equilibrium
evolution of coupled vibrational,
electronic, and spin degrees of
freedom in nanoscale and con-
densed matter systems.

materials at the atomistic level of detail and for investigating
photoinitiated evolution of coupled charges and vibrations in
MHDPs. The lighter and faster electrons are treated quantum
mechanically, while the heavier and slower nuclei are described
semiclassically. To save computational cost, the electronic
dynamics are calculated under the classical path approximation
(CPA).* The CPA assumes that the nuclear dynamics are
steered by thermal kinetic energy and are weakly affected by
the electronic dynamics. In practical computations, the nuclear
trajectories are obtained by performing adiabatic MD
simulations, and the electronic wave function or density
matrix is propagated by solving the time-dependent
Schrodinger or Liouville—von Neumanm equation with the
predetermined time-dependent nuclear Hamiltonian. Transi-
tions between electronic states are included in such simulations
explicitly. Quantum nuclear effects are captured by incorporat-
ing decoherence effects usin% the decoherence induced surface
hopping (DISH) algorithm,”” summarized in the Supporting
Information. Decoherence is a time-domain analogue of the
Franck—Condon and Huang—Rhys factors. It strongly
influences rates of transitions across large energy gaps
encountered during charge trapping and recombination.

DFT provides an adequate and efficient description of
electronic properties of MHPs; and therefore, the evolution of
the electronic subsystem is described by real-time time-
dependent DFT (TD-DFT) in the KS framework.*" The
electron density at time f is expressed by the sum of the
densities of the time-dependent occupied single-electron KS
orbitals:*°

Pl 1) = lg e, 1P

i=1

(1)

Applying the time-dependent variational principle to the
electron density gives a set of single-particle equations for
the KS orbital evolution:***’

_ 0p(x, t)

in m H(r, R, t)p(r, t) 2)
The equations are coupled because the DFT Hamiltonian H
depends on the overall electron density. The electron—
vibrational interactions enter the Hamiltonian H through the
external potential created by the nuclei. Expansion of the time-
dependent single-electron orbitals in eq 2 in the adiabatic KS
basis™ leads to following equations:

N,

e

p(x, ) = D (D)l (x, R(1))

i=1

(3)
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Inserting eq 3 into eq 2 gives the equation describing the
evolution of the expansion coeflicients:

0 .
ih—(t) = Z ¢(t)(ed; + d;-R) “

where ¢; is the energy associated with the adiabatic KS orbital i
and d;R is the NA coupling between orbitals i and j,
computed numerically as the overlap of KS orbitals i and j at
sequential time steps:48’49
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The corresponding many-particle equations are given in refs S0
and S1.

In order to describe phonon-induced loss of coherence in
the electronic subsystem, the decoherence time is estimated as
the pure-dephasing time of the optical response theory.”” The
pure-dephasing time is calculated by the second-order
cumulant approximation.”” The phonon-induced fluctuation
of the energy gap between states i and j, AE,-]-(t), is obtained
from the MD trajectory. Then, the energy gap autocorrelation
function (ACF) is computed

<AEij(t)AEij(O) )t C,.(1)
Ci(t) = > = >
(AEi}' (0))r (AEij (0))r (6)

C,-]-(t) and C_,(t) are the normalized and unnormalized ACFs,
respectively. The initial value of unnormalized ACF represents
the square of the energy gap fluctuation. A large energy gap
fluctuation and a rapid ACF decay favor fast dephasing.”””’
The pure-dephasing function is calculated by double
integration and exponentiation of the unnormalized ACF**

1)cumu(t) = eXP[_g(t)] (7)

80 = [ dn [ dnc,(n) ®

Fitting eq 7 to a Gaussian gives the pure-dephasing/
decoherence time. Computing Fourier transform of the ACF
gives the spectral density

1 & —iwt
(o) = ’ﬁ /_ _diee() o

Also known as the influence spectrum, it characterizes phonon
modes that couple to the electronic degrees of freedom and
participate in elastic and inelastic electron—vibrational
scattering.

The present Perspective summarizes ab initio TD-DFT/
NAMD studies of phonon-assisted charge separation, trapping,
and recombination dynamics in a broad range of perovskites,
including 3D hybrid organic—inorganic and all-inorganic
MHPs, as well as 2D MHPs. The studies are performed in
direct connection with time-resolved experiments and provide
microscopic mechanisms for a variety of dynamic processes by
considering structure and composition engineering; environ-
mental effects, such as temperature, pressure, and exposure to
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air and humidity; point and boundary defects and their
passivation; surfaces; interfaces; etc.

The versatile chemical and struc-
tural space of perovskites allows
for component engineering
aimed at optimizing structural
stability, optical properties, and
charge carrier dynamics.

Ion Composition Control of Nonradiative Electron—Hole
Recombination. Perovskites have the general formula ABXj;
(Figure la), where A is a monovalent cation, such as
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Figure 1. (a) ABX; perovskite geometry. Ion alloying affects
nonradiative electron—hole recombination in (b) MAPbDI,,
MAgsAg2Pbly (A= FA, GA), (c) MASnPb, I, (x = 0.03 and
0.25), and (d) CsPbBr;_,I, (x = 0, 1.5, and 3) QDs. The insets in
panels b and d present schematics of simulation cells, and the inset in
panel ¢ is the VBM charge density. Sn doping induces a significant
hole localization, especially in MASn ¢;Pb, g;15. Adapted from refs 71,
74, and 75. Copyright 2018 and 2019 American Chemical Society.

CH(NH,)," or Cs*; B is a divalent metal cation, such as
Pb?* or Sn**; and X is a halide anion, such as CI~, Br~, or I".>*
The B and X ions form BX*™ octahedra, and A occupies the
cavity formed by four BX¢*~ octahedra.”® The crystallographic
stability and structure can be characterized by the tolerance
factor £,°° which can be expressed as t = (ry + ry)/[V/2(rg +
rx)]. Typically, 0.81 < ¢ < 1.11 is required to achieve a stable
perovskites structure.”

Component engineering plays an important role in
determining structural stability and optical properties of
perovskites.”” "% It can be realized by alloying foreign ions
with the host A, B, and X ions. The traditional MAPbI; suffers
from instability under light irradiation, humidity, and heat, in
particular because of the A-site organic MA ions.”’ Partial
replacement of smaller MA (methylamine) with larger FA
(formamidinium) can not only enhance perovskite stability by
increasing the tolerance factor ¢t to 0.88 from 0.83 in the
pristine MAPbI;>® but also extend the absorption edge to the
near-infrared region of the solar spectrum by decreasing the
bandgap.”” Importantly, the exited-state lifetime is prolonged
in FA-doped MAPDI;, even though the organic ions contribute
to neither the conduction band minimum (CBM) nor the
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valence band maximum (VBM).** The charge carrier lifetimes

are extended further when MAPbI; is doped with an even
larger GA (guanidinium).59

In order to reduce the toxicity of lead atoms and decrease
the bandgap of MAPDI;, one can employ partial alloying of
alkaline earth® and transition metals®® into the B-site occupied
by Pb ions, simultaneously achieving both goals. At the same
time, isoelectronic substitution of Pb in MAPbI; with Sn or Ge
has been attempted experimentally. However, the radius of Ge
is too small to form stable octahedra after doping into
MAPbI,.%" Alternatively, Sn doping not only offers superior
properties, such as high hole mobility” and lower bandgap,”*
but also extends charge carrier lifetimes. In general, smaller
bandgap correlates with larger NA coupling and faster
nonradiative electron—hole recombination. As a consequence,
the observation of the prolonged excited-state lifetime remains
unexplained.

