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ABSTRACT: Exposure to oxygen and light undermines chemical
stability of metal halide perovskites, while it surprisingly improves their
optical properties. Focusing on CH;NH;Pbl;, we demonstrate that
material degradation and charge carrier lifetimes depend strongly on
the oxidation state of the oxygen species. Nonadiabatic molecular
dynamics simulations combined with time-domain density functional
theory show that a neutral oxygen molecule has little influence on the
perovskite stability, while the superoxide and the peroxide accelerate
degradation by breaking Pb—I chemical bonds and enhancing atomic
fluctuations. Creating electron and/or hole traps, the neutral oxygen
and the superoxide decrease charge carrier lifetimes by over 1 and 2
orders of magnitude, respectively. Importantly, photoinduced reduc-
tion of oxygen to the peroxide eliminates trap states and extends carrier
lifetimes by more than a factor of 2 because it decreases the
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nonadiabatic coupling and shortens quantum coherence. The simulations indicate that the superoxide should be strongly avoided,
for example, by full reduction to the peroxide because it causes simultaneous degradation of perovskite stability and optical
properties. The detailed simulations rationalize the complex interplay between the influence of atmosphere and light on perovskite
performance, apply to other solar cell materials exposed to natural elements, and provide valuable insights into design of high-

performance solar cells.

1. INTRODUCTION

Hybrid inorganic—organic perovskites (HIOPs) hold great
promise for solar cell applications." The achievement of the
record power conversion efficiencies (PEC) of up to 25.2%,
which is comparable to the PEC of commercial silicon solar
cells, took just a decade.” The rapid growth of PEC is
attributed to the suitable bandgap,3 high light absorption
coefficient,* and large charge carrier diffusion lengths.3’5’ The
appealing advantages stimulated applications into other
optoelectronic devices, such as light-emitting diodes’ and
lasers.” At the same time, HIOPs such as MAPbI, (MA =
CH;NH;") exhibit low stability a§ainst high temperature,”"’
humidity,'”"" light irradiation, "’ and oxygen atmos-
phere."*”'® Even though oxygen accelerates MAPbI; degrada-
tion, it can suppress nonradiative electron—hole recombination
and improve the performance of solar cells and other
optoelectronic devices, as demonstrated experimentally.'’~*°
Long-lived charge carriers are particularly important for
enhancing the PEC of solar cells because nonradiative
recombination is the major source for energy and current
losses.

Haque and coauthors demonstrated that the degradation of
MAPDI; upon exposure to oxygen was accelerated with light
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soaking, while no degradation was found in the dark
environment.”' Similar phenomena were reported by other
groups.'¥"> The oxygen-mediated HOIP degradation is
accelerated upon exposure to light because participation of
one or two photoexcited electrons can convert the oxygen
molecule into superoxide (O,™!) and peroxide (0, > =207}),
facilitating formation of O—Pb bonds by dissociating O, and
ultimately breaking the local Pb—1I octahedral structure.'®*”
Theoretical studies indicated that photoexcited electrons can
transfer from MAPDbI; to adsorbed oxygen molecules and that
superoxide can form spontaneously and cause MAPbI,
damage.”’ Davies and coauthors showed that superoxide
formation was dependent on several factors including oxygen
diffusion, defect density, sample morphology, and grain size.”*

Other groups claimed that peroxide was the final product of
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oxygen in the presence of excess electrons since it was an
energetically favorable species compared to the superoxide.””
Although oxygen decreases the chemical stability of
perovskites in the presence of light irradiation, it improves
perovskite optical properties.'” ">’ Using time-resolved lumi-
nescence microscopy, Tian et al. reported that oxygen could
increase the photoluminescence (PL) quantum yield by more
than 3 orders of magnitude and extend the PL lifetime of
MAPDI;. The same group demonstrated further that transfer of
electron from perovskite to an adsorbed or embedded oxygen
could suppress deep trap states at both surface and bulk of
MAPbI; and enhance the PL intensity,'” hypothesizing that
formation of oxygen-related species eliminates defects and
reduces nonradiative charge recombination. Similarity, other
groups reported that the PL intensity of MAPbI; was
substantially enhanced under an oxygen atmosphere and
light irradiation,'® while the PL intensity was suppressed
after turning off the illumination because charge traps
reactivate. Thus, the coexistence of oxygen and light soaking
creates favorable conditions for improving the optical perform-
ance of perovskites.”” A detailed understanding of the positive
and negative effects of various oxygen species on the perovskite
optoelectronic properties can be best provided by quantum
dynamics simulations at the atomistic level of description.
Motivated by both experimental and theoretical
works,! #1918720:222325 (e carry out ab initio nonadiabatic
(NA) molecular dynamics (MD)**™** simulations combined
with time-dependent density functional theory (TDDFT)*’ to
investigate the photoinduced charge trapping and recombina-
tion dynamics (depicted in Figure 1) in bulk MAPbI; and
MAPDI; containing various interstitial oxygen species (O,,
0,7!, and O,7%). The simulations show that the neutral oxygen
molecule interacts weakly with MAPbI;, having negligible
influence on the perovskite chemical stability. However,
molecular oxygen creates two electron trap states, providing

