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Two-dimensional (2D) halide perovskites are promising materials for environmentally stable next-

generation optoelectronic device applications. Besides the widely investigated Ruddlesden–Popper (RP)

phases, Dion–Jacobson (DJ) phases are attracting considerable attention due to their rapid emergence

as efficient solar cell materials. However, there is very little atomistic understanding of the charge carrier

dynamics under ambient conditions for these DJ-phases, limiting the possibilities to tune their

optoelectronic performances through compositional engineering routes. Here, by combining

nonadiabatic molecular dynamics with time-domain density functional theory methods at room

temperature, we compare the dominant non-radiative carrier recombination and dephasing processes in

RP and DJ monolayered lead halide perovskites. Our systematic study demonstrates that performance-

limiting nonradiative carrier recombination processes greatly depends on the electron–phonon

interactions induced by structural fluctuations and instantaneous charge localization in these materials.

The stiffer interlayer packing due to the presence of single spacer dications, which separates the lead

iodide slabs, reduces the thermal fluctuations in the DJ-phase to a greater extent than that in the RP-

phase 2D-perovskites. Specific electronic coupling between the closely spaced lead iodide layers

enhances the delocalization of band-edge charge densities in DJ-phase systems. Compared to the RP-

phase, reduced inelastic electron–phonon scattering in DJ-phase perovskites significantly limits intrinsic

non-radiative recombination processes. The consequent enhancement in the photogenerated charge

carrier lifetime makes DJ-phase perovskites potentially suitable for various optoelectronic devices. The

computational insights gained from this study allow us to outline a set of robust design principles for

DJ-phase perovskites to strategically tune their optoelectronic properties.
Introduction

Low-dimensional lead halide perovskites are promising candi-
dates for a variety of stable optoelectronic devices such as solar
cells,1–3 light-emitting diodes,4,5 photocatalysts,6–8 and photo-
and radiation detectors.9 Particularly, two-dimensional (2D)
iodide perovskites attract signicant research interest due to
their long-term stability under ambient conditions, signicant
moisture resistance, rich chemical and structural diversity, and
consequently widely tunable photovoltaic properties.4,5,10–13 In
these materials, halide perovskite layers remain separated by
Laboratory, Los Alamos, NM, 87545,
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long organic spacer cations (Fig. 1a–c). Among several 2D-halide
perovskite structures, extensive studies of Ruddlesden–Popper
(RP) phases have demonstrated their possible applications in
solar cells, color-pure photo-emitting diodes, X-rays, and photo-
detectors.14–19 More recently, Dion–Jacobson (DJ) phases have
emerged as another family of layered halide perovskites that
exhibit promising efficiency in solar cell devices.20–27 The
difference between these 2D-perovskites originates from the
fact that a RP-phase contains two monocationic spacers
whereas a DJ-phase contains only one dication spacer molecule
per formula unit. The common chemical formulas of RP and DJ-
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Fig. 1 Optimized structures and electronic properties of 2D-perovskites. DFT-based optimized structures of (a) (BA)2PbI4, (b) (PEA)2PbI4 and (c)
(3 AMP)PbI4. Colors: hydrogen (white), carbon (black), nitrogen (blue), iodine (pink), and lead (grey). The dashed red lines and numbers show the
average distances between the interlayer axial I atoms. (d–f) The equatorial Pb–I plane and Pb–I–Pb angles of the optimized structures as shown
in (a–c). The deviation of Pb–I–Pb angles from linearity (i.e. 180�) characterizes the extent of PbI6 octahedral distortion. The electronic charge
densities of (g) VBM and (h) CBM for (3AMP)PbI4. The band edge charge densities are delocalized over the inorganic layer. The closely spaced
axial I atoms form interlayer coupling in the VBM state. The electronic structures are calculated using the PBE-GGA+ SOC level of theory (see the
Methods). (i) Comparison of valence band dispersion curves along the stacking axis for these 2D-perovskites.
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phases are A
0
2An�1BnX3nþ1 and A00An�1BnX3n+1, respectively