The stability of all-inorganic perovskites is significantly
enhanced compared to the hybrid perovskites. The X-site
halogen anions occupy the six vertices of the octahedral BX in
perovskites, and the B-site Cs* ions occupy the cavity of the
BX, octahedra. However, the smaller Cs* cannot support the
BX4 octahedra perfectly, such that all-inorganic CsPbX; forms
a nonideal cubic phase or quantum dots (QDs). Homologous
substitution of iodine with chlorine or bromine is easy to
realize experimentally to obtain tunable bandgap, enhanced
carrier diffusion length, and extended carrier lifetime.®>®" The
carrier diffusion length in the CsPbl; perovskite is on the order
of ~100 nm under solar illumination.”® The replacement of
larger iodine atoms with smaller bromines can increase the
diffusion length by 2 orders of magnitude to 9.2 um.”
Interestingly, the charge carrier lifetimes of CsPbX; QDs
increase dramatically after changing the halide of the
precursors from Br to I. However, the underlying mechanism
is not clear.”’

NAMD simulated nonradiative electron—hole recombina-
tion time scales increase from pristine MAPbI; to FA-doped
MAPbI; to GA-doped MAPbI; (Figure 1b).”" The replace-
ment of MA with the larger FA and GA cations does not bring
significant changes in the bandgap and the charge densities of
the band edge states. However, the substitution reduces the
NA coupling by increasing the stiffness of the inorganic Pb—I
sublattice, which is reflected in the standard deviations of
positions of the Pb and I atoms summarized in Table 1.

Table 1. Standard Deviations (A) in Positions of the Pb and
I Atoms in MAPbL,, MA, ,;FA, ,PbL,, and MA, ,sGA ,sPbl,

system MAPbI, MAq;5FA,,sPbl, MA,,5GAg,sPbl,
Pb 0.537 0.492 0.452
i 0.768 0.602 0.523

Smaller standard deviations imply suppressed atomic motions,
leading to smaller NA coupling, because the nuclear velocity,
dR/dt, enters the coupling matrix element (eq 5). As a result,
the NA coupling decreases in the sequence MA > FA > GA, as
the ionic radius of the organic cation increases, rationalizing
the observed order of the electron—hole recombination
times.” >

Substituting Sn into MAPDI; at doping concentration leads
to interesting charge localization.”* The simulations show that
Sn dopants at low and high doping concentrations form small
and large hole polaron-like states in MAPbI;, respectively. The

https://dx.doi.org/10.1021/acs.jpclett.0c01687
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Sn dopant induces distortion of the [Snl¢]*” octahedra by
shortening the Sn—I bond length and contracting the I-Sn—I
angles, leading to significant hole localization around the Sn
atoms, as shown in the inset of Figure lc. As a result, the
overlap between the electron and hole wave functions is
reduced, and thus, the NA coupling decreases relative to
pristine MAPbI;, rationalizing the changes in the nonradiative
electron—hole recombination time scales at low and high
doping levels.”*

Primarily driven by low-frequency Pb—X vibrations below
100 cm™, charge recombination in CsPbX; QDs shows strong
dependence on X. Replacing half of the bromines with iodines
in a CsPbBr; QD reduces the nonradiative electron—hole
recombination rate by a factor of 5, while complete
replacement reduces the rate by a factor of 8 (Figure 1d).”
The recombination rate decreases as lighter bromines are
replaced with heavier iodines because the NA coupling is
reduced because of the decreased overlap of the electron and
hole wave functions and the reduced nuclear velocity. All of the
obtained electron—hole recombination time scales agree well
with experiments.

The examples considered above demonstrate that a rational
choice of alloying ions can suppress nonradiative charge
recombination and enhance the photon-to-electron conversion
efficiencies in perovskite solar cells.

Distortions of the inorganic lat-

tice and reorientation of organic
cations have a significant influ-
ence on localization of charge

carriers, their interactions, and

dynamics. Such phenomena do
not arise with traditional inor-

ganic semiconductors that are

more rigid.

Charge Separation and Reduced Charge Recombination Due to
Reorientation of MA Cations. MA ions occupy the cavities
formed by the [BX,]*™ octahedra that share common vertices
in MAPbL,.> These cavities are sufficiently large to allow the
organic MA ions to rotate at ambient temperature. Because the
MA ions have an asymmetric electron density distribution and
carry dipole moments, they serve as a medium to modulate the
electrostatic landscape inside the perovskite structure.”*””’
Simultaneously, the Pb—I inorganic sublattice interacts with
the MA ions via short-range steric forces and distorts subject to
the MA rearrangement. Experiments reported that both effects
can facilitate an efficient separation of photogenerated
electron—hole pairs, because both an ordered rearrangement
of the dipolar MA ions® and distortion of the inorganic
octahedra®' can form nanoscale ferroelectricity domains. The
electric field* formed in the domains is capable of driving the
electrons and holes in opposite directions, improving charge
collection, notably reducing nonradiative electron hole
recombination, and enhancing the PCE of solar cells.®*

In order to explore the atomistic mechanism underlying the
extended charge carrier lifetimes and enhanced device
performance, we created the ferroelectric (ferro) system
containing two domains based on the pristine MAPDI;
supercell (Figure 2a) by aligning the MA ions in the opposite
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Figure 2. Charge densities of VBM and CBM in (a) pristine MAPbI,,
(b) mixed, and (c) ferro systems. The opposite direction of polar C—
N and N—C bonds leads to formation of ferroelectric domains in the
ferro system, facilitating charge separation and reducing the NA
coupling. The extent of charge separation decreases in the mixed
system. Adapted from ref 83. Copyright 2019 American Chemical
Society.

directions (Figure 2¢).*> The mixed system is obtained by
rotating the two rows of organic cations by 180° (Figure 2b).
By performing NAMD simulations, we demonstrated that the
nonradiative electron—hole recombination rates decrease from
the pristine MAPDI; to the mixed system to the ferro system.
This is primarily because the ferroelectric alignment of the
polar C—N bonds in the ferro system promotes charge
localization and separation, decreasing the NA coupling by
over a factor of 2 compared to the pristine system (Figure 3).
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(b) Localized Charge
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Figure 3. Charge densities of VBM and CBM in MAPbBr; of (a)
higher-bandgap and (b) lower-bandgap structures. The orbitals in the
lower gap structure are strongly localized, forming a charge-separated
state and slowing nonradiative electron—hole recombination. Stronger
orbital delocalization in the higher-bandgap structure results in larger
NA coupling and faster nonradiative charge recombination, ration-
alizing hot fluorescence. Adapted from ref 87. Copyright 2017
American Chemical Society.

