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ABSTRACT: Ion migration, hole trapping, and electron—hole recombination are
common processes in metal halide perovskites. We demonstrate using ab initio non-
adiabatic molecular dynamics and time-domain density functional theory that they
are intricately related and strongly influence each other. The hole injection
accelerates ion migration by decreasing the diffusion barrier and shortening the
migration length. The injected hole also promotes the nonradiative charge
recombination by strengthening electron—phonon interactions in the low-frequency
region and prolonging the quantum coherence time. The synergy stems from the soft
perovskite lattice and response of the valence band maximum to the Pb—I lattice
distortion induced by the hole. This work provides important insights into the
influence of ion mobility and hole injection on the performance of perovskite solar

Ion migration

Hole injection

Non-radiative
recombination

cells and suggests that high concentration of holes should be avoided.

1. INTRODUCTION

Ion migration is a ubiquitous process in organic—inorganic
halide perovskites, such as CH;NH,Pbl; (MAPbL,), facilitated
by their soft crystalline lattice and has been an important topic
of research in the recent years.'”> Among all the ions, the
halide (iodide) ion has been demonstrated the most mobile,
exhibiting the lowest activation energy barrier.””" The
movement of halide ions can even be seen visually on a
macroscopic scale in experiments.'’”"* The iodine migration
has been reported to play multiple detrimental roles, such as
inducing the strong current—voltage hysteresis'*~"’ and
promoting the nonradiative electron hole (e—h) recombina-
tion."®™** Thus, it should be minimized to improve the overall
performance of perovskite solar cells.

The movement of iodide ions was visualized by an
electrochemical hole injection in the work™ of Samu et al.
Kamat’s group””* found that localization of holes in perovskites
induces instability and promotes iodide moving toward grain
boundaries. Xiao et al.”> observed that the hole injection can
improve the radiative recombination intensity of perovskite
light-emitting diodes. These experimental findings raise several
fundamental questions. First, it is important to establish at the
atomistic level why the injected holes accelerate the iodine
migration. This information can be used to control the
migration and design compositions and structures that
minimize ion segregation. Second, it is important to under-
stand how the hole injection and the ion migration influence
the charge carrier lifetimes. Charge carrier lifetime is one of the
key properties governing solar cell efficiencies. If the hole
injection increases the radiative recombination,” very likely, it
affects the nonradiative recombination as well, and non-
radiative recombination is the main source of charge carrier
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and current and voltage losses in solar cells in general. In order
to answer these questions and to gain clear atomistic insights
into the processes that govern efficiencies of perovskite solar
cells and other optoelectronic devices, atomistic simulations of
perovskite structure and equilibrium and non-equilibrium
molecular quantum dynamics are required.

In this work, we use ab initio non-adiabatic molecular
dynamics (NAMD) together with both time-independent and
real-time time-dependent density functional theory (DFT) to
study iodine migration and e—h recombination in the hole-
injected and hole-free MAPDI; perovskite. Our simulations
show that (1) hole injection can accelerate iodine diffusion by
(i) decreasing the diffusion barrier in the XY plane and (ii)
shortening the migration length in the vertical (Z) direction
and (2) hole injection can accelerate the nonradiative
recombination based on three reasons (i) it promotes ion
diffusion and ion diffusion accelerates e—h recombination; (ii)
it extends the quantum coherence time by enlarging the
overlap between the wave functions of the valence band
maximum (VBM) and the conduction band minimum (CBM);
and (iii) it enhances electron—phonon interactions. The
reported results provide valuable fundamental insights into
how hole injection accelerates both ion diffusion and e—h
recombination, demonstrating that high hole concentration

=JACS

Received: February 26, 2022
Published: April 1, 2022

https://doi.org/10.1021/jacs.2c02148
J. Am. Chem. Soc. 2022, 144, 6604—6612


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chuan-Jia+Tong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoyi+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="An-Yu+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li-Min+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oleg+V.+Prezhdo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.2c02148&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02148?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02148?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02148?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02148?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02148?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jacsat/144/14?ref=pdf
https://pubs.acs.org/toc/jacsat/144/14?ref=pdf
https://pubs.acs.org/toc/jacsat/144/14?ref=pdf
https://pubs.acs.org/toc/jacsat/144/14?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.2c02148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

can be detrimental to the overall performance of metal halide
perovskite solar cells and should be avoided.

