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ABSTRACT: Lead-free vacancy-ordered halide perovskites (VOHPs) are emerging as

promising materials for environmentally friendly next-generation optoelectronic devices.
However, a detailed atomistic understanding of charge carrier dynamics under ambient : g
t

conditions ( 300 K) is lacking. Thus, attempts to refine the optoelectronic performance
of VOHPs through material selection remain challenging. Here, we combine non-
adiabatic molecular dynamics, time-domain density functional theory, and an
unsupervised machine learning (ML) model for in-depth analyses of prevailing
nonradiative carrier recombination and its entropy correlation with real-time structural
dynamics. Our key findings illustrate that the thermal fluctuations are intricately linked
to the performance-limiting nonradiative recombination in these perovskites. The
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detailed ML model-based analyses reveal the complex nonlinear correlations between
photophysical properties and several structural features that dominantly influence

o ‘ 4 i
4 Q‘
excited state carrier dynamics. The atomistic insights unambiguously demonstrate that

the organic methylammonium (MA) cation as the A cation in the lattice significantly impacts thermal fluctuations of the isolated
inorganic metal halide octahedral subsystem. The stronger electron—phonon interactions introduce substantially faster nonradiative
carrier relaxation over time. The inorganic elements, cesium and rubidium (A cations), largely restrict the lattice dynamics,
weakening instantaneous nonradiative electron—phonon coupling in VOHPs. These inorganic VOHPs exhibit longer carrier
lifetimes, depicting suppressed nonradiative carrier recombination processes. Our study emphasizes the decisive impacts of complex
dynamic structure—excited state property correlations on the charge carrier dynamics in a group of primarily isostructural halide
perovskites. This study provides valuable insights into the strategically designed lead-free perovskites for optoelectronic device
applications.
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B INTRODUCTION cation, +4, opening new chemical space for finding potential

Metal halide perovskites (MHPs) have fascinated the alternatives to toxic Pb®* atoms. The stable tetravalent (+4)
optoelectronics }::ommunity due to their compositional and oxidation state of various transition and non-transition metal

. . . . . cations can further tune the optoelectronics of VOHPs
structural variety, which result in a wide range of functional . . , .
o . . L2 1 . . through materials screening. Note that in the conventional
applications, including solar cells,”” light-emitting diodes ABX. where B = Sn. Ge encounters severe autoxidation of B2*
(LEDs),>* photocatalysis,”® and photodetection.”* These 3 T

. 4+ . ces
. s . . ) ) cations to B*, eventually leading to decomposition of the
materials exhibit attractive properties such as high absorption Rttt 5 P
. crystal structure.””” For such systems, the vacancy-ordered
coeflicients, tunable band gaps, defect tolerance, and long o . s .
. U 9,10 . . form exhibits much higher stability as B remains at the
carrier diffusion lengths.” " Despite the promising optoelec- . . . a
. . ) ) . tetravalent state, effectively resolving the issue of autoxidation-
tronic properties of halide perovskites, the toxicity of lead and

. - . induced material instability.lﬁ’”’zo
the long-term material stability have remained the bottlenecks . . S .
: A ) ) The family of A,BX, perovskites exhibits distinctive physical
for their commercialization as next-generation optoelectronic

- and electronic features such as high compressibility,”’ reduced
devices."'~"* In this regard, vacancy-ordered halide perovskites & P 4

} ) ] electronic band gaps,”* and highly tunable emission proper-
(VOHPs) are attracting unprecedented attention due to their
structural and chemical stability, compositional diversity, and
promising photoactivity.”>™'” The prototype of the VOHP Received: January 31, 2024 =
structure, A,BX; [A, monovalent (in)organic cation; B, Revised:  March 24, 2024 ”
tetravalent metal cation; X, halide anion], can be constructed Acce_Pted‘ Mar.ch 25, 2024
by eliminating alternate metal sites of conventional ABX; Published: April 5, 2024
MHPs in all three dimensions. Such structural engineering
leads to doubling of the oxidation state of the B-site metal

