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Significant efforts have been devoted to further increasing the photoconversion efficiency of two-
dimensional (2D) organic-inorganic halide perovskites, which are promising photovoltaic materials with
superior stability but lower efficiency compared to their three-dimensional counterparts. One of the main
factors that limit their photoconversion efficiency is the nonradiative recombination of photoexcited car-
riers. A widely used strategy for tuning the photoconversion efficiency of 2D perovskites is exchanging
various organic cations. However, due to mixed effects contributed to by extrinsic factors, such as defect
concentration and sample morphology, experiments alone are insufficient to explain the role of organic
cations in phonon-assisted carrier recombination. With time-domain simulations based on first-principles
nonadiabatic molecular dynamics, we investigate six prototypical 2D Ruddlesden-Popper perovskites to
reveal the impact of organic cations on tuning the nonradiative recombination time through displacing
inorganic ions and affecting electron-phonon coupling. The phonon-assisted band-to-band nonradiative
recombination time is on the order of a few hundred nanoseconds and can be tuned up to 5 times by
modifying organic cations. A distinct correlation between the pure-dephasing time and inorganic atom
distortions induced by the motion of organic parts is revealed. Compared to the pure-dephasing time,
nonadiabatic coupling (NAC) associated with the strength of electron-phonon coupling plays a more
important role in determining the nonradiative carrier recombination time. Notably, fluorinated organic
spacers increase the NAC between frontier electronic states and speed up the nonradiative recombination

process.
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I. INTRODUCTION

Two-dimensional (2D) organic-inorganic halide per-
ovskites (OIHPs) are promising candidates for high-
performance photovoltaic applications. They demon-
strate many advantages similar to three-dimensional (3D)
OIHPs, such as flexible structure, large chemical design
space, and high photoconversion efficiency up to 21% [1—
5]. In contrast to 3D OIHPs with the general chemical
formula AM X3, 2D OIHPs have a more complex formula,
A, Ap_ 1M, X3,41, Where A’ represents the organic cation
spacer connecting neighboring inorganic sheets, A rep-
resents the monovalent organic cation, M represents the
divalent metal cation, and X represents the halide anion
[6]. Here, n defines the number of [Pblg]*~ sheets between
organic cation spacers, while m is set to one or two for
Dion-Jacobson- (DJ) or Ruddlesden-Popper- (RP) type
perovskites, respectively. The presence of organic cation
spacers, A’, in 2D OIHPs is one of the most important
factors that separate them from 3D OIHPs. For example,
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organic cation spacers create multi-quantum-well struc-
tures [7], leading to a much larger exciton-binding energy
and faster radiative recombination in 2D OIHPs than that
of 3D OIHPs. Additionally, organic cation spacers protect
the metal-halide framework from degradation caused by
moisture and, as a result, 2D OIHPs demonstrate better
environmental stability than 3D OIHPs [2,6]. The wealth
of choices for organic cation spacers also enrich the pool
of 2D OIHPs and bring more degrees of freedoms for
researchers to fine-tune their properties.

Many efforts have been devoted to exploring 2D OIHPs
by substituting organic cation spacers, 4, with various
monovalent cations, 4, and inorganic frameworks [4,8—
12]. For instance, experimental and theoretical studies
have shown that organic cations 4 or 4’ play key roles in
changing not only the sample quality, such as defect den-
sity, crystallinity, morphology, and environmental stability,
but also optoelectronic properties like absorption spectra,
optical band gaps, and exciton binding energy [11,13—
16]. Consequently, choosing different organic cations has a
prominent impact on the performance of the corresponding
photovoltaic devices. For example, the photoconversion
efficiency of single-junction 2D OIHP devices ranges from
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4% to more than 21% [5], and organic cations A or A’
are usually recognized as the main factor that affects the
performance.

