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ABSTRACT: Intrinsic defects in perovskite films strongly
influence carrier dynamics by introducing nonradiative recombi-
nation centers, limiting the performance of perovskite solar cells.
Extensive “trail-and-error” experimental efforts have been devoted
to defect passivation, requiring fundamental understanding and
rational guidance. Using state-of-the-art ab initio quantum
dynamics simulations, we demonstrate suppression of nonradiative
energy losses in lead halide perovskites with the introduction of
monovalent alkali ions. We show that alkali doping of iodine
vacancies, the most common defect, eliminates trap states in
MAPDI; and extends charge carrier lifetimes. Negative formation
energy is found when alkali cations occupy the B site of the
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perovskite lattice, identifying the location of the alkali dopants. Iodine vacancy introduces a sub-gap state capable of trapping holes.
The state is supported by Pb-p orbitals that interact across the vacancy site. Alkali doping eliminates the trap state by weakening the
interaction of Pb-p orbitals across the vacancy and removing extraneous electrons from the conduction band. We demonstrate that
the lifetimes grow in the order unpassivated — Li — Na — K-passivated, as rationalized by symmetry breaking, charge localization,
and participation of low-frequency phonon modes that lead to changes in electronic structure, nonadiabatic electron—phonon
coupling, and quantum coherence time. The atomistic understanding of the various factors contributing to the defect passivation

guides development of high-efficiency perovskite devices.

B INTRODUCTION

Organic—inorganic hybrid perovskite solar cells (PSCs) have
drawn tremendous attention in recent years because of their
appealing optoelectronic properties.l_lo The power conversion
efficiency of PSCs has rapidly increased from 3.8 to over 25.2%
in just a decade.'' Several beneficial features of hybrid
perovskites, including close to optimal band gaps, large
absorption coefficients, small exciton binding energies, low
charge recombination rates, and large carrier diffusion lengths,
are considered to be the origin of superior performance.
Despite significant advances, the certified efliciency of 25.2% is
still below the Shockley—Queisser efficiency limit of a single-
junction solar cell."” Nonradiative recombination of electrons
and holes presents the major pathway for charge and energy
losses and should be suppressed to further improve the
performance of PSCs.

Structural defects are normally presented in solution-
processed perovskite films,"*~"” and are capable of introducing
sub-gap states, which facilitate nonradiative recombination of
photogenerated charge carriers, resulting in low operating
voltages and decreased photovoltaic performance. Defects in
perovskites have been proposed as the possible cause of other
open issues, such as anomalous current—voltage hysteresis and
instability against water, oxygen, heat, and ultraviolet
light."¥'**" Understanding the nature of defects and
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suggesting the way of removing harmful defects are of
particular interest for further device optimization. Theoretical
investigations suggest that defects in MAPbI; perovskite film
come mainly from elemental vacancies.”> >’ Several research
groups report that halide vacancies in MAPbI; and related
perovskites have low formation energy, aggravate instability,
and contribute to nonradiative recombination of charge
carriers, motivating researchers to further eliminate these
defects.’>*" Considerable efforts have been devoted to this
topic.w"?’o’g’z_g’6 In particular, compositional engineering via
doping provides an effective passivation strategy for defect
management in PSCs.

Alkali metal cations, owing to their stability and resistance
against oxidation and reduction, have been considered as ideal
dopants. Several groups report passivation of intrinsic defects
in perovskites by the incorporation of monovalent alkali
ions.””~* Cao et al. demonstrate that Li-doped perovskites
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exhibit improved electric conductivity.** Considerable research
studies have also been reported for understanding the Na and
K doping in perovskites.""***7*75% Lj, Na, and K have small
ionic radii compared to Cs, which can successfully replace the
organic MA cation in the A site of the MAPbI; perovskite. As a
result, when Li, Na, or K occupy the A site, the inorganic Pb—I
octahedra collapse due to an unfavorable Goldschmidt
tolerance factor. Interestingly, experiments demonstrate that
alkali cations do enter the perovskite lattice, especially for the
small size Li, as revealed, by X-ray photoemission spectroscopy
(XPS) characterization.”® This indicates that alkali cations may
occupy other locations in perovskite instead of the A site.
Several teams propose that alkali cations occupy interstitial
positions in the MAPbI,; perovskite,*® whereas others defy this
argument.”” The location of the alkali cations in perovskites
and their impact on nonradiative electron—hole recombination
remains a topic of debate, calling for detailed theoretical
explorations.

