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ABSTRACT: Inorganic mixed-halogen perovskites exhibit excellent photovoltaic

properties and stability; yet, their photoelectric conversion efficiency is limited by I, P, V,
inherent surface defects. In this work, we study the impact of defects on properties of 0900000 -0
CsPbl,Br slabs using first-principles calculations, focusing on specific defects such as I 00900900

vacancy (V}), I interposition (I;), and I substitution by Pb (Pb;). Our findings reveal 000000000 gt
that these defects affect the geometric and optoelectronic properties as well as Tmpwm ‘mw
dynamics of charge carriers of slabs. We employ two theoretical frameworks (surface @W ogf® ‘w o

hopping and Redfield theory) of nonadiabatic molecular dynamics simulations to °° pe °°
comprehensively study relaxation processes and obtain consistent results. The Pbo

presence of V; reduces carrier lifetimes, while the influence of Pb; on carrier lifetimes 7 o o°°ﬁ°w;o%o°

is negligible. In contrast, I; defects lead to prolonged carrier lifetimes. These insights

provide valuable guidance for the rational design of perovskite photovoltaic devices,
aiming to enhance their efficiency and stability.

Pb,

or,

Vi

D ue to its ideal direct band gap, high optical absorption During the preparation of CsPbl,Br thin films, it is inevitable

coefficient, significant carrier mobility, and good defect that surface defects are formed.””*° The defect density on the
tolerance, the all-inorganic halide perovskite has received a lot surface is higher by several orders of magnitude than the
of interest."~* Perovskite solar cells (PSCS) now have a power interior.”” In typical PSCs, defects are localized at the
conversion efficiency (PCE) of 26%,” indicating its enormous interfaces between the active layers and the charge transport
promise as the next generation of low-cost solar technology. layers.”®™*' These interfacial defects introduce trap states
However, the two inorganic perovskites CsPbl; and CsPbBr; within the bandgap, which capture charge carriers, facilitate
studied so far exhibit inherent drawbacks. Specifically, the their recombination, and reduce the amount of charge carriers
forbidden bandwidth of CsPbl; is 1.7 eV. The solar cell with reaching the electrodes, thereby reducing the photocurrent
CsPbl; as the photoactive layer shows the best PCE, but the and, consequently, the efficiency of PSCs.**** In addition,
crystalline structure of CsPbl; is prone to alteration under these defects provide ion migration channels under elevated

room temperature, which affects the stability of the cell.”®
CsPbBr; exhibits enhanced crystal structure stability; however,
its wide bandgap of 2.3 eV adversely affects the generation of
photogenerated carriers, leading to a low current density of the
device.”~'* On the other hand, the mixed-halide CsPbI,Br with
a bandgap value of 1.9 eV shows higher visible light absorption
than CsPbBr, and better stability than CsPbl;.""~"> Due to its
low exciton binding energy, electron—hole pairs can readily
separate into free carriers, thus improving charge carrier
generation efficiency, and recombination losses are reduced,
enabling more efficient collection of generated charges at the

temperatures and optical conditions, which can act as
stochastic dopants, altering the bandgap width and affecting
the performance of PSCs.”*™** Charge typically builds up at
defects, impeding the dispersion of the electric field within
devices, which may result in an intrinsic performance loss and
contribute to hysteresis in the current—voltage characteristics
of PSCs.””™* The issues from interfacial defects will be
exacerbated during scale-up for practical applications, con-
straining the commercialization of PSCs.*’ Understanding the
impact of defects on the electronic properties and dynamics of

electrodes.'®™"® Therefore, CsPbI,Br has excellent potential for

application in the field of photovoltaic devices. Received: March 3, 2024
The currently known best PCE for CsPbI,Br PSCs was Revised:  April 13, 2024

17.8%," far from the Shockley-Quisser (S-Q) limit.”> The Accepted:  April 17, 2024

primary cause is the presence of defects at interiors, grain Published: April 25, 2024

boundaries, and interfaces that create carrier recombination
. . 21-24
centers, carrier complexes, and charge accumulation.
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charge carriers is important for enhancing the stability and
PCE of PSCs.

In this work, we carry out first-principles calculations to
systematically investigate the geometric and optoelectronic
properties of CsPbl,Br surfaces with intrinsic defects. Non-
adiabatic molecular dynamics (NAMD) simulations are
performed to comprehensively study relaxation processes.
We focus on defects with low formation energies, which are
expected to be abundant during synthesis, such as I vacancy
(V1), I interposition (I;), and Pb substitution for I (Pb;). The
perovskite slabs with such defects show distinct electronic
structures and electron—phonon (e—p) coupling. Additionally,
a comparison is made between the Hefei-NAMD method
employing surface hopping theory™™*° and the reduced
density matrix (RDM) formalism within the Redfield
theory” ™" in studying relaxation processes of charge carriers.