In pursuit of better 2D OIHPs for photovoltaic appli-
cations, the nonradiative recombination time is a key
parameter to be optimized to achieve better photovoltaic
performance. Possible nonradiative recombination path-
ways include Auger recombination, trap-assisted recombi-
nation, phonon-assisted band-to-band recombination, and
carrier-carrier scattering [17]. The mechanism of how var-
ious organic cations change intrinsic properties, such as
structural properties, electronic structures, and electron-
phonon interactions, which, in turn, determine the non-
radiative relaxation times of 2D OIHPs deserve in-depth
investigations.

Using density-functional theory (DFT) and nonadia-
batic molecular dynamics (NAMD) simulations, herein
we comprehensively study the nonradiative recombina-
tion processes mediated by electron-phonon interactions in
six prototypical 2D OIHPs. We focus on the correlations
between the intrinsic properties, such as band-edge states,
distortion of crystal structures, and nonradiative relaxation
times. Based on the current theory framework, our results
demonstrate that direct band-to-band nonradiative recom-
bination is non-negligible and can be adjusted by changing
organic cations A4 or the A" site. A detailed analysis fur-
ther shows that the motions of organic cations perturb the
inorganic framework and lead to various rates of decoher-
ence. We also find that nonadiabatic coupling (NAC) plays
a more dominant role than pure-dephasing time in deter-
mining the carrier lifetime. A fluorinated organic spacer
leads to a larger NAC and faster band-to-band nonradiative
recombination.

II. COMPUTATIONAL DETAILS

A first-principles method based on the plane-wave
basis and DFT are employed for structural optimization,
electronic structure calculations, and ab initio molec-
ular dynamics (MD) with the Vienna ab initio simu-
lation package (VASP) [18]. Time-dependent ab initio
NAMD simulations with the decoherence-induced surface-
hopping (DISH) technique are carried out using the Hefei-
NAMD code [19-22], which augments the VASP. We use
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional [23]. The DFT-D3 correction [24] is adopted to
treat the van der Waals interaction. A plane-wave energy
cutoff of 400 eV and a 3 x 3 x 1 Monkhorst-Pack k-point
mesh are used for structural relaxations [25]. All struc-
tures are optimized until the total energy converges within
10~ eV and the forces are less than 0.01 eV/A. Cell shapes
and cell volumes are allowed to change during geome-
try optimizations. After geometry optimizations at 0 K, all
these structures are heated to 300 K via repeated velocity
rescaling using the canonical ensemble (NVT ensemble).

Following that, 5-ps adiabatic MD trajectories are gen-
erated in the microcanonical ensemble (NVE ensemble)
with a 1-fs time step. Using the MD trajectory, the NAMD
results are computed by averaging over 100 different initial
configurations. For each chosen structure, we sample 500
trajectories for 0.5 ns to simulate the nonradiative relax-
ation process of excited electrons from the conduction-
band minimum (CBM) to the valence-band maximum
(VBM). Such a band-to-band nonradiative recombination
process is caused by the coupling between phonon and
electronic states. The NAC between the CBM and VBM
is computed using a recently proposed concentric approxi-
mation [26]. The frequency and projected density of states
of phonon modes are calculated with the PHONOPY package
[27-29]. The electron-phonon-coupling matrix elements
are computed using a frozen-phonon method using our
modified version of Quantum ESPRESSO 7.0 [30].

II1. RESULTS AND DISCUSSION

To study the effects of the organic cations 4 and
A’ on carrier nonradiative recombination, we consider
six representative 2D OIHPs, including (BA);MAPb,I;
[31], its FA-based analogue (BA),FAPb,I; [32], and
its derivatives with different interlayer organic spac-
ers A, namely, (HA)MAPb,I; [33], (PEA),MAPb,I,
[2], (PEA2);MAPD,I; [34], and (FPEA),MAPb,I; [35]
[where acronyms used for organic cations are MA = CHj3
NH;, FA = CH(NH;),, BA = CH;3(CH,)3NH;, HA = CH3
(CHz)sNH3, PEA = C6H5C2H4NH3 and FPEA = C6H4
FC,H4NH;]. These six materials are widely investigated
by experiments and calculations. They exhibit promis-
ing photoconversion efficiencies ranging from 6.82% to
17.3% [35—41]. For clarity, the six perovskites are abbre-
viated as “BA-MA,” “BA-FA,” “HA-MA,” “PEA-MA,”
“PEA2-MA,” and “FPEA-MA” hereafter.