where A0 is a monocation and A00 is a dication-based spacer
molecule. In these chemical formulas A is a smaller organic or
inorganic cation (such as methylammonium or Cs), B is a diva-
lent metal, and X is a halogen. BnX3n+1 constructs the inorganic
layer, containing corner-shared BX6 octahedra, and spacer
cations (i.e. A0 and A00) non-covalently hold these inorganic
slabs. The thickness of the inorganic layer depends on the
parameter n that represents the number of BX6 layers in each
BnX3n+1. In most of the RP and DJ-phases reported to date, the
BnX3n+1 layer plays a central role in the basic optoelectronic
properties such as the band gap, carrier mobility, and optical
absorption.20,22,28–30 The organic spacer cations do not directly
affect electronically the band edge characteristics, but inuence
the structural distortions in the BnX3n+1 layer and interlayer
charge screening through image charge effects.31,32 These
22010 | J. Mater. Chem. A, 2020, 8, 22009–22022
effects, when they are considered as static effects, already
impact important properties such as the optical band gap,
exciton binding energy, and carrier mobility in 2D halide
perovskites. Recent in-depth studies further revealed more
subtle roles of these spacer cations in determining the photo-
physical properties of mechanically ‘so’ 2D-perovskites at
room temperature.33–39 The geometry and chemical bonding in
the inorganic sublattices and their non-covalent interactions
with organic spacers lead to substantial structural dynamics in
these halide perovskites under ambient conditions. Strong and
complex dynamic coupling between the inorganic layer and the
spacer cations signicantly enhances the electron–phonon
interactions, increasing the non-radiative charge recombina-
tion rates.38,40 In this recombination process, the electronic
energy of photo-generated carriers gets rapidly transferred to
the vibrational motions of the lattice, signicantly deteriorating
This journal is © The Royal Society of Chemistry 2020
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the performance of an optoelectronic device. Several
approaches, such as including p-stacked spacer cations,
increasing the thickness of the inorganic layers, and mono-
valent cationmixing have been investigated to try mitigating the
non-radiative carrier losses in RP and also 3D halide perov-
skites.35–39 At the atomistic level, all these approaches result in
an increase of the organic and inorganic sublattice stiffness.
This weakens the electron–phonon coupling at room tempera-
ture and consequently prolongs the photo-generated carrier
lifetime. In the DJ-phase, the presence of a single dicationic
spacer molecule provides unique opportunities to enhance the
lattice stiffness by (1) introducing non-covalent interlayer
halogen interactions between inorganic slabs and (2) by avoid-
ing the oppiness of the organic barrier induced by the inter-
molecular van der Waals interactions in the spacer cation layer.
These specic structural features should reduce the low-
frequency structural uctuations of the lattice, and therefore
weaken the thermally induced electron–phonon coupling, and
result in a longer carrier lifetime. Furthermore, the non-
covalent interlayer halogen interactions also promote
increased electronic coupling between the layers and enhance
the carrier delocalization.20,24,26 A recent time-resolved photo-
luminescence spectroscopy-based study has indeed reported
that the average carrier lifetime for the DJ lead iodide perovskite
is twice that of the RP-phase.27 The longer carrier lifetime
underpins the observed enhancement of the DJ perovskite-
based planar heterojunction solar cell efficiency to >17%.
These promising preliminary reports demand a more in-depth
atomistic investigation of the charge carrier dynamics in the
DJ-phase than has been done so far.25 The fundamental struc-
ture–optoelectronic property relationships suggest further
guidelines for efficient low-dimensional photoactive material
design and discovery. Particularly, a wide variety of possible
short-length diamine molecules may serve as organic spacers
thus providing extensive compositional space for ne-tuning
the photophysical properties of these emerging layered
perovskites.

Following our previous investigations of the dynamic struc-
ture–property relationships in low-dimensional and 3D-halide
perovskites,15,16,41–43 the current work combines ab initio real-
time time-dependent density functional theory (DFT) and non-
adiabatic molecular dynamics (NAMD) modeling to systemati-
cally study the intrinsic and room temperature non-radiative
charge carrier recombination in RP and DJ lead iodide perov-
skite phases. To underline the importance of spacer cations, we
only consider single layer (n ¼ 1) 2D-perovskites that do not
contain 3D bulk-like slabs. It also allows addressing complex
non-adiabatic carrier dynamics at a reasonable computational
cost. Due to their well-characterized phase-pure synthesis, single
layer 2D-perovskites have been investigated extensively to eval-
uate the fundamental structure–property relationships.35,44–50 We
consider RP-phase A

0
2PbI4 2D-perovskites with two commonly

explored cations, long alkyl chain n-butylammonium (BA) and
benzene ring containing phenylethylammonium (PEA).15,29,51,52 A
comparison between these systems reveals the effects of stacked
aromatic ring spacer cations on the structural dynamics and
charge carrier recombination processes. Among the
This journal is © The Royal Society of Chemistry 2020
experimentally synthesized DJ-phase perovskites, we chose the
structurally well-characterized (aminomethyl)piperidinium
(3AMP) based (3AMP)PbI4 as the representative DJ system for our
study.20 Restricted structural dynamics and charge delocaliza-
tion through PbI4 interlayer stacking in (3AMP)PbI4 signicantly
reduce the non-radiative recombination of photo-generated free
carriers, prolonging the carrier lifetime. Overall, we nd better
photophysical characteristics for DJ-phase perovskites compared
to RP-phase ones. By exploring at the atomic scale the relation-
ships between the structural and charge carrier dynamics, our
study reveals the subtle effects of electron–phonon interactions
on the recombination processes in photoactive 2D iodine
perovskites. We emphasize the importance of spacer cation
engineering strategies to improve the performances of layered
perovskite-based optoelectronic devices.
Results and discussion
Static structural properties

The optimized ground-state geometries of (BA)2PbI4, (PEA)2-
PbI4, and (3AMP)PbI4 shown in Fig. 1 demonstrate key differ-
ences that arise from the inorganic layer–spacer cation non-
covalent interactions. In all systems, the single-layer PbI6 octa-
hedra exhibit corner-shared connectivity and have similar Pb–I
bond lengths. However, due to the single and short spacer
dication in (3AMP)PbI4, the PbI6 octahedral slabs form inter-
layer van der Waals interactions that are completely absent in
the investigated RP-phase perovskites (Fig. 1a–c). In (3AMP)PbI4
the interlayer axial I/I distances range from 4.13 �A to 4.21 �A,
being lower that the van der Waals diameter of iodine atoms
(�4.44 �A).20,53 These non-covalent interactions in (3AMP)PbI4
introduce interlayer coupling between perovskite slabs.20

Moreover, the equatorial Pb–I–Pb angles differ where (3AMP)
PbI4 has less overall distortion and more linear angles
compared to (BA)2PbI4 and (PEA)2PbI4 (Fig. 1d–f). However,
despite the denser packing of the organic barrier in the DJ-
phase, all the structures have seemingly similar H3N–I (equa-
torial) distances from a static viewpoint. This important aspect
will be claried from a dynamical viewpoint (vide infra).
Static electronic properties

