Downloaded via UNIV OF SOUTHERN CALIFORNIA on April 14, 2025 at 22:42:46 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

JJOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Self-passivation of Halide Interstitial Defects by Organic Cations in
Hybrid Lead-Halide Perovskites: Ab Initio Quantum Dynamics

Xinbo Ma, Xuesong Tian, Elizabeth Stippell, Oleg V. Prezhdo,* Run Long,* and Wei-Hai Fang

Cite This: J. Am. Chem. Soc. 2024, 146, 29255-29265

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: Halide interstitial defects severely hinder the optoelectronic
performance of metal halide perovskites, making research on their passivation
crucia. We demonstrate, using ab initio nonadiabatic molecular dynamics
simulations, that hydrogen vacancies (H,) at both N and C atoms of the
methylammonium (MA) cation in MAPDI, efficiently passivate iodine interstitials - -2
(1), providing a self-passivation strategy for dealing with the H, and I; defects
simultaneously. H, at the N site (H,.y) introduces a defect state into the valence
band, while the state contributed by H, at the C site (H,.c) evolves from a shallow
level at 0 K to a deep midgap state at ambient temperature, exhibiting a high
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environmental activity. Both H,y and H, ¢ are strong Lewis bases, capable of

capturing and passivating I; defects. H, ¢ is a stronger Lewis base, bonds with I

better, and exhibits a more pronounced passivation effect. The charge carrier lifetimes in the passivated systems are significantly
longer than in those containing either H, or I, and even in pristine MAPbI;. Our demonstration of the H, and I; defect self-
passivation in MAPDI; suggests that systematic control of the relative concentrations of H, and I; can simultaneously eliminate both
types of defects, thereby minimizing charge and energy losses. The demonstrated defect self-passivation strategy provides a
promising means for defect control in organic—inorganic halide perovskites and related materials and deepens our atomistic
understanding of defect chemistry and charge carrier dynamics in solar energy and optoelectronic materials.

1. INTRODUCTION

Metal halide perovskites have attracted significant attention as
a new generation of photovoltaic materials, with their
photoelectric conversion efficiency (PCE) rising rapidly over
the past decade.”” This high PCE is attributed to their
exceptional optoelectronic properties, including tunable band
gaps,3 strong light absorption,4 long carrier lifetimes, large
carrier diffusion Iengths,5 low exciton binding energy,é’7 and
high defect tolerance.*”'® Cost-effective synthesis methods
enhance their appeal further, positioning perovskites as the
leading contenders for the next generation of solar materials.""
Organic—inor&anic perovskites have achieved PCE levels of up
to 26.2%,'>" making them top performers among all
perovskite materials."*™'® However, charge trap states
associated with structural defects hinder further advancements
in their photoelectric performance.'””** Solution processing
and rapid crystal growth of perovskite thin films at high
temperatures can lead to various types of defects which play
crucial roles in charge carrier recombination. In particular,
deep-level traps can capture electrons or holes that are unable
to escape through thermal activation, leading to nonradiative
recombination and significant losses of charge carriers and
voltage. Typical deep-level defects in perovskite materials
include intrinsic point defects, such as lead interstitial (Pb,),
and antisite defects, e.g, Ip, and Pby'” three-dimensional
defects such as grain boundaries,’**” and metal clusters.”®
While shallow-level defects do not trap charges for a long time,
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they migrate through the device and accumulate at interfaces,
initiating interfacial chemical reactions as well as unfavorable
band bending and photocurrent hysteresis, which significantly
restrict carrier extraction and compromise device stability.”’
Examples of shallow-level defects in organic—inorganic perov-
skites include intrinsic point defects, such as I, MA, and Pb
vacancies, I and MA interstitials, and antisite defects, such as
MAy,."" Extensive efforts have been dedicated to mitigating
the adverse roles of defects in experiments.”**°~**