2. SIMULATION METHODOLOGY

The DFT calculations were performed using the Gaussian
function double-{ polarized basis sets (m-DZVP)*° to describe
valence electrons, as implemented in the CP2K/Quickstep”’
package. The core electrons were described with the norm-
conserving Goedecker—Teter—Hutter”® pseudopotential. A
500 Ry energy cutoff was set for the real space grid throughout
the whole study. To save the computational cost fora 2 X 2 X
2 supercell containing 384 atoms, the exchange—correlation
energy was calculated with the Perdew—Burke—Ernzerhof”’
functional, which performed well with the ground-state and
NAMD calculations in the previous MAPbI;-type perovskite
studies.”’** The DFT-D3 method®**® was used to describe
long-range van der Waals interactions. The diffusion pathways
and the activation energies were obtained with the climbing
image nudged elastic band (CI-NEB)*”** method. Seven
images were distributed along the diffusion pathway connect-
ing the initial and final states, with each image fully optimized
during the NEB calculations. NAMD were performed with the
decoherence-induced surface hoplping (DISH)*” approach, as
implemented in the PYXAID**"" package. The method was
used successfully to simulate excited-state dynamics in a variety
of perovskite systems and other materials,””>° and more
theory details can be found in the previous publication."®

3. RESULTS AND DISCUSSION

3.1. Description of Introducing the Hole. Figure 1a
shows the initial tetragonal MAPbI; structure that is energeti-
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Figure 1. (a) Side view of the tetragonal MAPbI;. The colored arrow
shows direction of the built-in dipole induced by the MA" molecule.
(b) Scheme of the I” ion migration mechanism in MAPbI;, projected
onto the XZ plane, as highlighted by the dashed frame in (a). The
dashed arrows demonstrate different diffusion pathways, referred to as
L1 to L6. (c) Initial and (d) final configurations of the diffusion
pathway L1. Left: iodine vacancy (V;) without the hole. Middle: V;
with one hole. Right: schematic of the Pb—I lattice around the
migrating iodine. (Dark gray—lead; purple—iodine; brown—carbon;
blue—nitrogen; white—hydrogen.)
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cally favorable and induces less current—voltage hysteresis, as
reported in the previous work.”" In addition to the stability and
reduced hysteresis, there are two more key observations. First,
the iodine atoms in MAPDI; are not equivalent. They prefer
locating at vertical (V) sites, whereas iodine vacancies prefer
locating at parallel (P) sites. Second, there are different iodine
migration pathways in MAPbI; depending on the sites and the
dipoles induced by MA molecules, as shown in Figure 1b. With
reference to the previous work,>" we consider one hole in the
MAPDbI; perovskite. Normally, the hole is introduced by adding
a positive charge to the system, with the spurious interactions
of the periodically replicated charge screened by a uniform
neutralizing background.52 However, due to the limit of the
simulation cell size, the artificial image charge will have an
over-influence on the system by introducing an extra
unphysical electric field. Here, in the iodine-vacant perovskite,
it does not introduce any gap states but decreases the band gap
by about 0.1 eV. More details can be seen in Figure Slab in
Supporting Information. Such a variation of the band edge
properties can artificially influence the nonradiative recombi-
nation. A recent report™ has established the importance of a
proper description of electron—phonon interactions near the
band edges.

To avoid the errors that can stem from modeling charged
systems under periodic boundary conditions, we consider an
alternative method to introduce the hole. Namely, we remove
two MA molecules far from the iodine vacancy, based on the
three reasons. First, iodine atoms in MAPbI; carry a —1 charge,
whereas MA™ cations carry a +1 charge. Removing MAI creates
an iodine vacancy without changes to oxidation states of any
species. Removing a second neural MA removes an electron
because MA can be viewed as MA" plus an electron, thus
creating a model for the hole. Second, MA molecules do not
contribute to band edge states. Removing two of them does
not alter the electronic properties around the edges and the
band gap remains unchanged, as confirmed in Figure Slc,d in
Supporting Information. Third, the non-adiabatic coupling
(NAC) responsible for the nonradiative charge recombination
is generated by the Pb—I lattice and has little contribution
from the MA" cations. The soft Pb—I lattice introduces
efficient low-frequency phonons®™*° and contributes to
polaron formation.’®>” A similar method of modeling an
electron injection was used in the Fe,O; study, namely an
extrinsic defect Si was used to transfer one extra electron to
Fe*>® Similar methods of introducing a hole have been
reported in other DFT simulations, by doping with low-valence
atoms or by adsorption of hydroxyl radicals on the surface.””*