We investigate the ground-state electronic structures of 2D-
perovskites with the optimized structures obtained from DFT-
based simulations (see the Methods). When including spin–
orbit coupling (SOC) corrections, the calculated electronic band
gaps are 1.18 eV, 1.34 eV and 1.37 eV for (3AMP)PbI4, (BA)2PbI4
and (PEA)2PbI4, respectively. Except the systematic and ex-
pected underestimation of electronic band gaps compared to
the well documented experimental data, the PBE + SOC level of
theory is a reliable approach to capture the electronic band gap
trend of halide perovskites and their overall electronic struc-
tures.31,42,54–56 The electronic band gap underestimation origi-
nates due to the absence of electronic many-body interactions
which are prohibitively expensive to include in the simulations
for such large structures.54,57,58 The band-edge charge densities
and the projected density of states show that both the valence
J. Mater. Chem. A, 2020, 8, 22009–22022 | 22011
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band maximum (VBM) and the conduction band minimum
(CBM) are delocalized over the Pb–I framework, without any
identiable contributions from the organic spacer cations
(Fig. 1g, h and S5†).31,59 The VBM has contributions from the s-
antibonding overlap between the 5p orbitals of I and 6s orbitals
of Pb (Fig. 1g, S5 and S6†), whereas the dominant contribution
to the CBM comes from the Pb 6p orbitals along with small
contributions from I 5p orbitals forming s-antibonding overlap
(Fig. 1h, S5 and S6†). The details of orbital overlaps and
bonding types at the band edges further illustrate the structure–
optoelectronic property relationship in these 2D-perovskites. A
more linear equatorial Pb–I–Pb angle (that is close to 180�)
enhances the s–p orbital overlap between Pb and I. Due to the
anti-bonding nature of the VBM, such an increased orbital
overlap results in an up-shi in the valence band edge energy
level. As discussed in previous studies, it mainly causes
a reduction in the band gap for more linear PbI6 octahedral
connectivity.42,43,59–61 Thus, in general, the smaller the Pb–I–Pb
angle distortion, the smaller the electronic band gap in halide
perovskites. This structure–property relationship explains most
computed electronic band gap variations of the 2D-perovskites;
as the average Pb–I–Pb equatorial angles reduce (3AMP)PbI4 >
(BA)2PbI4 > (PEA)2PbI4, the electronic band gap follows the
opposite trend.60,61

Additionally, the axial iodide atoms of consecutive perov-
skite layers in (3AMP)PbI4 undergo non-covalent interactions as
the I/I distances (4.13–4.21�A) remain lower than their van der
Waals diameter (z4.4�A). Considering the charge density of the
VBM as shown in Fig. 1g (3D) and in Fig. S7† (2D), the repulsive
electrostatic interaction between the axial I-5p orbitals further
destabilizes the valence band edge and shis its energy level
upward.20 The CBM state, however, remains mostly unaffected
from these non-covalent interactions due to its in-plane charge
density distribution (Fig. 1h). Therefore, the interlayer halogen
interaction contributes to the red-shi of the band gap value of
(3AMP)PbI4. Due to the large lead iodide interlayer distances in
RP-phase 2D-perovskites, the axial I/I pairs remain spatially
apart (>8.5 �A), making the electronic coupling along the stack-
ing axis and its effects on the electronic band gap negligible.

Fig. 1i shows the band structures along the stacking direc-
tion (c-axis), G / Z, which emphasizes the dispersive nature of
the valence band only for (3AMP)PbI4. This further conrms the
unique interlayer electronic coupling in the DJ-phase perovskite
due to the shorter interlayer PbI distances. The VBM remains
largely at for (BA)2PbI4 and (PEA)2PbI4, depicting the lack of
perovskite interlayer halogen interactions in these systems.
VBM dispersion may be more favorable for interlayer hole
transport in the DJ-phase perovskites compared to the RP-phase
materials. However, the conduction band edges that have
a dominant contribution of the non-bonding Pb-5p state
remain mostly alike in terms of band dispersion for all of the
2D-perovskites (see Fig. S8†).
Fig. 2 Influences (RMSF) of the spacer cations on the lattice thermal
fluctuations for 2D-perovskites. The root mean square fluctuations for
Pb, I, and organic spacers at 300 K for DJ- and RP-phase perovskites.
Dynamic structural properties

At nite temperature, structural dynamics signicantly inu-
ences the instantaneous geometry and charge carrier dynamics
22012 | J. Mater. Chem. A, 2020, 8, 22009–22022
in halide perovskites.35,44,62–64 Thus, we perform ab initio
molecular dynamics (AIMD) simulations at 300 K to explore the
dynamical behavior of these 2D-perovskites (see the Methods).

We compute the root mean square uctuations (RMSF) for
individual inorganic sites and organic cations of 2D-perovskites
to apprehend the overall extent of thermally induced uctua-
tions in these materials. As shown in Fig. 2, each individual
component of (BA)2PbI4 has the highest RMSF value, revealing
that this BA-based perovskite has the largest structural uctua-
tions. Due to the p–p interactions enhancing the stiffness along
the cations stacks, the thermal distortions of the perovskite and
organic layers are considerably suppressed in (PEA)2PbI4
compared to the long alkyl cation based (BA)2PbI4.35 The dica-
tionic spacers in (3AMP)PbI4 do not have the van derWaals gap in
the spacer layer and the short dications allow for the formation of
non-covalent halogen interactions between two neighboring
perovskite slabs. This further restricts the thermal motions of Pb
and 3AMP cations. As the single perovskite layers in all of these
2D-perovskites are chemically identical, it is evident that the
spacer cations are the origin of variations in the overall structural
rigidity and dynamics under ambient conditions. Therefore, the
choice of spacer cations is an effective tool to ne-tune the
dynamical behavior of low-dimensional halide perovskites.

