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Perovskite solar cells (PSCs) have achieved efficiencies exceeding 27%, yet their performance remains limited by

defect-induced nonradiative recombination. Although hydrogen interstitials (Hi) are conventionally considered

as bulk defects, this study reveals the dynamic instability of Hi within the bulk lattice of FAPbI3, which drives

spontaneous migration to surface sites due to thermodynamic stabilization at the interface. By combining

all-atom molecular dynamics (AAMD) with nonadiabatic molecular dynamics (NAMD), we elucidate the

migration pathway of Hi and its electronic implications. Surface-trapped Hi induces significant lattice

distortion, resulting in the formation of deep-level defect states and a modified potential energy landscape.

This reorganization reduces the electron capture barrier (DEn decreasing from 0.09 eV to 0.03 eV) and the

hole capture barrier (DEp dropping from 0.24 eV to 0.17 eV), and increases carrier capture coefficients by an

order of magnitude (from 10−8 cm3 s−1 to 10−7 cm3 s−1). Strengthened vibronic interactions and enhanced

nonadiabatic couplings shorten the carrier lifetime from 0.8 ns (bulk Hi) to 0.1 ns (surface Hi), indicating

surface-accumulated Hi is the dominant nonradiative recombination source rather than bulk Hi. These

findings emphasize that interfacial hydrogen management, rather than conventional bulk passivation, is

critical for designing suppression strategies to overcome performance limitations in PSCs.
Broader context

Perovskite solar cells (PSCs) face fundamental efficiency limits from defect-induced recombination. While hydrogen interstitial (Hi) defects are recognized as
detrimental, their dynamic behavior and spatial redistribution have been signicantly overlooked. This work establishes that Hi in FAPbI3 are intrinsically
unstable in the bulk lattice and migrate spontaneously to surface sites, where they achieve thermodynamic stabilization. This surface accumulation induces
severe lattice distortion and deep-level trapping state that enhance carrier capture coefficients and reduce carrier lifetimes by nearly an order of magnitude
compared to bulk-located defects. Our ndings shi the focus of defect management by demonstrating that interfacial hydrogen, rather than its bulk form,
dominates recombination losses. This new understanding resolves a critical limitation of conventional bulk passivation, which proves inadequate for managing
high-mobile defects. This conclusion is supported by recent advances in passivation strategies, for instance multifunctional molecules that simultaneously
engage with surface defects and co-modication approaches that reconstruct the perovskite surface to suppress defect activity. By connecting hydrogen
migration dynamics with interfacial recombination kinetics, this study provides an understanding of mobile defects in so lattice materials. These insights are
essential for overcoming efficiency limitations in PSCs and provide strategic guidance for defect engineering in related semiconductor technologies.
Introduction

Metal-halide perovskites have emerged as one of the most
promising photovoltaic materials, due to their outstanding
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optoelectronic properties, facile solution processability, and
rapid efficiency improvements.1,2 Perovskite solar cells (PSCs)
have achieved certied power conversion efficiencies (PCE)
exceeding 27%,3 positioning them as competitive contenders
against established photovoltaic technologies. However, this
remarkable progress remains constrained by the Shockley–
Queisser (SQ) limit of 33%,4 as defect-induced nonradiative
recombination constitutes the dominant energy loss mecha-
nism that limits device performance. The minimization of trap-
assisted nonradiative recombination (or Shockley-Read-Hall,
SRH) process has therefore become a critical direction for
performance enhancement in PSCs.5–7

Extensive investigation over the past decade has explored the
defect physics in metal halide perovskites through combined
EES Sol.
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experimental and theoretical approaches. Early research
focused predominantly on B-site (Pb) and X-site (I) defects as
principal nonradiative recombination centers, consistent with
the orbital characteristics of the band edge states.8 More studies
have revealed the signicant role of hydrogen-related defects
originating from the A-site (MA and FA) cation deprotonation.
For instance, hydrogen vacancies (VH)9 and hydrogen intersti-
tials (Hi),10 have been identied as major contributors to non-
radiative losses in MAPbI3 and FAPbI3 perovskites.