In this work, we establish the mechanism of passivation of
structural defects in the metal halide perovskites by alkali
cations, using a combination of nonadiabatic molecular
dynamics (NA-MD) and time-domain density functional
theory (TD-DFT). Focusing on iodine vacancy (Iy) in
MAPbI;, which is a very common defect in the most popular
perovskite, we demonstrate at the atomistic level and in the
time domain how vacancy doping by small alkali cations,
including Li*, Na*, and K*, eliminates the defect and extends
charge carrier lifetimes. The simulations indicate that substitu-
tional occupancy at the B site by alkali cations in the presence
of Iy is energetically favored over interstitial occupancy. Iy
introduces a trap state near the conduction band (CB) edge
owing to the formation of a bonding state formed by p orbitals
of Pb atoms around the vacancy. Substitution of a Pb atom
near Iy with an alkali metal breaks the Pb-p bonding state,
removes the extraneous electron from the CB, and efficiently
mitigates the trap state. This finding is consistent with the
experimental observation that trap density is reduced upon the
addition of alkali cations.*****® Our state-of-the-art quantum
dynamics simulations demonstrate that charge carrier lifetimes
grow in the order Iy — Li — Na — K. The carrier lifetimes in
the K-doped Iy system exceed 100 ns and is a factor of 3 longer
than that in the undoped perovskite. Introduction of alkali
dopants perturbs system symmetry, pushes electron and hole
charge densities away from the vacancy site, and makes the
charge densities more localized. As a result, the NA electron—
phonon coupling is reduced, and loss of quantum coherence in
the electronic subsystem is accelerated, both factors respon-
sible for the lower charge recombination rate. More high-
frequency phonons couple to the electronic subsystem upon
alkali doping, accelerating decoherence further. The atomistic
insights provided in this work uncover the complex, multifactor
passivation mechanism of alkali doping in perovskites, and
generate valuable guidelines for further optimization of PSCs
and related devices.

B METHODS

A simulation cell with 96 atoms based on a 2 X 2 X 2 expansion of
pseudo-cubic MAPbI; perovskite is used to represent the pristine
system (Figure 1). Defective perovskite, Iy, is created by removing an
iodine atom from the pristine system (Figure 1). Alkali-doped systems
are constructed by substituting a Pb atom near the vacancy site with a
Li, Na, or K atom, as rationalized below. Electronic structure
calculations, geometry optimizations, calculations of formation
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Figure 1. Structures of pristine MAPbI; (a) and defective MAPbI,
containing an iodine vacancy without (b) and with (c) alkali dopants.
The pristine structure is constructed by a 2 X 2 X 2 expansion of bulk
MAPbDI; in the cubic phase. The location of the iodine vacancy is
denoted by the black dashed circle. The alkali dopants occupy the Pb
site, corresponding to the lowest-energy configuration, Lip, with I, in
Table 1.

energies, and adiabatic MD are carried out with the Vienna ab initio
simulation package (VASP).*” The Perdew—Burke—Ernzerhof (PBE)
functional is adopted to describe electron exchange correlation. A 400
eV kinetic energy cutoff and a 3 X 3 X 3 I'-centered k-point mesh are
used. Atomic positions are relaxed until the forces on all atoms are
below 0.02 eV/A.

The NA-MD simulations are performed using the semiclassical
decoherence-induced surface hopping (DISH) method,*® as imple-
mented in the PYXAID code®’®” under the classical path
approximation (CPA). The CPA allows one to precompute the NA
Hamiltonian, and then carry out a large number of stochastic
realizations of the surface hopping algorithm, greatly reducing the
overall computational cost. The method has been widely used to
simulate photoinduced excited-state dynamics in a broad range of
systems,” " including perovskites.”””*® After geometry optimization
at 0 K, all systems are heated to 300 K (room temperature) using
velocity rescaling. Then, a 3 ps microcanonical ensemble (NVE) MD
trajectory at 300 K is obtained and further used for NA electron—
phonon coupling calculation. The 3 ps NA Hamiltonians are iterated
multiple times to allow averaging over 3000 initial configurations and
simulating a long time NA dynamics.