This effect enhances the motions of organic and inorganic
components and shortens the pure-dephasing time. The two
factors compete successfully with the hundreds of millielec-
tronvolt bandgap reduction caused by the enhanced I(Sp)—
Pb(6s) orbital antibonding interaction due to octahedral
distortion pushing the VBM up. The nonradiative electron—
hole recombination is reduced by over a factor of 3. The mixed
system falls between pristine MAPDI; and the ferro system,
because the NA coupling, pure-dephasing time, and bandgap
fall between the values in the other two systems.

In addition to creating the ferroelectric domains, rearrange-
ment of the organic cations in hybrid organic—inorganic

https://dx.doi.org/10.1021/acs.jpclett.0c01687
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perovskites can lead to formation of large polarons spanning
many unit cells.**"* The formation of large polarons may
protect charge carriers, because organic cations screen
electron—hole Coulomb interactions and reduce recombina-
tion.”° In addition, polaron formation can rationalize hot
luminescence lasting over 100 ps in hybrid organic—inorganic
perovskites.’’ In contrast, rotations and other small-amplitude
motions of isotropic Cs" cations inside the inorganic cage of
all-inorganic perovskites are not sufficient to produce hot
fluorescence. It has been argued that hot fluorescence in
MAPDBr; lasting over 100 ps originates from slow relaxation of
hot electrons within the conduction band. However, this view
conflicts with the well-accepted concept that hot carriers relax
within only several picoseconds or even hundreds of
femtoseconds in bands of condensed-phase materials because
of involvement of dense manifolds of electronic states within
the band. Bearing this in mind, we proposed that the hot and
cold fluorescence in MAPbBr; can originate from chromo-
phores with different geometric structures and that rearrange-
ment of the organic cations provides one possible example of
such different structures. The lower- and higher-bandgap
structures correlate with longer and shorter carrier lifetimes,
corresponding to the normal and hot fluorescence. To mimic
polarons, we focused on MAPDbBr; and rotated half of the MA
cations from (x, y, z) to (—x, y, —z) to form the lower-bandgap
structure.”” We changed the MA orientation only in the x-
direction from (%, y, z) to (—x, y, z) and obtained the higher-
bandgap structure. The higher and lower-bandgap structures,
shown in Figure 3ab, produced delocalized and localized
charges. The bandgaps differ by 0.3 €V in the two structure,
agreeing well with the experimentally reported difference in the
hot and cold fluorescence energies.”” The bandgap difference
arises because formation of polarons leads to electron and hole
localization, stabilizes electron and hole, and lowers their
energies and the energy gap between them. Compared to the
structure with delocalized charges and large bandgap (Figure
3a), the VBM and CBM are localized spatially in different
positions in the lower-bandgap structure (Figure 3b). The
reduced electron—hole overlap decreases the NA coupling by
over a factor of 2, compared to the higher-bandgap structure.
The decoherence times of the two systems are almost identical
and thus have no influence on the difference in the
nonradiative electron—hole recombination time scales. The
smaller NA coupling due to electron and hole localization in
the lower-bandgap structure leads to a longer nonradiative
recombination time, demonstrating that regular, low-energy
fluorescence can arise from emission of recombining electron
and hole polarons. Alternatively, the shorter-lived high-energy
fluorescence can arise from emission of delocalized charge
carriers. The study provides a feasible explanation, at the
atomistic level, of the unusual hot luminescence phenomenon
observed in the experiment.*’

Shortly after, Miyata et al. reported the first time-domain
study of formation of large polarons in the all-inorganic
CsPbBr;.* Because all-inorganic perovskites contain isotropic
Cs"* cations, whose motions alone cannot form long-range
electric structures, large polarons in CsPbBr; are associated
with deformation of the inorganic lattice upon photoexcitation.
Similarly to hybrid perovskites, large polarons screen charge
carriers and suppress carrier—carrier scattering in all-inorganic
perovskites. DFT calculations further demonstrated that
coupled stretching and bending motions of the inorganic
framework play key roles in the large polaron formation.**
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However, a debate remains regarding localization of electrons
and holes between theoretical and experimental works.***” On
the theoretical side, Miyata et al. have argued that both
electron and hole polarons are delocalized.*® On the
experimental side, however, Chergui and coauthors have
shown that photoexcitation leads to a localized hole polaron
and a delocalized electron polaron based on time-resolved X-
ray near-edge adsorption spectroscopy.” Such separation of
electrons and holes extends the charge carrier lifetime over 100
ns. By distorting the inorganic Pb—Br sublattice, we
demonstrated that indeed CsPbBr; can form a localized hole
polaron and a delocalized electron polaron.”® The overlap of
electron and hole wave functions decreases, and the NA
coupling reduces by over a factor of S compared to pristine
CsPbBr;. At the same time, the deformation of the inorganic
sublattice restricts motions of Br and Pb atoms, increasing the
decoherence time 2-fold relative to the pristine system. As a
result, polaron formation inhibits notable electron—hole
recombination by extending the excited-state lifetime 1 order
of magnitude relative to pristine CsPbBr,.”

Given the NAMD simulations for both hybrid organic—
inorganic and all-inorganic perovskites, we suggest that
deformation and distortion of the inorganic lattice constitutes
the main atomistic mechanism for polaron formation, with
rotation of organic cations playing an additional role. Polaron
formation separates electrons and holes in different spatial
locations and reduces nonradiative electron—hole recombina-
tion.

Although perovskites are much
more defect-tolerant than many
other semiconductors, because of
lattice softness and electronic
properties of Pb, defects still
constitute a major source of
charge and energy losses, which
can be reduced by passivation.

Suppression of Electron—Hole Recombination by Defect
Passivation. Advanced techniques of low-temperature solution
synthesis of perovskite films provide improved control over
film quality compared to high-temperature synthesis.”"”*
Nevertheless, even the best films still suffer from stoichiometry
deviations and improper bonding during crystallization,
unintentionally giving rise to defects, such as point defects or
large GBs that may form midgap trap states, impending charge
carrier transport and serving as nonradiative recombination
centers.”” Because ionic Pb—I (Br) bonds are relatively weak,
MHPs have high defect tolerance, with many defects having
only minor influence on nonradiative charge and energy losses.
In general, shallow trap states positioned energetically close to
valence and conduction bands only restrict efficient movement
of free charges through trapping and detrapping processes. In
contrast, deep trap states capture electrons and holes, which
cannot escape by thermal activation and hence will be
annihilated with oppositely charged carriers through non-
radiative recombination.”” The latter case is detrimental for
charge extraction and limits carrier diffusion lengths, and
therefore, it should be strongly avoided. A great number of
experiments have been dedicated to this end, resulting in
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extensive efforts to passivate various defects by Lewis acids™*
and bases,”® polymers,% alkali metals,*"?”?®* and even
oxygen”> and water,””'”’ even though water and oxygen
undermine perovskite chemical stability.

