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Lead—iodine perovskites are emerging as promising candidates for next-generation solar cells, yet a diver-
gence persists between the theoretical and experimental realms regarding the impact of surface iodine
vacancies (V)) on device performance. To elevate cell efficiency, a profound understanding and delicate
control of V| and their passivation mechanisms are crucial. In this work, we studied various V, defects near
the surface of all-inorganic CsPbls perovskite using ab initio non-adiabatic molecular dynamics. The
results show that the electron—hole (e—h) recombination lifetime highly depends on the defect positions
and configurations, as well as the efficacy of Lewis base additives in passivating defects. Despite the out-
ermost layer V, creating no defect state within the band gap, the carrier recombination rate accelerates
significantly by a factor of 2 compared to that with the defect-free surface, owing to strong electron-
phonon coupling. Subsurface defects create a localized hole trapping state, enabling swift capture of
valence band holes, which subsequently accelerate recombination with the conduction band electrons
by a factor of 6.5. Remarkably for Pb-dimers, this rate escalates 13-fold. Incorporating the Lewis base
molecule HCOO™ forms the stable Pb—O bonds with lead ions, preventing surface V, reconstruction
(iodine migration), Pb-dimer formation, and an in-band defect state. These effectively reduce the elec-
tron—phonon coupling, achieving performance comparable to that of the defect-free surface. This work
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is attributed to the charge capture and recombination of
photogenerated carriers, which hinders further efficiency

Introduction

All-inorganic CsPbl; perovskite has attracted much attention
in recent years due to its superb optoelectronic properties,
such as the high defect tolerance, strong optical absorption,
long carrier lifetime, and remarkable thermal stability. These
combined factors have propelled the power conversion
efficiency (PCE) from an initial 1.7% (reported by Eperon
et al)' to over 21%>* within a decade, underscoring its
immense potential as a next generation candidate of low-cost
solar cells. However, despite these achievements, the PCE of
CsPblI; still lags behind that of organic-inorganic hybrid per-
ovskites (OIHPs) of 26.7%,” and is far from the theoretical
limit of 30% predicted by Shockley-Queisser.® This difference
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gains. These issues are closely linked to defects in CsPbl; cell,
as they often involve some negative effects such as non-
radiative recombination, charge capture and scattering, and
ion migration. Experimental reports show that surface defect
concentration in perovskites is 2-3 orders of magnitude higher
than that of bulk defects,”® and the iodine vacancy (Vi) is a
pivotal defect because of its low formation energy.'®™?
Therefore, enhancing cell PCE relies on a profound compre-
hension and delicate control of the properties and passivation
of V.

Despite the abundance of theoretical studies investigating
the electrical properties of Vi on perovskite surfaces, the
majority have focused on the outermost layer, which is often
classified as a benign defect. For example, Uratani et al. found
that V; on MAI- and Pbl,-terminated surfaces of MAPbI; do
not introduce any new impurity states within the band gap.**
Ambrosio et al. calculated the formation energies of surface
defects and determined that the charge transition level of V;
resides in the conduction band (CB).'® Apart for OIHPs, all-in-
organic perovskites exhibit analogous characteristics. Nenon

Inorg. Chem. Front,, 2025, 12, 569-577 | 569


http://rsc.li/frontiers-inorganic
http://orcid.org/0009-0008-8067-6719
http://orcid.org/0000-0002-7022-753X
https://doi.org/10.1039/d4qi02533d
https://doi.org/10.1039/d4qi02533d
http://crossmark.crossref.org/dialog/?doi=10.1039/d4qi02533d&domain=pdf&date_stamp=2025-01-08
https://doi.org/10.1039/d4qi02533d
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI012002

Published on 02 December 2024. Downloaded on 6/6/2026 8:04:23 AM.

Research Article

et al. reported that surface V; defects in CsPbI; form shallow-
level states near the CB.'> According to Shockley-Read-Hall
(SRH) theory,"®"” such defects are unlikely to serve as effective
e-h recombination centers, and may even contribute positively
to the generation of photogenerated carriers. Therefore, passi-
vating surface V; may not be essential for enhancing carrier
lifetime and device performance.