© 2024 American Chemical Society https://doi.org/10.1021/acs.chemmater.4c00290

v ACS Publications 3875 Chem. Mater. 2024, 36, 38753885


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pabitra+Kumar+Nayak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+Mora+Perez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dongyu+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oleg+V.+Prezhdo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dibyajyoti+Ghosh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.4c00290&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00290?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00290?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00290?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00290?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00290?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/cmatex/36/8?ref=pdf
https://pubs.acs.org/toc/cmatex/36/8?ref=pdf
https://pubs.acs.org/toc/cmatex/36/8?ref=pdf
https://pubs.acs.org/toc/cmatex/36/8?ref=pdf
pubs.acs.org/cm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c00290?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/cm?ref=pdf
https://pubs.acs.org/cm?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

ties.'>*® These attractive optoelectronic properties have
already demonstrated promising applications of VOHPs in
photovoltaics,lé’20 white-light emission,”* thermoelectrics,”
and photocatalysis.'”*® Lee et al. have demonstrated Cs,Snl
as an efficient hole transport layer in dye-sensitized solar cell
devices under ambient conditions.'® The defect tolerance of
compositionally mixed Sn/Te-based VOHPs has been ex-
plored by Maughan et al.”” The promising structural stability
with a suitable band gap range (1.25—1.30 eV) demonstrates
the possibility of fabricating optoelectronic devices from
VOHPs. In recent work, some of us have computationally
depicted the stable photocatalytic activity of MA,SnBr, (MA,
methylammonium) that has been synthesized successfully.'”
The strategic doping of VOHPs has successfully demonstrated
widely tunable bright emission progerties, indicating their
applications in the display industry.””** Though the initial
reports are encouraging, the optoelectronic devices from
VOHPs have yet to be significantly optimized for efficient
performance.

The lack of chemically connected metal halide octahedra in
VOHPs gives rise to intrinsic structural confinement,
mitigating conventional charge carrier pathways.”® Further-
more, the isolated metal halide octahedra exhibit more lattice
dynamical activity than traditional MHPs, resulting in unique
electron—phonon interactions in VOHPs.”” The lattice
dynamics under ambient conditions play a crucial role in
determining the functional properties of MHPs, including
carrier transport,so emission efﬁciency,31 thermal conductiv-
ity,”* and ferroelectricity.” In this regard, A cations that stack
the isolated octahedra can indirectly influence the optoelec-
tronic and transport properties of VOHPs.” Specifically, the A
cations are typically distant from the electronic band edge
states in these perovskites; however, dynamic coupling of those
with inorganic octahedra can substantially impact the overall
photophysics. Maughan et al. reported the anharmonic rattling
of A-site cations under ambient conditions, inducing dynamic
tilting in stand-alone SnBrg octahedra.”” The A-cation size and
its dynamic noncovalent interactions with octahedra modify
the close-packed arrangement of halogen, impacting the
electronic dispersions and carrier transport through the band
edge states.”* Moreover, several detailed studies have shown
that the dynamic coupling between A cations and inorganic
octahedra in MHPs influences the electron—phonon inter-
actions, ultimately impacting excited state properties such as
carrier recombination processes and carrier lifetimes.””**%
Despite the substantial impact of these cations on the overall
vibrational and excited state properties of VOHPs, an in-depth
understanding of the correlation among structural dynamics,
transient electronic structures, and carrier recombination
properties is still largely lacking. Such insights are particularly
essential for proposing fundamental design principles for
VOHPs with efficient optoelectronic properties.

ML models can be utilized to develop strategic design
principles and reveal underlying physical phenomena inside
halide perovskites.36_38 Here, we combine state-of-the-art
atomistic modeling and unsupervised ML models to reveal the
detailed impact of A cations on the dynamic electronic and
excited state properties of VOHPs. This study considers three
VOHPs, A,SnBrg, where A = Rb, Cs, or methylammonium
(MA), where the A-site cations have varying cationic sizes and
nonbonding interaction patterns with metal bromide octahe-
dra. The computed structural dynamics show that the A
cations significantly impact the geometric fluctuations and
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coupling with electronic states under ambient conditions. The
non-adiabatic molecular dynamics (NAMD) simulations
further depict that the nonradiative recombination rate of
charge carriers strongly depends on the A cations in VOHPs.
The ML-based analyses highlight the detailed dynamic
geometry—optoelectronic property relationships by illustrating
the correlation between the transient electronic properties and
different structural features. We emphasize the importance of
choosing appropriate A cations for the strategic design of
efficient VOHPs with exceptional optoelectronic character-
istics.

B RESULTS AND DISCUSSION

Static Structural Properties. The computationally
optimized structures of all three VOHPs retain their
experimental geometry.””*" The optimized cell parameters
agree with the available reported values (see Figure 1 and
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Figure 1. Schematics of optimized structures for (a) Rb,SnBr, (b)
Cs,SnBrg, and (c) MA,SnBr. Key: brown for bromine (Br), silver for
tin (Sn), pink for rubidium (Rb), green for cesium (Cs), white for
hydrogen (H), cyan for carbon (C), and blue for nitrogen (N). (d)
Bar plot representing the effective masses of the lightest electron and
hole of all three VOHPs [along the I' — X direction for (Cs/
Rb),SnBry and along the I' — Y direction for MA,SnBry].