The dynamical structural study shows a sizable difference in
RMSF between DJ and RP-phases, which already indicates the
importance of the mechanical coupling between the inorganic
lattice and the cations in the barrier. Closer inspection reveals
that differences in the equatorial Pb–I–Pb bond angle uctua-
tions in these 2D-perovskites can be attributed to the steric
interaction with spacer cations. The intrusion depth of the NH3

group into the open grooves of perovskite layers produces steric
effects exerted by the spacer cations on the inorganic layer,
which is distinct for DJ and RP-phases. From the viewpoint of
the inorganic layer, the most striking difference between the
three systems is related to the equatorial Pb–I–Pb bond angle
thermal distributions (Fig. 3a). (3AMP)PbI4 exhibits a skewed
distribution with a Pb–I–Pb mode angle (that is the most
common angle) at 162.4� (Fig. 3a). The RP-phase PEA and BA
cation-based perovskites have a Gaussian-type distribution
around a more distorted average structure with mode angles at
148.4� and 151.8�, respectively. It is well known that such
distortions deeply affect the electronic structure of 2D-
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Structural dynamics at 300 K in 2D-perovskites. (a) The histograms of equatorial Pb–I–Pb bond angles computed over AIMD simulation
trajectories of all three 2D-perovskites. (b) The mean distances between the in-plane I of the inorganic equatorial plane and N atoms of the NH3

group of spacer cations. The histograms of (c) the distances between the in-plane I and H atoms of NH3 of spacer cations and (d) the axial I/I
distances between two stacked inorganic layers. We fit the distributions with the beta distribution function as plotted by the solid line.
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perovskites.59,60 From the viewpoint of the organic spacers,
differences between DJ and RP-phases are also revealed by the
dynamical study. The distances between the equatorial iodide
atoms and the nitrogen atom of the NH3 group in the spacer
cations reveal the uctuations of the intrusion depth (Fig. S1a
and b†). As shown in Fig. 3b, the time averaged distances point
to shorter N/I lengths in (3AMP)PbI4 compared to the mono-
cationic RP-phase perovskites. Short N/I lengths are consistent
with a deeper intrusion depth and reduced spatial separation
between the spacer and inorganic frame, imposing steric
constraints on the Pb–I equatorial plane of PbI6 octahedra. In
response to this steric crowding in (3AMP)PbI4, the equatorial
inorganic plane expands, making the average Pb–I–Pb angles
relatively linear and increasing instantaneous angle values
compared to the RP-phase 2D-perovskites (Fig. 3a). The
increased average equatorial Pb–Pb distance in 3AMP-based
perovskites also supports the spacer cation induced in-plane
expansion of their perovskite layers (see Fig. S2† for details).
The Pb–I bond length dynamics exhibit similar distributions for
all three 2D-perovskites as detailed in the ESI, Section S1.†

To further analyze the dynamical interactions between the
inorganic and organic sublattices, we calculate the distances
between the H atoms of the NH3 group in the spacer and the
iodide of the Pb–I equatorial plane (Fig. S4†). As demonstrated
in previous studies, these non-covalent interactions form
hydrogen bonds between the inorganic and organic sublattices,
inuencing their coupled thermal motions at nite tempera-
tures.41,42,65,66 In Fig. 3c, the N–H/I distance in the DJ-phase is
more narrowly distributed compared to that in the RP-phase
This journal is © The Royal Society of Chemistry 2020
perovskites. The narrow distribution of this non-covalent
bond suggests consistent dynamical coupling between perov-
skite layer and spacer cations in (3AMP)PbI4.42,43 Furthermore,
the ensemble average of N–H/I is shorter for the DJ-phase (3.9
�A) compared to RP-phase perovskites (z4.3 �A). At a qualitative
level, considering the dominant electrostatic nature of this non-
covalent interaction, the shorter average N–H/I distance
indicates stronger hydrogen bonding interactions in (3AMP)
PbI4.67 Such hydrogen-bond formation, in turn, partially
restricts the thermal motions of the equatorial iodine acceptor
sites in the DJ-phase as discussed in the ESI (Section S2).† A
quantitative description of the dynamic hydrogen bonding
interactions can be explored by path-integral MD that is beyond
the scope of the present work.68–70

Other structural features unique to DJ-phase perovskites are
the short interlayer distances between inorganic layers. As
shown in Fig. 3d, the axial iodine atoms maintain short
interlayer I/I distances (z3.2–5.0 �A) throughout the AIMD
trajectory. These reduced instantaneous I/I distances indi-
cate a strong dynamical interlayer coupling between the inor-
ganic layers in (3AMP)PbI4. Due to the signicantly larger
interlayer spacing between inorganic layers, structural uctu-
ations do not induce uctuations of the interlayer electronic
coupling in RP-phase 2D-perovskites (Fig. 3d). As discussed
later, the presence of the interlayer electronic coupling inu-
ences the optoelectronics of DJ-phase 2D-perovskites to
a noticeable extent. It is worth mentioning that as we perform
AIMD with constant experimental cell parameters, volume
relaxation induced structural uctuations are not included in
J. Mater. Chem. A, 2020, 8, 22009–22022 | 22013
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Fig. 4 Dynamic electronic structures in 2D-perovskites. (a) The histogram distribution of band gaps along the AIMD trajectories for 2D-
perovskites. The DJ-phase perovskite exhibits narrowly distributed and red-shifted band gaps at room-temperature. The distribution characters
remain unchanged with the inclusion of SOC corrections as shown in Fig. S9.† (b) The thermal broadening in the VBM and CBM states of
(BA)2PbI4, (PEA)2PbI4, and (3AMP)PbI4. Both the VBM and CBM are narrowly distributed for DJ-phase perovskites, indicating a less thermal
broadening of their band edge states. All band edge energies of a particular system are scaled to their average of VBM state energy. Solid lines are
fitted with the beta function to the distributions of data.
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the simulations. However, we expect similar overall structural
dynamics even aer considering such uctuations in these 2D-
perovskites.71
Adiabatic uctuations of the electronic properties