Nevertheless, increasing experimental evidences underscore
the significant role of passivating surface defects, particularly
Vi, in enhancing the optoelectronic properties of lead-iodide
perovskites.'® > For instance, Wang et al. found that an active
passivator with dynamic covalent bonds under the influence
of water and heat factors can release additional Lewis bases,
effectively repair the surface V; of the APbI; perovskite and
increase PCE to 25.1%.%> Pan et al. introduced EDAIL, as a
surface modifier to eliminate surface V; in Pb-Sn mixed per-
ovskites, prolonging carrier lifetime and achieving a PCE of
23.32%.>% Li et al. applied MFA molecules to all-inorganic per-
ovskites to achieve anion-fixation and uncoordinated-Pb passi-
vation, suppress Pb and I ion migration, reduce defect concen-
tration, and attain a maximum PCE of 22.14% for
CsPbl;_,Br,."* These findings suggest that modified surface V;
defects indeed play a pivotal role in mitigating carrier recombi-
nation and energy loss, hinting at their function as effective
charge recombination centers. This apparent paradox—Vy
defects being considered benign theoretically yet detrimental
experimentally—necessitates a deeper understanding of
surface V; defect properties and their impact on device per-
formance from the perspective of carrier dynamics.

In this work, we employed first-principles defect calcu-
lations, CI-NEB simulations, time-domain density functional
theory (TD-DFT) and non-adiabatic molecular dynamics
(NAMD) to systematically investigate various V; near the CsPbl;
(001) surface. We analyzed the geometric and electronic struc-
tures of these defects before and after passivation with
HCOO7, a typical Lewis base molecule. Additionally, we offer a
detailed examination of carrier capture and non-radiative e-h
recombination processes associated with these defects. Our
results reveal that the outermost layer V; (named V,°"") may
coexist with the subsurface V; defects due to their negligible
energy difference (35 meV). The subsurface V; exhibit two dis-
tinct defect structures: Pb-nondimer (Viy*"") and Pb-dimer
(Vip ") configurations. Notably, CI-NEB results show that
these three defects possess low migration barriers compared
with OIHPs, revealing a higher propensity for ion migration or
defect reconstruction on the CsPbI; surface. Despite N
creating no defect states (DS) within the band gap, the e-h
recombination lifetime across the conduction band minimum
(CBM) and valence band maximum (VBM) is reduced by half,
mainly due to the stronger non-adiabatic coupling (NAC) com-
pared with perfect surface. This demonstrates that V;*"" is a
detrimental defect that accelerates carrier recombination. For
Vi 'P) it forms a hole trap state below the CBM, which
increases the carrier recombination channels, enhances NAC
and accelerates e-h recombination by a factor of 6.5 (compared
to the pristine system). For V;.,°"?, this effect is even more pro-
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nounced. Free holes in the valence band are strongly trapped
by the mid-gap DS, resulting in an acceleration of the recombi-
nation rate by a factor of 13. The passivator HCOO~ forms
stable Pb-O bonds with the unsaturated-Pb ions near Vj, effec-
tively prevents Pb-dimer formation, eliminates deep DS, and
inhibits iodine migration. Furthermore, it mitigates free
carrier recombination at band edges, comparable to that of the
defect-free surface, due to weaken NAC and eliminate
additional recombination channels. This work offers profound
insights into the passivation mechanisms of detrimental
surface V; by Lewis base molecules, paving the way for enhan-
cing solar cell efficiency.

Calculation methods

We utilized the Vienna ab initio Simulation Package (VASP)
code®** to perform geometric optimization, molecular
dynamics and electronic structure calculations. The projector
augmented wave (PAW)>® was employed to handle interactions
between the valence electrons and ion cores, and the
exchange-correlation interaction is described by the general-
ized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) functional.>” The lattice constants and atomic
coordinates of pB-phase CsPbl; are fully optimized using a
plane-wave cutoff energy of 400 eV and a I'-centered 4 x 4 x 3
Monkhorst-Pack (MP) mesh.”® The convergence criteria for
energy and force were set to 1 x 107> eV and 0.01 eV A%,
respectively. The optimized lattice constants were found to be
a=h=8.84A and ¢ = 12.94 A, in good agreement with the
experimental values (a = b = 8.78 A and ¢ = 12.33 A).?°