The 2 x 1 x 1 supercell structures of these six sys-
tems are depicted in Figs. 1(a)-1(f). Generally speaking,
PEA-MA, FPEA-MA, and HA-MA have a longer organic
spacer A’ than BA-MA. Note that PEA-MA and PEA2-MA
are two polymorphs with different arrangements of PEA
molecules. PEA-MA has the arrangement with parallel -
7 interlayer interactions [Fig. 1(d)], while PEA2-MA has
T-shaped 7 interactions [Fig. 1(e)] [34]. FPEA is obtained
by substituting a fluorine atom for the hydrogen atom at
the para position of the conjugated phenyl ring of PEA
cations [Fig. 1(f)] [35]. Table S1 within the Supplemental
Material [42] summarizes the optimized lattice constants.
The deviation between theoretical lattice parameters and
experimental data is less than 2% [31,33,35].

We then investigate the projected density of states
(PDOS) of BA-MA, as shown in Fig. 2(a). The other five
materials display band-edge states with similar characters,
and their PDOS are shown in the Supplemental Material
(Fig. S1) [42]. Similar to 3D MAPbI; perovskite [43],
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FIG. 1. Optimized structures of (a) BA-MA, (b) BA-FA, (c)
HA-MA, (d) PEA-MA, (e) PEA2-MA, and (f) FPEA-MA at 0 K.

the CBM and the VBM are contributed to mainly by Pb
and T atoms. Although the organic cations 4 or 4" do not
contribute directly to band-edge states, they can indirectly
affect the band gap by distorting the inorganic framework,
which is also confirmed by previous studies [44—48]. As
we will show in the following sections, the distortion of the
Pb-I inorganic framework also strongly affects the pure-
dephasing time, the nonadiabatic coupling between CBM
and VBM, and the nonradiative recombination time.

The electronic band structure of BA-MA is shown in
Fig. 2(b). We find that the CBM slightly shifts away from
I, making the band gap slightly indirect. This originates
from the rotations of organic cations that randomly deform
the inorganic framework [44,49,50]. Since only scalar-
relativistic effects are considered in our calculations, this
effect is different from the Rashba-type effect that origi-
nates from spin-orbital coupling [51]. Figure 2(c) presents
the band gaps of six 2D perovskites and the chemical for-
mulas of different organic cations 4 and 4’. The calculated
band gap of BA-MA is 1.86 eV, which is in agreement
with a previous DFT calculation [31] and slightly smaller
than the experimental value of 1.99 eV [6]. We empha-
size that such agreement between the DFT band gap and
experimental band gap is largely due to error cancella-
tion of quasiparticle self-energy effects and strong spin-
orbital coupling effects [48]. The band gap of FPEA-MA is
1.70 eV, which is smaller than those of PEA-MA (1.77 eV)
and PEA2-MA (1.90 eV). Such a calculated trend is in
line with a previous experimental report that the optical

gap of the (4FPEA),(MA)4Pbsl ¢ film is slightly redshifted
compared to that of (PEA)2 (MA)4Pb5116 [40]

Notably, during MD simulations, we observe large fluc-
tuations of band gaps, which are caused by significant
distortions to the Pb-I frameworks. This is revealed by
the distributions of band gaps along the MD trajectories
of six 2D OIHPs, as shown in Fig. 2(d). In particular, the
range of band-gap fluctuations (i.e., the difference between
the smallest and largest band gaps during MD) is around
1 eV. This is much larger than that of inorganic perovskites
B-CsPbls, the range of band gap fluctuation of which
is estimated to be around 0.5 eV [52]. We also observe
frequent band crossings and order switching among the
closely spaced band-edge states, as depicted in Fig. 2(b).
Notably, compared to the band gaps calculated using equi-
librium structures at 0 K, the average band gaps of the
six 2D OIHPs are generally increased, and the differences
between the average band gaps also become smaller.