The cubic phase (a-phase) CsPbL,Br is considered, which
has better performance stability than the tetragonal phase (-
phase) CsPbLBr. The calculated lattice parameters of the a-
phase CsPb,Br are a = ¢ = 6.13 A and b = 5.98 A, consistent
with the earlier findings.”*~>* The a-phase surface defects are
constructed based on the (100) surface, which is dominant in
the experimental X-ray diffraction pattern.”” Beyond three
atomic layers, any excess layers are expected to have minimal
influence on the surface.”® Therefore, we construct only four
atomic layers and add a vacuum layer of 20 A in the z-direction
to eliminate the interaction between the periodic images.

Density functional theory (DFT) simulations are performed
using the Vienna Ab initio Simulation Package (VASP)*"*® to
optimize the geometry and investigate the surface defect
characteristics. We employ an exchange-correlation functional
of Perdew—Burke—Ernzerhof (PBE) generalized gradient
approximation (GGA)* and use projected augmented wave
(PAW)® potentials. The valence electron constituents are 5s
5p® 6s' for Cs, 5d'° 6s* 6p for Pb, Ss* Sp° for I, and 4s* 4p° for
Br. The plane wave basis set uses a kinetic energy cutoff of 450
eV, and the geometry is relaxed until the residual force per
atom is less than 0.015 eV/A™". The supercell, containing 2 X
2 unit cells, provides sufficient distances to prevent interactions
between defects. The molecular formula of the original
supercell is CsgPbgl (Brg. For the three main studied defects,
the molecular formulas are as follows: V; (CsgPbgl;sBrg), L
(CsgPbgl,Brg), and Pb; (CsgPbgl;sBrg), see Table S1. Due to
the electrostatic attraction between slabs, charged systems are
not considered.’ The Brillouin zone is sampled using a 3 X 3
X 1 Monkhorst—Pack-point grid.

Following geometric optimization, we employ velocity
tuning to raise the system temperature to 300 K. Then,
using a 1 fs time step, 6 ps microcanonical ab initio molecular
dynamics (AIMD) trajectories are constructed. NAMD results
are obtained by averaging over 100 different initial
configurations from the last 3 ps of the AIMD trajectories.

The nuclear trajectories and the Kohn—Sham (KS) orbitals
obtained by VASP are used to calculate the nonadiabatic
couplings (NACs). The NAC determines the probability of
transitions for electrons and holes in excited states between
various energy levels during the NAMD process. The time-
dependent KS equations are solved in the scheme of the
surface hopping method and the classical path approximation
(CPA). The conduction band (CB) and valence band (VB)
edges of CsPbl,Br are located at the I'-point, making it a direct
band gap semiconductor. To save computational resources, the
NAC and NAMD calculations are performed only at the I'-
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point. The obtained results from the Hefei-NAMD meth-
0d®** are also compared with those obtained from the RDM
method within the Redfield theory.”””" The calculated results
from the latter are based on NACs obtained from the former.
The details of these two methods can be found in the
Supporting Information.

The optimized structures and surface formation energies of
CsPbL,Br (100) with four different terminations (Csl,, CsBr,,
Pbl,, and PbIBr) are shown in Figure S1. The PbIBr
termination, which is characterized with a small surface
formation energ)r,72_74 is used to study the effect of defects.
We calculate the defect formation energy (DFE) of the
uppermost layer of the perovskite surface in the presence of
point defects, including vacancies (Vp, Vi and V),
interstitials (Pb,, I, and Br;), and antisubstitutions (Pbg,, Pby,
Ipp, and Bryy, where Ay indicates that B is substituted by A) as
shown in Figure S2. The DFE reflects the ease of defect
formation with a smaller value indicating a higher likelihood
for the defect to form. Among these 10 defects, we focus on
the representative defects with small DFE, which are also
commonly abundant in the synthesis process, namely, I
vacancy (V1), T interposition (I;), and I substituted by Pb
(Pbl). 5,76