@)
(a) (b) (c)

Figure 1. Charge carrier trapping and recombination processes in (a)
pristine MAPbI; and 0,72, (b) O,, and (c) O,”". ® Absorption of a
photon promotes an electron from the VBM to CBM. @ Phonon-
assisted nonradiative electron—hole recombination across the CBM—
VBM energy gap. ®,® Electron trapping from CBM to midgap states.
®,® Recombination of trapped electrons with holes in the VBM. @
Recombination of trapped electrons with trapped holes. ® Hole
trapping from VBM to the midgap state. The dashed lines denote the
Fermi level.

additional nonradiative relaxation pathways (Figure 1b) and
accelerating charge recombination by more than an order of
magnitude. Because the electron trap states are energetically far
from the conduction band (CB), both trap assisted and direct
recombination between CB and valence band (VB) edges
occur in parallel. Once electrons populate the trap states, they
recombine with holes on the sub-100 ps time scale. In contrast,
superoxide (O, ") and peroxide (O, %) degrade the perovskite
by breaking Pb—I chemical bonds and forming O—Pb bonds.
The superoxide and peroxide systems exhibit large atomic
fluctuations, creating conditions for chemical decomposition of
the perovskites. The bonds in the superoxide are under-
coordinated, and as a consequence, the superoxide creates both
electron and hole traps (Figure 1c). There exist no
uncoordinated bonds in the peroxide, and the midgap states
are eliminated (Figure 1a). The presence of electron and hole
traps in the O,' system promotes very rapid nonradiative
charge recombination, which is 2 orders of magnitude faster
than in the pristine perovskite and which is facilitated by rapid
hole trapping. The carrier recombination takes place within 2
ns in the pristine MAPbIL;, agreeing with experiment.’’
Interestingly, peroxide extends the carrier lifetime more than
2-fold because it decreases the NA coupling and shortens the
quantum coherence time, while creating no midgap states. The
simulations rationalize the mechanisms underlying the under-
mined chemical stability and the extended charge carrier
lifetimes of perovskites exposed to oxygen and light, resolve the
experimental puzzles, and indicate strongly that the superoxide
should be avoided because it causes simultaneous degradation
of perovskite stability and optical properties. The obtained
results apply to other energy conversion materials, which
operate in ambient conditions and are subjected to both
oxygen and light.

2. THEORETICAL METHODOLOGY

The simulations of the charge trapping and recombination
processes are performed by using the decoherence induced
surface hopping (DISH)* NAMD?*™** approach imple-
mented within real-time TDDFT”’ in the Kohn—Sham
representation.’” The lighter and faster electrons are treated
quantum mechanically, while the heavier and slower nuclei are
described semiclassically. This approach has been used
extensively and successfully to studsy excited-state dynamics
in a broad range of materials,””**™%” such as perov-
skites,”**™* silicon,” and transition metal dichalcoge-
nides.*”*” The detailed description of the approach can be
found in refs 26 and 27.