Based on the optimized 2 x 2 x 1 bulk supercell, we con-
structed a five-layer (001) slab model terminated with CsI to
investigate surface defects, as shown in Fig. 1. The reasons for
choosing this model are as follows: firstly, both theoretical
and experimental evidences demonstrate that the (001) surface
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Fig. 1 Upper panel: optimized structures of (a) perfect CsPbls surface,
(b) surface defects with V, in the outermost layer (henceforth referred to
as the surface layer defect), and (c) Pb-nondimer and (d) Pb-dimer struc-
tures located on the subsurface, respectively. Lower panel: the transition
barrier and migration process between different V| defect structures. (e
and f) The transition process between the surface layer defect and non-
dimer and dimer configurations, respectively. (g) The transition process
between the subsurface defects.
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exhibits higher stability compared to other orientations.**'
Secondly, a thickness of five layers is sufficient to ensure the
accuracy of surface simulations.®” Lastly, due to its lower
surface energy, the CsI-terminated surface is more likely to be
exposed on the material surface.”’* With these factors, we
investigated the geometric configurations, electronic struc-
tures, and carrier dynamics of V; on the CslI-terminated
surface. To avoid coulombic interactions between periodic sur-
faces, the vacuum thickness was set to 15 A. Considering the
computational cost and the direct bandgap nature of CsPbls;,
we used a single k-point for geometric optimization and MD
calculations, while a dense 5 x 5 x 1 MP mesh was employed
for electronic structure analysis. Van der Waals interactions
were accounted for using the DFT-D3 method.** The diffusion
energy barrier of iodine ions (or V;) was obtained by the
CI-NEB method,*® with a force convergence criterion of
0.08 eVA™".

To investigate the carrier lifetime in the first-excited state,
after structural optimization, we used a Nosé thermostat to
simulate the canonical ensemble of the system and stabilized
the temperature at 300 K.** Then, a 6 ps trajectory was
obtained with a time step of 1 fs in the microcanonical ensem-
ble, from which 3 ps was selected for subsequent non-adia-
batic coupling (NAC) calculations. NAC was carried out using
the Python eXtension for Ab Initio Dynamics (PYXAID)*”*®
combined with the Quantum Espresso (QE)*® code. NAMD was
conducted using the semiclassical decoherence-induced
surface hopping (DISH) technique.*’ To achieve reliable stat-
istical data for fitting carrier lifetime, we repeated the NAC
data twice (three times for Pb-dimers) and generated 9000
(8000) hamiltonians, of which the first 3000 (2000) hamilto-
nians were used as the initial conditions.

Results and discussion

Fig. 1 depicts the optimized geometries of the pristine surface
and V; systems, along with calculated transition state dynamics
between various defect configurations, using the perfect
surface as the benchmark. We initially examined V; located in
the outermost layer (denoted as V,°""), that is, by removing an I
atom at the N-site, as shown in Fig. 1b. After relaxation, the
structure exhibits two characteristics: firstly, the surface distor-
tion is minimal, which is primarily attributed to the movement
of 1 ions at the M-site along the z-direction towards the
vacuum layer by 0.34 A, stemming from V; disrupting the orig-
inal interionic forces and re-establishing a new equilibrium.
Secondly, the average Pb1-Pb2 distance (6.24 A) is almost iden-
tical to that of the perfect system (6.25 A), indicating minimal
influence on the I atoms at the M-site, which favors ion
migration. When V; are located in the subsurface, its structure
becomes intricate, as evidenced by a 35 meV energy reduction
compared to that at the surface, exemplified by the Pb-nondi-
mer (Viy*"") in Fig. 1c and Pb-dimer (Vip™*") in Fig. 1d,
respectively. The Pb-nondimer structure exhibits a shortened
Pb distance of 5.61 A due to the large space created by Vj,
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while the inorganic Pbls structure is maintained (Fig. 1c).
Conversely, the Pb-dimer shows an elongated distance of
3.79 A (exceeding the bulk value of 3.3 A), attributed to
reduced surface stress and a singly occupied bonding orbital
electron weakening the electronic energy. Hence, the surface
Pb-dimer is unstable compared to the bulk, confirmed by MD
(see Fig. S1 in the ESI{), and considered as a metastable struc-
ture. According to previous reports, surface V; should be a
stronger recombination center because it has a large atomic
relaxation.**™*?