Chemical passivation is one of the key methods to eliminate
defects, stabilize surface and interface structures, and optimize
the performance of perovskite solar cells. Passivating molecules
can form covalent or ionic bonds with undercoordinated metal
cations or halide anions, reducing their chemical activity and
ion migration. By eliminating midgap states and facilitating
charge separation, passivating species inhibit nonradiative
charge recombination. Additives containing Lewis acids and
bases can effectively passivate defects in perovsl{ites.35’36 For
instance, under-coordinated iodine atoms can form adducts
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Figure 1. Optimized structures of (a) pristine MAPbI,, (b) H, y\@MAPbL,, (c) H,-\;@MAPbL,;, (d) [@MAPbIL,, (e) H, (@MAPbI;, and (f)

H,- L @MAPbL,.

with Lewis base ligands, which create coordinating bonds. >

Yang et al. proposed ligands containing both —NH and —C=
O groups could have dual actions. The —NH group would
form a hydrogen bond with an iodine atom in a [Pbl]*"
octahedron, simultaneously promoting binding of the —C=0
group with the Pby antisite defect, to achieve a superior overall
passivation effect.”” Yuan et al. utilized the indigo molecule
with both —C=O0O and —NH groups to achieve efficient
chemical passivation of under-coordinated Pb**/I; and Pb,
antisite defects and improved device stability under heat and
moisture stresses.”® Gao’s group demonstrated that Lewis
bases with protonated functional groups possess stronger
chemical passivation capabilities compared to those with only
Lewis base groups.”” Our previous studies, employing ab initio
quantum dynamics simulations of excited state processes, have
elucidated the mechanisms of passivation of point defects,
including iodine vacancies (1,), I;, and lead interstitials (Pb;),
by Lewis acids, bases, alkali metals, oxygen, water and
strain.**"*" We have demonstrated the positive influence of
halogen atoms and alkali metals in the passivation of extended
defects, such as perovskite grain boundaries.””*' Recent
theoretical studies have expanded the scope to include deep-
level defects originating from hydrogen vacancies (H,) and
hydro§en interstitials (H;) in organic—inorganic perov-
skites. > Zhang et al. illustrated that H, defects can exist in
the prototypical hybrid perovskite MAPbI; and function as
highly efficient nonradiative recombination centers, exhibiting
an exceptionally high carrier capture coefficient.” Liang et al.
established that H; defects, which are prevalent under both
iodine-rich and iodine-poor conditions in FAPbI;, serve as
potent nonradiative recombination centers.’” It is known that
when MA loses a hydrogen, the unpaired electron on N or C
exhibits a certain Lewis basicity. Meanwhile, the nonbonding I;
defect is capable of accepting electrons. Consequently, H, can
potentially capture I; defects and eliminate the trap states in
MAPDI;. Important for practical applications of perovskites,
this hypothesis requires a theoretical confirmation.

In this study, we systematically investigate the self-
passivation strategy by which the H, and I; defects in
MAPDI; can eliminate or passivate each other. Using ab initio
nonadiabatic molecular dynamics, we demonstrate that H, y
introduces a shallow defect level into the valence band,

whereas the defect state formed by H, . evolves from shallow
at low temperatures to deep at ambient temperatures,
displaying high environmental activity. Both H,y and H, ¢
defects demonstrate significant Lewis basicity and effectively
capture I; through bonding interactions, thereby passivating the
H, and I, defects simultaneously. H, . exhibits a higher
environmental activity and Lewis basicity than H, y, resulting
in stronger bonding with I; and creating a more pronounced
passivation effect. The carrier lifetimes of the H,-passivated
systems are notably longer than those of the unpassivated
systems and even pristine MAPbI;. Our results demonstrate
that H, defects in MAPDbI; effectively passivate I; defects,
suggesting that systematic control of the relative concen-
trations of H, and I; can simultaneously eliminate both types of
defects, and decrease charge and energy losses. The self-
passivation strategy provides a promising avenue of research
into control of defects in organic—inorganic halide perovskites
and related materials and further advances our understanding
of defect chemistry in optoelectronic and solar energy devices.