In contrast to VH, which exhibit self-healing behavior
through coordination with lattice ions thereby suppressing
their carrier capture coefficients,11–13 Hi present a more severe
challenge to device stability and performance. Hi form persis-
tent deep-level traps that induce signicant nonradiative
recombination within the bulk lattice.10 More critically, Hi

exhibit high mobility with low migration potential barrier (0.17
eV) and strong thermodynamic driving force for
redistribution.14–16 This unfavorable combination may promote
the dynamic accumulation of Hi at charge sensitive regions
such as surfaces.17 The Hi migration behavior has been experi-
mentally conrmed and further accelerated under illumination
and humidity,18,19 providing a mechanistic explanation for
observed device instabilities, including current–voltage hyster-
esis, surface recombination, and environmental degradation.

Conventional bulk passivation strategies, for instance
halogen mixing and alkali-metal incorporation, have demon-
strated restricted effectiveness in mitigating Hi defects due to
their inherent high mobility.20–23 This limitation becomes
particularly signicant when considering the distinct physical
and chemical environment present in perovskite, where differ-
ences exist between bulk and surface regions that can funda-
mentally modify defect energetics and dynamics.24 The
variation in local coordination and chemical potential suggests
that surface-accumulated Hi may exhibit different recombina-
tion characteristics compared to bulk-located Hi. This critical
divergence between surface and bulk Hi behavior highlights
a fundamental knowledge gap in understanding the micro-
scopic mechanisms and recombination impact of surface-
accumulated Hi defects.

To address this challenge, we employed a multiscale
computational framework integrating density-functional theory
(DFT), all-atom molecular dynamics (AAMD), and nonadiabatic
molecular dynamics (NAMD) to investigate the Hi migration
and carrier capture kinetics from bulk to surface in FAPbI3. This
approach combines the strengths of AAMD in capturing defect
migration dynamics over nanosecond scales, the accuracy of
DFT in determining electronic structures and defect energetics,
and the capability of NAMD in simulating nonradiative carrier
recombination processes. We nd that Hi are intrinsically
unstable in the bulk lattice, spontaneously migrating to surface
sites within sub-nanosecond timescales due to a strong ther-
modynamic driving force, where they become energetically
stabilized. This surface accumulation leads to a pronounced
alteration in the defect electronic activity. The charge carrier
capture barriers are signicantly reduced, which in turn
elevates the nonradiative carrier capture coefficient by an order
of magnitude. Consequently, the carrier lifetime is drastically
EES Sol.
shortened from 0.8 ns for bulk-located Hi to 0.1 ns for surface-
accumulated Hi, indicating surface-rich Hi as a severe recom-
bination center that limits the performance of PSCs.

This work delivers fundamental insights into the surface-
dominated Hi recombination. By connecting hydrogen migra-
tion dynamics with surface stabilization mechanisms and
carrier capture kinetics, our ndings highlight interfacial
hydrogen management as an essential strategy for advancing
high-performance PSCs.
Results and discussion
Migration dynamics and surface stabilization of Hi

In order to investigate the migration and stabilization behavior
of Hi in FAPbI3, we performed large-scale all-atom molecular
dynamics (AAMD) simulations. This approach effectively
addresses the constraints of both length and time scales in ab
initio molecular dynamics (AIMD), enabling the tracking of Hi

dynamics across microsecond-scale trajectories and over system
sizes spanning hundreds of nanometers. The extended simu-
lation capability allows for exploring Hi pathways and congu-
rational relaxation toward thermodynamic minima.

The migration trajectory of Hi at 300 K is depicted in Fig. 1a.
When initially positioned in the bulk region approximately
6 nm below the surface (Fig. 1b), Hi exhibits continuous direc-
tional dri toward the surface along with random thermal
uctuations, indicating a thermodynamic preference for
surface accumulation. At the beginning (0–0.6 ns), Hi exhibited
high mobility through rapid localized motion within neigh-
boring unit cells. Subsequent migration to the surface (0.6–0.9
ns) is followed by lateral connement and two-dimensional
diffusion (0.9–1.2 ns), conrming surface stabilization.