We simulate the time evolution of electron popula-
tion, P(f), of the CBM for six 2D OIHPs using NAMD,
as shown in Fig. 3. Then, the nonradiative-carrier-
recombination time, 7, is extrapolated using an exponential
decay fitting, P(f) = e~/* ~ 1 — t/7. Although the trap-
assisted process and Auger process are acknowledged to be
the dominant nonradiative-recombination processes in 2D
OIHP, our study indicates that direct band-to-band recom-
bination is also considerable. As summarized in Table
I, the recombination time, 7, ranges from 91 to 440 ns,
depending on the organic composition. It is noteworthy
that the calculated recombination time becomes smaller if
we turn off the concentric approximation [26]. However,
the overall trend we discuss here remains the same. When
the A4 site changes from MA to FA in BA-based systems,
the calculated 7 is more than doubled. This tendency is
consistent with the experimental observation that the car-
rier lifetime increases by 2 orders of magnitude as the com-
position, x, of FA in (BA),(MA|_xFAy)3;Pbyl;; increases
from 0 to 0.6 [53]. However, doubling of the lifetime,
7, due to FA substitution from the theoretical simulation
cannot explain the 2 orders of magnitude increase of life-
time observed in the experiment. This suggests some other
extrinsic factors, such as the significant change of sample
morphology [53], also play important roles in affecting the
nonradiative recombination here.

Examining the effects of interlayer organic spacer A',
we find that the nonradiative-carrier-recombination time
generally increases by two- to threefold when we replace
BA with a longer organic spacer, such as HA or PEA. In
particular, the carrier lifetime of PEA-MA is about twice
as large as that of BA-MA. This trend is qualitatively
consistent with an earlier theoretical investigation, which
found that the carrier lifetime of (PEA),Pbly was 3 times
longer than that of (BA),Pbly [54]. The numerical discrep-
ancy between our work and Ref. [54] is attributed to the
different numbers of [Pbls]*~ layers and the ways for
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(a) Total density of states (DOS) and PDOS of BA-MA. (b) Band structures of BA-MA in 2 x 1 x 1 supercell. High-

symmetry points along the I'(0, 0, 0)-S(0, 0, 0.5)-R(0.5, 0, 0.5)-Z(0.5, 0, 0)-I"(0, 0, 0) path throughout the Brillouin zone. (c) Band gap
calculated with the PBE functional. (d) Distribution of band gaps during 5-ps MD trajectories of six 2D OIHPs. Numbers in the center

are average PBE band gaps.

evaluating NAC. When the arrangement of the PEA spacer
changes from parallel -7 interlayer interactions (as in
PEA-MA) to T-shaped 7 interactions (as in PEA2-MA),
7 shows a relatively small change from 313 to 440 ns.
Notably, if one replaces PEA with FPEA, which only
differs from PEA by one fluorine atom, the nonradiative-
carrier-recombination time decreases significantly.
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FIG. 3.

For a better understanding of the nonradiative-carrier-
recombination time, we analyze the band-edge states and
structural properties in MD simulations to see how these
properties impact two important variables, namely, the
pure-dephasing time and NAC. We check the convergence
of NAC and dephasing time with MD time, as shown
in the Supplemental Material (Fig. S2) [42]. As shown
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Electron-hole recombination dynamics in (a) BA-MA, BA-FA, HA-MA, (b) PEA-MA, PEA2-MA, and FPEA-MA.
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TABLE I. NACs, pure-dephasing times, and nonradiative-
carrier-recombination times for BA-MA, BA-FA, HA-MA,
PEA-MA, PEA2-MA and FPEA-MA. The NACs shown here are
mean absolute values of non-adiabatic coupling between VBM
and CBM.