Figure S1).17*0 Moving from Rb,SnBrs to Cs,SnBrg to
MA,SnBr,, we found the optimized structures exhibit increased
unit cell volumes. The lattice volume increases by 24.5% when
Cs atoms are replaced with MA cations in these perovskites.
This A-cation-induced lattice expansion is much more drastic
for VOHPs than for three-dimensional (3D) MHPs, which
expand their volume by only 5.4% when considering CsSnBr;
and MASnBry.*' The averaged Sn—Br distances and intra-
octahedral Br—Br distances (Table S1) remain mostly
unchanged in these VOHPs, depicting negligible impacts of
A cations on the static internal structure of SnBry octahedra.
The increased ionic radii of the A cations expand the VOHP
lattices systematically. The disconnected SnBrg octahedra
move away from each other to accommodate large A-site
cations, ultimately increasing the lattice volume.

Static Electronic Properties. The electronic structure
calculations considering a hybrid functional (HSE06) and
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Figure 2. Impact of A-site cations on the structural dynamics in VOHPs under ambient conditions (300 K). (a) Bar chart of root-mean-square
fluctuation (RMSF) values for whole systems (Total), the A-site cation (A), Sn, Br, and inorganic octahedra (Sn—Br) for all three perovskites.
Histogram distribution plots of (b) distances (angstroms) between nearby A-site cations, (c) distances (angstroms) between intra-octahedral Sn
and Br, and (d) dihedral angles between two Sn—Br bonds (along the c-axis) of two consecutive SnBrs octahedra. The insets of panels c—d
represent the schematics of the plotted corresponding geometric parameters. I" functions are used to fit the distribution data in panels b—d.

spin—orbit coupling (SOC) afford band gap values of 2.11
2.24, and 2.37 eV for Rb,SnBrs Cs,SnBrg, and MA,SnBr,
respectively. The trends in the change in the band gap going
from inorganic to organic and from a smaller to larger A-site
cation in Sn-based VOHPs are consistent with experimentally
reported values.*' The partial density of states (pDOS) (Figure
S2a—c) and charge densities of band edge states (Figure S3a—
f) reveal that only the inorganic Sn—Br framework contributes
to the edge states (consistent with traditional 3D halide
perovskites).'”** The dominant contribution for the valence
band maxima (VBM) is from nonbonding 4p orbitals of
bromine, whereas the conduction band minimum (CBM)
consists of mostly antibonding Ss orbitals of Sn and 4p orbitals
of Br. Similar to traditional 3D halide perovskites, the A-site
cation in VOHPs does not make a direct electronic
contribution to the band edge states.”** However, A-site
cations indirectly influence band edge positions, resulting in a
marginal variation of band gaps in these VOHPs.