The 192-atom 2 X 2 X 1 supercell in tetragonal phase®® is
taken from our previous work to represent the pristine
MAPbI,.** The O, system is created by adding an interstitial
oxygen molecule into the pristine MAPbI;. Adding one or two
extra electrons into the O, system produces the O, and O,
systems, respectively. The spin-polarized DFT calculations,
including geometry optimization, adiabatic MD, and NA
coupling, are performed using the Vienna Ab initio Simulation
Package (VASP).”” The Perdew—Burke—Ernzerhof (PBE)
exchange—correlation functional® and the projector aug-
mented wave method for electron—ion core interactions’
with a plane-wave energy cutoff of 400 eV are used. A 2 X 2 X
2 T'-centered Monkhorst—Pack k-point mesh is used for the
geometry optimization and electronic structure calculations.®”
The weak van der Waals interactions are described by using
the Grimme DFT-D3 approach.”® The optimized geometries
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are heated to 300 K via repeated velocity rescaling lasting for 2
ps. Then, 4 ps MD trajectories are obtained in the
microcanonical ensemble with a 1 fs atomic time step. The
NA coupling calculations are performed at the I"-point because
the direct bandgaps of the four systems are at the I"-point. The
first 1000 geometries are chosen as initial conditions for the
NAMD simulations of the charge trapping and recombination
using the PYthon eXtension for Ab Initio Dynamics
(PYXAID) code.***’

3. RESULTS AND DISCUSSION

We start by discussing geometric properties of the pristine
MAPbIL,;, O,, 0,7}, and O, systems. Then, we analyze their
electronic structure and electron—vibrational interactions.
Finally, we study the charge trapping and recombination
dynamics in the four systems to reveal the origin of the
extended charge carrier lifetimes observed in the experi-
ments.'”

3.1. Geometric Structure. The optimized geometries of
the pristine MAPbL;, O,, O,™", and O, systems are shown in
Figure 2. The interstitial oxygen molecule and the nearest lead

(a) MAPbI,

Figure 2. Optimized geometries of (a) pristine MAPbI;, (b) O,, (c)
0,7", and (d) 0,72 systems. The interstitial oxygen molecule and the
lead atoms chemically bound to the molecule are highlighted by the
red and green spheres.

atoms are denoted by the red and green spheres. Compared to
the pristine MAPbI; (Figure 2a), the geometry of the O,
system remains intact because the neutral oxygen molecule
interacts weakly with the perovskite via physical adsorption at
0 K and induces virtually no changes in the coordinates of the
surrounding lead atoms (Figure 2b). Even though the
interaction between the O, molecule and the perovskite is
weak, the O—O bond length is greater than that in the free
oxygen molecule (1.208 A), since large electronegativity of
oxygen favors attraction to the positive lead ions. Once the
neutral oxygen molecule accepts an electron from the excited
MAPbL, it converts into the superoxide O, ' species, and the
O-0 bond elongates significantly to 1.361 A. The oxygen

atoms get closer to the nearest lead ion, breaking one I-Pb
chemical bond and forming two O—Pb (Figure 2c). The two
oxygen atoms become undercoordinated and mobile. Once the
O, species accepts another electron, it converts to the
peroxide O, % The O—O distance increases further to 1.522 A
due to destabilization of the O—O bond and repulsion between
the negatively charged oxygens. The O, > negative charge and
bond expansion increases interaction with the surrounding Pb
atoms. Compared to O,'”, which interacts strongly with a
single Pb, 0,72 is capable to interact with two Pb atoms, break
two I-Pb bonds, and form four O—Pb bonds (Figure 2d).
Both oxygen atoms are fully coordinated in the peroxide. The
geometric structure analysis indicated that both superoxide and
peroxide species undermine perovskite stability.

The above analysis demonstrates that the O—O bond
extension leading to oxygen molecule dissociation and
formation of new O—Pb chemical bonds constitute the key
step of perovskite degradation.”” This process is enhanced by
O, reduction to the superoxide and peroxide. To examine how
thermal fluctuations affect perovskite stability, we computed
evolution of the O—O distances in the O,, 0,7, and 0,
systems (Figure 3). The O—O distances at 0 K in the
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Figure 3. Evolution of the O—O distances in the O,, O,”}, and O,
systems. The numbers outside and inside the parentheses denote the
canonically averaged and optimized distances, respectively. The
superoxide species undergoes the largest fluctuation, indicative of its
chemical instability.

optimized structures and the canonically averaged values at
300 K are presented inside and outside the parentheses in
Figure 3. Though the canonically averaged O—O distances
change little compared to 0 K, the distances fluctuate
significantly at room temperature. The superoxide species
undergoes the largest fluctuation by far because the oxygen
atoms are undercoordinated. The O—O distance fluctuates
much less in the peroxide because the oxygens are fully
coordinated. Instead of undergoing large-scale O—O stretch-
ing, the oxygen atoms in both O, and O, > move together as in
stable species. The strong O—O distance fluctuation of the
superoxide indicates that it is chemically reactive and, in
particular, that it can be reduced to peroxide by attracting
another electron. This observation is consistent with previous
theoretical reports.”