To explore the direct inuence of nite-temperature structural
dynamics on the optoelectronic properties of 2D-perovskites, we
next plot the electronic band gap distribution calculated along
the AIMD trajectories (Fig. 4a). As shown in the histograms,
(3AMP)PbI4 exhibits the most narrowly distributed and
distinctly red-shied band gaps over time among all the 2D-
perovskites considered here. The average and standard devia-
tions of the electronic band gap distributions for all 2D-
perovskites are listed in Table 1. These distributions demon-
strate that the equatorial Pb–I–Pb bond angle is the dominant
descriptor affecting the instantaneous electronic band gap of
both RP and DJ-phase 2D-perovskites. As Pb–I–Pb angles in
(3AMP)PbI4 skew towards higher values z162�, the PbI6 octa-
hedra are less distorted in this perovskite (Fig. 3a), red-shiing
its electronic band gap distribution. Furthermore, considering
two RP-phase perovskites, the narrower Pb–I–Pb angle
Table 1 The calculated electronic band gaps, average and standard
deviation (stdv) of PBE band gap values along AIMD trajectories,
nonradiative carrier recombination times, and pure-dephasing time for
(BA)2PbI4, (PEA)2PbI4 and (3AMP)PbI4

Perovskites

Static PBE +
SOC (PBE) band
gap (eV)

Average
PBE band
gap (eV)
(stdv)

Recombination
(ns)

Pure-
dephasing
(fs)

(BA)2PbI4 1.34 (2.09) 2.00 (0.16) 4.9 5.0
(PEA)2PbI4 1.37 (2.12) 1.92 (0.14) 14.5 4.8
(3AMP)
PbI4

1.18 (1.92) 1.75 (0.12) 79.7 5.7

22014 | J. Mater. Chem. A, 2020, 8, 22009–22022
distribution of (PEA)2PbI4 results in less dispersed band gap
values than that in (BA)2PbI4.

To demonstrate the robustness of the observed electronic
band gap distributions in terms of applied computational
methods, we further incorporate SOC corrections for evaluating
the instant electronic band gaps along the simulated trajecto-
ries. The SOC effect substantially alters the band edge electronic
properties in halide perovskites.31,54,58,72 To offset the numerical
cost due to the inclusion of SOC, we consider hundreds of
instant structures, equally spaced in the simulation time for
band gap evaluation. As we have discussed, the incorporation of
SOC corrections in the absence of many-body electronic effects
underestimates the band gaps byz1 eV.42,73 Fig. S8† shows that
the characteristics of the electronic band gap distributions ob-
tained with SOC corrections closely resemble those calculated
with plain PBE-GGA. Thus, the computationally cheap semi-
local functionals can reasonably capture the qualitative nature
of band gap uctuations in 2D-perovskites that are dominantly
inuenced by the structural dynamics under ambient
conditions.

To understand the impact of structural uctuations on the
individual band-edge states, we compute the relative position of
VBM and CBM energy states over the simulation time. In
Fig. 4b, both the VBM and CBM exhibit narrower distributions
for (3AMP)PbI4 compared to (BA)2PbI4 and (PEA)2PbI4 (Table S1,
ESI†). While the distribution in the VBM energy state mainly
originates from the uctuations in the equatorial Pb–I–Pb
angles, the displacement in Pb sites dominantly controls the
instant relative position of the CBM state. The skewed and
narrower distribution of Pb–I–Pb angles (Fig. 3a) and smaller
RMSF of Pb atoms (Fig. 2) in DJ-phase perovskites lead to their
sharper band edges compared to RP-phase perovskites. Narrow
distributions of both band edges consequently contribute to
reduced band gap uctuations in (3AMP)PbI4 as we nd in
Fig. 4a.
This journal is © The Royal Society of Chemistry 2020
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Importance of non-adiabaticity for non-radiative
recombination

The nite-temperature induced structural distortions play
a decisive role in photo-generated charge carrier dynamics in
low-dimensional halide perovskites.38,40 We employ non-
adiabatic molecular dynamics (NAMD) with real-time time-
domain DFT to investigate the comparative impact of struc-
tural dynamics on the non-radiative carrier recombination rate
in RP- and DJ-phases of lead iodide perovskites. As shown in
Fig. 5a, the evolution of carrier populations with time depicts
a much faster rate of photo-generated charge recombination in
(BA)2PbI4 compared to both (3AMP)PbI4 and (PEA)2PbI4. Using
the short-time linear approximation of the exponentially
increasing function (discussed in the Methods38,74) we nd that
the non-radiative carrier life-times are 4.9 ns, 14.5 ns, and 79.7
ns for (BA)2PbI4, (PEA)2PbI4, and (3AMP)PbI4, respectively
(Table 1). The overall trend and longer carrier lifetime of the DJ-
phase lead iodide perovskites are consistent with those in
recent experimental reports.24,27,75 Moreover, the estimated
carrier lifetimes for all the 2D-perovskites are on the nano-
second time scale, matching reasonably well with the time-scale
Fig. 5 The nonradiative carrier recombination and nonadiabatic coupli
ulation in (BA)2PbI4, (PEA)2PbI4, and (3AMP)PbI4 over time. We fit the tim
electron–hole recombination time. (BA)2PbI4 and (3AMP)PbI4 have th
histogram distribution of absolute instantaneous NAC values with magni
states for 2D-perovskites. (BA)2PbI4 and (PEA)2PbI4 reveal more occurr
histogramwith a complete range of NAC values has been included in the E
where the NAC is highest (0.0084 eV) in (BA)2PbI4. Both the band edges
instant (e) VBM and (f) CBM charge densities of (3AMP)PbI4 at the snapsho
the stacking direction is prominent and partially reduces the orbital over

This journal is © The Royal Society of Chemistry 2020
of respective experimental values.24,27,47,76 Thus, our study
unambiguously demonstrates that the spacer molecules have
an important inuence on the charge carrier recombination
dynamics in 2D-halide perovskites. The additional inuence of
interlayer electronic coupling related to iodine atoms will be
demonstrated in the next part.