The thermodynamic driving force for this behavior is clari-
ed by the potential energy prole along the direction perpen-
dicular to the surface, as shown in Fig. 1c. A pronounced energy
minimum obtained at the surface region provides a quantitative
explanation for the spontaneous accumulation of Hi, conrm-
ing that the surface possesses a lower energy state compared to
the bulk. This potential energy gradient drives both directional
migration and subsequent stabilization of Hi at the surface
under room-temperature conditions.
Surface-induced modications in Hi electronic structure

Based on the surface accumulation tendency of Hi in FAPbI3, we
further investigated how surface environments inuence their
local atomic arrangements and electronic properties. Compar-
ative studies between bulk and surface congurations show that
surface accumulation affects both Hi stability and electronic
characteristics. In bulk regions, positive Hi

+ forms an H–I bond
(1.75 Å), while neutral H0

i preferentially occupy the interstitial
site between adjacent Pb–I bonds, forming a Pb–H–I bridging
conguration. Additional electron capture generated Hi

−,
resulting in noticeable PbI6 octahedral distortion and stretch-
ing the opposing Pb–I bond to 4.22 Å (Fig. 2c). Surface envi-
ronments introduce changes to these congurations,
particularly for Hi

− which shows enhanced distortion that
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Migration trajectory showed Hi spontaneously moving from an initial depth of 6 nm in the bulk region to the surface within 0.9 ns,
followed by trapping and lateral diffusion at the interface (0.9–1.2 ns). (b) Time evolution of Hi vertical distance from the surface, illustrating its
rapid approach and subsequent stabilization at the interface. (c) Potential energy profile perpendicular to the surface, showing a distinct
minimum at the interface that explains the thermodynamic preference for surface accumulation at 300 K.
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breaks the Pb–I bond and extends it to 4.80 Å (Fig. 2d), indi-
cating stronger electron-phonon interactions at the surface.

Hi formation energies and charge-state transition levels show
modications in surface environments, see Fig. 3. Hi introduces
three distinct charge-state transition levels within the bandgap,
3(±), 3(0/−) and 3(+/0). The 3(±) transition involves a two-
electrons capture process, which is less probable and therefore
contributes weakly to nonradiative recombination. Conse-
quently, the overall recombination kinetics are predominantly
governed by the single-carrier capture transitions 3(0/−) and 3(+/
0).25 In the bulk, the 3(0/−) level sits 0.41 eV above the valence
band maximum (VBM), while 3(+/0) lies 0.32 eV below the
conduction band minimum (CBM), indicating the role of Hi as
Fig. 2 (a and b) Computational models for Hi in bulk and surface slab.
(c and d) Equilibrium configuration of Hi in charge states +, 0 and − in
bulk and at surface, respectively. In the bulk, Hi

+ forms H–I bond,
H0
i adopts a bond-center configuration, and Hi

− forms distorted H–Pb
coordination with octahedral deformation. Electron capture transi-
tions (Cn

+ and C0
n) and hole capture transitions (Cp

− and
C0
p) corresponding to charge-state changes were indicated.

© 2026 The Author(s). Published by the Royal Society of Chemistry
a recombination center. Surface accumulation shis these levels
to 0.53 eV above VBM and 0.38 eV belowCBM, with 3(0/−) moving
0.12 eV closer to the conduction band, consistent with the
enhanced lattice relaxation seen in surface-stabilized Hi in Fig. 2.

Enhanced carrier capture kinetics at surface sites

While Shockley-Read-Hall theory indicates carrier capture rates
decline exponentially with the deeper transition levels, this
relationship requires examination through potential energy
surface (PES) calculations. We employed a one-dimensional
quantum model to map PES for charge-state transitions along
the conguration coordinate (Q),26 dened through mass-
weighted atomic displacements between initial and nal
congurations. This approach provides quantitative energies of
carrier capture barrier.

DQ2 ¼
X

a

ma

�
Ra;f � Ra;i

�2
Fig. 3 Formation energies of Hi as a function of Fermi level under H-
rich conditions for (a) bulk and (b) surface configurations, respectively.
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where DQ is the displacement of Q coordinate;ma is the mass of
atom a in the congurations of defects; Ra;f and Ra;i are the
Cartesian coordinates of atom a in the nal and initial defect
congurations.

