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Table S1. The mean values (p) and standard deviations (o) of the Pb-I bond length

(Dypp-17) and Pb-I-Pb bond angle (O;pp.-1pp)) for pristine FAPbI;,

0

0 1+ gy-
Hi Hi Hi and cl@

b

Hj systems. The statistical distributions were obtained from AIMD trajectories at 300

K, and the corresponding p and o values were extracted by Gaussian fitting of the

normalized distributions
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Figure S1. Time-averaged nuclear velocities of Pb and I framework atoms and H atoms
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in pristine FAPDI;, "' i, , ~i,and CI@H I systems.
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Figure S2. Partial charge densities of the VBM, CBM, and Hi induced defect states.

Table S2. Comparative parameters for nonradiative recombination across pristine

0

FAPDI;, neutral Hj and negative H defective systems, including energy gaps, non-

adiabatic (NA) couplings, and dephasing times.

NA Dephasing time
Gap(eV)

coupling(meV) (fs)
0 CBM-VBM 1.8 0.43 10.5

H:
l CBM-Trap 0.6 2.97 2.5
CBM-VBM 1.9 0.30 6.6

H
l VBM-Trap 0.2 9.36 10.1




The Coupled Kinetics Equations

Here, we consider the following processes that characterize the charge carrier relaxation
pathways in pristine FAPbI;, H ?, H Jir, H; and CI@H (i) systems. The schematics of
related charge processes are depicted in Figure S3. Here, the transition rate between the
conduction band minimum (CBM) and valence band maximum (VBM), CBM and

electron trap, electron trap and VBM, VBM and hole trap is denoted by kcsm-vem),

K(CcBM-Trap)> K(Trap-vBM)> K(vBM-Trap), r€Spectively.
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(a) Pristine FAPDI;, H; , CI@H i electron-hole recombination across CBM and VBM.
The time-dependent populations of excited state (CBM) and ground state (VBM) are
described by equations 1-2 and their solutions are given by equations 3-4. Figure S4a-

c gives the state population growing and rate constant.

Coupled kinetic equations:

dlES]__ 5]
dt (CBM - VBM) (S1)

diGs] _ s
dt (CBM - VBM) (S2)

the solutions for this set of equations are:

_ “kecm-vemy*t

[ES]=e (S3)
-k *t

[GS]=1-¢ (CBM-VEM) (S4)
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(b) Hi: electron-hole recombination mediated by trap states. The electron-trap mediated



electron hole recombination is described by equations 5-7 and the corresponding

solutions are shown in equations 8-10. Figure S5 gives the state population growing

and rate constant. Figure S4d gives the state population growing and rate constant.

Coupled kinetic equations:

d[ES]

dt =" (k(CBM ~vemy t k (CBM - Trap)) [ES]

d[Trap]
“ar kcam - rap)lES] = K (rrap - vem) [TTap]

d[GS]
ar kcam - vem)ES] + k(ryqp vy [TTap]

the solutions for this set of equations are:
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[ES]=e (kccam - vemy * *(cBM - Trap)) *t
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electron-hole recombination mediated by trap states. The hole-trap assisted

charge recombination is described by equations 11-13 and whose solutions are

presented in equations 14-16. Figure S4e gives the state population growing and rate

constant.

Coupled kinetic equations:

krrap-vemy ¥t e (k(CBM —vemy KM -1

- (k(CBM



d[ES]
ar (k(cam -vemy T Kwsm - Trap)) [ES]

(S11)
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Figure S3. Schematic illustration of charge capture and nonradiative electron-hole

recombination processes. Panel (a) depicts the direct band-to-band nonradiative

recombination pathway without defect-state involvement, which is applicable to



+ 0
pristine FAPbI;, H; , and halogen@H i systems. Panel (b) illustrates the trap-assisted

recombination mechanism dominated by hole capture in the H system, while panel

(c) shows the trap-assisted recombination process dominated by electron capture in the

0
Hi system. The numbered processes are defined as follows: (1) photoexcitation

generating electrons and holes across the bandgap; (2) nonradiative band-to-band
electron—hole recombination between the CBM and VBM; (3) hole capture from the
VBM to the trap state; (4) electron capture from the CBM to the trap state; and (5)
nonradiative recombination between the trapped electron and holes in the VBM.
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Figure S4. Time evolution of electronic state populations obtained from nonadiabatic
H? HY . HY
molecular dynamics simulations for (a) pristine FAPbI;, (b) ** ¢, (¢) Cl@ i, (d) "' i,

(e) H; system. The population transfer between CBM, VBM, and trap states is shown,

and the corresponding recombination or carrier capture rate constants k are obtained

from linear fitting.
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Figure S5. Formation energy of H; as a function of Fermi level.