Nonradiative-
carrier- Pure-
recombination dephasing
time (ns) NAC (meV) time (fs)
BA-MA 151 0.187 2.81
BA-FA 318 0.178 4.12
HA-MA 382 0.168 3.24
PEA-MA 313 0.177 3.50
PEA2-MA 440 0.156 4.22
FPEA-MA 91.7 0.327 4.10

in Fig. S2 within the Supplemental Material [42], NAC
and dephasing time converge well with 5-ps MD sim-
ulations. In Figs. 4(a) and 4(b), we present the optical
pure-dephasing functions computed using a second-order
cumulant approximation [55]:

t 4
D;; (1) = exp (_%/o dt’/(; dt”Cij (t”)), (1)

where Cj; (') is the unnormalized autocorrelation function
(UNACF) of the phonon-induced fluctuation of the energy
gap, OEj; (1), between electronic states 7 and j, which is
defined as

Cyj (1) = (8E; ()SE; (1 +1)),. (2)

Here, the bracket (.), denotes calculating the aver-
age over MD trajectories, and 8E;; (1) = Ej; (¢) — <E,;,- (t)) -
The insets of Figs. 4(a) and 4(b) display the UNACF
for fluctuations of the CBM-VBM band gap on similar
timescales.

The pure-dephasing times, 7, are obtained by fitting
Dy (f) to a Gaussian function, Dy () = e %"/ D’ and
are summarized in Table I. In general, larger 4 or A’
site organic cations slow down the decoherence process.
For instance, substituting MA with heavier FA in BA-
based systems raises the pure-dephasing time from 2.81
to 4.12 fs. Similarly, replacing BA with larger inter-
layer organic spacers like HA or PEA also increases the
pure-dephasing time. The decoherence process is mainly
determined by the fluctuation of band gaps during MD
simulations [56—58]. Accordingly, we find a clear lin-
ear relationship between the pure-dephasing time and the
band-gap standard deviation, which is equal to the square
root of the initial value of UNACFs, C;;(0)!/2. As shown
in Fig. 4(c), a smaller band-gap standard deviation leads to
a longer pure-dephasing time.

Since the band-edge states are contributed to by the
inorganic framework, one may expect a strong correla-
tion between the distortion of the inorganic framework and
the band-gap standard deviation. To demonstrate this, we
compute the root-mean-squared displacements of lead and

iodine ions, 8, = 1/Ny Yo, \/<(ri(t) - (ri(t’))t/)2>t, where
r;(¢) indicates the location of atom i of type a (¢ =Pb
or I) at a given time ¢, and N, is the number of atoms
of type «. Table II summarizes the root-mean-square dis-
placements in the positions of the lead and iodine ions. We
note that changing the 4 site, by replacing MA with heav-
ier FA, slows down atomic fluctuation and induces smaller
displacement of the inorganic framework. Substitution of
larger A’-site cations leads to the same trend. Our results
in Table II also confirm that iodine atoms move faster
than lead atoms because they are lighter. We note that gap
standard deviations and root-mean-square displacements
of lead and iodine ions also exhibit a prominent positive
correlation, as shown in Fig. 4(d). Larger distortion of the
inorganic framework leads to larger gap fluctuation and
then accelerates decoherence.