B RESULTS AND DISCUSSION

We consider alkali doping of the MAPDI; perovskite from the
thermodynamic perspective, though kinetic factors governing
the insertion of alkali species is also an important aspect that
needs to be examined in subsequent studies. To determine the
most likely location of alkali cations in the defective perovskite,
we calculated and compared the energies of Li*-doping at the
interstitial site (Li;) and the B site (Lipy,). In the latter case, a
Pb atom near the vacancy site was substituted by a Li atom,
with Iy either present or absent. To avoid the formation of
secondary phases, several correlated equations, provided in the
Supporting Information, must be satisfied. The formula used to
compute the formation energy is presented in the Supporting
Information as well. Note that the formation energy of an
intrinsic defect is strongly influenced by the chemical
potentials (u) of the constituent species. We use the chemical
potentials of the atomic components, #(MA), #(Pb), and u(I),
as the reference, as has been adopted in the community.”” In
particular, we do not use the Pbl, and MAI precursors as the
reference because we need atomic chemical potentials to define
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the energy of substitution of Pb with Li. We choose
representative values of the chemical potentials within a
thermodynamically stable range of perovskite growth, with
u(I) = —1.12 eV and pu(Li) = —1.4 eV for L-rich conditions and
u(Pb) = —2.24 eV and pu(Li) = —2.53 eV for Pb-rich
conditions. The computed formation energies of the
considered defects at neutral charge are listed in Table 1.

Table 1. Formation Energy (eV) of Neutral Liy, and Li;
Defects under Pb-Rich and I-Rich Conditions

without Iy, with Iy
Lipy, Li; i Li;
Pb-rich 0.39 1.9 -1.76 2.16
I-rich 1.51 0.82 —0.65 1.03

The formation energies of Lip, in the presence of Iy are
negative for both I-rich and Pb-rich conditions, indicating that
Li is able to spontaneously occupy the Pb site in this
configuration. The concentration of Lip, can be controlled
experimentally by tuning the chemical potential of Li. Other
doping scenarios, including Lj; in the presence of Iy and Lip, in
pristine perovskite, give much higher formation energies. The
low formation energy of Lip, in Iy can be rationalized by two
factors. First, when Li substitutes Pb, Lip, is an acceptor-like
defect, and it is well compensated by the donor-like I. Hence,
the formation of Lip, in the presence of an iodine vacancy is
more favorable than the formation of Li;. Therefore, Li-doped
MAPDI; should be in the iodine vacancy structure and in the
octahedral configuration. Second, iodine vacancies decrease
the steric hindrance for Li to penetrate into the perovskite
lattice. The calculations indicate that the occupancy of Li at the
B site of I is most thermodynamically stable. Note that the
prior work also showed that the introduced Li can occupy the
B site of ABX;-type oxides to form the octahedral
configuration.”® We also find a similar trend for the formation
energy of the Na- and K-doped systems (not shown herein).
Therefore, we focus on this type of occupancy for all
considered alkali dopants in the NA-MD calculations.

The evolution of the distances between the alkali cations and
the two nearby iodine atoms during the NVE-MD trajectories
is shown in Figure 2. The Na—I and K-I bond lengths
fluctuate by a few tenths of an Angstrom around their
equilibrium values. The Li—I bonds fluctuate more significantly
because Li* is small and light and can move within the
available space. The data in Figure 2 suggest that Li* binds to
one or the other iodine. The inorganic network of the Pb—I
octahedra is persevered during the thermal fluctuations.

The projected densities of states (pDOSs) MAPbI,
containing Iy before and after Li*-doping are shown in Figure
3. The insets present the charge densities of the band edge
states. The pDOS of the pristine perovskite, and the pDOS of
the Na*- and K'-doped perovskites are shown in the
Supporting Information. The computed band gap of the
pristine perovskite is about 1.7 eV, in a§reement with the
experiment and other theory works."’~"° The Iy systems
before and after alkali doping have the band gaps comparable
to that of pristine perovskite. For all systems, the valence band
maximum (VBM) arises from the antibonding coupling of the
Pb-s and I-p orbitals, whereas the CB minimum (CBM) is
primarily due to the antibonding coupling between Pb-p and I-
p orbitals. The alkali cations have almost no contribution to
the band edge states. The iodine vacancy introduces a shallow
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Figure 2. Fluctuations of distances between the dopant and nearest
iodine atoms along the MD trajectories at room temperature. Panel
(a) specifies the location of the two iodines. Panels (b), (c), and (d)
show distances between each of the two iodines and Li, Na, or K,
respectively. Because Li is small, it moves significantly and hops
between different iodine atoms. The larger-sized Na and K can bond
to both iodines simultaneously.
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Figure 3. Projected density of states (pDOS) for defective MAPbI,
containing an iodine vacancy without (a) and with (b) Li doping. The
insets show charge densities of the band edge and trap states, with the
organic cations removed to guide the eye. pDOS for pristine MAPbI;,
and the Na*- and K*-doped systems are provided in the Supporting
Information. Iodine vacancy creates a shallow trap state close to the
CBM. The trap state disappears in the alkali-doped perovskite due to
the breaking of the Pb pp bonding state.