3.2. Influence of Hole Injection on lodine Diffusion.
The defect diffusion pathways have been simulated with the
NEB method, and the calculated activation energy barriers are
summarized in Table 1. The barriers obtained in the presence
of a hole are compared with those for the hole-free perovskite.
The data show that the iodine migration barriers decrease
when there is a hole in the system. Especially, when the
migration occurs between the P sites in the XY plane, LS and
L6, the energy barriers drop from 0.38 eV down to 0.13 eV.
Such a dramatic, threefold decrease of the barrier height
indicates that the iodine migration is very sensitive to the
injected hole. The low barriers, on the order of 0.1 €V,
rationalize the movement of iodines upon hole injection
observed in the experiment.””** Although the barriers in the
vertical (Z) direction, L1-L4, do not exhibit a significant
change upon the hole injection, the changes are around 0.05

https://doi.org/10.1021/jacs.2c02148
J. Am. Chem. Soc. 2022, 144, 66046612


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02148/suppl_file/ja2c02148_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02148/suppl_file/ja2c02148_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02148?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02148?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02148?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02148?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c02148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Table 1. Energy Barriers (E,) for Iodine Diffusion along
Different Pathways, as Shown in Figure 1b, in the Hole-
Injected and Hole-Free Perovskites”

pathway hole-injected hole-free”
L1 0.05 0.06
L2 0.29 0.33
L3 0.37 0.32
L4 0.45 0.65
LS 0.14 0.38
L6 0.13 0.38

“Unit: €V. ®Data from ref S1.

eV in most cases. The injection can influence the ion diffusion
in other ways, for instance, by shortening the length of
migration between the initial and final vacancy locations, which
can be established by comparing the optimized configurations.
The only exception occurs in L3, as its migration barrier
increases after the hole injection. The reason is related with a
more significant structural distortion. The distortion in this
case involves both Pb—I and MA species, see Figure S2 and
detailed analysis in Supporting Information. The barriers for
the other diffusion pathways decrease, and the main conclusion
holds.

In addition to changing the ion diffusion barriers, the hole
injection causes significant structural modifications. We
consider the initial structure (IS) and the final structure
(FS) for pathway L1 as an example. Figure 1c,d shows the
configurations around the migrating iodine and compares the
structures with and without the hole. A large difference is seen
in L1-IS, Figure lc, arising mainly from a 1.35 A buckle in the
vertical direction caused by the injected hole. The upward
shifted iodine induces a serious distortion in the Pb—I lattice.
These results are consistent with the findings reported for
CH;NH;Br;, showing that a positive added charge induces a
large structural change in the Pb—Br lattice.”® As for L1-FS,
Figure 1d, no obvious difference can be identified visually. To
clearly describe the configuration difference between the hole-
injected and hole-free perovskites, both containing an iodine
vacancy Vi, we present schematics in the rightmost part of
Figure 1c,d and select several internal parameters. They are the
iodine migration length R1, the two Pb—I bond lengths R2 and
R3, and the bond angle Pb—I—Pb between the bonds R2 and
R3. The data are collected in Table 2.