It is believed that iodine interstitial (I;) constitutes a major
defect in MAPDI;. It not only causes nonradiative charge and
energy losses but also accelerates perovskite decomposition'”'
and causes the current—voltage hysteresis.'”> Experimental
data have provided controversial conclusions regarding the
influence of the iodine interstitial defect on the excited-state
lifetimes, including both positive and negative effects.'’>'%*
DEFT calculations have shown that the different oxidation states
(0, —1, +1) of iodine interstitial have significant influence on
the electronic properties of MAPbI;. By performing NAMD
simulations, we showed that the neutral iodine interstitial (I,)
accelerates nonradiative electron—hole recombination, while
both the negatively (I,™") and positively (I;"") charged iodine
interstitials slow down the recombination compared to pristine
MAPbI,, but by different mechanisms (Figure 4)."”° The
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Figure 4. Evolution of populations of the key states for charge
trapping and recombination in (a) pristine MAPbI;, (b) I, (c) I/,
and (d) L*' systems. Adapted from ref 105. Copyright 2019 The
Royal Society of Chemistry.

neutral I; creates a half-occupied state that is closer to the VBM
than the CBM. Consequently, the state rapidly traps holes,
which then recombine with electrons in the CBM (Figure 4b).
Charging the defect to I, eliminates the trap state by fully
pairing up the electrons. In such a case the electron—hole
recombination occurs directly between the CBM and VBM,
and the charge carrier lifetime becomes notably longer (Figure
4c). In comparison, I;*! attracts adjacent iodine anions, leading
to formation of an I-trimer, which also creates an electron trap
state within the bandgap. The electron is rapidly trapped and
then recombines with a VBM hole over 2 ns. However, the
positive iodine interstitial is unstable and can readily capture an
electron under light illumination and form a more detrimental
neutral iodine interstitial.'°° The simulation results show that
making iodine interstitial negative suppresses charge recombi-
nation. At the same time, iodide ion migration causes a notable
current—voltage hysteresis, lowering efficiency of the operation
of perovskite solar cells. Interestingly, the negative iodine
interstitial can interact with an oxygen molecule and form a
stable 105~ species, which not only inhibits ion migration in
the presence of iodine interstitials but also slows electron—hole
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recombination further, suggesting that oxygen passivation may
have multiple positive effects on perovskite optoelectronic
properties.

Experiments demonstrate a factor of 3 increase of photo-
luminescence quantum yield and extension of photolumines-
cence lifetime from several to hundreds of nanoseconds when
MAPbI, is exposed to air or oxygen.'’” It has been suggested
that the effect arises because of passivation of surface iodine
vacancies by adsorbed oxygen and reduction of defect
density.'*®

In order to study the atomistic mechanism of the positive
effects of oxygen on the optical properties of MAPDI;, we
created O, and O-doped MAPDI; containing an iodine vacancy
(L,)."” Because the system remains neutral overall, removal of
an iodine leaves an unsaturated chemical bond with an
unpaired electron that gives the vacancy the negative charge.
O, and O interact with the negatively charged vacancy and

form superoxide, O,”, and peroxide, % 0,>". As a result, the

superoxide and peroxide species are the most important
products of interaction of O, with MAPbI;. Shown in Figure 5,

(a) MAPbI,

(b) Iy (c) Ol (d) O-ly

VBM

CBM

Figure 5. VBM and CBM charge densities in (a) pristine
MAPbI,(001) surface, (b) I, (c) O,-doped I, and (d) O-doped I,
systems. Although no trap states are created inside the bandgap in the
I, O,-doped I, and O-doped I, systems, their VBM and CBM differ
significantly. The VBM and CBM overlap in the I, system and are
separated in the O,-doped I, and O-doped I, systems. Adapted from
ref 109. Copyright 2019 American Chemical Society.

I, localizes both electrons and holes at the MAPbI; surface
(Figure Sb), while electrons and holes are distributed over the
whole simulation cell in pristine MAPbI, (Figure Sa). The
localization of electrons and holes near the vacancy enhances
the NA coupling and accelerates nonradiative electron—hole
recombination. In contrast, the superoxide and peroxide
species (Figure Sc,d) absorbed at I, separate electrons and
holes, reducing the NA coupling responsible for the charge
recombination. At the same time, high-frequency phonon
modes created in the superoxide and peroxide systems by light
oxygen atoms shorten the decoherence time, while bare I,
softens the phonon modes and retards decoherence. The
interplay between the NA coupling and decoherence time
leads to the following order of electron—hole recombination
time scales: MAPbI; < I, < O,” < O7. As a result, the charge
carrier lifetime becomes 3—4 times longer in the oxygen
passivated systems relative to pristine MAPDI;. Similar
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phenomena are seen in oxygen-passivated all-inorganic
CsPbBr;,' " in which adsorbed oxygen breaks up lead dimers
by forming Pb—O chemical bonds and removes midgap states.
The recombination time between the CBM and VBM
increases nearly 2-fold compared to pristine CsPbBr;.
Although oxygen treatment can enhance the optical
properties of perovskites, oxygen undermines perovskite
chemical stability. In order to solve this issue, alkali metals
have been used to optimize the performance of perovskite
materials and devices.''"''* Fang et al. reported that lithium
can produce free charges by passivating defects to reduce
nonradiative energy losses in MAPbL,.""" Similarity, sodium is
able to improve the quality of perovskite films and passivates
defects, enhancing the built-in potential and extending carrier
lifetimes.''> Other experiments have demonstrated that
potassium, rubidium, and cesium can also reduce defect
concentration and extend charge carrier lifetimes.*"""* Todine
interstitial, one of the main defects in MAPbL;, contains an
unpaired electron that can be paired by the single valence
electron readily donated by the alkali metals. Motivated by
these observations, we investigated passivation of iodine
interstitials in MAPbI; by alkali dopants.''* The simulations
showed that the iodine interstitial formation energy increases
significantly in the presence of the alkalis, thereby decreasing
defect concentration. If MAPDI; already contains iodine
interstitials, the energies of alkali doping are negative,
indicating that the alkalis are easily doped into MAPbI;.
Importantly, the doped alkalis eliminate the midgap trap state
created by the iodine interstitial. Thus, alkalis increase the
number of free carriers capable of generating electrical current
by both reducing trap concentration and passivating remaining
traps. Importantly, modifying CBM charge density (Figure 6),

Li

Na K Rb Cs

Figure 6. VBM and CBM charge densities in (a) pristine MAPbI;, (b)
Li-doped, (c) Na-doped, (d) K-doped, (e) Rb-doped, and (f) Cs-
doped iodine interstitial systems. Dopant pushes charge density away
from the defect region. Larger alkali atoms create a stronger
perturbation. Adapted from ref 114. Copyright 2020 WILEYVCH
Verlag GmbH & Co. KGaA, Weinheim.

alkali dopants decrease the NA coupling and decoherence time
with increasing alkali ionic radius. Overall, the nonradiative
electron—hole recombination time increases in the order I; <
pristine < Li < Na < K < Rb < Cs. Remarkably, the carrier
lifetimes in the presence of passivated defects can be up to
seven times longer than in pristine MAPbI;. The atomistic
time-domain simulations rationalized how alkali doping
reduces nonradiative charge carrier losses and improves
perovskite solar cell performance.