It is necessary to emphasize that the MD analysis provides
new, important information compared to the optimized
geometries and even reverses the trend deduced from the 0
K data. Thus, the optimized geometries suggest that the
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peroxide O, 2 should be more detrimental for the perovskite 80 80
chemical stability than the superoxide O, because the (a) MAPDI, (6) O, o

peroxide has a longer O—O bond and interacts with more Pb
atoms. However, the MD trajectory shows clearly that the O—
O bond is much less stable in the superoxide O, ' because it
fluctuates much more. Therefore, the superoxide can dissociate
more easily than the peroxide and damage the perovskite
structure.

To further investigate perovskite stability upon exposure to
oxygen and light, we computed the canonically averaged
standard deviations of atomic positions in the four systems, by
grouping atom i into MA, Pb/I, and O components:

6, = \{(F — (F))*). Here, r, stands for the location of atom

i, and the angular bracket represents ensemble averaging. As
shown in Table 1, the computed standard deviations in the

Table 1. Standard Deviations (A) in Positions of the Atoms
in the Pristine MAPbI,, O,, O, ', and O, Systems”

total” MA® Pb—1¢ o°
MAPbI, 0.748 0.995 0.255
0, 0.760 1.016 0.263 0.280
0,”! 0.925 1.228 0.337 0.314
0,7 0.995 1316 0.375 0.315

“The fluctuations are larger in the O, and O, systems, indicative
of their reduced chemical stability. bAveraged over all atoms.
“Averaged over atoms in MA. “Averaged over Pb and I atoms.
“Averaged over O atoms.

positions of all atoms as well as each component grow in the
sequence MAPbI, < O, < O,”! < 0,7? indicating that the
structural stability decreases in this order. In particular, the
values for the O, systems increase slightly compared to the
pristine MAPDI;, rationalizing the experimental observation
that perovskites exposed to oxygen degrade slowly in the dark
environment.”' The atomic fluctuations are more significant in
the superoxide and peroxide systems because interaction of
negative oxygens with surrounding Pb atoms undermines
perovskite structure, leading to higher chemical activity and
reduced chemical stability.

3.2. Electronic Structure. Figure 4 shows the spin-down
projected density of states (PDOS) of the pristine MAPbI;, O,,
0,7!, and O,* systems computed by using the optimized
geometries. The O,, 0,7}, and 0,7 systems have 652, 653,
and 654 valence electrons, and the calculated magnetic
moments of these systems are 1.9938, 0.9985, and —0.0020,
respectively. The values agree with the number of the unpaired
electron(s) in the three systems. In particular, the lowest
energy state of the O, molecule is triplet, and therefore the O,
system is in the triplet state. The spin-down charge densities of
the trap states, the VB maximum (VBM), and CB minimum
(CBM) involved in the charge trapping and recombination
processes are presented in the insets of Figure 4. The charge
densities of the trap states are strongly localized around the
oxygen species. The PDOS is split into contributions from the
MA, Pb, I, and O components. Figure 4a shows that the CBM
and the VBM of the pristine MAPDI; are separated by a wide
bandgap of 1.65 eV, consistent with the experiments®* and
other DFT values.””® Introduction of an oxygen molecule
into the pristine MAPDbI; has little effect on the bandgap
regardless of its oxidation state (Figure 4b—d); however,
midgap states are introduced by O, and O,'. The CBM is
formed by Pb orbitals in all four systems, without oxygen

PDOS (1/eV)

PDOS (1/eV)
S

Energy (eV)

Energy (eV)

Figure 4. Spin-down projected densities of states (PDOS) of (a)
pristine MAPbL;, (b) O,, (c) 0,7, and (d) O, 2 systems. The Fermi
energy is set to zero. Spin-down charge densities of the key electronic
states involved in the charge trapping and recombination processes
are shown in the insets.