2. SIMULATION DETAILS

The nonadiabatic (NA) molecular dynamics (MD)>*~>’
simulations are performed with the decoherence induced
surface hopping (DISH) method,”®*” which is implemented
within the time-dependent Kohn—Sham density functional
theory.”>°" The lighter and faster electrons are described
quantum mechanically, while the heavier and slower nuclei are
treated semiclassically. DISH takes into consideration quantum
decoherence of the electronic subsystem.’®*”°*~°* The
decoherence time is estimated as the pure—deghasing time
derived from the optical response theory.”> Quantum
transitions take place in the DISH algorithm as a result of
the decoherence process and take place at decoherence effects,
establishing the physical foundation for the hops.”®”%*~%*
The classical path approximation is employed, rationalized by
the observation that thermal fluctuations in atomic coordinates
are more pronounced compared to geometry differences
between ground and excited states.””*® The NA-MD method-
ology has been successfully applied to investigate photo-
excitation dynamics in various systems.67_76

All electronic structure calculations are conducted utilizing
density functional theory (DFT) implemented within the
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Vienna ab initio simulation package (VASP).”” The core
electrons are described with the projector-augmented wave
(PAW) method.”® The generalized gradient approximation
(GGA) for the exchange-correlation functional developed by
Perdew, Burke, and Ernzerhof (PBE) is utilized.”” A plane
wave energy cutoff of 500 eV and I'-centered 3 X 3 X 1
Monkhorst—Pack k-point mesh®’ are used. van der Waals
interactions are described using the Grimme DFT-D3
method.”" After an initial geometry optimization at 0 K, the
systems are heated to 300 K through repeated velocity
rescaling. Subsequently, 6 ps of adiabatic MD trajectories are
generated with a time step of 1 fs and are used for calculating
the NA couplings.*”** The NA Hamiltonian derived from the
6 ps trajectory is iterated multiple times to provide input for
the DISH algorithm. Only the I'-point is used for NA-MD
calculations, since MAPDI; has a direct band gap at the I'-point
and the defects create localized states with flat k-point
dependence. All 6,000 geometries from the trajectory are
used as the initial conditions for the DISH algorithm, and 100
random number sequences are sampled for each initial
condition. The NA-MD calculations are performed using the
PYXAID software package.®”*®

3. RESULTS AND DISCUSSION

3.1. Geometric Structure. The cubic phase of a-MAPbI,
was used to create (2 X 2 X 2) supercells. We consider six
systems: pristine MAPbI;, MAPbL; with the I, defect (I,@
MAPbDL;), MAPbI, with the H, defects at the N site (H, @
MAPbL;) and the C site (H, c@MAPbI,), and MAPbI, with
the I; defect passivated by H,_y and H,. ¢ (H,.\@MAPbI, and
H, cL@MAPbL, respectively). The optimized structures of
these systems are shown in Figure 1. The presence of H,
shortens the C—N bond of the MA molecule. The C—N(H,)
and C(H,)—N distances are 1.435 and 1.439 A in H, @
MAPbI;, and H, -@MAPDI;, respectively, smaller than that in
pristine MAPbI; (1.492 A). The shortening of the C—N bond
can be explained by the fact that when the MA molecule loses
an H atom, the interaction between the C and N atoms is
enhanced, leading to the bond contraction. In H, y\;@MAPbI,
and H, ;@MAPbIL,, the N and C atoms at the H, sites both
undergo strong bonding interactions with I. This bonding
interaction between H, and ; significantly elongates the C—N
bond. The C—N(H,) and C(H,)—N distances increase by
nearly half an angstrom, to 1.473 and 1.484 A in H,\L@
MAPDI; and H, L;@MAPbI;, compared to H,n@MAPDI;
and H, (@MAPbL,, respectively. The C(H,)-]; distance in
H, @MAPbI, (2.147 A) is smaller than N(H,)-1I; (2.268 A)
in H, \;@MAPbI;, pointing to a stronger interaction between
C(H,) and I;. This indicates that the Lewis basicity of H,_¢ is
stronger than that of H, .