Debate on the Influence of Grain Boundaries on the Excited-
State Lifetimes in MAPbI;. GBs are common defects in
polycrystalline perovskite films and can give rise to efficient
carrier recombination centers.''> However, the influence of
GBs on charge carrier lifetimes in MAPbI; and other
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Polycrystalline samples contain
many grain boundaries which
create trap states and cause
carrier losses. At the same time,
grain boundaries facilitate charge
separation, restricting recombi-
nation. Annealing can eliminate
deep traps and extend carrier
lifetimes.

perovskites remains controversial. On the one hand, many
experiments have reported that GBs accelerate nonradiative
decay and that doping of MAPbI,; GBs by CI** and increasing
grain size''® are effective in prolonging charge carrier lifetimes.
On the other hand, opponents have argued that charge
recombination happens primarily in non-GB regions of
MAPbDI; thin films and that GBs are benign to carrier
lifetimes."'” The different influence of GBs on nonradiative
electron—hole recombination and device performance may be
ascribed to different types of GBs. We demonstrated this fact
by considering MAPbI; containing £5(012) and £5(013) GBs
and 1S1isnﬂlgating the nonradiative electron—hole recombina-
tion.”

The simulations showed that the X5(012) GB accelerates
electron—hole recombination, while CI doping delays the
recombination, compared to pristine MAPbI,, Figure 7a.''®
The recombination is accelerated because the £5(012) GB
creates midgap defect states and enhances the NA coupling.
The trap states are created because of unsaturated chemical
bonds. The NA coupling is enhanced because electron and
hole wave functions are localized around the boundary and
because the symmetry breaking at the boundary region relaxes
selection rules for electron—phonon coupling and activates
additional phonon modes that couple to the electronic
subsystem. As a result, charge recombination in the £5(012)
GB system is 5 times faster than in pristine MAPbI;.

The negative effect of the GB on the charge carrier lifetimes
is eliminated by Cl doping. Chlorine atoms replaces iodines in
the perovskite structure, and the dopants prefer to accumulate
at GBs rather than in bulk, because the energy cost of replacing
native atoms with dopants is lower at GBs. The VBM in MHP
originates from atomic orbitals of halides. Chlorine is more
electronegative than iodine, and therefore, its atomic orbitals
are lower in energy and do not contribute to the VBM of Cl-
doped MAPDI;. Hence, the whole wave function is pushed
away from the Cl-doped GB. Electrons and holes are
separated. The overlap of their wave functions and the NA
coupling are reduced relative to the undoped GB, and the NA
coupling becomes similar to that in the pristine system. At the
same time, lighter Cl atoms introduce higher-frequency
vibrations and accelerate quantum coherence loss. Both factors
compete successfully with the smaller bandgap in the £5(012)
GB system relative to pristine MAPbI; and slow down
electron—hole recombination. The presence of the £5(012)
GB in the all-inorganic CsPbBr; and its passivation by Cl lead
to the same conclusions'*’ as in MAPbI,.

In contrast, the £5(013) GB does not accelerate electron—
hole recombination compared to pristine MAPbI,.'"” The
relaxed £5(013) GB structure exhibits only shallow defect
states within 0.1 eV from band edges. The shallow states
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Figure 7. Electron—hole recombination in (a) MAPbI,, 25(012) GB, and Cl-doped 5 (012) GB and (b) MAPbI, and £5(013) GB. The £5(012)
GB accelerates charge recombination, while the £5(013) GB has little influence on the electron—hole recombination. Adapted from refs 118 and

119. Copyright 2016 and 2019 American Chemical Society.

localize holes and promote electron—hole separation and,
therefore, reduce the NA coupling. The charge separation and
symmetry breaking allows higher-frequency phonon modes to
couple to charges, accelerating the loss of quantum coherence.
As a result, the excited-state lifetime in the £5(013) GB system
remains almost the same as in pristine MAPbI;. On the one
hand, GBs help to separate electrons and holes and dissociate
photogenerated excitons. On the other hand, GBs do not
necessarily accelerate charge recombination. The results show
that annealing of polycrystalline MAPbI; can facilitate GB
reconstruction and significantly improve its performance.

Combined together, the results from the X5(012) and
¥5(013) GB simulations demonstrate the positive and
negative effects of GBs on charge carrier lifetimes and
performance of perovskite solar cells and rationalize why
different experiments come to different conclusions. The
studies also establish and explain the positive effect of Cl
doping on the excited-state lifetime. The conclusions about the
passivation mechanism can apply to other GBs passivated by
varioulsogompounds, such as Lewis bases,””® polymers,®’ and
water.

Moderate perturbations to the
perovskite lattice at elevated
temperatures or pressures en-
hance charge localization, reduce
overlap of electron and hole
wavefunctions, and slow down
electron—hole recombination.

Unusual Dependence of Charge Recombination on Temperature
and Pressure. In addition to the intrinsic defects having a strong
influence on the optoelectronic properties of perovskites,
extrinsic factors, such as humidity,121 temperature,122 and
pressure,” also have remarkable impact on the stability and
performance of perovskite solar cells. Our previous work has
demonstrated the positive and negative effects of water
molecules on the excited-state lifetimes in MAPbL,,'** and
our recent Perspectives has presented the findings.””'** Here,
we focus on reviewing the influence of temperature and
pressure on the nonradiative electron—hole recombination
dynamics.

Experiments reported an uncommon temperature depend-
ence of charge carrier lifetimes in MAPbI;, with the lifetimes
increasing with temperature.lzz’125 The phenomenon is

opposite to what is observed in the traditional semiconductors,
because high temperature typically gives rise to increased
atomic fluctuations and stronger electronic—vibrational inter-
actions. Indeed, atomic fluctuations grow with temperature in
MAPDI; as well. However, the fluctuations give rise to several
effects that extend the lifetimes. The fluctuations distort the
inorganic Pb—TI lattice, increasing localization and separation of
electrons and holes, and reducing electron—hole overlap, and
correspondingly, the NA coupling (Figure 8a). Enhanced
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Figure 8. (a) VBM and CBM charge densities of MAPbI; in
tetragonal phase at 0, 150, and 300 K. Charge localization increases as
temperature increases because of disorder. (b) Dependence of
electron—hole recombination in CsPbBr; on external pressure.
Adapted from refs 126 and 130. Copyright 2018 and 2019 American
Chemical Society.

elastic electron—phonon scattering at higher temperatures
shorten the quantum coherence time. The reduced NA
coupling and shorter coherence slow down the nonradiative
relaxation by over a factor of 2 at 300 K compared to 150 K
and rationalize the unusual behavior of the carrier lifetimes in
MAPbI, with temperature.'*

External pressure also influences charge carrier dynamics in
both hybrid organic—inorganic perovskites, such as
MAPbIL,,"*” and all-inorganic perovskites, such as CsPbBr,.**
Pressure engineering provides a clean method to control device
performance, without generatin§ adverse chemical and thermal
effects. Previous DFT work'” proposed that, by bringing
atoms closer together, pressure enhances the antibonding
interaction between Pb and I atomic orbitals in MAPbI; and
pushes the VBM up on energy. As a result, shallow hole trap
states merge into the valence band, and electron—hole
recombination is reduced. Experiments reported that applica-
tion of external pressure to CsPbBr; can simultaneously
narrow the bandgap and increase the carrier lifetime.””'*” This
anticorrelation is surprising because a reduced gap is usually
associated with larger NA coupling and faster nonradiative
relaxation. By performing NAMD simulations, we rational-
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ized"*”"! the unusual anticorrelation between the bandgap

and the lifetime in MAPbI, and demonstrated'* that the
nonradiative electron—hole recombination time in CsPbBr,
depends significantly on pressure. Shown in Figure 8b, the
recombination time changes as a volcanic plot with increasing
pressure. The bandgap of CsPbBr; changes relatively little for
all studied values of pressure and has a minor influence on the
excited-state lifetime compared to other factors. The lifetime is
governed by interplay between the NA coupling and the
decoherence time. Application of pressure distorts perovskite
crystal structure and influences atomic motions. Structural
disorder leads to charge localization, which typically enhances
charge separation and reduces the NA coupling. Pressure-
induced perturbation makes atomic motions less harmonic and
increases their amplitude, which accelerates loss of coherence
but can increase the NA coupling. The longest excited-state
lifetime is found for 1.20 GPa, because the NA coupling is
smallest at that pressure. Further pressure increase enhances
fluctuations of Pb and Br atoms, while having less influence on
localization of electron and hole wave functions, thereby
increasing the NA coupling.