It is noteworthy that despite the comparable energy values
of the aforementioned defects, Fig. 1(e-g), their spontaneous
transitions are not observed during the structural optimiz-
ation, hinting at their potential coexistence in practical appli-
cations. To unravel the difficulty of defect transition, we then
assessed migration barriers and found that the transition
between surface and subsurface layers needs to overcome an
energy barrier of less than 200 meV (Fig. 1e and f), apparently
lower than that of an OIHP.** This can be traced to the
absence of hydrogen bonding between organic cations and
iodine in CsPblz. Such a small migration barrier portends
potential issues, such as (i) rapid phase transformations. For
example, Guo et al. proved theoretically that V; can trigger a
domino effect leading to the CsPbl; transformation from a
perovskite to non-perovskite phase.** This reflects that the
phase transition of CsPbl; is relatively fast because of a low
migration barrier, compared with that of OIHPs; (ii) surface
reconstruction; and (iii) alterations in electronic structures and
device performance. In this work, we focus on the latter two
aspects. Subsurface defects exhibit an even lower transition
barrier of 60 meV, indicating that the thermal effect suffices
for conversion. This is also supported by the evolution of bond
lengths between Pb1 and Pb2 via MD simulations (Fig. S17).

The detailed analysis of static electronic structures offers
fundamental insights into carrier behavior and materials pro-
perties, contributing to comprehending e-h recombination
dynamics. Fig. 2a illustrates the projected density of states
(pDOS) of perfect CsPbl;-(001) surface that is split into Cs, Pb,
and I contributions. Specifically, the VBM and CBM are predo-
minantly attributed to I and Pb atoms, respectively, as demon-
strated by charge density in the illustration. This spatial separ-
ation of VBM and CBM charge densities minimizes their
overlap, thereby weakening the e-h interaction and slowing
down the charge recombination rate. Interestingly, inorganic
Cs cations exhibit no direct influence on the electronic band
edges, implying that Cs groups solely contribute to stabilizing
the Pbls; octahedra and neutralizing the system, without
affecting the charge recombination.

The defect in a crystal usually introduces the corresponding
DS in its electronic structure. For neutral Vj, the DS is occupied
by an electron, acting as an n-type dopant, so it is located near
the CBM."® The pDOS of V;*"" shows that DS does not emerge
within the bandgap but resonates with CB (Fig. 2b), similar to
OIHPs.*® Given the single electron occupation of DS, we per-
formed the spin-polarized calculations for the electronic struc-
tures (Fig. S27), further confirming the absence of a defect-free
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Fig. 2 Projected density of states (pDOS) for (a) perfect CsPbls surface,
(b) surface layer V,, and (c) Pb-nondimer and (d) Pb-dimer structures in
the subsurface. The insets show charge densities of band edge and
defect states. Circles and ovals indicate the location of V,.

state within the band gap, validating our earlier conclusions.
Meanwhile, DS can be demonstrated by two key aspects: (i)
charge density distribution. The charge densities of both the
DS and CB show that they have similar charge distribution
(Fig. S3b¥). (ii) Energy-level fluctuations observed in MD simu-
lation, where DS resonates with the CBM (Fig. 3b), in agree-
ment with pDOS analysis results. Intriguingly, this is different
from the bulk phase that is shallow-level defect.*> According to
the previous experiences on the carrier dynamics for the bulk
phase, such DS has generally no apparent effect on the carrier
recombination rate.*®

Unlike the surface layer defect, the geometry for subsurface
V; is similar to that of the bulk, where iodine-deficient atoms
generate dangling bonds adjacent to Pb cations. The spacing
between Pb ions directly modulates the electrical properties.
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Fig. 3 The time evolution of the VBM, CBM and defect state for
CsPbl3-(001) at 300 K. (a—d) Perfect and defective systems. The VBM of
the initial configuration is selected for the energy reference. Notably,
due to the instability of the subsurface Pb-dimer structure, only a 2 ps
trajectory was selected for analysis in this case.