The band structures of VOHPs are plotted (Figure S4) to
understand the electronic dispersions in the Brillouin zone. All
of the VOHPs show a direct band gap at the I" point, agreeing
well with the previous reports.'”***> Moreover, the direction-
dependent band dispersion trends are apparent in these band
structure diagrams (Figure S4). The inter-octahedral Br---Br
and Sn---Sn distance increases with A-site cation size from Rb
to Cs to MA. These increased Br--Br distances result in a
decrease in the level of conduction band dispersion, as shown
in Figure S4. Nevertheless, the Sn—Br interactions exhibit very
minor changes throughout the VOHPs (Table S1). Thus, the
blue-shift of the band gap can be attributed to the variations in
the close-packing arrangement of the Br sublattice, leading to
alterations in the conduction band dispersion upon sub-
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stitution of larger A-site cations, like MA.* To further
investigate the influence of A-site cations on carrier transport,
we evaluated the effective carrier masses. Figure 1d and Table
S2 illustrate that MA,SnBrg possesses carrier masses greater
than those for Rb,SnBry and Cs,SnBrs. The A-cation-
dependent effective masses are much more prominent for
holes than for electrons. As the VBM band dispersion occurs
due to Br---Br through-space interactions, the increased inter-
octahedral halogen—halogen distances substantially flatten the
band edge, increasing the hole effective mass in MA,SnBry. It is
worth mentioning that the effective masses of MHP are
relatively much lower than those of their VOHP counterparts
due to the lack of octahedral connectivity in an inorganic
framework.*® Moreover, the carrier effective masses in these
3D MHPs negligibly depend on the A cations.”” Thus, the A
cations influence the static electronic properties of VOHPs
more significantly than those in traditional bulk MHPs.
Dynamic Structural Properties. The ab initio molecular
dynamics (AIMD) simulations elucidate time-dependent
structural fluctuations in VOHP lattices. The root-mean-
square fluctuations (RMSF) plot in Figure 2a represents the
thermal fluctuation of individual entities and the overall
structure of the VOHPs. The total RMSF diminishes
substantially from MA,SnBrg to Rb,SnBrg to Cs,SnBrg. Thus,
the overall structural dynamics under ambient conditions
strongly depend on the A-site cations. Note that Cs,SnBry
(RMSF = 0.261 A) is less dynamic than Rb,SnBrg (RMSF =
0.512 A), suggesting a more compact structure of Cs-based
VOHPs. The RMSF plots also depict that highly dynamic MA
cations interact with [SnBrg]*” through noncovalent inter-
actions, resulting in large structural fluctuations in the
MA,SnBr, (RMSF 1.784 A) perovskite. The detailed
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Figure 3. Electronic structures fluctuate over a S ps (5000 snapshots) time window for all three VOHPs at 300 K. Histogram plots for (a) band
gaps and (b) the VBM and CBM state energies along the AIMD trajectories of corresponding VOHPs. (c) Mutual information of band gap with
considered key structural features. For panel b, the energies of all of the electronic states are scaled to the average of the VBM state, which is at E =

0 eV.

RMSF values are listed in Table S3. Thus, the lattice
fluctuations of these VOHPs under ambient conditions can
be tuned by choosing the appropriate type and size of A-site
cations.

We further explored the impact of thermal fluctuations on
key structural parameters that directly or indirectly influence
the optoelectronic properties of VOHPs. The dynamic
distances between two A cations are presented as the
histogram plot in Figure 2b. The MA—MA cation distances
in MA,SnBr fluctuate much more than the A—A distances in
inorganic VOHPs. The MA cations undergo flipping and
wobbling rotational motions inside the loosely packed VOHP
lattice.”™*” Moreover, the light hydrogen atoms of MA cations
exhibit a large extent of thermal fluctuations (Figure SSab).
These relatively drastic molecular motions collectively broaden
the MA—MA distance distribution with a greater standard
deviation (SD) of 047 A (Figure 2b). The relatively much
heavier inorganic elemental monocations have limited
dynamical activities inside the VOHP lattices (Figure S6)
and exhibit a significantly narrower distribution of Cs—Cs (SD
of 0.23 A) or Rb—Rb (SD of 0.25 A) distances over time
(Figure 2b).

We categorize intra- and inter-octahedral fluctuations to
explore the complex octahedral dynamics in these perovskites
systematically. The Sn—Br bond distances in SnBr4 along the
AIMD trajectories are calculated and plotted in Figure 2c. The
Sn—Br distribution captures the intra-octahedral thermal
fluctuations in VOHPs under ambient conditions. Figure 2c
depicts that the metal halide bond distances possess a narrower
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distribution in inorganic VOHPs than in MA,SnBrs (SD of
0.112 A). Close inspection further reveals that Sn—Br bond
lengths fluctuate marginally less in Cs,SnBry (SD of 0.070 A)
than in Rb,SnBry (SD of 0.074 A). The distribution of intra-
octahedral Br—Sn—Br angles over time is also noticeably
broader (SD of 5.65°) for MA-based VOHPs than for the
other inorganic ones (SD of ~3.86°) (Figure S7a). These
structural parameters unambiguously depict that the A cations
dynamically influence the intra-octahedral geometric features
of SnBry units. Note that such a substantial impact of A cations
on the intra-octahedral dynamics in VOHPs sharply contrasts
with that in the 3D MHPs, as reported previously.””*" Thus,
unlike those of conventional 3D halide perovskites, the intra-
octahedral motions in VOHPs can be largely fine-tuned by
choosing appropriate A cations.