The data of Table 2 confirm that a much more significant
structure distortion occurs in L1-IS than L1-FS, namely when
V} is located at the V site. V| is more energetically favorable on
the P site. Thus, when the hole is injected into the perovskite,
it introduces further lattice instability and drives V; (iodine)
from site V (P) to P (V). As a consequence, the injected hole

Table 2. Internal Parameters of the L1-IS and L1-FS
Structures in the Perovskite Systems without and with the
Injected Hole”

R, R2, R3in  Pb—I-Pbin RI,R2, R3in Pb—I-Pb in
L11S (A) LI1-IS (deg) LI-FS (A)  LI-ES (deg)
\'4 4.22,3.16, 3.16 156.99 4.53, 3.27, 170.71
3.25
Vi + 3.62,3.20, 3.23 131.27 4.51, 3.30, 170.52
hole 327

“The parameters are defined in Figure lc,d. The Pb—I-Pb angle
corresponds to R2—I—R3.

drastically shortens the I-V; distance, that is, the migration
length R1, by around 0.6 A compared with the hole-free V;
perovskite. At the same time, the injected hole does not change
the Pb—I bond lengths by much. The variations in R2 and R3
are no more than 0.07 A. The injected hole also has a strong
influence on the Pb—I—Pb angle, which decreases by 25.72°
because the iodine moves out. The result agrees well with the
recent work of de Angelis and co-workers,®” who found that a
positive charge decreases the Pb—I—Pb angle in the equatorial
plane. As for L1-FS, the iodine is already located at the stable V
site and therefore there is almost no structure distortion even
after the hole injection. The variations in R1, R2, R3, and Pb—
I-Pb are small, 0.02, 0.03, 0.02 A, and 0.19°, respectively, and
can be neglected. It can be concluded that the injected hole
can accelerate the iodine migration by shortening the
migration length along the Z direction. The inherent softness
of the perovskite lattice®” is the fundamental reason for this
structural instability.

We have also collected the same parameters when migration
occurs in the XY plane (LS) and summarized the results in
Table 3. This time, we find that when the Vj is located at the P

Table 3. Internal Parameters of L5-IS and LS-FS in the
Perovskite Systems”

RI,R2, R3in  Pb—I-Pbin RI,R2,R3in  Pb—I-Pbin
L5-1S (A) LS-IS (deg) L5-FS (A) LS-FS (deg)
A 4.29,3.18, 3.13 152.59 4.15, 3.09, 177.98
3.31
Vi+  427,3.18,3.12 149.80 4.17, 3.04, 177.85
hole 3.32

“The parameters are defined in Figure 1 and Table 2.

site, both the initial and final configurations are very stable, and
the injected hole can only slightly change the Pb—I—Pb angle
(1.70° in LS-IS) and the migration length R1 (0.02 A). The
variation in the LS-FS configuration is very small, and all
internal parameters almost remain unchanged, which indicates
that the hole injection does not induce a Pb—I lattice
distortion when Vj is at the P site. Therefore, the main
mechanism of the hole promoting the ion diffusion here is the
much lower migration barrier, as shown in Table 1. The
different hole-assisted migration mechanisms, depending on
the V| location, are discovered in this work for the first time.
The same conclusions can be achieved by introducing the
positive charge as well, see Tables S1—S3 in Supporting
Information, once again proving the validity of our novel
approach for introducing the hole into metal halide perovskites
without the addition of a positive charge.

3.3. Influence of Hole Injection on Charge Recombi-
nation. Having demonstrated that the injected hole can
accelerate iodine migration, we investigate whether the hole
injection influences the nonradiative charge recombination,
either directly by changing the electronic properties of the
band edge states and electron-vibrational coupling, or
indirectly by accelerating the iodine migration, which in turn
can influence the charge recombination. The latter type of
synergy has been seen for the neutral vacancy in the previous
study, ° which has established that defect migration introduces
a trap state into the fundamental energy gap, thereby
accelerating the charge recombination by an order of
magnitude. One can expect that the strong distortion of the
Pb—I lattice can alter perovskite electronic properties. For
example, Zhou et al.”® have found recently that the Pb—I—Pb
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Figure 2. (a) Evolution of the VBM and CBM energies for hole-injected VIV, hole-injected VIP, and hole-free I-migrated MAPbI; perovskites,
from top to bottom, respectively. (b) Fourier transforms of the autocorrelation function of the VBM energy in the three systems.

angle is the third most important structural parameter that can
affect the electronic properties and NAC. Miyata et al.*® have
established that the Pb—Br—Pb deformation modes influence
the charge carrier recombination by introducing large polarons.
Many experimental and theoretical works have reported that
the bending and stretching of Pb—I—Pb generate low-
frequency phonons, which play vital roles in the nonradiative
e—h recombination in MAPDI; and related perovskites. Based
on these reports, we investigate the influence of the injected
hole on the nonradiative charge recombination next.