572 | Inorg. Chem. Front,, 2025, 12, 569-577

View Article Online

Inorganic Chemistry Frontiers

For the Pb-nondimer structure, the reduced distance (5.61 A)
between Pb ions with the dangling enhances their weak inter-
action, pushing the ppo state away from the CBM, transform-
ing it into a localized DS.*' This localized state, commonly
referred to as a trap state,® is occupied by a single electron,
enabling it to capture holes. Consequently, holes generated in
the VB upon photoexcitation can recombine with electrons in
the DS and CB, as illustrated in Fig. 5b. This phenomenon is
intensified in the Pb-dimer structure, where the shortened Pb
ion spacing (3.79 A) pushes the DS into the middle of the
bandgap, primarily contributed by Pb ions in the dimer con-
figuration (see charge density in Fig. 2d).

Considering that perovskite cells actually operate at room
temperature (300 K), the temperature effect cannot be ignored.
Moreover, electron-phonon coupling (EPC) at a finite tempera-
ture alters electronic structures and regulates the -carrier
recombination rate. To this end, we present the evolution of
both the band-edges and defect levels at 300 K. Remarkably,
the DS in V;>*" remains in resonance with the CB, which indi-
cates that the recombination process of photogenerated car-
riers could be a direct recombination of e-h pairs between the
band edges. Subsurface V;, however, introduce the deep-level
DS within the band gap. Furthermore, compared with the
band edges, the energy-level fluctuation of DS is particularly
prominent along the MD trajectory, especially in Pb-dimers.
This behavior is somewhat anticipated, as Pb ions near V; have
greater spatial freedom and weaker bonding interactions,
leading to more vigorous motions under the thermal influence
compared to their lattice atoms.

Fig. 2 and 3 clearly illustrate that the electronic structure of
V; defects on the CsPbl; surface is strongly influenced by their
position, dictated by the growth conditions and ion diffusion.
As V; migrate from the surface to subsurface layer, the Pb-Pb
bond length diminishes, particularly when forming the Pb-
dimer structure. This shortening enhances the hybridization
of Pb-6p orbitals adjacent to V; (Fig. 2¢ and d), resulting in a
shift of the bonding state ppc from within the CB towards the
band edge, or even deeper into the band gap. These alterations
considerably impact carrier capture and relaxation processes,
potentially expediting recombination and ultimately modulat-
ing the photoelectric properties of the material.

To delve deeper into the role of phonons in electron tran-
sitions, we calculated the autocorrelation functions (ACF) and
their Fourier transforms (FT) for energy differences between
key state pairs along MD trajectories, as shown in Fig. 4. The
FT spectrum, also commonly called spectral density, describes
the phonon mode participation in the NA carrier relaxation
process. The intensity and width of each peak in the spectral
density reflect EPC strength at the specific phonon frequency.
The results show that the broad phonon modes, including the
vibrations of the inorganic Pb-I lattice framework and Cs
cations, reflect strong coupling with the electronic subsystem.
While Cs cations do not directly impact band edges or defect
states, they indirectly affect electrons and holes through
electrostatic interactions. From Fig. 4, we observe that: (i) the
main peaks below 400 cm™ are attributed to the stretching
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Fig. 4 Spectral densities obtained from the Fourier transform of the
autocorrelation functions for the energy gap fluctuation of the pairwise
electronic states on (a) perfect CsPbls surface, (b) surface layer V|, and
(c) Pb-nondimer and (d) Pb-dimer structures on the subsurface. The
y-axis represents the amplitude, with no units.

and bending modes of the Pb-1I lattice in the Pblg octahedra,*’
which supports the capture and recombination processes of
carriers. In contrast, higher frequency phonon modes are
scarce due to Cs cation disengagement. This is in agreement
with previous results obtained from Raman spectroscopy and
theoretical calculations.*®*™° (ii) V;*"" hardly alters band-edge
electronic properties (Fig. 2 and 3) but notably enhances low-
frequency Pb-I bending modes, as evidenced by increased
NAC values shown in Table 1. (iii) Subsurface V; create loca-
lized states within the band gap, leading to more complex
vibration modes and a shift toward high frequencies. Phonon
modes between the defect and band-edge states exhibit higher
intensity and broader widths compared with those between
the band-edge states, suggesting a more obvious carrier relax-
ation process in the former case. Overall, V; defects indeed
modulate the carrier dynamics and accelerate recombination,
thereby directly affecting the material performance.