Thermal motions of H, within the MA molecule induce
substantial fluctuations in the C—N, N(H,)-I, and C(H,)-
distances. At 300 K, the canonically averaged C—N distance in
pristine MAPbI, is 1.497 A, larger than at 0 K (1.492 A). In
H, n@MAPDI; and H, (@MAPDI;, the canonically averaged
C—-N(H,) and C(H,)—N distances increase to 1.446 and
1.481 A, respectively, relative to 1.435 and 1.439 A at 0 K. The
interactions of H,y and H, . with the surrounding Pb—I
framework are enhanced, and the fluctuations of the length of
the C—N bond in the MA molecules are also enhanced,
compared to pristine MAPbI; (Figure S1). The statistical
distributions of the ZPb—I—Pb bond angles near H, are shown
in Figure S2. The distribution in H,y@MAPDI; is much

narrower than in H, c@MAPbI;, indicating larger distortions
and fluctuations of the [PbI¢]*™ octahedra in H, c@MAPDI,.
This can be attributed to hydrogen bonding interactions
between N(H,) and the surrounding I atoms in H,n@
MAPDI;, which make the Pb—I framework relatively more
stable compared to H, - @MAPbI;.

The defect formation energy of H, @MAPbI; (2.305 V) is
significantly higher than that of H, y@MAPbI; (1.520 €V),
indicating that it is more difficult for the —CHj group of the
MA molecule to lose a hydrogen atom compared to the —NH;
group. Therefore, once the —CH; group loses a hydrogen
atom, it becomes more active to the environment. This
corresponds to the stronger Lewis basicity in the H, ¢ system.
The evolutions of the N(H,)—I and C(H,)—I, bond lengths
are shown in Figure 2a. The corresponding canonically

26 (a) W a@waro,| 160 (b) ——H, \@MAPbI,
—H, ci@MAPbl; ——H, c{@VAPbDI,
— 1.55
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Figure 2. Evolutions of (a) N(H,)-I and C(H,)-I, distances in
H, y\L@MAPbBI,; and H, L;@MAPbI,. (b) Evolutions of C—N(H,)
and C(H,)—N distances in H, y@MAPbI; and H, -;@MAPbI,.

averaged N(H,)-I, and C(H,)-I; distances are 2.310 and
2.173 A, indicating bonding interactions between either N or C
and [, in these systems. The distance between C(H,) and [ is
significantly smaller than between N(H,) and I, indicating that
the bonding interaction between C(H,) and I; is stronger. Due
to the strong interaction between H, and I, the defect
formation energies of both H, ;@MAPbI; and H, L@
MAPDI; are significantly reduced to 0.345 and 0.090 eV,
respectively, indicating that H, defects can easily capture I,.
The lower defect formation energy of H, cI;@MAPbI;
compared to H, yI;@MAPDI; suggests that H, ¢ exhibits a
stronger Lewis basicity and has a greater passivation effect
compared to H,\. The stronger interaction between C(H,)
and [, in H, J;@MAPDL; than H, [;@MAPbI; disturbs the
C—N bond more, causing a greater fluctuation and a larger
average value of the C—N bond length (Figure 2b). This
results in a greater distortion of the Pb—I framework in
H, J[@MAPDI; compared to H,\;@MAPbI; during the
dynamics evolution. Seen from Figure S3, the ZPb—I-Pb
bond angle in H, ;@MAPDI, is significantly smaller than in
H, n@MAPDI,, indicating a greater distortion of the [PbI,]*~
octahedra in H, -[@MAPbI,. The distortion of the [PbIs]*"
octahedra can be expected to correlate with an enhanced
charge localization, decreasing electron—hole interactions and
leading to a slower carrier recombination.