trap state that derives from the CB. The trap state is formed by
p orbitals of the nearby Pb cations that now contain an
unsaturated chemical bond. The trap state is located below the
Fermi level and is populated with electrons, acting as a hole
trap. Holes generated in the valence band (VB) upon
photoexcitation can be trapped by this state prior to their
recombination with CB electrons.

It has been shown that the defect level of halide vacancy is
intrinsically dynamic.”’ Fluctuation in the defect-level energy
depends on the distance between the neighboring Pb—Pb
across the halide vacancy. Shorter Pb—Pb distances across the
vacancy favor stronger pp orbital coupling between the nearby
Pb atoms, making the defect level deeper. One may expect that
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reducing the strength of pp coupling can mitigate the
unwanted defect level. Figures 3b and S1 show that the trap
state disappears in the alkali-doped perovskite. This is because
the alkali cation replaces a Pb atom near the vacancy and
correspondingly breaks the pp bonding state. The destruction
of the pp bonding state is particularly important when the
iodine vacancy is negatively charged because the negative
charge attracts the Pb cations, resulting in the formation of a
Pb—Pb dimer with a deep defect level.”” The elimination of the
defect level by alkali passivation is expected to strongly
influence the charge carrier dynamics. In addition to the
defect-level energy, alkali doping also influences the charge
density distributions. As shown in Figure 3, the VBM and
CBM in the alkali-doped perovskite are more localized. The
wavefunction localization can decrease the overlap of electron
and hole wavefunctions and weaken the NA electron—phonon
coupling. It can also reduce the correlation between electron
and hole, and accelerate the decoherence process.

To gain insights into the phonon modes participating in the
nonradiative electron—phonon relaxation, we calculate the
spectral density obtained by Fourier transform of the
autocorrelation function of the energy gap fluctuation (Figure
4). The intensity characterizes the strength of the electron—
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Figure 4. Fourier transforms of autocorrelation functions for the
energy gaps between the key states. The top panel refers to the iodine
vacancy, while the bottom panel shows data for the Li*-, Na*-, and K*-
passivated vacancies. Alkali doping introduces high-frequency phonon
modes, facilitating rapid loss of quantum coherence.

phonon coupling for each mode. The spectra are dominated by
sub-200 cm ™" frequencies, which can be assigned to vibrations
of the Pb—I inorganic lattice, in agreement with the Raman
characterization”” and the previous simulations.*” Involvement
of low-frequency phonon modes in the charge recombination
process is not surprising, since band edge states are supported
by heavy Pb and I atoms. Some high-frequency modes with
lower intensity are present in the 300—400 cm™' range,
associated with torsional motions of MA cations. This
observation reflects the indirect influence of MA cations on
the electron—phonon relaxation. MA cations carry no
contributions to the band edge states but may influence
vibrational motions of the inorganic Pb—I lattice via electro-
static interaction and dipole orientation, as well as by steric
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repulsion.”” Higher frequencies are more evident in the alkali-
doped systems since alkali atoms are also light compared to Pb
and I. Overall, electrons and holes couple to a wider range of
modes in the alkali-doped systems. Participation of a broader
spectrum of vibrations contributes to faster loss of quantum
coherence.

We compute the decoherence time as the pure-dephasing
time of the optical response theory. The pure-dephasing time
can be accessed experimentally either directly or as the inverse
of the homogeneous optical linewidth. The second-order
cumulant approximation to the optical response function is
employed.”*™® The data are listed in Table 2. The quantum

Table 2. Band Gap (E,, eV), Absolute NA Coupling (INACI,
meV), Pure-Dephasing Time (fs), and Rate Constant (ns™")
for VBM—CBM (VC), VBM—Trap (VT), and CBM—Trap
(CT) Transitions in the Defective and Alkali-Doped
Perovskites

Iy Li-I, Na-l, K-,
vC vT CT vC vC vC
E, 1.8 1.7 0.1 1.77 1.8 1.81
INACI 0.50 0.30 2.1 0.43 0.39 0.31
dephasing 11.2 7.9 20.7 10.4 9.7 6.1
rate 0.022 0.017 18.84 0.015 0.012 0.0097