The dynamic coupling between the electronic and lattice
degrees of freedom affects the non-radiative charge relaxation
and recombination processes that directly impact the perfor-
mance of perovskite-based optoelectronic devices.38,74,77,78 As key
factors such as electron–phonon interactions and energy gaps
dominantly inuence the non-radiative carrier recombination,
we further investigate these aspects in detail.

The electron–phonon interactions at nite temperature
involve both elastic and inelastic carrier scattering in hybrid
materials.38,74,79,80 Under ambient conditions, an energy
exchange between electronic and vibrational subsystems occurs
through the inelastic scattering mechanism. In this process,
during non-radiative recombination, the extra energy that is
generated from the recombined charges is dissipated to the
nuclear degrees of freedom.81 To quantify the strength of this
scattering process, the non-adiabatic coupling (NAC) constants
ng (NAC) in 2D-perovskites. (a) The recombined electron–hole pop-
e-dependent population increase to f(t) ¼ 1 � exp(�t/s), where s is the
e fastest and the slowest recombination rates, respectively. (b) The
tude > 0.0015 eV. Plotted NACs are calculated between VBM and CBM
ences of high instantaneous NAC values over the simulation time. A
SI.† The instant (c) VBM and (d) CBM charge densities for the time steps
are closely localized, enhancing the overlap between the states. The
t of time with the highest NAC (0.0056 eV). The delocalized VBM along
lap between band edge states.

J. Mater. Chem. A, 2020, 8, 22009–22022 | 22015
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Fig. 6 The electron–phonon interactions in 2D lead iodide perov-
skites. The Fourier transform of autocorrelation for the band gap
fluctuations in (BA)2PbI4, (PEA)2PbI4, and (3AMP)PbI4. The y-axis scale
is arbitrary but in consistent units.
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have been calculated along the simulated trajectories.82,83

Physically, a higher value of the NAC signies a stronger
coupling between the electrical and lattice degrees of freedom
underpinning inelastic scattering processes and consequently
indicating faster charge recombination in a material.84–86 Note
that the intra-band charge relaxation rates in the valence and
conduction bands are much higher than those of inter-band
relaxation across the electronic band gap.36,37 Thus, we reason-
ably approximate that the NAC strength between the VBM and
CBM is representative of the limiting inelastic process for the
non-radiative recombination. In Fig. 5b, the histograms of the
instantaneous NAC values demonstrate frequent occurrences of
strong VBM–CBM non-adiabatic coupling in (BA)2PbI4 and
(PEA)2PbI4 along their MD trajectories. The instantaneous NACs
have been calculated for each time step of the AIMD trajectory.
The frequent occurrences of high instantaneous NAC values in
the RP-phase perovskite indicate frequent opening of non-
adiabatic channels by which photo-generated electrons and
holes undergo non-radiative recombination. Over the simula-
tion time, it results in a faster increase of the recombined
carrier population in the valence band edge of the RP-phase
perovskite compared to the DJ-phase one.

To understand the origin of different NAC strengths in the
studied 2D-perovskites, we closely examine (BA)2PbI4 and
(3AMP)PbI4 that exhibit the fastest and slowest recombination
rates, respectively. The wavefunction overlap between two
participating states at sequential time-steps and phonon
velocities gives rise to nite instantaneous NAC values.83 The
stronger the wavefunction overlap and the higher the phonon
velocity, the larger the NAC value. Here, we are focused on the
electron–hole recombination across the band gap where the
dominant participating states are the VBM and CBM. As both
the VBM and CBM states are conned to the inorganic frame
(Fig. 4a), the thermal uctuations in the Pb and I sites lead to
uctuations of the overlap between the wavefunctions and are
therefore indicative of the magnitude of the NACs. Thus, higher
structural uctuations in Pb–I sites in (BA)2PbI4 underpin the
frequent occurrence of higher NAC values in this 2D-perovskite
compared to the DJ-phase systems. We further examine the
charge densities of band-edge states for snapshots in time
corresponding to the high instantaneous NAC values. As shown
in Fig. 5c and d for (BA)2PbI4, both the VBM and CBM instan-
taneous charge densities are localized over closely spaced
regions of the Pb–I framework. They produce nite wave-
function overlap, resulting in strong non-adiabatic coupling
between the band edge states. However, in the case of (3AMP)
PbI4 the band-edge charge densities are delocalized, indicating
a weaker overlap between the VBM and CBM states (Fig. 5e and
f). The VBM state, in particular, shows extended one-
dimensional charge delocalization through the axial I atoms
that form interlayer stacking in the DJ-phase perovskite, Fig. 5e.
Undoubtedly, the short distances between these axial I atoms
open up unique channels for extended charge delocalization in
the VBM. Moreover, as the AIMD simulation depicts in Fig. 3d,
the close I/I stacking remains intact throughout the trajectory
at 300 K, demonstrating continued extended charge delocal-
ization for the valence edge of DJ-phase perovskites. Due to
22016 | J. Mater. Chem. A, 2020, 8, 22009–22022
possible SOC effects on the charge distributions in lead halide
perovskites, we also calculate the instantaneous band edge
electronic properties with the PBE + SOC level of theory. As we
nd in Fig. S10,† the overall nature of instant VBM and CBM
charge distributions in RP- and DJ-phase perovskites remains
unchanged in the presence of SOC corrections, demonstrating
the robustness of our main conclusions irrespective of the
computational methods employed. Thus, both the delocalized
band-edge charge densities and reduced structural uctuations
in (3AMP)PbI4 give rise to smaller NAC values compared to that
of (BA)2PbI4. The partial suppression of NAC-induced electron–
hole non-radiative recombination helps to enhance the carrier
lifetime for the DJ-phase 2D-perovskite as shown in Fig. 5a. Due
to p stacking, the thermal uctuations and consequently
instantaneous NACs are relatively weaker in (PEA)2PbI4
compared to alkyl spacer-based (BA)2PbI4. This explains the
slower electron–hole recombination rate of PEA-based
perovskite.