We fix the lattice parameters of the original cell to optimize
these point-defect structures on the CsPbLBr (100) surface.
The optimized geometries and structural parameters are listed
in Figure la and Table 1. The slab with the Vi defect has a
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Figure 1. (a) Optimized structures and (b) surface electron densities
of CsPbL,Br (100) pristine and different defective surfaces. The red
circle in (a) indicates the position of the defect. The letters in (b)
represent the defective atoms and their locations. The green, gray,
brown, and purple spheres represent Cs, Pb, Br, and I atoms,
respectively.

relatively large DFE compared to the other defects. There are
minor changes observed in the average Pb—I and Pb—Br bond
lengths and ZM—X—M (M = Pb, X = I, Br) angle relative to
the pristine surface. The slab with the I; defect has a low DFE
and larger surface [PbI;Br,]*” structure deformation. The

Table 1. Main Geometrical Parameters and Defect
Formation Energies of CsPbL,Br Slabs with and without
Defects

Pristine Vi L Pb,
dpy_y (A) 3216 3205 3286 3223
dpy_pe (A) 2.996 2.995 3.053 3.008
£Pb—I-Pb (deg) 170.9 170.3 145.0 173.6
£Pb—Br—Pb (deg) 173.7 172.6 148.8 166.5
DEFE (eV) / 2.01 0.72 3.25
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Figure 2. Elemental projected density of states for (a) pristine and (b—d) defective CsPbL,Br (100) surfaces. The energy reference is put at the

Fermi energy level.

atoms around the interstitial defect move away, making the
metal—halide framework more curved, as shown by the
increase in the average Pb—I and Pb—Br bond lengths and
the decrease in the average angle. The average distance
between the defective I atom on the surface and the
surrounding I atoms is 3.44 A. For the slab with the Pb;
defect, which has a large DFE, the Pb atoms are more inclined
to be located above the surface, indicating that the defect is
more difficult to form. The halogen atoms around the defect
are closer to the defective Pb atom as shown by the longer
bond lengths and smaller bond angles. The average distance
between the defective Pb atom on the surface and the
surrounding Pb atoms is 3.28 A. The distribution of electron
density reflects the degree of interatomic interactions. As
shown in Figure 1b, slabs with V; and Pb; defects, characterized
by minor structural deformation, exhibit low electron densities
around the defective sites and minimal changes in electron
densities outside of these sites. The slab with the I, defect,
characterized by large structure deformation, exhibits enhanced
interactions between the defect and surrounding atoms, thus
reducing the formation energy.

It has been shown that the spin—orbit coupling (SOC) effect
influences the band structure of perovskite materials
significantly.”” To get a more accurate description of electronic
structures, we perform single point energy calculations using
PBE+SOC and HSE06>® based on optimized geometries
obtained from PBE calculations. The band gaps of pristine and
defective CsPbL,Br (100) slabs by PBE, PBE+SOC, and
HSEOQ6 are shown in Figure S3. The band gaps obtained using
PBE fall between those calculated by using PBE+SOC and
HSEQ6. The pristine CsPbL,Br PBE calculation yields a band
gap value of 1.91 eV, which agrees with the experimental value
of 1.92 eV.'* Considering the low computational cost of PBE,
its agreement with experimental values, and the reliability of
optoelectronic properties for CsPbX; (X = Br, I) crystals,”””
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all subsequent results presented in this study are calculated
using PBE.

Figure 2 displays the density of states (DOS) of the pristine
and defected surfaces. Around the band gap, the contribution
is from Br, I, and Pb orbitals. The conduction band minimum
(CBM) is mainly from Pb, with negligible contributions from
Br and I, whereas the valence band maximum (VBM) is mainly
from I Figure S4 shows the energy band structures of the
pristine and defective systems. All three studied defects
introduce midgap states. V; introduces a shallow defect state
near the CBM. [; introduces two shallow defect states near the
VBM and a deep defect state located 0.8 eV above the VBM.
Pb, introduces two shallow defect states near the CBM and a
deep defect state around 0.9 eV below the CBM. It is generally
assumed that the deep defect states located within the middle
one-third of the bandgap.®” The formation of the deep defect
states arises from strong interactions between the defective
atom and its neighboring identical atoms, such as Pb-Pb and I-
I. V] can be considered as n-type defects. I; shows both p-type
and neutral character, while Pb; shows both n-type and neutral
character.