Focusing on the inter-octahedral dynamics in VOHPs, we
first consider the dihedral angle between two consecutive
SnBrg octahedra by tracking their mutual fluctuations over
time. The dihedrals are calculated as the angle between planes
that contain Sn—Br bonds along the same axes of the two
nearest octahedra (see the inset of Figure 2d). The
distributions of angles depict the following trend: MA,SnBry
(SD of 11.55°) > Rb,SnBrg (SD of 8.54°) > Cs,SnBry (SD of
6.31°). We also evaluate the dynamic Sn—Sn—Br tilt angles in
these perovskites (see the inset of Figure S7b). The tilt angles
capture the deviation of the Sn—Br bond from the inter-
octahedral Sn—Sn axis. In a high-symmetry static structure, the
tilt angle is 0° for all cubic VOHPs. Figure S7b shows a
heightened peak with a narrower distribution (SD of 2.29°) of
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tilt angles in Cs,SnBr than in other VOHPs (SDs for
Rb,SnBrg of 3.08° and for MA,SnBr, of 4.12°). We plot the
intra- and inter-octahedral Br—Br and Sn—Sn distance
distributions in Figures S7¢,d and S8a to capture the distance
parameter fluctuations. These analyses further depict that
MA,SnBrg experiences a range of halogen—halogen and
metal—metal distances that are much more comprehensive
than those in inorganic VOHPs.

At the atomistic level, hydrogen bond-mediated coupled
motion between MA and SnBrg gives rise to the dynamic
lattice in MA,SnBr4. The hydrogen bonds between H of MA
and Br, i.e,, Br---Hyy, fluctuate drastically over time as MA has
several active dynamic modes (Figure SSa). These relatively
weak noncovalent interactions make the overall lattice,
including intra-octahedral parameters, fluctuate more than
that in inorganic VOHPs.

The anharmonicity in lattice dynamics under ambient
conditions and its impact on the electronic properties of
VOHPs have been explored by Maughan et al.”” Our close
inspection of MD trajectories also reveals several signatures of
anharmonic lattice fluctuations and their dependence on the A
cations of these perovskites. Unlike those of inorganic VOHPs,
the intra-octahedral Sn—Br distance distributions exhibit an
asymmetric peak with a tail on the long distance side for
MA,SnBr, (Figure 2c). The Br atoms form dynamic hydrogen
bonds with MA cations, partially stabilizing the transient
elongated Sn—Br bonds and introducing anharmonicity into
the inorganic lattice. Such an asymmetric distribution of metal
halide bond lengths has previously been demonstrated as a sign
of anharmonic lattice fluctuations in 3D MHPs.”> We further
investigated the octahedral tilting (Sn—Sn—Br angle) distribu-
tions, which illustrate distinct asymmetric peaks for only hybrid
VOHPs (Figure S7b). As indicated by Maughan et al, the
asymmetric distribution of octahedral tilting also indicates the
presence of hydrogen bond-induced anharmonic lattice
fluctuations in MA,SnBre.”” Thus, these detailed analyses
emphasize that A-cation motion significantly impacts the intra-
and inter-octahedral dynamics in VOHPs.

Dynamic Electronic Properties. We computed the
electronic structure of VOHPs over time to reveal the impact
of structural dynamics on their photophysical properties. The
band gap distributions are presented as the histogram plots in
Figure 3a. The fluctuations of the band gap over time are also
plotted in Figure S9a. The band gap distributions are evident
in the dominant role of structural dynamics on the overall
electronic structures of VOHPs. The more dynamic lattice of
MA,SnBr has widely fluctuating band gaps with an SD of 0.19
eV. On the contrary, Cs,SnBrs, which has the least dynamic
structure, exhibits the most narrowly (SD of 0.11 eV)
distributed time-dependent band gap values (Figure 3a). We
further investigate the variation in the individual band edge
positions (Figure S8b) due to geometric fluctuations in these
VOHPs. The rapid change in the VBM and CBM positions can
modify the transient band alignment, ultimately impacting the
charge carrier collection and transport in photovoltaic
devices.”” In Figure 3b, we plot the distributions of the
relative energetic positions of the band edges over time.
Because the Sn—Br framework dominantly contributes to the
band edge states, the dynamic band edge position over the S ps
time frame mainly depends upon the A-cation-induced Sn—Br
fluctuation. Note that the Sn—Br sublattice of Cs,SnBry is less
dynamic (Figure 2a) than those of Rb,SnBrs and MA,SnBr,,
indicating a more confined band edge distribution (Figure 3b).
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In addition, the CBM state fluctuates more drastically (SDs for
Rb,SnBrg of 0.12 eV, for Cs,SnBrg of 0.10 eV, and for
MA,SnBrg of 0.18 eV), resulting in a distribution wider than
that of the VBM state (SDs for Rb,SnBrs of 0.054 eV, for
Cs,SnBry of 0.047 eV, and for MA,SnBr, of 0.099 eV) for all
VOHPs. Thus, the phonon modes are strongly coupled to the
CBM state under ambient conditions, changing their position
rapidly on the femtosecond time scale. Among VOHPs,
MA,SnBr; exhibits the broadest distribution of varied band
edge positions over time, reiterating the close dynamic
structure—electronic property relationships.