contributions. This is not the case for the VBM. The VBM
originates from I orbitals in the pristine MAPbI;. This feature
remains true in the O, system because the neutral oxygen
molecule interacts weakly with the inorganic lattice.
Importantly, the oxygen molecule creates two deep electron
trap states within the bandgap, marked by e, for the state
closest to the CBM and e,,; below e, (Figure 4b). The two
trap states are localized entirely on the oxygen atoms and are
strongly coupled to each other. The electron—hole recombi-
nation can occur either between the midgap states and the
VBM or between the CBM electron and the VBM bypassing
the electron trap states. In contrast to the molecular oxygen,
the strong interactions between the super/peroxide species and
the inorganic octahedra, mediated by the formed O-Pb
chemical bonds, allow oxygen orbitals to contribute seconda-
rily to the VBM (Figures 4c,d). The extra electron in O,
breaks the near degeneracy of the two trap states seen in the
O, system. One of the trap states becomes populated, moves
below the Fermi level, and becomes a hole trap (hmp) (Figure
4c). The other trap state (e,,,) moves closer to the CBM. In
this case, it is expected that the electron—hole recombination is
accelerated with simultaneous assistance of both hole and
electron traps. Introduction of two electrons eliminates the
trap states in the O, * system because the oxygen levels are
lowered below the VBM (Figure 4d). As a result, the electron—
hole recombination in the O, system occurs via transitions
between the CBM and the VBM, as in the pristine MAPbI,.
The charge trapping and recombination are directly
dependent on the NA coupling matrix element between the
initial and final wave functions, (¢|Vgl¢;). This matrix element
requires overlap of the initial and final states. The inset of
Figure 4a shows that the VBM and the CBM are supported by
I and Pb, respectively. The situation minimizes wave functions
mixing and generates small NA coupling, leading to a long
excited-state lifetime. The charge distribution of the CBM
remains largely unchanged in the three oxygen systems
compared to the pristine MAPbI; and has little influence on
changes in the NA coupling. The variation of the NA coupling
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Table 2. Canonically Averaged Energy Gap, Absolute Value of NA Coupling, Pure-Dephasing Time, Nonradiative Charge
Trapping and Recombination Times, and Radiative Lifetime for the VBM—CBM Transition in the Pristine MAPbI;, O,, 0,7,

and O, Systems

gap (eV) NA coupling (meV) dephasing (fs) recombination (ps) radiative lifetime (ns)
MAPDI, CBM—-VBM 1.65 0.75 11.0 1820 7.28
0, CBM—e 122 1.72 474 0.80
CBM—ey, 1.34 211 4.68 0.70
CBM—-VBM 1.68 1.20 18.4 58.7 3.53
€irap2—Ctrapl 0.12 7.56 17.5
Cuspr—VBM 0.46 4.67 5.40 60.1
Cump1—VBM 0.34 119 526 50.6
0, CBM—¢,,, 124 2.19 322 1.00
CBM-~hy,, 1.49 2.09 419 3.90
CBM—-VBM 1.74 0.76 13.2 7.60 2.77
Cusp—iap 025 10.8 8.00
Cup—VBM 0.50 104 335 7.90
hmP—VBBA 0.25 16.4 4.54 1.00
0272 CBM-VBM 1.65 0.60 9.88 4280 8.94
arises from changes in the localizati_?n of thEZVBM’ which 2 |(a) MAPDI, (b) O,  ——CBM-eyqpp
attain oxygen contributions in the O, and O, systems, and @ —— CBM-eyrap1
on the properties of the trap states. In addition, generally, the 8 / —— CBM-VBM
NA coupling is inversely proportional to the energy gap: the = — CBM-VBM / — €trap2-Ctrap1
smaller the gap, the larger the coupling. The VBM of the O, 5 Etrap2-VBM
system has no oxygen contributions and is similar to the VBM (%_ etrap1-VBM

of the pristine MAPbI,, while the trap states are fully localized
on O, (inset in Figure 4b). The resulting pattern of the NA
values is rather complex (Table 2). The small energy gap
enhances the NA coupling between the electron/hole trap
states and/or the band edge states in the superoxide. The
peroxide localizes strongly the VBM onto itself, while decreases
its localization on the other parts of the system. The feature
decreases the VBM—CBM overlap, leading to a small NA
coupling compared to the pristine MAPbI, (Table 2).