To further understand the effect of defects on the optical
properties, we compute the absorption spectra (Equations S1—
S2, Figure SS) for the pristine and defective systems, as shown
in Figure 3. The pristine and I; slabs have minimal absorbance
below 1 eV, whereas slabs with Pb; and V; defects show light
absorbance in this region. In the visible region, the pristine slab
shows a stronger absorption of light than slabs with defects. In
the ultraviolet region, both the pristine slab and the slab with I;
defect exhibit similar spectral signatures, displaying stronger
absorption than slabs with Pb; and V; defects.

Figure 4 shows the partial charge densities of the VBM,
CBM, and representative defect orbitals (shallow defect state
orbital of V| and deep defect state orbitals of I; and Pb;) for the
pristine and defective systems. In the pristine system, the VBM
is mainly distributed on the I atoms on the surface, and the

https://doi.org/10.1021/acs.jpclett.4c00675
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Figure 3. Calculated absorption spectra for pristine and defective
CsPbL,Br (100) surfaces. 1.64—3.19 eV is the energy absorption range
for visible light.
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Figure 4. Partial charge densities in pristine and defective systems,
including VBM, CBM, and defect states, for typical configurations at 0
K. The green, gray, brown, and purple spheres represent Cs, Pb, Br,
and I atoms, respectively. The yellow surface represents partial charge
density, and the red dashed circles indicate the locations of the
defects.

CBM is mainly distributed on the Pb atoms, consistent with
the DOS in Figure 2. V; and Pb; defects have a minor effect on
the charge density of the CBM and VBM. For the I; defect, the
charge density of the VBM is depleted at the interstitial site,
while the charge density is primarily localized at the interstitial
site for the defect state. The charge density of the CBM is
predominantly localized at the Pb atoms on the subsurface.
The defective I atom on the surface has strong interactions
with the surrounding I atoms, leading to I-p and I-p orbital
coupling and thus the formation of an iodine trimer.*"** This
charge redistribution may significantly reduce the NAC and
thus suppress the e—h recombination rate.*

The e—p interactions can significantly affect the electronic
structures. Figure S6 depicts the time evolution of orbital
energies for VBM, CBM, and representative defect states at
300 K. The fluctuations of the defect states along the MD
trajectories are more pronounced compared to the VBM and
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CBM, indicating that there is substantial e—p coupling in these
impurity states. The slab with the V| defect exhibits a shallow
defect state close to the CBM, which shows slight oscillations
with time (Figure S6b). The defect state for the slab with the
defect is close to the VBM and exhibits more substantial
oscillations (Figure S6¢), due to strong vibration of the foreign
I atom. The defect state for the slab with the Pb; defect also
exhibits substantial oscillations (Figure S6d). The Pb atom
occupies the site of the I atom, leading to strong p—p
interactions between the defective Pb atom and neighboring
Pb atoms.

To further investigate the effect of defects on the lifetime of
excited-state carriers, we simulate e—h recombination and
carrier relaxation for both pristine and defective structures
through NAMD simulations. Thermal motion of atoms drives
fluctuations of the electronic energy levels, and the fluctuations
reflect the strength of elastic and inelastic electron—vibrational
interactions that, respectively, induce coherence loss and are
responsible for nonadiabatic transitions between electronic
states.

Figure S7a shows the pure dephasing function obtained by
the second-order cumulative approximation and with a
Gaussian distribution (exp[—0.5(t/7)*]) to estimate the
quantum coherence time as the pure dephasing time (7) of
the optical response theory as shown in Table 2. The V; defect

Table 2. NACs, Pure Dephasing Times, and Recombination
Times for the Pristine and Defective Systems

NAC (meV) Dephasing (fs) Recombination (ns)
Pristine 0.555 4.268 89.82
4 1.050 4.538 57.76
I 0.298 3.022 256.3
Pb, 0.318 4.480 91.87

exhibits slower pure dephasing, because the corresponding
energy gap and its fluctuations are minimal. The pure
dephasing function decays most quickly for I, which has the
most notable oscillations. The Pb; defect exhibits comparable
results to the pristine slab.

The e—p coupling affects NAC, leading to nonradiative
relaxation of electrons and holes following optical excitation.
To determine the time scale 7 for nonradiative e—h
recombination, we collect 1 ns NAMD data and fit exponential
curves (y(t) = exp(—t/7)) to the data points*® (Table 2).
Figure S7b depicts the evolution of the excited state
populations of the pristine and defective systems due to
nonradiative transitions. Various defects exhibit different
recombination rates due to different initial values of the
unnormalized autocorrelation function (Figure S8), pure
dephasing time, and NACs (Figure S9).