Zeno effect illustrates the strong influence of quantum
coherence within the electronic subsystem on the electron—
phonon relaxation.”” When the quantum transition is much
slower than coherence loss, faster decoherence makes the
transition slower, extending charge carrier lifetimes. As shown
in Table 2, decoherence between all pairs of states is very fast
and proceeds on a ~10 fs time scale. The CBM — trap
transition in the Iy system constitutes an exception. The
corresponding decoherence time is relatively long, 20.7 fs,
because the CBM and the trap state have similar chemical
compositions and because the CBM-—trap gap is small
Generally, smaller gaps have smaller fluctuations, and smaller
gap fluctuation results in longer coherence.”* Decoherence is
faster in the alkali-doped perovskites than in the undoped
system because the VBM and CBM charge densities are more
localized. The decoherence time increases in the order K —
Na — Li — Iy. Interestingly, even though the Li atom is much
lighter than Na and K and moves faster, the speed of the alkali
atom has little influence on the decoherence time. Rapid
decoherence slows down the nonradiative recombination of
charge carriers, as manifested by the quantum Zeno effect.”
Figure S presents the evolution of the excited-state
populations for the undoped and doped MAPDI; containing
Iy. The plots are constructed by solving coupled kinetic
equations with the state-to-state transition rates reported in
Table 2. The recombination lifetimes, shown in Figure S, are
obtained by fitting the curves with exponential, P(t) = exp(—t/
7). The simulation results show that alkali doping has a strong
influence on the nonradiative electron—hole recombination.
The Iy system has a charge recombination time of 26 ns. The
previous work”” investigated the nonradiative charge recombi-
nation in pristine MAPbI;. The reported excited-state lifetime
was 150 ns, indicating that the iodine vacancy accelerates
charge carrier losses. The charge recombination time increases
upon alkali doping in the following order, Iy = Li - Na — K.
The iodine vacancy system shows the fastest relaxation since
the trap state provides an additional relaxation channel. Alkali
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Figure S. Evolution of the excite-state populations in MAPbI; containing iodine vacancy (a) and the vacancy passivated with different alkali cations
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doping eliminates the trap state and delays charge recombi-
nation. Generally, differences in the charge recombination rates
can be explained by an interplay between NA coupling,
electronic band gap, and pure-dephasing time. The VBM—
CBM gaps are similar in all systems. The smaller NA coupling
and faster decoherence rationalize the slower recombination in
the alkali-doped perovskites. Slower charge recombination is
beneficial for solar cell performance since it maintains long-
lived charge carriers and minimizes charge and energy losses.

B CONCLUSIONS

In summary, we have established the mechanism of passivation
of the most common defect in PSCs by alkali doping and
characterized the factors responsible for enhanced charge
carrier lifetimes in alkali-doped perovskites. The alkali cations
can occupy the B site of the perovskite lattice, as rationalized
by the lower formation energy of the substitutional occupancy
with respect to the interstitial occupancy. An iodine vacancy
introduces a shallow defect level inside the band gap. The level
is populated with electrons and acts as a hole trap. Electronic
structure analysis indicates that the trap originates from the
bonding state formed by Pb-p orbitals across the vacancy site.
When a Pb atom near the vacancy site is replaced with an alkali
atom, the Pb pp coupling across the vacancy vanishes,
extraneous electrons are removed from the CB, and the trap
state is mitigated. By passivating the iodine vacancy defect in
the MAPDI; perovskite, alkali doping slows down the charge
recombination process. This is demonstrated by the time-
domain atomistic quantum dynamics simulations performed
with the state-of-the-art methodology developed in our group
and combining TD-DFT and NA-MD. In addition to the
elimination of the trap state, two more factors contribute to the
enhanced charge carrier lifetimes. First, alkali metal dopants
perturb system symmetry and make charge densities of the
band edge states more localized. This reduces the overlap of
electron and hole wavefunctions, and decreases the NA
electron—phonon coupling matrix elements. Second, coher-
ence loss in the electronic subsystems is accelerated upon alkali
cation doping owing to the more localized charge densities and
a broader range of participating phonon modes, in particular
those with higher frequencies. The simulations generate
important insights into the mechanisms of defect passivation
in perovskites and provide theory guidelines for the enhance-
ment of photon conversion efficiencies in PSCs and related
devices.
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