The molecular dynamics study gave us the rst indication of
the atomistic origin of the mechanical coupling between the
perovskite layer and the cation. To further understand the
electron–phonon interactions that originate from complex
structural dynamics, we calculate the inuence spectra for RP-
and DJ-phase 2D-perovskites. Such spectra are obtained by
computing the Fourier transform (FT) of the unnormalized
autocorrelation function (ACF) of the electronic band gaps over
the simulation time.83 The inuence spectra identify the
particular phonon modes that are coupled to the electronic
subsystem and actively involved in the electron–hole non-
radiative recombination processes. For the studied 2D-
perovskites, all major peaks in the inuence spectra emerge
below 400 cm�1 (Fig. 6). Therefore, the active phonon modes
that encompass the nonradiative carrier relaxation are low-
frequency vibrational modes. Several 2D- and 3D-halide perov-
skites exhibit similar characteristics of inuence spectra to
those already reported by other studies.77,79,80,87 Despite the
presence of C–H and N–H bonds in spacer cations with high-
frequency vibrational modes (>3000 cm�1), only low-frequency
This journal is © The Royal Society of Chemistry 2020
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modes appear in the spectra.88 As the band-edges consist of
contributions only from the inorganic lead iodide frame (Fig. 4a
and b), these high-frequency molecular modes remain absent in
the carrier recombination across the band gap. The dominant
low-frequency peaks in the range of <150 cm�1 can be assigned
to the bending and stretching modes of the Pb–I frame for all
2D-perovskites (Fig. S11†).50 The chemically identical inorganic
frame for all perovskites results in mostly similar peak positions
in the spectra. The higher frequency peaks originate from the
complex coupled dynamics of inorganic and spacer cation
sublattices as detailed in the ESI (Section S3).† Interestingly, the
most important contributions to the electron–phonon interac-
tions (Fig. 6) correspond to the low frequency part of the 2D
perovskite phonon spectrum (Fig. S10†), which includes basi-
cally only the lowest frequency cation vibrational mode
(Fig. S11†). Therefore, the mechanical coupling between the
spacer cations and the perovskite layer also strongly rely on the
cation librational modes. A similar conclusion was drawn in ref.
38, where the difference of the electron dynamics between n¼ 1
and n ¼ 3 multilayered compounds was attributed to the
additional contribution coming from the fast motion of the
methylammonium cations, within the cage of the n ¼ 3 perov-
skite lattice.

Partially suppressed structural uctuations and the conse-
quent narrowing of the electronic band gap distribution over
time therefore substantially reduce the electron–phonon
coupling strengths in the DJ-phase perovskites. Thus, the
analysis of the inuence spectra strongly suggests that the
enhanced stiffness induced by the stronger mechanical
coupling in the (3AMP)PbI4 perovskite slows down the non-
radiative carrier recombination processes by weakening the
electron–phonon interactions at room temperature.

The NAC between two energy-states form a wavefunction
superposition that further invokes the quantum transition
between these states. The elastic electron–phonon scattering
destroys the quantum coherence facilitating this process,
leading to a loss of the superposition and consequently
collapsing the wavefunction to only one of the states.81 Here,
a rapid quantum decoherence over time suppresses the transi-
tion probability, enhancing the lifetime of a particular quantum
state. Considering the electron–phonon recombination at
semiconductor band edges, the faster the decoherence between
the VBM and CBM, the longer the expected recombination time.
The typical timescale of quantum decoherence in solids is tens
of femtoseconds (fs), much faster than the inelastic electron–
phonon scattering induced processes. As detailed in the ESI
(Section S4),† the calculated pure-dephasing time for all the
investigated 2D-perovskites is in the range of 4.8–5.7 fs (Table
1). Due to the very similar pure-decoherence times of RP and DJ-
phase perovskites, we conclude that the elastic scattering is not
a decisive factor that can explain the distinctly different non-
radiative carrier recombination rates of these materials
(Fig. 5a).

Finally, we emphasize that observed physical processes that
dominate non-radiative carrier recombination rates in different
2D iodide perovskites are non-intuitive. For a particular pair of
states, Fermi's golden rule depicts that the recombination rate
This journal is © The Royal Society of Chemistry 2020
is inversely proportional to their energy band gap and is
proportional to the square of the NAC value.89,90 Thus, margin-
ally smaller average electronic band gap of (3AMP)PbI4
compared to RP-phase perovskites should result in a slightly
shorter recombination time. However, much larger instanta-
neous NAC values in (BA)2PbI4 and (PEA)2PbI4 as shown in
Fig. 5b cause faster electron–hole recombination in these
perovskites. Thus, it is apparent that the instantaneous spikes
of the non-adiabatic couplings dominantly determine the non-
radiative recombination rate of 2D lead-halide perovskites.