The neutral H0
i introduces deep-level defect states within the

bandgap, in contrast to the shallow states associated with Hi
+

and Hi
− defects, as discussed later. The conguration coordi-

nate diagram showes carrier capture processes. For the Hi
+ 4

H0
i transition, following photoexcitation, the system progresses

through three distinct stages. Initially, Hi
+ remains inactive

toward carrier capture, denoted as Hi
+/e−/h+; subsequently,

electron capture transitions the defect to H0
i , denoted as (Hi

+ +
e−)/h+; nally, hole capture returns the system to Hi

+, denoted
as (Hi

+ + e− + h+), see Fig. 4a. The capture potential barriers were
obtained from the saddle point on the PES. The electron capture
barrier DEn

+) corresponds to the energy at saddle point between
Hi

+/e−/h+ and (H+
i + e−)/h+ transition; while hole capture

barrier (DE0p) is derived from saddle point between (Hi
+ + e−)/

h+ and (Hi
++e− + h+) transition.

For the (+/0) transition of bulk Hi, the associated
conguration-coordinate displacement is DQ = 14.4 Å amu1/2.
The corresponding electron capture process falls within the
Marcus inverted region, characterized with a relative small
conguration coordinate Q = 2.6 Å amu1/2 (0 < Q <DQ). In this
Fig. 4 (a and b) Configuration coordinate diagrams of (+/0) and (0/−) cha
as a function of temperature for bulk Hi. (d and e) Configuration coordina
Carrier capture coefficients as a function of temperature for surface Hi.

EES Sol.
regime, the DEn
+ decreases as the (0/+) level shis deeper below

the CBM. In contrast, hole capture occurs in the Marcus normal
region with Q = 16.4 Å amu1/2 (Q > DQ), resulting in an increased
DE0p with rising transition energy relative to the VBM. With the
(+/0) level located at 0.32 eV below the CBM, the resulting energy
barriers are DEn

+ = 0.13 eV for electron capture and small DE0p =
0.08 eV for hole capture. These values yield carrier capture coef-
cients of 2.0 × 10−8 cm3 s−1 for electrons (Cn

+) and 2.8 × 10−7

cm3 s−1 for holes (C0
p) at room temperature, see Fig. 4c. The

modest barriers and efficient capture processes conrm Hi as an
effective nonradiative recombination center in bulk regions.

The (0/−) transition of bulk Hi, exhibits distinct character-
istics due to large lattice relaxation (DQ = 31.9 Åamu1/2), with
both electron and hole capture processes occurring in the
Marcus inverted regions (0 < Q < DQ). The (0/−) transition level
are positioned at 0.41 eV above the VBM. The smaller electron
capture barrier (DE0n = 0.09 eV) compared to hole capture
barrier (DEp

− = 0.24 eV) results in a signicantly disparity in
capture coefficients. The electron capture coefficient
(C0

n) reached 1.2 × 10−6 cm3 s−1, whereas the hole capture
coefficient (Cp

−) is limited to 1.9 × 10−8 cm3 s−1. Therefore, the
overall capture coefficient (Ctot) is governed by the slower hole
capture process, with the value of 1.9 × 10−8 cm3 s−1, derived
from following equations under steady-state conditions.27
rge state transitions of bulk Hi in FAPbI3. (c) Carrier capture coefficients
te diagrams of (+/0) and (0/−) charge state transitions of surface Hi. (f)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Ctot ¼ Cn
0 þ Cp

0

1þ Cn
0

Cp
� þ Cp

0

Cn
þ

Hi surface-trapping substantially modies these capture
kinetics. Surface Hi exhibit larger lattice relaxation DQ = 34.3 Å
amu1/2 (see Fig. 4d and e), yielding soer PESs and lower capture
barriers for both electrons and holes. For the (0/−) transtion
level, the electron capture barrier (DE0n) decreases from 0.09 eV
(bulk Hi) to 0.03 eV (surface Hi), while the hole capture barrier
(DEp