The standard deviations in atomic positions, presented in
Table 1, offer a quantitative measure of lattice stability and the
extent of thermal vibrations within each system. These values

are computed using the formula ¢, = {/(r, — r)*, where r,
denotes the position of atom i, and the angular brackets signify

averaging over the 6 ps adiabatic MD trajectories and a specific
group of atoms. Larger standard deviations indicate increased
atomic motions. After an MA molecule loses a hydrogen atom,
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Table 1. Standard Deviations (A) of the Positions of MA, Pb—I Atoms in Pristine MAPbL;, ;@MAPbL;, H, y\@MAPbL;, H,..@

MAPbL,, H, \J, @MAPbL,, and H, . @MAPbI,

MAPDI, L@MAPDI, H, x\@MAPDIL; H, c@MAPbI; H, n@MAPDL, H, cL@MAPbI,
MA 0.876 0.845 0.892 0.920 0.852 0.780
Pb-1 0.352 0.419 0.422 0.408 0.430 0.426
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Figure 3. Projected densities of states (PDOS) of (a) pristine MAPbL;, (b) H, y@MAPbI;, (c) H, \L@MAPbL, (d) L@MAPbL, (e) H, @
MAPbL,, and (f) H,.c,@MAPbI,. (g) Schematics of orbital hybridization in H, \;@MAPbI; and H, c@MAPbI,.

MAPbI,

1,@MAPbI,

e J ;%>

—O—
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Figure 4. Charge densities of the VBM, trap and CBM states in pristine MAPbI;, ;@MAPDI;, H, y@MAPbDIL;, H, c@MAPDI;, H, \;@MAPbI;,

and H, ;@MAPbI,.

the reduced steric hindrance results in an increased atomic
movement of the MA molecule in both H, \@MAPbI; and
H, c@MAPbI;. This enhanced movement impacts the Pb—I
framework, causing its atomic fluctuations to increase as well.
However, when the MA molecule interacts with I, the steric
hindrance significantly increases, leading to a decrease in the
atomic movement of the MA molecule in both H, L@
MAPbDI, and H, - ;@MAPbL;. At the same time, the C(H,)—N
bond in H, ;@MAPbI; fluctuates more than the C—N(H,)
bond in H, \[;@MAPDI;, Figure 2b. The atomic movements of

29258

the Pb—I framework in the passivated systems (H, L@
MAPbBL; and H, ;@MAPDI;) are greater than in pristine
MAPDbI; due to the larger distortion of the Pb—I framework. A
greater atomic movement is correlated with a faster
decoherence process, generally leading to a longer carrier
lifetime.

3.2. Electronic Structure. Figure 3 presents the projected
density of states (PDOS) for the six systems under
consideration. In pristine MAPbI;, the valence band maximum
(VBM) is contributed by atomic orbitals of Pb and I atoms,

https://doi.org/10.1021/jacs.4c12634
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while the conduction band minimum (CBM) is predominantly
composed of Pb atomic orbitals. The defect state in H, @
MAPDI, resides within the valence band (VB), whereas the
defect state in H, c@MAPDI; is within the band gap and
relatively close to the VB. Similarly, in [@MAPDI;, the defect
state contributed by I, is also within the band gap and close to
the VB, resembling the behavior observed in H, c@MAPbDI,.
The charge densities of the key states in these systems are
shown in Figure 4. The charge density of the VBM
concentrates on I and Pb atoms, whereas the charge density
of the CBM primarily localizes on the Pb atoms in pristine
MAPbL;. In H, y@MAPDI;, the VBM charge density is
localized around H, y, while in H, @MAPbI; the trap state
is localized around H, and the VBM charge density is
comparable to the pristine structure. It can be observed from
the PDOS that the states localized around H, and H, ¢
mainly originate from N-p and C-p orbitals, with only a small
portion contributed by Pb-p. Therefore, the Pb-p component
is not visible in the charge density of these states. In ;@
MAPDI;, the trap state is localized around I, decreasing the
charge density around the defect at the VBM. However, when
the H, vacancy captures I; in H, \;@MAPbI; and H, L@
MAPDbI;, the charge densities of the VBM and CBM align with
those of pristine MAPDI;. Figure Sa,c shows the projected

—_
Y
~
w

N

Energy(eV)

o

N

Energy(eV)

o

Figure 5. (a) Projected band structure and (b) schematic of atomic
orbital hybridization in H, y@MAPbL,. (c) Projected band structure
and (d) schematic of atomic orbital hybridization in H, c@MAPbI,.