Because the iodine vacancy can be present in nonequivalent
sites, we consider both the vacancy in V (VIV) site, namely the
L1-IS, and the vacancy in P (VIP) site, namely the LS-IS, as
shown in Figure 1. Before investigating quantum dynamics of
the recombination process, we analyze the static, 0 K electronic
structures, see Figure Slc,d. The projected density of states
indicates that the hole injection does not introduce mid-gap
states at 0 K. The previous first-principles MD simulation'® has
shown that a deep trap state is generated once a Pb—Pb dimer
is formed during iodine migration at an ambient temperature.
However, because iodine migration involves significant energy
barriers, it cannot be easily captured in a few picosecond MD
trajectory and therefore it is not seen in our MD simulation.
Importantly, the properties of the systems near the potential
energy minima still change significantly in the presence of the
injected hole. Figure 2a exhibits evolution of the VBM and
CBM energies, comparing the hole-injected and hole-free
perovskites. A particularly strong fluctuation occurs in the
CBM in the hole-free system, bottom panel. Such fluctuation is
a precursor to the formation of the Pb—Pb dimer that occurs
during the iodine migration.'® In comparison to the CBM, the
VBM fluctuates much less in the hole-free perovskite. The
situation reverses when the hole is injected. Both VIV and VIP
show a relatively larger fluctuation in the VBM than the CBM.
The VBM of MAPDI,; is dominated by interacting Pb-6s and I-
Sp orbitals, whereas the CBM arises from the Pb-6p orbital.
Therefore, the VBM is more sensitive than the CBM to the
distortion of Pb—I lattice that influences overlap of the Pb-6s
and I-5p orbitals. Similar results have been established for
MAPbBr; as well.*® In addition, the absolute energy levels of
the band edges upshift when the hole is injected. Once again,
the difference is larger in the VBM, around 0.2 eV, compared
to the CBM, about 0.06 eV. The upshift is ascribed to changes
of the electrostatic potential.
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Fluctuations in the energies of the band edge states are due
to coupling to phonons that can govern the nonradiative e—h
recombination. To provide additional insights into the
electron—phonon interactions, we calculate Fourier transforms
of the autocorrelation functions of the fluctuations in the VBM
for all three perovskite systems, as shown in Figure 2b. The
frequencies of the dominant phonon modes are below 150
cm ™!, which agrees well with the previous studies.”*** These
low-frequency phonons are due to motions of the inorganic
Pb—I lattice, including bending and stretching. The signal
intensity is stronger in the hole-injected systems compared
with the hole-free perovskite, indicating stronger electron—
phonon interactions. The interactions are enhanced in the
presence of the hole because of distortion of the soft Pb—I
lattice, as discussed above. A similar ﬁnding56 has been
reported for MAPbBr;, that is, injection of a positive charge
(hole) can introduce a stronger electron—phonon coupling
than injection of a negative charge (electron). Generally, the
soft Pb—I lattice responds to injected charges by creating
polarons. In particular, by distorting the Pb—I lattice the
injected hole intensifies low-frequency phonon modes, which
in turn can promote the nonradiative charge recombination.

In order to determine whether the injected hole changes the
timescale and mechanism of the nonradiative charge
recombination, we perform NAMD simulations using the
DISH approach.””™*" Figure 3a—c depicts decay of the excited-
state population due to the charge recombination. Iodine
migration can accelerate the e—h recombination depending on
the position of the iodine atom.'® Therefore, we separate the
NAMD data into three steps as shown in Figure 3c. Step I is
prior to the migration. It is equivalent to a V; in MAPbI; near
equilibrium. Interestingly, VIP also shows a stepwise
population decay, Figure 3b, which is similar to the first two
steps in the I-migrated perovskite, Figure 3c. This is because
the LS iodine migration pathway remains almost unchanged in
VIP, as detailed above. The injected hole only decreases the
diffusion barrier, which makes the recombination behavior
close to the early stage of that in the I-migrated perovskite,
although the migration is not complete. Then, step I can also
be regarded as the recombination in the hole-injected MAPDI;
without migration, and the estimated e—h lifetime is 0.089 ns,
shorter than that (0.12 ns) of the hole-free perovskite. As for
VIV, Figure 3a, it does not show a stepwise behavior. Instead,
the standard single component decay with an estimated carrier
lifetime of 0.058 ns is obtained. This can be understood as
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Figure 3. Decay of the excited-state population in (a) hole-injected
VIV, (b) hole-injected VIP, and (c) hole-free I-migrated MAPbI,
perovskites. The colored dashed lines show linear fits. (d) Pure-
dephasing functions of the three perovskite systems.