The ab initio NAMD studies provided an atomistic
understanding of the unexpected variations in charge carrier
lifetimes with temperature and pressure and generated valuable
insights into the unusual properties of MHPs.

Tuning interfacial interactions by
surface passivation and doping
can be used to accelerate charge
separation and reduce recombi-
nation across interfaces of per-
ovskites with charge extraction
and transport materials.

Influence of Interfacial Interactions on Charge Separation and
Recombination. In addition to photoexcitation dynamics within
perovskites themselves, charge separation and recombination
across interfaces between perovskites and charge-transporting
materials play important roles in solar cell operation, because
charge separation across interfaces constitutes one of the
fundamental steps. To be utilized in an efficient solar cell, an
interface should be designed to achieve fast charge separation
and slow charge recombination. An offset between band
energies of the two components forming an interface provides
the driving force for the photoinduced interfacial charge
transfer, which results in generation of free charge carriers,
ultimately leading to conversion of solar energy into electrical
or chemical energy. Typically, the faster the charge separation,
the slower the recombination, because separated charges
cannot meet each other and recombine. Once charges are
separated, they can be extracted and collected for power
conversion. Furthermore, if charges can separate before
relaxing to their lowest energy states in each material, they
are less likely to get trapped by defects. Therefore, a rational
choice of materials for charge extraction and transport
constitutes an important consideration in solar cell design.

Metal oxides, such as TiO, and NiO, present popular
electron- and hole-transporting materials, respectively, because
they possess superior conductivity and stability relative, for
example, to organic transporting materials, and have correct
band energy alignment with MHPs. It is desirable that the
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relevant band energy offset between two materials forming an
interface for charge extraction is not too large. Otherwise,
significant amounts of energy would be lost to heat during the
extraction. Thus, the optical bandgap of TiO, is 3.2 eV, and its
valence band edge is significantly lower than that of MAPDI;,
by about 2.1 eV. Such arrangement cannot be used for hole
extraction, which requires the valence band edge of the
transporting material to be higher than that of perovskite.
However, the conduction band edge of TiO, is lower than that
MAPbDL, and only by 0.4 eV,"* presenting a favorable situation
for electron extraction.'** NiO is also a wide bandgap (3.6 eV)
semiconductor. It makes a good hole extraction and trans-
porting material, because its VBM at —5.2 eV is only slightly
above the MAPbI, VBM at —5.4 eV."** Inverted structure
perovskite solar cells utilizing NiO as the hole-transporting
material exhibit high (21.6%) PCE."*

Considering the MAPDI;/TiO, system, experiments re-
ported electron transfer from MAPbDI; into TiO, to occur over
a broad range of time scales, from sub-200 fs to several
hundreds of picoseconds.”*'* Focusing on the faster
component, arising from electrons that are already close to
the interface, we simulated the electron transfer and electron—
hole recombination at a MAPbI,/TiO, heterojunction (Figure
9a). The electron transfer is fast, sub-200 fs, because interfacial
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Figure 9. Schematic of photoinduced charge transfer and
recombination dynamics between perovskites, and (a) electron and
(b) hole transport materials. Photoexcitation promotes an electron
from the perovskite valence band to its conduction band. Electrons or
holes transfer into the transport materials, ®. Electrons and holes
recombine at the interface, ®@.

I-Ti bonds provide strong donor and acceptor interactions."”

The excited state of the heterojunction created by light
absorption has a significant charge-transfer character, with a
larger fraction of excited electron’s density already delocalized
onto the TiO, acceptor from the MAPbI; donor. The
remaining electron density transfers to TiO, by the adiabatic
mechanism due to strong covalent donor—acceptor inter-
action."*® Following the charge separation, the hole residing in
the MAPbI; VBM recombines with the electron in the TiO,
CBM on a nanosecond time scale. Partial replacement of I
atoms with Cl and Br, or Pb with Sn, influences the
nonradiative electron—hole recombination time."** In partic-
ular, Cl and Br doping extends the carrier lifetime, while Sn
doping shortens it. Several considerations rationalize the longer
recombination time across the Cl- and Br-doped interfaces.
First, the Pb—Cl and Pb—Br bonds are shorter than the Pb—I
bond, thus the Cl and Br atoms are farther away from the TiO,
surface, and the donor—acceptor interaction is weaker. Second,
the Cl and Br atoms do not contribute to the MAPbI; VBM,
and therefore, the hole is pushed away from the interface, and
the NA coupling is reduced. Third, the lighter dopants
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introduce higher-frequency vibrations, accelerating quantum
decoherence. In contrast, Sn contributes the hole wave
function and increases the NA coupling, accelerating the
electron—hole recombination. Promoted by low-frequency
perovskite and TiO, vibrations, the recombination ranges
from 0.52 ns in the Sn-doped system to 2 ns in the Cl-doped
heterojunction, agreeing well with the experiments.138

Subsequently, we investigated hole transfer and electron—
hole recombination in a MAPbI,/NiO heterojunction (Figure
9b), considering both low and ambient temperatures."*” Both
processes showed weak temperature dependence, in agreement
with the weak temperature dependence of performance of
perovskite solar cells observed experimentally.'”” At both
higher and lower temperatures, the hole transferred within 100
ts, while hole energy loss to heat took over 200 fs. The
relatively long existence of a “hot” hole favors hole transport
away from the interface, preventing interfacial electron—hole
recombination. Following the charge separation, electron—hole
recombination happened on a much longer, nanosecond time
scale. The recombination was twice faster at the higher
temperature, because of enhanced atomic motions that
increased the NA coupling. Compared to electron—hole
recombination that occurs between band edge states, hole
transfer occurs within a dense manifold of states, in which the
NA coupling is already large and changes little with
temperature. The balance of fast charge separation and slow
recombination across interfaces of MHPs with charge
extraction and transporting materials plays an important role
in obtaining high-performance solar cells.

Layer thickness in 2D perovskites
provides an additional handle on
perovskite properties and charge
carrier dynamics due to quantum
confinement, changes in dielec-
tric environment, high spatial
anisotropy, and edge states.