Table 1 Averaged absolute value of NAC (meV), pure-daphasing time
(fs), and relaxation lifetime (ns) for the pairwise states in perfect and
defective systems. For systems with DS in the bandgap, the values in
parentheses denote the overall e—h recombination lifetime. In contrast,
for systems without such states, it represents the relaxation lifetime
from the CBM to VBM

System Channel NAC Dephasing Lifetime
Perfect CBM — VBM 0.20 11.3 141.8
v CBM — VBM 0.29 12.7 73.7
VipSub CBM — VBM 0.31 11.7 73.5 (21.6)

CBM — DS 0.43 6.7 1.05

VBM — DS 0.22 7.0 29.3
Vip>oP CBM — VBM 0.30 9.5 40.8 (10.7)

CBM — DS 0.33 4.2 2.46

VBM — DS 0.21 4.6 10.8
Pas-V;"™" CBM — VBM 0.24 17.5 110.4
Pas-V;>"P CBM — VBM 0.23 13.1 115.3
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EPC plays a key role in the carrier dynamics of perovskites,
because it induces both elastic and inelastic electron scatter-
ing. Elastic scattering disrupts the quantum coherence within
the electronic subsystem, while the inelastic scattering dissi-
pates electronic energy into heat through nonradiative e-h
relaxation, determining optical linewidths.>"*> To quantify
this, we calculated pure-dephasing time using the second-
order cumulant approximation.®*~*® This time scale is around
10 fs, much shorter than the time scale of e-h recombination
(nanoseconds).’>® Therefore, it is necessary to account for the
decoherence effect in NAMD simulations. In general, a short-
lived superposition state can prolong the carrier lifetime in
perovskites due to the quantum Zeno effect,”” offering insight
into their exceptional excited-state lifetime and high PCE.

Upon photoexcitation, EPC can prompt direct recombina-
tion between electrons in the CBM and holes in the VBM
(Fig. 5a), or indirect recombination assisted by DS (Fig. 5b).
The introduction of DS dramatically complicates the e-h pair
recombination process. The carrier lifetime 7 (recombination
rate, 1/7) of these paired states is obtained by fitting the data
with an exponential function, p(z) = exp(—t/z), where p(7) is the
population evolution. The corresponding results are shown in
Table 1, including NAC and relaxation lifetime between paired
states and overall lifetime. Among them, the overall lifetime
involving multiple dynamic processes is obtained by solving
the kinetic equations with multiple recombination rates (see
the ESI{ for computational details), and the results are illus-
trated in Fig. 5(c-f).

For a perfect surface, the calculated e-h recombination life-
time is 141.8 ns, consistent with an experimental report.'?
Such a long lifetime can be attributed to the relatively weak
NAC strength (0.20 meV) and faster decoherence time (11.3 fs).
The underlying reason is the fact that the wavefunctions of the
two electronic states (VBM and CBM) are mainly localized to
different atoms (Fig. 2a). In contrast, the introduction of V;**,
even without an additional defect state within the band gap
and with localized band-edge wavefunctions (Fig. 2b), substan-
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Fig. 5 Electron—hole recombination channels without (a) and with (b)
the defect states: (1) Formation of photoexcited electrons and holes. (2)
Direct non-radiative recombination between electrons in the CBM and
holes in the VBM. (3) Capture of holes by the defect states. (4)
Recombination of the trapped holes with electrons in the CBM. (c—f)
Population evolution of key states for charge trapping and recombina-
tion in perfect and defective CsPbls.
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tially modifies both NAC and decoherence time, especially
increasing NAC (0.29 meV). This enhancement, evident in the
spectral density (Fig. 4b), stems from intensified low-frequency
phonon modes. As a result, the excited-state lifetime of V;*"" is
shortened to 73.7 ns, similar to the recombination behaviors
of the bulk system.*> Therefore, V5T act as an effective recom-
bination center in CsPbl;, supporting experimental obser-
vations that V; defect passivation is crucial for improving
device performance.