well. The migration distance in L1 has been shortened, which
makes the diffusion process different. As a result, the
recombination behavior is also different when no iodine
migration takes place. In brief, by comparing the data in Figure
3a—c, it can be concluded that the charge carrier lifetime is
notably shortened due to the injected hole. To establish the
reasons behind the accelerated recombination in the hole-
injected perovskites, we analyze the factors that influence the
nonradiative transitions.

3.4. Analysis of Electronic Structure and Quantum
Coherence. The nonradiative e—h recombination depends on
the band gap, the NAC, and the decoherence/pure-dephasing
time between the initial and final states. Generally, smaller
band gap, stronger NAC, and longer pure-dephasing time lead
to faster e—h recombination. Because the band gap remains
almost the same after the hole injection, the reduced e—h
lifetimes in the hole-injected MAPbI; may be attributed to the
stronger NAC or longer pure-dephasing time. These factors are
summarized in Table 4. The NAC is slightly larger in the hole-
injected systems, in particular in VIV. The larger NAC arises

Table 4. Key Properties of the Three Different Perovskites
in NAMD Simulations, Including Average Absolute NAC,
Pure-Dephasing Time, Nonradiative Lifetime, and Overlap
between Charge Densities of the Initial and Final States

NAC (meV)  dephasing (fs) lifetime (ns)  overlap
VIV + hole 3.07 8.89 0.058 0.070
VIP + hole 2.42 7.52 0.089 0.067
hole-free VI 2.35 5.23 0.12 0.011
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from stronger coupling of the electronic subsystem to the
phonon modes in the hole-injected system, Figure 2b.
Participation of the higher frequency modes favors larger
NAC because the NAC is proportional to the atomic
velocity,40 and the velocity is higher for higher frequency
motions at a fixed kinetic energy, which is determined by
temperature.

The most significant factor that differs among the three
perovskite systems is the pure-dephasing time, Figure 3d and
Table 4. Such difference is rare in the previous perovskite
reports.””~®” The pure-dephasing time is the shortest in the
hole-free iodine-vacant perovskite, 5.23 fs. The pure-dephasing
time becomes considerably 44—70% longer after the hole
injection, 7.52 fs for VIP and 8.89 fs for VIV. The pure-
dephasing time depends on the correlation between the
phonon-driven fluctuations of the initial and final state
energies, and the correlation between the states depends on
the overlap of their charge densities. The VBM and CBM wave
functions are spatially separated in pristine metal halide
perovskites. This is one of the key reasons why the perovskites
exhibit large charge-carrier lifetimes. The overlap between the
VBM and CBM charge densities remains small even in the
presence of iodine vacancies, as confirmed by the charge
density distribution of the relevant orbitals reported in the
previous work.”* To quantify the overlap between electrons
and holes, we calculated the following integral between the
VBM and CBM charge densities

/ () g ()

where W, is the wave function of the ith orbital satisfying
WP d* = 1. The overlap integral of the hole-free perovskite
is small because the VBM and CBM charge densities are well
separated, Figure 4. In comparison, the overlap increases when
a hole is injected by over a factor of 6. The larger e—h overlap
results in more correlated fluctuations and longer pure-
dephasing times, Table 4.