3.3. Electron—Vibrational Interactions. To characterize
the phonon modes participating in the charge trapping and
recombination, we computed the influence spectra in the spin-
down channel by performing Fourier transforms (FTs) of the
energy gap fluctuations of the pairs of states. The intensity of
each peak in the FTs reflects the strength of electron—
vibrational interaction at a given phonon frequency. The low-
frequency modes play the dominant role in the spectra (Figure
Sa—d). The major peaks around 100 cm™ can be attributed to
the stretching and bending modes of the I-Pb bonds.®”*® The
NA coupling is created by these modes. The peaks near 130
cm™! are associated with librations of the organic cations.®®
The peaks around and above 200 cm™ can be assigned to the
C—N torsion of the MA cations.”” All these modes are present
in the four systems under investigation. The peaks around 150
cm™! in the MAPbI, containing various oxygen species can be
interpreted as vibration of the O—Pb chemical bond.”” The
presence of this mode in the O, system indicates that thermal
fluctuations can bring the interstitial oxygen molecule to
interact with the neighboring lead atoms at room temperature.
The intensities of the phonon signals originated from the MA
cations are notably weaker than those of the inorganic lattice
because MA do not contribute to the key states and affect the
electron—vibrational interactions indirectly though the created
electric fields.

Quantum decoherence plays an extremely important role in
influencing the charge-phonon dynamics. In general, shorter
decoherence favors slower quantum dynamics. Quantum
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Figure 5. Spectral densities obtained by Fourier transforms of
autocorrelation functions for the energy gap fluctuations in the
pristine MAPbI,, O,, 0,7, and O, ? systems.

transition stops if the decoherence time is close to
infinitesimal, as exemplified by the quantum Zeno effect.”’
The decoherence time is estimated as the pure dephasing of
the optical response theory’' using the second cumulant
approximation. Loss of coherence breaks the superpositions
formed between pairs of electronic states via NA coupling. The
computed pure-dephasing times summarized in Table 2 range
from several to tens of femtoseconds and are orders of
magnitude smaller than the electron—hole recombination
times.*° Therefore, the decoherence effects have to be included
into the NAMD simulations.”” The strong peak intensities in
the influence spectra as well as the presence of multiple
phonon modes lead to shorter decoherence times (Table 2).

3.4. Nonradiative Charge Trapping and Recombina-
tion. Finally, we analyze the charge trapping and recombina-
tion dynamics in the pristine MAPbI;, O,, O,™!, and O,
systems. As discussed in section 3.2, O, and O, create
midgap states, while O, removes them by pushing the
oxygen-related states to the valence band. Therefore, it is
expected that defect-mediated electron—hole recombination
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plays a dominant role in the O, and O, systems and that the
recombination is faster than in the pristine system. In contrast,
the recombination in the O, system takes places between the
CBM and the VBM and is suppressed relative to pristine
MAPDI; because of the smaller NA coupling and the shorter
pure-dephasing time. The evolution of the populations of the
key states is presented in Figure 6. Fitting the data with an
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Figure 6. Charge trapping and recombination dynamics in the
pristine MAPbI;, O,, O,”", and O, > systems. The electron trapping
and detrapping processes are magnified 20 times in the O, system.

exponential function, P(t) = exp(—é), gives the time scales in

Figure 6 and Table 2. The rise and decay components of the
populations for the trap states are fitted separately. The oxygen
chemistry indeed has a strong influence on the charge carrier
dynamics in perovskites. In particular, the neutral oxygen
molecule and the superoxide accelerate the nonradiative
electron—hole recombination, while the peroxide suppresses
it compared to the pristine MAPDI;, in which charges relax
within several nanoseconds, in agreement with experiment.30
The long charge carrier lifetimes in MAPDI,; is due to the weak
NA coupling and short pure-dephasing/decoherence time
(Figure 6a and Table 2).

The oxygen molecule creates two deep electron trap states
(Cuapts €urapz), which provide new nonradiative relaxation
channels. Because the NA couplings of CBM/e,, and
CBM/ey,y, are strong, and the two trap states are almost
degenerate (Figure 4b and Table 2), the states provide two
additional pathways for electron relaxation. Because the
electron trap states are energetically far from the CB, the
trap mediated and direct recombination between the CBM and
VBM occur in parallel. Once electrons populate the trap states,
they recombine with VB holes within 100 ps (Figure 6b). Even
though a neutral oxygen atmosphere undermines slightly the
perovskite chemical stability, the appearance of the charge trap
states has a stronger effect on the perovskite performance
because the traps notably shorten the charge carrier lifetimes.

The superoxide has an even stronger effect on the charge
carriers. The presence of electron and hole trap states makes
the recombination over 2 orders of magnitude faster compared
to the pristine system (Figure 6¢). The hole trapping assisted
recombination is dominant because the energy gap between

hy,, and the VBM is small and the NA is large compared to the
corresponding values between ey, and the CBM (Table 2).
Once holes populate the trap state, they recombine with the
CB electrons within under 10 ps. The greatly shortened charge
carrier lifetimes caused by the superoxide demonstrate that
superoxide formation cannot be the origin of the observed
improvement of the optical properties of perovskites exposed
to oxygen atmosphere or pure oxygen.