The e—h recombination is often slowed by a greater band
gap, a shorter pure-dephasing period, and a weaker NAC.
Compared to the pristine slab, the formation of V| speeds up
e—h recombination, as it breaks bonds in the Pb—I Ilattice
supporting the carriers and reduces the bandgap by
introducing shallow energy levels below the CBM. Pb; slightly
accelerates the recombination. This is due to the formation of a
localized midgap trap state between the defected Pb and the
neighboring Pb, which is strongly coupled to the edge of VB.**
However, creating I increases the lifetime of the carriers. This
is attributed to the formation of iodine trimers. The strong
covalency introduces localized deep defect states with weak

https://doi.org/10.1021/acs.jpclett.4c00675
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couplings to the frontier orbitals. The slower charge
recombination reduces energy dissipation into heat and
improves the photon-to-electron conversion efficiency.

We calculate the hot electron relaxation dynamics from the
CB edge states to the CBM and the hot hole relaxation
dynamics from the VB edge states to the VBM, as shown in
Figure S10. The relaxation times obtained by exponential
fitting are listed in Table 3. We consider the average relaxation

Table 3. Relaxation Times of Hot Electrons and Hot Holes
for the Pristine and Defective Systems

Pristine Vi I Pb;
Hot electron (fs) 402 454 590 605
Hot hole (fs) 397 305 152 230

effects from CBM+1, CBM+2, and CBM+3 to CBM and from
VBM-—1, VBM—2 and VBM—3 to VBM. All defects accelerate
the relaxation of holes and slow down the relaxation of
electrons. The formation of the I; defect leads to a significant
decrease in the relaxation time of hot holes. This is because the
introduction of shallow defect states near the VBM reduces the
energy level difference at the VB edge. The longer relaxation
time of hot electrons implies that, during the cooling process,
hot electrons can store more energy compared to hot holes.*’
Therefore, it is expected that extracting hot electrons can
maximize the utilization of solar energy and enhance the PCE
of the perovskite.

A comparative analysis is conducted on the hot carrier
relaxation dynamics in the pristine slab using two theoretical
frameworks, namely, surface hopping and Redfield theories. As
depicted in Figure S, the computational results from both
methodologies exhibit an analogous trend. For high-energy
excitations, both approaches show increasing relaxation times
with higher excitation energies, in agreement with the
predictions of the energy gap law.*® The excess energy
acquired by hot carriers from higher-energy excitations leads to
a greater accumulation of nonequilibrium longitudinal optical
phonons.”” Due to the hot-phonon effect,**"° which
intensifies the interactions between electrons and phonons,
the process of energy relaxation is slowed. This effect occurs
because the hot carriers can reabsorb phonons before these
phonons effectively dissipate their energies into the material’s
lattice. Consequently, hot carriers require additional time to

release their excess energies and reach thermal equilibrium
with the lattice, which acts as a thermal reservoir. At lower
excitation energies, the relaxation times obtained from both
methods deviates from the linear trend. It is found that the
relaxation times increase with decreasing excitation energies.
This is attributed to the scarcity of energy relaxation pathways
available near the band edges in the material.”" At lower initial
excitation energies, the strong coupling near the bandgap edge
facilitates the formation of polarons by trapping the generated
hot electrons, resulting in slower relaxation rates. This is one of
the important reasons perovskite materials exhibit long carrier
lifetimes. As the excitation energy continues to increase, the
influence of phonons destabilizes the polarons, thereby
accelerating the relaxation rates of the hot carriers. This
acceleration persists until the emergence of the hot-phonon
bottleneck, at which point the relaxation rates slow down with
increasing excitation energies. Notably, the relaxation rates of
holes, as determined by both methods, surpass that of
electrons, a phenomenon attributed to the higher density of
states in the VB compared to the CB.”> Under the same initial
excitation energy, the number of bands in the CB is fewer than
those in the VB. In certain scenarios, the subgaps in the CB are
greater than that in the VB. Consequently, hot electrons in the
CB undergo interband relaxation through band-to-band
fluctuations. In contrast, hot holes in the VB, due to the
smaller energy gap, can directly relax between bands.
Simultaneously, the lower band density enhances the hot-
phonon effect, thereby further decelerating the relaxation
process of the hot electrons.