band structures (PBAND) for H, @MAPbI; and H, @
MAPDbI,. The states contributed by H,  and H, ¢ both exhibit
flat bands characteristic of localized states. The flat band
contributed by H, is within the valence band in H, @
MAPDbI;, while the flat band contributed by H, _ is within the
band gap in H, c(@MAPDI; like in the PDOS. The orbital
hybridization diagrams (Figure Sb,d) reveal that both flat
bands are mainly contributed by the 2p orbitals of N(C)
hybridized with the 6p orbitals of Pb. Since the energy level of
the 2p orbital of C is higher than that of the 2p orbital of N,
the flat band contributed by N(H,) is located within the VB,
whereas the flat band contributed by H, . is situated within the
band gap. Furthermore, as the band contributed by H,  sinks
into the VB, a dispersive band emerges above it. Since the band
is derived from Pb and I and exhibits high dispersion, it is
delocalized, as evidenced by the charge density, Figure 4.

The evolutions of the VBM, CBM, and trap state energies
for H, \@MAPDI; and H, -@MAPDI; are shown in Figure S4.
The energy level contributed by H,  evolves within the VB,
close to the VBM. The energy level contributed by H, ¢
undergoes significant fluctuation during its evolution, with a
substantial portion evolving deep into the band gap. Deep-level
defect states facilitate nonradiative recombination, leading to
severe energy and charge losses. In H, \;@MAPbI; and
H,.cL@MAPbL;, both N(H,) and C(H,) undergo bonding
interactions with I. This results in the trap defect states sinking
into the valence and conduction bands (Figure 3c,f). It can be
observed that the energy levels of the states contributed by
H, ¢ are closer to I; than those of H, (Figure 3b,d,e). This
favors a stronger bonding interaction between C(H,) and [
(Figure 3g), leading to the shorter length of the C(H,)—]
bond in H, [@MAPDIL,.

3.3. Electron—Vibrational Interactions. Vibrational
motions play an essential role during the charge trapping
and recombination processes. They provide the NA coupling
that initiates these processes, and accommodate the excess
electronic energy released during the nonradiative relaxation.
The NA coupling values are summarized in Table 2. To
identify the key vibrational modes, we calculate the electron-
vibrational spectral densities by performing Fourier transforms
of the autocorrelation function of fluctuations of the energy
gaps between each pair of the key states (Figure 6). The
spectral densities in all six systems exhibit signals in the low-
frequency region below 400 cm™". The peak at 100 cm™ can
be attributed to the stretching mode of the inorganic Pb—I

Table 2. Canonically Averaged Energy Gaps, Absolute NA Couplings, Pure-Dephasing Times, and Transition Rate Constants
in Pristine MAPbL,, @MAPbL,, H, \@MAPbL,, H, (@MAPbIL,, H, \;@MAPbL,, and H, ,@MAPbI,

Gap (eV)
MAPbI, CBM — VBM 1.60
L@MAPbDI, CBM — VBM 1.76
trap - VBM 0.34
CBM — trap 142
H,.x@MAPDI, CBM — VBM 1.81
trap — VBM 0.19
CBM — Trap 1.62
H,.c@MAPbI, CBM — VBM 1.84
trap - VBM 0.74
CBM — Trap 1.10
H, AL, @MAPbI, CBM — VBM 1.73
H, cI;@MAPbI, CBM — VBM 1.78
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NA coupling (meV) Dephasing (fs) Rate (ns™')
0.94 7.34 0.44
0.89 6.19 0.29
4.59 7.00 52.14
0.61 5.05 0.72
0.84 6.13 0.28
6.33 10.45 170.79
0.95 6.83 0.61
0.57 7.12 0.25
1.93 2.89 11.78
2.07 2.66 8.80
0.71 3.03 0.37
0.60 S.15 0.30
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Figure 6. Fourier transforms of autocorrelation functions of phonon-induced fluctuations of energy gaps in (a) pristine MAPbL;, (b) H,n@
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Figure 7. Pure-dephasing functions for the key pairs of states in (a) pristine MAPbI, (b) H, \@MAPbI, (c) H, \@MAPbL, (d) [@MAPDL,, (e)