The subsurface V; defects markedly accelerate e-h recombi-
nation, mainly due to the presence of localized DS in the band
gap. The hole capture time for these defect states is signifi-
cantly shorter than the band edges (29.3 ns vs. 73.5 ns for
VinS"?, 10.8 ns vs. 40.8 ns for V,.,™?, Table 1), indicating that
a faster trapping channel for holes is provided. Once trapped,
the holes recombine with electrons in the CB within 3 ns
(CBM — DS). Thus, the DS population does not continuously
increase but rather exhibits a transient rise followed by a decay
process (Fig. 5e and f). For Vix*"", the calculated lifetime of
the excited electrons in the CB is 21.6 ns, and the recombina-
tion rate of e-h pairs is increased by 6.5 times and 3.4 times,
respectively, compared with the perfect and V" systems.
When subsurface defect forms the Pb-dimer configuration, the
carrier lifetime further decreases to 10.7 ns, due to a shorter
capture hole lifetime (VBM — DS) of 10.8 ns compared to 29.3
ns for the Pb-nondimer case. This reduction stems from the
narrower energy gap between the VBM and DS. Our results
indicate that the DS introduced by the V; defect diminishes
the direct e-h recombination at band edges, favoring recombi-
nation assisted by the DS instead. This is evident from the
much longer lifetime of direct recombination compared to the
total excited electron lifetime (73.5 ns vs. 21.6 ns for V>,
40.8 ns vs. 10.7 ns for Vi.p>", see Table 1 and Fig. 5, respect-
ively), suggesting that DS greatly increases energy dissipation
through heat generation. These findings indicate that Vi
defects near the surface are detrimental to halide perovskites,
and their reduction can effectively boost the PCE. This per-
spective is supported by experimental works, which have
revealed that cell performance can be notably improved by
moving surface defects.®** In addition, the analysis of carrier
lifetime, combined with the previous discussion on ionic
diffusion, elucidates why the PCE of CsPbl; generally lags
behind that of OIHPs. One important reason is the low
diffusion energy barriers on the surface and corresponding
shorter carrier lifetime in CsPbl;.

An efficient and prevalent approach for reducing surface V;
is to modify surfaces with passivating agents based on the
Lewis acid-base reaction principle. This strategy can enhance
both efficiency and stability of perovskites. Compared to other
Lewis base molecules, the passivator HCOO™ has a higher
adsorption energy and can form stable Pb-O coordination
bonds with the unsaturated Pb ions.'*'®°® Therefore, here we
chose the HCOO™ anions to further investigate their regulatory
effect on surface and subsurface V; defects. Fig. 6(a and b)
depict the optimized geometries of HCOO™ passivating surface
and subsurface layer V;, named Pas-V;*"" and Pas-V;5', respect-
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Fig. 6 Optimized geometry of HCOO™ anions passivating surface (a)
and subsurface (b) iodine vacancy defects. (c and d) pDOS of (a) and (b)
systems, respectively, and the illustrations show the charge density for
the VBM and CBM. (e) Spectral densities obtained by Fourier transform
of the autocorrelation functions of band gap fluctuations for these
systems. (f) Carrier dynamics for the excited state in (a) and (b),
respectively.

ively. Notably, when HCOO™ anions interact with V.,%"?, their
strong absorption energy (about 4 eV) spontaneously disrupts
the weak Pb-dimer bond and then transforms into a more
stable Pb-nondimer structure. To substantiate HCOO™ passiva-
tion efficacy at 300 K, MD simulations reveal the Pb-Pb bond
lengths over time (see Fig. S8 in the ESI{), confirming its ability
to stabilize surface V; defects. In addition, the average bond
lengths of Pb-O (2.66 A at the surface, 2.56 A at the subsurface)
are comparable to the sum of Pb and O radii (2.41 A), demon-
strating the strong bonding capacity of HCOO™. This capacity
can inhibit V; migration and defect reconstruction, thereby bol-
stering the structural stability of perovskites.