We choose suitable excitation energies to further investigate
and compare the relaxation behavior of both methods. Figure
6a—c depicts the nonradiative relaxation dynamics of charge
carriers for initial orbitals CBM+10 and VBM—20 in the
pristine system obtained by the surface hopping and Redfield
methods. Figure 6d,e, along with Tables S2 and S3, present the
relaxation times of hot carriers in the defective and pristine
systems for both methods, based on the selected energy level
differences (AE, and AE,). Although there are numerical
discrepancies in the relaxation times obtained by the two
methods, a consistent trend is observed. Compared to the
surface hopping method, the Redfield method yields longer
relaxation times for both electrons and holes, with the
difference being more pronounced for electrons than for
holes. The surface hopping method primarily accounts for
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Figure S. Relaxation times in the pristine slab for (a) hot electron and (b) hot hole cooling under various initial excitation states, with the x-axis
representing the energy level differences (Ecpyy,; — Ecpy for the conduction band and Eygy — Eygy_; for the valence band) and the y-axis denoting
the relaxation times. The blue and red colors correspond to results from surface hopping and Redfield methods, respectively.
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Figure 6. (a—c) Nonradiative relaxation dynamics of charge carriers for the initial orbitals CBM+10 and VBM—20 in the pristine system. (a) The
relaxation is obtained by the Redfield method. The yellow (blue) lines depict the nonequilibrium charge density of the photoexcited electron
(hole), and the dotted (solid) line represents the average energy of the electron (hole). (b and c) The energy relaxation processes of electrons and
holes obtained by the surface hopping method, respectively. The ribbons denote the distribution of electrons and holes among different states,
while the dashed lines indicate the average electron and hole energies. (d) and (e) present the electron and hole relaxation times obtained by the
two methods in both the pristine and defective slabs. Their initial energy levels are different, and Tables S3 and S4 provide the relevant initial

energy levels.

instantaneous/random hops between potential energy surfaces
while explicitly monitoring dependence of subgaps on time in
molecular systems, while the Redfield theory primarily
considers an average relaxation induced by the interaction
between electronic and nuclear degrees of freedom, represent-
ing the environment. While both methods are based on the
same protocol of computing nonadiabatic couplings, surface
hopping and Redfield approaches perform an averaging
procedure over an ensemble of nuclear motion at different
stages. Specifically, the surface hopping algorithm does
electronic transitions first, averaging second, while the Redfield
approach does average first, electronic transitions second.
Both methods exhibit consistency in the influence of various
defects on the relaxation process. The presence of V; defects
accelerates the relaxation of both electrons and holes, while the
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presence of I; and Pb; defects decelerates the relaxation of both
electrons and holes. Additionally, the electron relaxation times
obtained by both methods are longer than the hole relaxation
times. The ratios of defect-induced electron and hole relaxation
rates relative to the pristine counterparts are depicted in Figure
Slla,b and summarized in Tables S4 and SS. The relative rate
changes obtained from the Hefei-NAMD program exhibit
variations between 1—2 times, while those from the Redfield
theory range from 1—3 times.

In summary, we have investigated the effects of the intrinsic
surface defects (V;, I, and Pb;) on the geometrical and
optoelectronic properties of CsPbl,Br perovskites using first-
principles calculations as well as their charge carrier
recombination and relaxation dynamics processes using
NAMD simulations. All studied surface defects have slight
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effects on visible light absorption. However, surfaces with V;
and Pb; defects exhibit enhanced absorbance in the near-
infrared region, indicating that the presence of defects may
expand the light absorption region and increase the generated
photocurrent. The formation of V| defects introduces shallow
defect states and accelerates the e—h recombination rate. This
is because vacancy defects make electrons more delocalized
and enhance nuclear motion in the perturbed lattice, resulting
in larger NACs. The formation of Pb; defects creates deep
defect states and accelerates the e—h recombination, whereas
the formation of I, defects slows down the carrier
recombination. The lattice deformation caused by I; defects
reduces the overlap between the defect states and frontier
orbitals through covalent bonds in the iodine trimer. A more
in-depth investigation into the impact of defects on the
relaxation of hot charge carriers is conducted through a
comparative study between surface hopping and Redfield
methods. Although there are numerical discrepancies in the
relaxation times obtained by the two methods, a consistent
trend is observed. Both methods reveal that V; defects
accelerate the relaxation process, while I; and Pb; defects
decelerate the relaxation process. The temporal differences
between the two methods stem from the distinct factors
considered and the various approximations employed. Our
discovery highlights a crucial design principle for all-inorganic
mixed-halide perovskite materials utilized in numerous photo-
voltaic applications: a synthesis environment rich in I favors
the formation of I interstitial defects and reduces the
occurrence of vacancy defects, which further slows carrier
recombination and thereby enhances PCE.
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