H, c@MAPbL,, and (f) H, JL@MAPbI,.

lattice.** The dominant peak below 60 cm™" is ascribed to Pb—

I-Pb bending.”® In the presence of H,, the Pb—I-Pb
distortion around H, increases, enhancing the contribution
of vibrations in the low-frequency region below 100 cm™. In
H, (L@MAPbI;, and H, L@MAPbL;, the formation of the
large MA-I group due to the bonding of N(H,) and C(H,)
with I; causes further distortion of the surrounding [Pbl]*"
octahedra, also resulting in enhanced vibrations in the low-
frequency region below 100 cm™'. Additionally, the low-
frequency vibrations of the passivated systems are red-shifted
overall (Figure 6g). Since the NA coupling is proportional to
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atomic velocity and the velocity decreases with decreasing
vibrational frequency, the red-shift rationalizes the weakening
of the NA coupling in H, \[j@MAPbI; and H, ;@MAPbI;
compared to pristine MAPbI;. The greater distortion of Pb—
I-Pb in H, [;@MAPbI; compared to H, \; @MAPDI; results
in a stronger peak intensity around 30 cm™" in H, . @MAPbI,
and increased charge localization, thereby reducing the NA
coupling. The higher frequency modes in the range of 150—
200 cm™" are linked to the vibrations of MA molecules.”* The
peaks at 300 and 400 cm™' correspond to MA torsional
modes.”* The introduction of H, and [; leads to a significant
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Figure 8. Evolution of populations of the key states in (a) pristine MAPbI,,
MAPbL, and (f) H, JL@MAPbL,.

(b) Hix@MAPDL;, (c) H,n@MAPDL, (d) L@MAPBL, (e) H, c@

increase in the distortion of the Pb—I framework. This reduces
the relative motion of MA with respect to the Pb—I framework
(Table 1), resulting in a notable reduction of the signals in the
high-frequency region in the defect and passivated systems.
The NA electron-vibrational coupling is responsible for
inelastic scattering events leading to an electron-vibrational
energy exchange. Elastic scattering causes loss of coherence
within the electronic subsystem and is known as the pure-
dephasing process. The pure-dephasing functions calculated
using the second-order cumulant expansion based on the
optical response theory are presented in Figure 7. The pure-
dephasing times are obtained by fitting the curves to a

. . -0.5(t/7)* .
Gaussian function, ¢ /7" A quantum mechanical wave

packet representing the entire electron-vibrational system splits
into uncorrelated branches, and the electronic subsystem loses
coherence due to coupling to vibrations. This resulting
decoherence can be understood as an environment-induced
collapse of superposed quantum electronic states. For a
quantum transition between two states to occur, their wave
functions must form a coherent superposition. If coherence
between the state is lost rapidly, it can significantly hinder or
even completely prevent the quantum transition.”® In all cases,
coherence loss occurs on a 10 fs time scale, much faster than
the charge trapping and recombination processes. The pure-
dephasing time for the CBM-VBM transition is 7.34 fs in
pristine MAPbI;. The enhanced randomness and disorder due
to the introduction of defects accelerates coherence loss
further. As a result, the pure-dephasing times for the CBM-
VBM transitions are even shorter in H, y@MAPbL;, H, -@
MAPbI, and L@MAPbI, (Table 2). In H, \L@MAPbL, and
H, L@MAPbL;, N(H,) or C(H,) undergo bonding inter-
actions with I, resulting in the formation of large MA-I
moieties that have a strong influence on the motions of the
Pb—1I lattice, further accelerating decoherence. The pure-
dephasing times for the CBM-VBM transition decrease to 3.03
and 5.15 fs in H, y@MAPbI; and H, ;@MAPbI;,
respectively. Typically, faster decoherence leads to slower
carrier recombination.”
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3.4. Nonradiative Electron—Hole Recombination. The
nonradiative charge recombination occurs on nanosecond time
scales, exceeding capabilities of ab initio NA-MD. Machine
learning tools can be employed to extend NA-MD simulation
time and size.*>" In the present work, we use 6 ps NA-MD
trajectories to obtain rates of transitions between the key states
and use the rates in the corresponding kinetic equations (eqs
S1-S3). The solutions to the kinetic equations can be
represented through analytic expressions (eqs S4—S6) for the
state populations. The results of the state-to-state NA-MD
simulations are shown in Figure S6, and the rates are obtained
by exponential fits to the data.