In contrast to the superoxide, the peroxide eliminates the
trap states and even extends the carrier lifetimes more than 2-
fold relative to pristine MAPbI; because it reduces the NA
coupling and shortens the quantum coherence time (Figure 6d
and Table 2). The observed effects of the simultaneous
exposure of HOIPs to oxygen and light are well explained by
the calculated properties of the peroxide system. Just as in the
experiments, the carrier lifetimes are enhanced in the peroxide
presence, as demonstrated by the NAMD simulation, while the
MAPDI, stability is decreased, as evidenced by the enhanced
atomic fluctuations (Table 1). Because carrier losses are over 2
orders of magnitude faster in the presence of the superoxide
compared to the peroxide, and the O—O bond is much less
stable (Figure 3), reduction of the superoxide to the peroxide
is highly desirable.

The above analysis focuses on the spin-down component of
PDOS (Figure 4) because only the spin-down component
exhibits midgap states. Neither oxygen species (O, 0,7,
0,7%) creates midgap states in the spin-up PDOS, shown in
Figures S1 and S2 of the Supporting Information. The
electron—hole recombination in the spin-up component occurs
directly between the CBM and the VBM and is determined by
the corresponding values of the NA coupling and the pure-
dephasing time. The CBM and VBM charge densities
presented in the insets of Figure S1 rationalize the trends in
the NA coupling for spin-up component in the four systems
under investigation (Table S1). The electron—hole recombi-
nation proceeds faster in the O, and O,”" systems and slower
in the O, > system compared to pristine MAPbI,, as evidenced
by the evolution of the populations shown in Figure S4 and the
data presented in Table S1. Though the detailed mechanism
for the electron—hole recombination for the spin-up channel
differs from that in the spin-down channel, the key conclusions
remain unchanged. The neutral oxygen molecule and the
superoxide accelerate the recombination, while the peroxide
slows it down.

Spin—orbit coupling (SOC) is significant in MAPDbI,
because it contains heavy elements, Pb and 1. The spin-up
and spin-down channels are coupled by SOC, and spins can be
flipped during the charge trapping and recombination
processes. Because the midgap trap states appear only in the
spin-down components, there are no spin flips as the charges
relax through the trap states. Therefore, the main influence of
the oxygen species on the charge trapping and relaxation is
independent of spin flips, to a good approximation. Because
trap states are separated from band edges by significant energy
gaps, while spin-up and spin-down states inside bands are
essentially degenerate, spin flips are much more likely to occur
inside bands than during trapping. If a charge in a band has
spin-up, while a trap state is spin-down, the charge flips its spin
while still inside the band and then hops into the trap state. It
is important to note that a more rigorous analysis requires
calculations beyond the single-particle description, for instance,
via the linear response TDDFT description of excited states.
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Unfortunately, such calculations are still too expensive to
couple to ab initio NAMD on large systems.

To establish that the excited state lifetimes are limited by
nonradiative rather than radiative decay, we estimated the
radiative lifetimes for the pristine MAPbI,;, O,, O, %, and O,>
systems by calculating the Einstein coefficient of spontaneous
emission. The computational details are presented in the
Supporting Information. The calculated radiative lifetimes for
the spin-down and spin-up channels, shown in Table 2 and
Table S1, are longer than the nonradiative recombination
times. Therefore, nonradiative electron—hole recombination
constitutes the main process responsible for excited state
decay.

Our final test focuses on the PBE functional. Pure DFT
functionals, such as PBE, introduce the electron self-interaction
error, and more rigorous theories such as hybrid functionals or
the GW theory are required to eliminate the error. The GW
theory or a hybrid functional significantly overestimates the
bandgap in lead halide perovskites. To achieve good results,
these more advanced DFT descriptions should be combined
with SOC.” It is important to note that SOC discussed here
differs from the SOC matrix elements that can cause spin flips
discussed above. Incorporation of SOC into band structure
calculations mixes spin-up and spin-down components, making
the single particle orbitals into spinors. The resulting bandgap
decreases greatly. If SOC is included in combination with PBE,
the MAPbI; bandgap is grossly underestimated and becomes
0.56 €V,”* nearly 3 times smaller than the experimental value
of 1.52 eV.>® Fortuitous cancellation of the self-interaction
error with the absence of SOC allows PBE to produce good
bandgap values in lead halide perovskites. Such an approach
allowed us to obtain good results while studying photoinduced
dynamics in MAPbI, containing dopants,”® grain boundaries,”®
localized charges,”” and interfaces with water’® and TiO,.””
Calculations combining SOC with the GW theory or a hybrid
functional for a periodic system are too computationally
demanding to be combined with NAMD.