Previous studies suggested that longer pure-dephasing
times led to shorter nonradiative-recombination times
[43,58—61]. For 2D OIHPs, our results reveal a weak
correlation between the pure-dephasing time and the
carrier-recombination time. Instead, the inverse of NAC,
that is dﬁ(l, exhibits a positive correlation with the
nonradiative-recombination time, as displayed in Fig. 5,
where dj represents the NAC between CBM and
VBM. This is consistent with the expectation that larger
NAC facilitates nonradiative-carrier recombination and
reduces the carrier lifetime. In particular, a signifi-
cantly larger NAC leads to the lowest carrier life-
time in FPEA-MA among six 2D OIHPs. This predic-
tion, however, contradicts a recent experimental find-
ing that (FPEA),(MA)4Pbsl;¢s has a longer carrier life-
time than that of (PEA),(MA)4Pbslj¢ [40]. The discrep-
ancy is ascribed to the fact that trap-assisted nonradia-
tive recombination also plays an important role here.
Experiments reveal that (FPEA),(MA)4Pbsl;s samples
have a lower trap-state density and higher sample crys-
tallinity than those of (PEA),(MA)4Pbsls [40]. Accord-
ingly, a higher trap-assisted nonradiative-recombination
rate in (PEA),(MA)4Pbsl ;¢ samples can counter the advan-
tage of its lower band-to-band nonradiative-recombination
rate. If the sample quality, such as defect concen-
tration, can be controlled, one may observe a longer
carrier lifetime in (PEA);(MA)4Pbsl;s as compared to
(FPEA),(MA)4Pbsl6.

As previous work argues, the fluorine atom in a FPEA
cation creates strong dipole moments, which facilitate the
separation of charge carriers [40], so we investigate the
real-space charge-density distribution corresponding to the
CBM and VBM. We calculate the average charge density,
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FIG. 4. Pure-dephasing functions for the CBM-VBM transition in (a) BA-MA, BA-FA, and HA-MA and (b) PEA-MA, PEA2-MA,
and FPEA-MA. Insets show unnormalized autocorrelation functions of six 2D OIHPs. (c) Pure-dephasing time versus gap standard
deviation. Gray area is a guide to the eye. (d) Gap standard-deviation changes versus standard deviation of the positions of Pb and I

atoms along 5-ps MD trajectories.

(lqo,-(r, t)|2) , (as plotted in Fig. S3 within the Supplemen-
tal Material) [42], and compare the overlap between the
average charge densities of the VBM and the CBM,
[ {locam(r, H1%) {lovm(r, t)|2>ldr, which are summarized
in Table S2 (Supplemental Material) [42]. However, the
spatial overlap between these two states only shows small
differences and is insufficient to explain the large NAC of
FPEA-MA.

To understand the main reason for the distinctively large
NAC in FPEA-MA, we further analyze the NAC, which
is defined as dj = ((pj |0/ 8t|<pk> and here efficiently eval-
uate it using the following expression combined with a
concentric approximation [26]:

<(p’ a1 ‘”"> = A1
— (@ (t + ADI@r ()] -

[(¢; Dlgr(t + Ap)

3)

On the other hand, one can also write dj = R (¢; | VrH |¢x)/
(ex — &), which suggests that dj; is determined by three
factors, namely, nuclear velocity R, coupling matrix
elements (cpj|VRH |<pk), and energy differences & —¢;.
The average nuclear velocity, R, can be approximately
described by the mean atomic displacements of inorganic
ions, 8pp and 3y, which are presented in Table II, and the
energy difference can be approximated with the average
band gap in Fig. 2(d). Our analysis indicates the mean
atomic displacements and average band gap have a weak
correlation with NAC between the six systems. As a result,
we speculate that a larger <(pj |VRH |(pk) is the dominant
factor, which leads to a large NAC and, consequently, a
shorter carrier lifetime of FPEA-MA.

The <(pj |VRH Igok) terms are mainly contributed to
by electron-phonon-coupling elements from all phonon
modes. To have a deeper understanding of the phonon

TABLE II. Root-mean-square displacements (A) of lead and iodine ions for BA-MA, BA-FA, HA-MA, PEA-MA, PEA2-MA, and

FPEA-MA.