−) drops from 0.24 eV (bulk Hi) to 0.17 eV (surface Hi). These
reduced energy barriers lead to a rise in both C0

n (up to 7.0× 10−5

cm3 s−1) and Cp
− (up to 1.8 × 10−7 cm3 s−1) by over one order of

magnitude, see Fig. 4f. The overall Ctot remained limited by the
slower hole capture process of Hi

−, yielding Ctot= 1.8× 10−7 cm3

s−1 at 300 K, approximately an order of magnitude higher than
that in bulk (1.9 × 10−8 cm3 s−1).
Nonadiabatic dynamics of Hi recombination

To elucidate the real-time carrier recombination dynamics
mediated by Hi, we performed nonadiabatic molecular
dynamics (NAMD) simulations. This approach couples elec-
tronic transitions with atomic motions, capturing the ultrafast
timescales and mechanisms of defect-assisted nonradiative
Fig. 5 (a) Projected density of states (PDOS) of bulk Hi. (b) Spectra dens
functions for the CBM-VBM, CBM-trap, and VBM-trap transitions. (c) Non
of surface Hi. (e) Spectra density for surface Hi obtained from Fourier trans
trap transitions. (f) Nonradiative electron–hole recombination dynamics

© 2026 The Author(s). Published by the Royal Society of Chemistry
recombination that extend beyond static multi-phonon emis-
sion models.28,29

Our electronic structure results revealed that among three
charged states of Hi (Hi

+, H0
i , Hi

−), only the neutral
H0

i introduces a persistent deep-level defect state within the
bandgap. While Hi

+ has a negligible inuence on the band
edges, and Hi

− forms only shallow defect states level 0.16 eV
away from the band edge (Fig. S1 and S2 in SI), H0

i creates
a localized state that acts as a recombination center. Notably,
this defect level deepens from being 0.53 eV away from the band
edge in the bulk to 0.84 eV at the surface. Therefore, H0

i was
considered as the dominant recombination active species and
all subsequent NAMD analysis focused on its behavior. The
charge densities of the defect states for both bulk Hi and surface
Hi were provided in Fig. S3 of SI.

To explore the phonon-driven recombination mechanism,
we calculated the spectral density via Fourier transform of the
uctuations in the energy gaps between relevant states,
including CBM-VBM, CBM-Trap, VBM-Trap (see Fig. 5b and e).
Each peak in the spectral density characterizes the strength of
electron-phonon coupling for a specic phonon mode. The
results indicated that the CBM-VBM energy gap coupling is
dominated by low-frequency phonon modes (below 100 cm−1),
which are associated with Pb–I lattice bending and stretch-
ing.30,31 In contrast, the energy gaps involving the H0

i trap state
(CBM-Trap and VBM-Trap) are signicantly modulated by
ity for bulk Hi, obtained from Fourier transform of the auto-correlation
radiative electron–hole recombination dynamics for bulk Hi. (d) PDOS
form of the auto-correlation functions for CBM-VBM, CBM-trap, VBM-
for surface Hi.

EES Sol.
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higher-frequency modes (100–300 cm−1) originating from the
vibrations and torsions of organic FA molecules.30 This suggests
that organic cation dynamics play an indirect but crucial role in
the nonradiative recombination process mediated by H0

i .
Although H0

i defect couples to similar phononmodes in both
bulk and surface environments, the coupling intensity is
stronger at the surface. This enhancement arises from under-
coordinated surface iodide ions and increased rotational
freedom of FA cations near the surface. These stronger vibronic
interactions also accelerated electronic decoherence, as
conrmed by the dephasing functions obtained from the
second-order cumulant expansion of the energy gaps correla-
tion functions (see Fig. S4 in SI).32,33 Our calculated decoherence
times for the bulk are 9.9 fs (CBM-VBM), 3.5 fs (CBM-Trap), and
3.8 fs (VBM-Trap), consistent with previous reports.34–36 Surface
H0

i exhibited even shorter decoherence times of 4.7 fs (CBM-
VBM), 2.3 fs (CBM-Trap), and 2.4 fs (VBM-Trap), reecting the
stronger dynamic disorder at the surface. Although faster
decoherence can, in principle, slow down the recombination
rates, our ndings indicated recombination is signicantly
accelerated at the surface. This implies that decoherence is not
the rate-limiting factor here, prompting the following investi-
gation into the non-adiabatic couplings (NAC).