Electron—Hole Recombination in Two-Dimensional Ruddles-
den—Popper and Dion—Jacobson Perovskites. Dimensionality
provides another handle for tuning perovskite properties. 2D
Ruddlesden—Popper (RP) and Dion—Jacobson (DJ) perov-
skites have emerged as alternatives to the traditional 3D
perovskites because of their enhanced moisture resistance,
greatly improved optical and thermal stability,'** small charge
effective mass,'*' and large conductivity.*> The general
formulas for RP and DJ perovskites are A,A’,_ M, X;,,; and
AA’, | M,X,,,,, respectively. Here, A and A’ are organic
cations; M is a metal cation; X is a halogen anion, and » is the
number of the inorganic layers inserted between the long
organic chains A."*> The RP phase has two monovalent spacer
cations, while DJ perovskites have only one bivalent spacer
cation to separate two adjacent inorganic layers. As a typical
representative of the RP perovskites, (BA),(MA),_,Pb,L,,.,,
BA = CH,(CH,);NH;, has received intense attention because
of its superior o?toelgctronic properties, stability, and simple
crystal structure. "' *

Recently, Guo et al. reported that the excited-state lifetime
of (BA),(MA),_Pb,l;,,, is strongly dependent on the
inorganic layer thickness, increasing from 250 ps for n = 1 to
a nanosecond for n = 3."*° The difference was rationalized by
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the increased dielectric constant and Coulomb screening for n
= 3 and, therefore, a reduced electron—hole interaction.
Generally, inorganic materials have a larger dielectric constant
than organics, and therefore, a relatively thicker inorganic layer
increases the screening. However, the Coulomb interaction
between electrons and holes is not the only factor determining
the charge carrier lifetimes, in particular because charge
coupling to phonons constitutes the main recombination
mechanism, as opposed to Auger-type scattering of three or
more charges that operates only at high carrier densities.

There exist several reasons to be surprised why the n = 3
perovskite exhibits a longer lifetime than the n = 3 perovskite.
First, the bandgap for n = 3 is smaller than for n = 1 because of
reduced quantum confinement, and a smaller bandgap leads to
a larger NA coupling and faster relaxation. Second, the
inorganic lattice in the n = 3 perovskite contains a wide range
of phonon modes, and therefore, the electron—phonon
coupling should be stronger and the electron—phonon
relaxation faster. Third, MA cations are embedded into the
inorganic lattice of the n = 3 system, while MA is not present at
all in the n = 1 perovskite. The light organic MA cations
rapidly move inside the lattice, create strong and rapidly
varying local electric fields, and interact with charges
contributing further to the NA coupling.

By performing NAMD simulations, we demonstrated that
the presence of multiple phonon modes in the n 3
perovskites leads to rapid loss of quantum coherence (Figure
10a)."*” This factor outcompetes the stronger NA coupling
and smaller bandgap, extending the excited-state lifetime in
BA,MAPb,I;; to nanoseconds.
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Figure 10. (a) Electron—hole recombination in BA,Pbl, and
BA,MAPD;I,,. The trilayer perovskite shows a slower decay because
of a shorter pure-dephasing time compared to the monolayer
perovskite (inset of panel a). (b) Charge densities of VBM and
CBM for Bulk and Edge configurations of (BA),Pbl,, and VBM-1 and
CBM+1 for the Edge configuration, marked as Edge*. Charges are
delocalized in the Bulk configuration and are localized at the opposite
ends in the Edge configuration. The VBM arising from I atoms is
more localized than the CBM supported by Pb orbitals in Edge.
Adapted from refs 147 and 149. Copyright 2019 American Chemical
Society.

In addition to the unusual layer-dependent photolumines-
cence lifetime, 2D perovskites exhibit important edge effects. It
was reported experimentally that edges facilitate exciton
dissociation and prolong charge carrier lifetimes."** In order
to explore the mechanism for these phenomena, we simulated
nonradiative electron—hole recombination across the CBM—
VBM energy gap in (BA),Pbl,, including both the fully
periodic structure, denoted as Bulk, and the same structure
with edges, denoted as Edge, Figure 10b."*” We also modeled
the transition between VBM-1 and CBM+1, denoted as Edge*,
in order to represent recombination between electrons and

https://dx.doi.org/10.1021/acs.jpclett.0c01687
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holes localized in the central region of the structure with edges.
The simulations showed holes are localized at edges much
more than electrons. This is because electrons are supported
by Pb atoms that can form isotropic metallic bonds, support
multiple oxidation states, and can heal defects associated with
unsaturated chemical bonds. In contrast, holes are localized on
under-coordinated iodine atoms that are nonmetals and
require directional single-valence bonding in order to heal
defects, which is more difficult to achieve (Figure 10b). Having
studied different types of edge termination, we concluded that
charges tend to localize on opposite edges and that the NA
coupling is smaller in the Edge than Bulk system. Charge
localization at the edges not only promotes exciton
dissociation but also reduces overlap of wave functions of
electrons and holes and extends their lifetime. In addition, the
Edge geometry is less rigid, more anharmonic, and less
symmetric, activating additional high-frequency modes, accel-
erating loss of coherence, and facilitating electron and hole
separation even in the central region represented by CBM+1
and VBM-1. This behavior remains true for both Edge and
Edge* transitions. The edges reduce the NA coupling and
shorten the coherence time, slowing down the nonradiative
electron—hole recombination.

DJ perovskite solar cells represent another class of popular
photovoltaic devices, whose PCE has increased to 17.9% from
the initial 7.32% within only one year."*°~">® The great success
motivates substantial efforts focusing on synthesis of high-
quality films, exploration of their photophysical properties, and
optimization of device performance. Mao et al. reported that
the photoluminescence lifetimes in the (3AMP)-
(MA),_,Pb,1,,,, layered DJ perovskite are over 4 times longer
than that in (4AMP)(MA),_,Pb,L;,,,, where n = 1, 2, 3, 4;
3AMP stands for 3-(aminomethyl) piperidinium, and 4AMP
denotes 4-(aminomethyl) piperidinium, regardless of the value
of n, even though the 3AMP perovskites have bandgaps smaller
than that of the 4AMP perovskite. The mechanism explaining
this observation remained largely unclear because the two
structures are very similar, and the smaller bandgap should
correlate with a shorter carrier lifetime. Focusing on n = 2, our
simulations showed that the decoherence times are nearly
identical in the two systems and cannot explain the difference
in the excited-state lifetimes. A smaller octahedral tilting in
(3AMP)(MA)Pb,], leads to a stronger antibonding interaction
that determines the VBM energy level. As a result, the VBM is
higher in energy and the bandgap is smaller by about 0.15 eV
in (3AMP)(MA)Pb,I, compared to (4AMP)(MA)Pb,L..
Importantly, the VBM and CBM charge densities are localized
on different parts of the 3AMP system, layers L2/L4 and L1/
L3, respectively (Figure 11). The reduced VBM—CBM overlap
leads to a smaller NA coupling. In contrast, the VBM of the
4AMP system is delocalized over all inorganic layers, though
the CBM remains localized on L1/L3. The overlap of the VBM
and CBM wave functions is larger in this case, and the NA
coupling is increased by over a factor of 2. The smaller NA
coupling, arising from the greater hole localization, serves to
slow down nonradiative electron—hole recombination in the
3AMP perovskites."*”

Our detailed atomistic time-domain studies provide
mechanistic understanding of the excited-state dynamics in
the RP and DJ 2D halide perovskites, reveal the key influence
of localization of charge carriers on their lifetimes, and suggest
strategies to design efficient photovoltaic and optoelectronic
devices based on layered 2D perovskites.
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Figure 11. Charge densities of VBM and CBM in (3AMP)(MA)Pb,1,
and (4AMP)(MA)Pb,1,. The large overlap between the VBM and
CBM in (4AMP)(MA)Pb,I, enhances NA coupling and accelerates
nonradiative electron—hole recombination. Adapted from ref 139.
Copyright 2020 The Royal Society of Chemistry.