BA-MA BA-FA HA-MA PEA-MA PEA2-MA FPEA-MA
Spp 0.543 0.467 0.466 0.437 0.417 0.445
S 0.581 0.504 0.574 0.550 0.538 0.519
dpp + &1 1.124 0.971 1.040 0.987 0.955 0.964
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modes and electron-phonon-coupling strength, we calcu-
late the projected phonon density of states for BA-MA,
BA-FA, and FPEA-MA, as shown in Fig. 6(a) and Fig.
S4(a) within the Supplemental Material [42]. Our results
are similar to the case of 3D perovskites [62]. The low-
frequency phonon modes are comprised of the contribution
from both [Pblg]*~ octahedra and organic cations, while
the high-frequency modes mainly involve the motion of
organic parts. Electron-phonon-coupling matrix elements
Zmn,w(k, q) are given by

_— 1
Emn,v (k, Q) = <§0mZ+ZI | A?]v VSCF|(pn}> , (4)
V2w,

which describe the coupling between the electronic state
|¢,7.7) and |g,7) through phonon mode v at g. Here, g,

is the phonon-mode frequency, and Ag, V5" is the pertur-
bation of the self-consistent potential subject to a phonon
mode. For large supercells of more than 200 atoms, we
consider the coupling between the VBM and CBM through
zone-center phonon modes, which correspond to k = ¢ =
I'. The electron-phonon-coupling matrix element can be
evaluated using a frozen-phonon approach [63—65]:

1
r,ry=
Zmny (T, T) e
CF _ T/SCF
X { @mr V[SRo+d-éru] V[SRo—d~é1‘u] Our
m Zd n ]

&)

where V[SlgoF+ dory] is the self-consistent potential when the

atoms are shifted according to the eigenvector, er,, of
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FIG. 6. (a) Projected phonon density of states for BA-MA. (b)
Average electron-phonon-coupling matrix elements between the
highest four valence states and the lowest nine conduction states
at I point, for BA-MA, BA-FA, and FPEA-MA.

the phonon mode, v, at I"'. We compute the electron-
phonon-coupling matrix element with a small displace-
ment (d = 0.2 Bohr). To account for band-reordering
effects, the average of the electron-phonon-coupling matrix
elements, |g,|, between the highest four valence states and
the lowest nine conduction states are computed, as shown
in Fig. 6(b). The magnitude of the averaged electron-
phonon matrix elements, |g,|, of FPEA-MA, BA-MA,
and BA-FA is large when the phonon frequency, wr,, is
between 3 and 3.5 THz (see Fig. S4 within the Supplemen-
tal Material [42] for results plotted over a wider frequency
range), suggesting a strong coupling of band-edge states
with low-frequency phonon modes. Notably, the peak of
FPEA-MA is 19% and 15% higher than those of BA-MA
and BA-FA, respectively. This partially explains a larger
NAC of FPEA-MA. We argue that FPEA-MA is a more
polarized system and tends to have a stronger Frohlich cou-
pling constant [66,67]. Although the fluorinated cations,
FPEA, do not directly bond with the inorganic frame-
work, the strong electron affinity of fluorine ions makes
the charge density more polarized, enhances the interac-
tion between carriers and polar phonons, and results in an
overall stronger coupling between frontier electronic states
and low-frequency phonon modes.
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IV. CONCLUSION

We comprehensively study nonradiative-carrier recom-
bination in six common RP perovskites using first-
principles methods. Our results show that the band-to-band
nonradiative-recombination time of RP perovskites can be
changed by up to fivefold by replacing the organic cations.
Although the organic cations do not contribute to the
band-edge electronic states, they affect the nonradiative-
carrier-recombination process by distorting the inorganic
framework and changing the electron-phonon-coupling
strength. Large fluctuations of band gaps caused by the dis-
tortions of inorganic ions are observed in MD simulations.
A distinct positive correlation between pure-dephasing
time and inorganic ion displacements is identified. Fur-
thermore, we find that NAC plays a more important role
than pure-dephasing time in explaining the nonradiative-
recombination time. In particular, a significantly larger
NAC in FPEA-MA leads to the lowest carrier lifetime
among considered 2D OIHPs. When extrinsic factors like
defect concentration and sample morphology can be con-
trolled, one should avoid fluorinated organic cations to
achieve longer nonradiative-recombination times. Further
analysis shows that the electron-phonon-coupling elements
between the VBM and CBM states in FPEA-MA are
stronger than those of BA-MA and BA-FA.
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