We used GW+SOC to test the PBE results. GW theory is
generally preferable over hybrid functionals because the
fraction of the Hartree—Fock exchange is an adjustable
parameter in hybrid functionals, while the GW theory has no
such parameter. We constructed a 48-atom supercell for the
0,, 0,7, and O,? systems, optimized the system geometries
using PBE+SOC with multiple k-points, and applied GW
+SOC at the I'-point due to high computational cost. Using
only the I'-point provides a good approximation because
MAPDI; has a direct band gap at the I'-point and because
properties of isolated point defects are independent of k-point.

The PDOS and charge densities of the key states calculated
with GW+SOC are shown in Figure S3. As in the PBE
calculation without SOC, O, introduces two electron trap
states, O, introduces one electron trap, and O, * creates no
midgap traps. The trap states are closer to the bands than in
the PBE calculations. In such a situation, the charge trapping
will proceed faster, while the overall recombination will be
slower than with deeper trap states. Still, the overall
conclusions remain the same. O, and O, introduce trap
states that lead to charge trapping and accelerate recombina-
tion compared to pristine MAPbL;. O, introduces no trap
states, and therefore it favors long-lived charge carriers.

4. CONCLUSIONS

By performing ab initio real-time TDDEFT simulations
combined with NAMD, we have uncovered the atomistic
origin of the extended charge carrier lifetimes and enhanced
perovskite degradation in the presence of both atmospheric
oxygen and light irradiation. Focusing on the pristine MAPbI,
and MAPbI, containing the neutral O,, superoxide O,”", and
peroxide O, 2 species, our simulations demonstrate clearly that
the photoinduced dynamics and stability of MAPbI; depend
strongly on the oxidation state of the oxygen species.

The neutral oxygen molecule has little influence on the
perovskite stability since it interacts weakly with MAPbI;. In
contrast, the superoxide boosts degradation by breaking
inorganic Pb—I bonds, resulting from O—O bond dissociation
followed by O—Pb bond formation. The degradation is
accelerated further when the superoxide is reduced to the
peroxide since the doubly negative charge of O,* repulses
iodine anions and attracts lead cations more strongly.

The neutral oxygen molecule creates two electron trap states
within the fundamental energy gap, creating additional
pathways for the nonradiative charge relaxation and accelerat-
ing the charge recombination to under 100 ps compared to
over 1 ns in the pristine MAPDI;, in agreement with
experiment.’’ The superoxide generates an electron trap
state far away from the CBM and a hole trap state closer to
the VBM. The nonradiative relaxation starts with a rapid hole
trapping, and the possibility of simultaneous electron and hole
trapping accelerates charge carrier losses by over 2 orders of
magnitude. The acceleration of the charge carrier relaxation in
both neutral and superoxide forms of oxygen is attributed to
reduced energy gaps and enhanced NA coupling. Importantly,
formation of the peroxide in MAPDI; eliminates trap states and
reduces the electron—hole recombination rate by more than a
factor of 2 compared to the pristine system. The extended
lifetime arises due to decreased NA coupling and shortened
quantum coherence time.

Both the superoxide and the peroxide cause perovskite
degradation, while only the peroxide extends charge carrier
lifetimes. Therefore, the superoxide should be strongly avoided
during material synthesis and device fabrication. Because the
detrimental superoxide can be photochemically reduced into
the more benign peroxide, one may expect better perovskite
performance at higher light fluences.

The study has rationalized the surprising experimental
observations of the dual role of simultaneous exposure of metal
halide perovskites to light and oxygen, leading to lower
chemical stability but better electron-optical response. The
study has established the detailed atomistic mechanisms of the
charge trapping and recombination dynamics of the oxygen-
doped perovskite and has demonstrated an extremely strong
dependence on the oxidation state of the oxygen species. The
reported results can apply to other photovoltaic energy
conversion materials, which operate in the presence of both
sunlight and atmosphere, the performance of which often
depends on such exposure.
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