Time-domain atomistic simula-
tions of excited-state dynamics in
metal halide perovskites provide

important insights into the key
factors that govern the evolution
of optical, electrical, and chemical

energy, and help design more
efficient perovskite solar cells and
other optoelectronic devices.

In summary, hybrid organic—inorganic and all-inorganic
perovskites are promising candidates for photovoltaic and
optoelectronic applications. Although the recorded PCE of the
perovskite solar cells is as h'§h as 25.2%, it is still lower than
the Shockley—Queisser limit™" because of nonradiative charge
and energy losses arising from electron—phonon scattering and
accelerated by various defects.”” In this Perspective, we have
reviewed the time-domain atomistic simulations of non-
radiative charge separation, trapping, and recombination
dynamics in 3D and 2D hybrid organic—inorganic and all-
inorganic perovskites, mimicking directly time-resolved
pump—probe experiments by computing geometry-dependent
electron—vibrational coupling and modeling electron—nuclear
dynamics explicitly in the time-domain. The simulations
provide unique insights into the atomistic mechanisms of the
phonon-induced charge dynamics in perovskites with the
emphasis on a broad range of factors, involving component,
structure, and dimensionality engineering; temperature;
pressure; surfaces; interfaces; grain boundaries; defects and
their passivation; exposure to radiation, humidity, and oxygen;
etc.
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Using the state-of-the-art NAMD and TD-DFT simulation
methodologies developed in our group, we demonstrate that
an interplay between energy gap, NA coupling, and
decoherence time determines charge trapping and recombina-
tion dynamics. We show that alloying ions at the A, B, or X
sites in hybrid and all-inorganic perovskites can delay
electron—hole recombination by several mechanisms. A partial
replacement of MA cations with larger cations can enhance
lattice stiffness and decrease the NA coupling.”"”> The
replacement of Br with I or Pb with Sn decreases the overlap
of electron and hole wave functions,''"”’* leading to a
reduction in NA coupling and slowing electron—hole
recombination. Rotation of MA cations causes formation of
ferroelectric domains or polarons that promote charge
separation, reduce NA coupling, and inhibit charge recombi-
nation.*”®” Alternatively, photoexcitation can also lead to slow
recombination by localizing holes because of lattice deforma-
tion. We demonstrate why and how the oxidation state of the
iodine interstitial defects influences charge trapping and
recombination and show that negatively charged iodine
interstitials contribute to reduction of the recombination in
real materials. Interacting with oxygen, interstitial iodine forms
stable 1057, which reduces the recombination rate further by
decreasing NA coupling and shortening decoherence time. O,
or O interacting with MAPDI; containing iodine vacancies
form superoxide and peroxide species, which reduce NA
coupling by separating electron and hole wave functions, and
slow electron—hole recombination relative to the pristine case.
However, oxygen undermines the chemical stability of
perovskites.">* Passivation of iodine interstitials by alkali
metals can eliminate midgap states and thus extend charge
carrier lifetimes."'* GBs are considered one of the main causes
of nonradiative charge carrier losses in perovskites. However,
the influence of GBs on the excited-state lifetimes in
perovskites is not always negative and depends on GB type,
requiring additional investigatio.''®"'? Passivation of GBs with
chlorine atoms, which replace intrinsic iodines, pushes holes
away from the boundary, decreases electron—hole overlap,
reduces NA coupling, accelerates loss of coherence because of
both charge separation and introduction of higher-frequency
vibrations, and inhibits electron—hole recombination."'® High-
er temperatures enhance atomic fluctuations, cause lattice
distortions and charge localization, reduce NA coupling, and
accelerate decoherence and, thus, suppress electron—hole
recombination compared to lower temperatures.'”® External
pressure also distorts the inorganic lattice, causing changes in
NA coupling and decoherence time and influencing electron—
hole recombination.'*’

Ultrafast electron transfer at MAPbI;/TiO, and related
junctions is promoted by vibrational motions of both
perovskite and TiO, and occurs primarily by the adiabatic
mechanism because of the presence of strong covalent I-Ti
bonds at the interface."*® Substitution of heavier I with lighter
Cl or Br shortens decoherence time and reduces NA coupling,
inhibiting charge recombination across the interface. In
contrast, replacement of Pb with Sn enhances NA coupling,
because Sn is lighter than Pb and contributes to the band edge
states, accelerating recombination.’*® Hole transfer and
electron—hole recombination at the MAPDbI;/NiO interface
show weak temperature dependence,'*” rationalizing why the
experimentally reported perovskite solar cell efficiency is
independent of temperature.>®> Multiple-layer 2D RP perov-
skites contain high-frequency vibrations, which facilitate rapid
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elastic scattering that gives rise to longer-lived excited states
compared to the single-layer 2D perovskites."*” Furthermore,
2D perovskite edges can localize both holes and electrons,
especially holes that are supported by nonmetal iodine atoms,
facilitating exciton dissociation and favoring long-lived excited
states.'*” The different extent of charge localization in DJ
perovskites, ascribed to variations in the strength of hydrogen
bonding, modulates NA coupling and leads to longer-lived
charge carriers in 3AMP compared to 4AMP perovskite."*”

In addition to the above phenomena, other complex effects
contribute to charge carrier dynamics in the perovskites. Spin—
orbit interactions facilitated by the heavy Pb atoms induce a
direct-to-indirect bandgap transition,'>° suppressing electron—
hole recombination, because triplet-to-singlet recombination
requires a spin-flip. Auger processes become important at high
charge carrier concentrations. Auger recombination is
associated with energy exchange between at least three
particles, ie., recombining electron and hole with another
particle, followed by electronic energy transfer to heat. In order
to optimize the performance of solar cells, it is important to
elucidate the interplay of particle—particle and particle—
phonon interactions, which can occur on a similar time scale
and influence each other.'”” NAMD simulations including
complex features beyond point defects of the Frenkel and
Schottky types are highly desired, because they are common in
perovskites and have significant impact on ion migration and
excited-state properties. Future efforts should be devoted to
modeling of photoexcitation dynamics in large, realistic
systems, which may require development of novel NAMD
algorithms and implementations based on tight-binding
DFT"** and machine learning (ML)."*” ML can be used to
uncover nontrivial correlations that are hard to anticipate a
priori.'®® Atomistic quantum dynamics studies have a unique
capability to generate valuable knowledge that can provide
critical insights for improving the performance of perovskite
photovoltaic and optoelectronic devices.
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