The energy levels of the trap states in the T@MAPbI; and
H, y@MAPDI; systems are relatively shallow and are located
near the VBM. They act as hole traps, with hole trapping
taking 20.4 and 6.0 ps in [[@MAPDI; and H, y@MAPbDI,,
respectively (Figure 8b,d). The trapped hole recombines with
an electron in the CBM on a nanosecond time scale. The trap
states within the band gap accelerate the electron—hole
recombination time to 1.40 and 1.64 ns in I@MAPDI; and
H, y@MAPDI;, respectively, compared to pristine MAPDI;
(2.27 ns). Because the trap level in H, (@MAPDI; evolves
deep into the band gap, the charge trapping and subsequent
recombination processes occur on comparable time scales, 0.13
and 0.16 ns, respectively (Figure 8e). The rate-limiting step of
carrier recombination via trap states is the slower recombina-
tion across a large gap between the trap state and the
“opposite” band edge. Therefore, deep-level traps accelerate
carrier recombination significantly compared to shallow-level
defects (Figure S7), since the gaps to the trap level from both
the VBM and the CBM are significantly smaller than the
VBM—CBM band gap. This increase in trap level energy in
deep-level traps decreases the charge transfer rate for the rate-
limiting step. Consequently, the presence of the deep-level
defect makes the nonradiative recombination an order of
magnitude faster (0.20 ns) in H, c@MAPbI; than the other
systems. The charge recombination is the slowest in the self-
passivated H, \;@MAPbI; and H, -;@MAPDI; systems with
time scales of 2.70 and 3.31 ns, respectively (Figure 8c,f). The
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passivation of I; by H, eliminates the nonradiative recombi-
nation centers, while, at the same time, enhances localization of
the band-edge states due to the larger distortion of the Pb—I
framework, leading to a reduction in the NA coupling and
shortening of the coherence time, thereby making the charge
carrier lifetimes longer. The NA-MD simulations reveal that
H,_c gives a more effective passivation of I; than H, y due to
the stronger Lewis basicity of H, . compared to H,y in
MAPDI,. Both I; and H, . introduce deep defect levels, and
their pairing results in simultaneous passivation of both defects.

4. CONCLUSION

To recapitulate, we have investigated systematically self-
passivation of hydrogen vacancy and halide interstitial defects
in MAPbI;. Using ab initio nonadiabatic molecular dynamics,
we have revealed that H, y introduces a defect state into the
valence band near the VBM, while the defect state contributed
by H,c evolves from a shallow level to a deep level as
temperature is raised from OK to ambient conditions. Both
H, .y and H, ¢ exhibit strong Lewis basicity and environmental
activity, and are capable of capturing I; in the perovskite lattice,
thereby passivating I, defects. The activity of H,  is more
pronounced, resulting in stronger bonding with I; and better
passivation. The carrier lifetimes of the I, system passivated by
H, are notably longer than the carrier lifetimes in the systems
with the defects and even pristine MAPbI;. The self-
passivation of H, - and I, enhances the carrier lifetime by
over an order of magnitude. These findings are rationalized
atomistically by considering in detail the structural and
electronic properties of the materials, their atomic motions,
and inelastic and elastic electron-vibrational interactions. The
reported results demonstrate that a judicious and simultaneous
control of the relative concentrations of the H, and I; defects
can eliminate charge traps arising from both defect types,
thereby minimizing energy and charge losses. The self-
passivation strategy demonstrated by the ab initio quantum
dynamics simulations is a promising route to improve the
properties of organic—inorganic halide perovskites and other
solar energy and optoelectronic materials. The reported study
advances our understanding of defects in modern materials and
devices.
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