Figure 4 demonstrates that hole injection changes the
properties of the VBM charge densities, whereas the CBM
densities remain almost unchanged. This is to be expected
because the hole occupies the VBM. Hole injection
redistributes the VBM charge density over new regions of
space in both VIV and VIP systems, which enhances the
overlap with the CBM and prolongs the VBM—-CBM
coherence. The changes in the VBM properties can be
attributed to the following two aspects. First, the hole injection
induces a Pb—I lattice distortion, particularly in VIV. Because
the VBM arises from overlapping Pb-6s and I-Sp orbitals, it is
more sensitive than the CBM to the distortion of the Pb—I
lattice. Hence, the hole has a stronger influence on the charge
distribution of the VBM than the CBM. Second, the injected
hole can change the charge distribution of the VBM by varying
the electrostatic potential. Previous work® has reported that
the electrostatic potential fluctuation can significantly shift the
VBM energy level and alter its charge localization. The
fluctuation in the electrostatic potential is closely related with
the configuration and the local electric field induced by MA
dipoles. The injected hole can change both the configuration
and the inner electric field. Figure 4e,j shows a considerable
difference in the electrostatic potentials of the hole-free and
hole-injected perovskites. The main difference happens exactly
where the new charge density of the VBM appears, Z from 2.5
to 5 A, which directly confirms our conclusion. Once again,
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Figure 4. Charge densities of the VBM/CBM in (a)/(c) hole-injected and (b)/(d) hole-free VIV perovskite, and (e) electrostatic potential of the
hole-injected and hole-free VIV systems. (f—j) Corresponding results for the VIP perovskite.

VIV shows a larger potential difference because the hole in VIV
induces a more serious configuration distortion. Thus, the hole
injection accelerates the nonradiative recombination mainly by
prolonging the pure-dephasing time.

It should be noted that the NAMD of this work reveals the
synergy between the hole injection and the nonradiative e—h
recombination, whereas no iodine migration process has been
captured after the hole injection in MD simulations. At the
same time, both our simulations and experimental results have
indicated clearly that the hole injection can greatly accelerate
the ion migration. Thus, hole trapping, ion migration, and
charge carrier recombination are all coupled in metal halide
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perovskites, exhibiting notable synergetic behavior. Only
iodine ion migration has been considered in the current
work due to its lowest migration barriers and because iodine
vacancy is the most stable native defect with the lowest
formation energy. Migration of other ions, such as Pb** and
MAY, can also influence the charge carrier lifetimes, and at the
same time, the ion migration can be influenced by charge
injection. Migration of Pb can be particularly important
because similar to I, Pb contributes to the band edge and
because charge injection induces distortion in the Pb—I lattice.
Although the current work focuses on the MAPbI; perovskite,
the general conclusions should hold for other perovskites,
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provided they exhibit similar lattice softness and ion mobility.
Particularly, the interplay between charge injection and ion
migration may follow different mechanisms in all-inorganic
perovskites, such as CsPbl;, because they are typically stiffer
and lack asymmetric MA-type cations whose orientation plays
an important role in the ion migration. The synergy between
charge injection, trapping and recombination, and ion
migration constitutes an important topic requiring further
studies.

4. CONCLUSIONS

In summary, using ab initio time-independent and real-time
time-dependent DFT, coupled with NAMD, we have
investigated iodine vacancy migration and nonradiative e—h
recombination in the hole-free and hole-injected MAPDI,
perovskites. We demonstrated that the injected hole can
induce a Pb—I lattice distortion, especially when the iodine
vacancy is located at the vertical site, namely the top or bottom
site of the Pbl octahedron along the Z direction. The iodine
diffusion is accelerated for two reasons. The diffusion energy
barrier in the XY plane is significantly decreased, and the
migration length in the vertical (Z) direction is shortened due
to a significant lattice distortion. Because ion migration
accelerates the nonradiative recombination, the hole injection
accelerates the recombination by promoting the migration.
The analysis also shows that the hole injection strengthens
electron—phonon interactions related with Pb—I lattice
motions. Compared with the CBM, the VBM of MAPbI; is
much more sensitive to the hole. The enhanced CBM—VBM
overlap in the presence of the hole extends quantum coherence
between the initial and final states. The accelerated ion
migration, the increased electron—phonon interaction, and the
extended coherence time act together to boost the e—h
recombination after the hole injection. Our work suggests
strongly that high concentration of holes should be inhibited in
perovskites because holes promote jon migration and shorten
charge carrier lifetimes. The in-depth understanding of the
synergy among hole trapping, ion migration, and charge carrier
recombination generated by our simulations is essential for
designing high efficiency perovskite solar cells and other
optoelectronic devices.
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