We therefore quantied the NAC strength, 4ijVRj4f, which
governs the probability of electronic transitions and is correlated
with the wavefunction overlap between initial (4i) and nal (4f)
states. The results were summarized in Table 1 and S1. In the
bulk, the CBM-to-VBM NAC was negligible (0.3 meV), leading to
a very slow band-to-band recombination rate (0.008 ns−1). In
contrast, NAC value between the H0

i trap state and the band edges
was substantially larger (2.5 meV for CBM-Trap and 0.8 meV for
VBM-Trap), resulting in much faster defect-assisted trapping
rates of 15.8 ns−1 (electron capture) and 1.2 ns−1 (hole capture).

Critically, at the surface, the defect-mediated NACs increased
to 1.9 meV (CBM-trap) and 2.9 meV (VBM-trap), while CBM-
VBM coupling remained weak (0.2 meV). This enhancement,
driven by the increased lattice distortion and wavefunction
localization at the surface, resulted in electron and hole capture
rates of 9.4 ns−1 and 25.4 ns−1, respectively. Since the slower
carryier capture process dictates the overall recombination rate,
the surface recombination rate (9.4 ns−1) is nearly an order of
magnitude faster than that (1.2 ns−1) in the bulk. These results
indicated that Hi-induced severe nonradiative recombination at
the surface is dominated by enhanced non-adiabatic coupling
rather than quantum decoherence effects.

Finally, by integrating the effects of lattice vibration, quantum
decoherence, and non-adiabatic coupling effects, we performed
Table 1 Non-adiabatic (NA) couplings, dephasing times, and trapping
rates for bulk Hi and surface Hi

NA coupling
(meV)

Dephasing
(fs)

Rate
(ns−1)

Bulk Hi CBM-trap 2.5 3.5 15.8
VBM-trap 0.8 3.8 1.2

Surface Hi CBM-trap 1.9 2.3 9.4
VBM-trap 2.9 2.4 25.4

EES Sol.
NAMD simulations to track the recombination kinetics, see Fig. 5c
and f. For bulk Hi, approximately 80% of electrons in the CBM
were captured by the trap state within tens of picoseconds, fol-
lowed by recombination with holes in the VBM yielding an overall
carrier lifetime of 0.8 ns. In contrast, for surface-accumulated Hi,
an ultrafast hole capture process was followed by rapid recombi-
nation with CBM electrons, drastically shortening the carrier
lifetime to 0.1 ns. This order-of-magnitude acceleration in
recombination at the surface conrms that surface Hi acts as
a detrimental nonradiative recombination center.

Conclusion

In summary, this work reveals that hydrogen interstitials (Hi) in
FAPbI3 perovskite solar cells (PSCs) exhibit intrinsic dynamic
instability within the bulk lattice, driving spontaneous migra-
tion to surface sites, where they achieve thermodynamic stabi-
lization. The surface-accumulated Hi undergoes signicant
lattice reorganization, forming deep-level defect states that
substantially enhance nonradiative recombination. Compared
to bulk-positioned Hi, surface-accumulated Hi exhibits reduced
electron capture barrier (DEn from 0.09 eV to 0.03 eV) and hole
capture barrier (DEp from 0.24 eV to 0.17 eV), alongside an order
of magnitude increase in carrier capture coefficients (from 10−8

cm3 s−1 to 10−7 cm3 s−1). This leads to a drastic reduction in
carrier lifetime from 0.8 ns to 0.1 ns. The accelerated recom-
bination kinetics at the surface are primarily driven by
strengthened vibronic interactions and strong nonadiabatic
couplings. These ndings establish surface-accumulated Hi,
rather than conventional bulk Hi, as the dominant nonradiative
recombination center in PSCs. This work underscores the
importance of interfacial hydrogen management for suppress-
ing nonradiative losses and provides a fundamental basis for
designing advanced passivation strategies to overcome effi-
ciency limitations in PSCs.
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