Upon introducing the HCOO™ passivator, the VBM and
CBM are still primarily contributed by I and Pb atoms, while
HCOO™ anions have a negligible effect on the band edges, and
do not introduce new defect states within the band gap, as
shown in Fig. 6(c and d). For subsurface defects, the passivator
HCOO™ effectively eliminates the initially strongly localized DS
within the band gap, as depicted in Fig. 5a, inhibiting rapid
e-h recombination via DS and extending the excited-state
carrier lifetime. The FT of the energy difference between the
VBM and CBM (Fig. 6e) shows that low-frequency phonon
modes dominate the spectral density, consistent with Fig. 4.
Notably, HCOO™ significantly weakens the phonon vibrations
and intensities originating from the inorganic sublattice, com-
pared to the unpassivated defect, as evidenced by reduced
peak numbers and values, indicating a decrease in EPC
(Table 1). These effects synergistically regulate carrier lifetime,
as illustrated by the population evolution in Fig. 6f. With post-
passivation, the carrier lifetime of surface and subsurface layer
V; defects is 110.4 ns and 115.3 ns, respectively, marking a
substantial improvement in defect systems. The prolonged life-
time is attributed to the reduced NAC strength, shorter deco-
herence time, and the elimination of the in-gap defect state, as
detailed in Table 1 and Fig. 6. These calculations provide
direct evidence that passivators with Lewis base functional
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groups can effectively mitigate the detrimental V; defects near
the surface, even for shallow-level or resonant V;°"" defects.

It has been reported that surface modification with Lewis
base molecules can extend charge carrier lifetime, thereby
boosting PCE and stability. Nenon et al. utilized "H NMR spec-
troscopy to identify surface halide vacancies in CsPbX; (X = Cl,
Br, and I) as the primary source of charge trapping, revealing
that X-type Lewis bases effectively passivated these defects, dra-
matically enhancing lifetime and PLQY."” Xiong et al. crafted
MPA molecules that forged strong P-O-Pb covalent bonds with
surface V; in CsFAPD(L,Br);, and diminished defect concen-
tration. This refinement elevated the lifetime from 4.15 ns to
7.92 ns, and attained a stable PCE of 25.53%, retaining ~95%
initial efficiency after 1000 hours.”® Gu et al. discovered that HA
molecules effectively engage with the abundant V; on the
surface of CsPbl;_,Bry, reducing the number of uncoordinated
Pb** and Pb clusters, and achieve a champion PCE of 20.8%
under 100 mW cm™> illumination.'* Our results rationalize
these experimental observations and further emphasize the
paramount importance of surface defect passivation for realiz-
ing high-performance PSCs.

Conclusions

In summary, we employed a suite of computational approaches
to comprehensively study the diffusion barriers, electronic struc-
tures, charge captures and recombination mechanisms of V; in
various configurations near the surface of all-inorganic CsPbl;.
Our findings reveal that V; defects, both on the outermost and
subsurface layers, possess equivalent energies and do not spon-
taneously transform during structural relaxation, hinting at
their potential coexistence. The transitions between these
defects involve relatively low energy barriers, lower than those in
OIHPs, suggesting that CsPbl; is more prone to the surface
defect reconstruction. Electronic structures and carrier
dynamics show that despite surface layer V; acting as a resonant
defect, it drastically reduces the carrier lifetime due to strong
EPC, while subsurface V; defects introduce new localized DS in
the bandgap, providing additional e-h recombination channels,
particularly in the Pb-dimer configuration, which accelerates
hole capture because of a small gap between the VBM and DS.
These discoveries support the experimental observations that V;
defects on the perovskite surfaces are detrimental. By introdu-
cing the passivator HCOO™, we demonstrate its effectiveness in
passivating the DS, weakening EPC, and extending the excited
state lifetime by an order of magnitude. This study sheds light
on the mechanistic effects of Lewis base passivators on the
carrier recombination dynamics in perovskites, and offers novel
insights for enhancing carrier lifetime and PCE.
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