We also note that the shorter N–H/I distance in the DJ-
phase (Fig. 3c) can help to partially suppress the electron–
phonon interactions and polaron coupling strengths as
demonstrated for 3D-halide perovskites.91

Conclusion

In conclusion, we investigate the room temperature charge
carrier dynamics in the representative structures of RP and DJ
2D-perovskites by combining time-domain DFT and NAMD
simulations. Our calculations identify the dominant roles of
nite-temperature structural uctuations on the photo-
generated carrier lifetime in these materials. The single dica-
tionic spacer molecules in the DJ-phase (3AMP)PbI4 removes
the van der Waals gaps present between the two monocationic
spacers in the RP-phase halide perovskites. This, in turn,
compacts the spacer cation-inorganic layer stacking and
partially suppresses the structural dynamics in the Pb–I layers
of (3AMP)PbI4 under ambient conditions. The reduced equa-
torial Pb–I–Pb angle distortion and thermal uctuations in
(3AMP)PbI4 lead to narrowly distributed red-shied band gaps
compared to the RP-phase perovskites. Instantaneous charge
localization in (BA)2PbI4 and (PEA)2PbI4 results in the frequent
opening of the non-adiabatic channels through which photo-
generated carriers recombine non-radiatively. In contrast,
halogen–halogen electronic coupling between the PbI layers
partially helps the DJ-phase valence band charge densities to
delocalize along the stacking axis, hindering the carrier
recombination process. The longer carrier lifetime for (3AMP)
PbI4 suggests its superior performance over the more widely
studied RP-phase perovskites for a range of optoelectronic
applications.

This work provides a fundamental understanding of the
chemical and physical characteristics of the spacer cations to
tune the optoelectronic performances of emerging types of
hybrid 2D-perovskites. Replacing monocationic spacer cations
with dicationic candidates likely not only suppresses the
temperature-induced structural uctuations but also intro-
duces halogen interactions between the inorganic layers.
Consequently, weaker electron–phonon interactions and
enhanced charge delocalization across the non-bonded perov-
skite layers substantially improve the charge carrier dynamics.
Detailed knowledge of the dynamic structure–optoelectronic
property relationships in these low-dimensional halide perov-
skites suggests several exciting strategies to enhance the elec-
tronic functionalities of these materials. For example, the
incorporation of short aromatic ring-based spacer molecules or
J. Mater. Chem. A, 2020, 8, 22009–22022 | 22017
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more electrostatically active functional groups is one of the
approaches that can increase the stacking strength between the
dication spacer molecules and inorganic layers, being benecial
for charge carrier dynamics.24

Methods

The density functional theory (DFT) calculations and ab initio
molecular dynamics (AIMD) simulations have been performed
using the Vienna Ab Initio Simulation Package (VASP).92,93 The
projected augmented wave (PAW) method within a plane-wave
basis set with a cut-off energy of 500 eV has been adopted for
all static DFT calculations.94 We use the generalized gradient
approximation (GGA) with the Perdew–Burke–Ernzerhof func-
tional (PBE) form to approximate the exchange and correlation
interactions.95 We construct the supercell with four formula
units of (BA)2PbI4 and (PEA)2PbI4, and eight formula units of
(3AMP)PbI4 and relax all the interatomic forces to less than
0.01 eV�A�1 during internal structural optimization. We further
use the DFT-D3 method as described by Grimme96 and a 6 � 6
� 1 G-centered Monkhorst–Pack97 mesh for all the 2D-
perovskites. To calculate more accurate electronic structures,
spin–orbit coupling (SOC) was further applied self-consistently
as implemented in VASP.

To investigate the charge carrier dynamics, we apply mixed
quantum-classical NAMD simulations with the decoherence-
induced surface hopping (DISH) technique.82,98 In this method
the electrons and nuclei are considered as quantummechanical
and semiclassical entities, respectively. Some of us and others
have previously used this computational approach to compute
the excited-state dynamics of inorganic and hybrid perov-
skites.36,38,43,84 In AIMD simulations we use a 2 � 2 � 1 Mon-
khorst–Pack k-point mesh, a time step of 1 fs and a plane-wave
energy cutoff of 400 eV. During AIMD calculations we consid-
ered PBE-GGA exchange–correlation functions and DFT-D3
corrections. The 0 K DFT optimized structures are considered
as the initial structure for AIMD simulations and heated to 300
K using repeated velocity rescaling for 4 ps. Other 4 ps trajec-
tories were generated using the canonical ensemble to ensure
the thermal equilibrium of these systems. Following that, we
generate 10 ps trajectories in the microcanonical ensemble and
used 4 ps of these trajectories for the nonadiabatic coupling
simulations. Note that, as we perform AIMD simulations by
keeping the cell parameters the same as their experimental
values at room temperature, the present trajectories do not
include the effects of volume relaxation. However, as we
consider the experimental cell parameters under ambient
conditions for performing our AIMD simulations, volume
relaxation will not affect the main conclusions of the study. We
take into account all 4000 geometries along the AIMD trajec-
tories and 1000 stochastic realizations of the DISH process for
each geometry to compute the electron–hole recombination as
implemented in the PYXAID code.83,99 We further evaluate the
pure-dephasing time as considered in the optical-response
theory for evaluating the decoherence time for these mate-
rials.100 Though recent work emphasized the importance of SOC
in nonradiative charge recombination, we have excluded this
22018 | J. Mater. Chem. A, 2020, 8, 22009–22022
effect in our simulations as such computation signicantly
increases the computational cost.101 Another strong approxi-
mation is the disregard of the excitonic effects that are present
in all 2D halide perovskites. Proper incorporation of these
effects requires time-dependent Bethe–Salpeter theory for
dynamic lattices, which is an active current area of research.
However, due to the fundamental methodological complexities
such approaches are not completely developed and numerically
feasible yet. We include more details on our computational
methods in Section S5 of the ESI le.†
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