The highly dynamic crystal lattices indicate the presence of
several active phonon modes that can influence the transient
electronic structures of VOHPs. Consequently, it becomes
considerably challenging to identify the relevant features that
most impact optoelectronics. In this regard, we compute
mutual information (MI) that efficiently captures hard-to-find
nonlinear correlations and provides a set of features that
dominantly control the electronic structure fluctuations. These
nontrivial correlations are revealed using the unsupervised ML
algorithm of nonparametric entropy estimators, as detailed in
previous works.” >

To include diverse types of structural parameters, we track
several geometric features such as RMSFs of atoms, intra- and
inter-octahedral bond distances and angles, and dihedral angles
throughout the simulation time and find the correlation with
band gaps. In the heat map, Figure 3¢, and Table S4, there are
a few common trends that emerge from these MI analyses. The
band gaps of these VOHPs share considerable mutual
information with intra- and inter-octahedral Br—Br distances
(DB—Br intrajinter)- As the band edge states remain delocalized
over the SnBrs octahedra, the high MI between intra-
octahedral Br—Br distances and band gaps is expected and
discussed further in section S4 of the Supporting Information.
However, because these VOHPs have isolated octahedra, the
high correlation between inter-octahedral Br—Br distances and
band gaps is nontrivial. This insight emphasizes the through-
space dynamic electronic coupling among the halogen orbitals
of the neighboring octahedra that in turn controls the VBM—
CBM energy gap. The features involving metal—halide
octahedra, such as Sn—Sn—Br tilting angles (£Sn—Sn—Br),
Sn—Br distances (Dg,_p,;), and Sn—Sn shortest distances
(Dgn_sn), also exhibit relatively a high correlation with band
gaps.

Note that these features are mostly different from the feature
set that exhibits a high MI with the band gap in traditional
MHPs.***® Thus, VOHPs have a dynamic structure—property
relationship substantially dissimilar from that of MHPs. The
presence of multiple inter-octahedral features illustrates that
even though SnBrg octahedra are not chemically connected,
their mutual dynamics significantly influence the band gap
values of VOHPs. Further analysis identifies several structural
features with a high MI with a band gap for only MA,SnBr,.
Specifically, the features for A-cation dynamics, such as the A—
A distance (D,_,) and RMSF of A (RMSF,), exhibit more
correlation with the band gap in MA-based perovskites than
inorganic ones. As A cations do not contribute directly to the
band edge states, the high MI for these features is somewhat
unexpected. We realize that the significant influence of the
rattling motion of MA cations to the band edge states gives rise
to such high MI values. The quantified MI between structural
features and individual band edges further reveals that the
VBM state is more correlated to the A-cation dynamics. A
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over time in VOHPs. (b) Absolute NAC values between VBM and CBM energy states for a S ps time window under ambient conditions. (c)

Mutual information of NAC with considered key structural features.

detailed discussion of the MI between band edges and
structural features is included in section S4. The evaluated
nonlinear correlations indicate that a more dynamic lattice of
MA,SnBryg results in a greater number of structural factors that
modify the band gap values over time.

Excited State Dynamics. The thermal lattice fluctuations
in MHPs substantially influence the photoexcited charge
carrier dynamics activating nonradiative carrier recombination
processes, which can reliably be modeled by combining the
non-adiabatic molecular dynamics (NA-MD) with time-
dependent density functional theory (TD-DFT).”’~>" The
recombined carrier population along the NAMD trajectories
illustrates faster nonradiative band-to-band charge recombina-
tion in MA,SnBr,s than in inorganic VOHPs (Figure 4a).
Furthermore, the nonradiative recombination rate of Cs,SnBrg
is lower than that of Rb,SnBry, depicting the subtle impact of A
cations on charge carrier dynamics. Employing the short-time
linear approximation to the exponential function, we evaluate
the nonradiative carrier lifetimes as 21.12, 32.38, and 16.43 ns
for Rb,SnBry, Cs,SnBrg, and MA,SnBrg, respectively. Thus, the
nonradiative carrier lifetime can be elongated 2-fold upon
complete substitution of MA with Cs in A,SnBrg perovskites.
The nanosecond time scale for computed carrier lifetimes in
MHPs closely agrees with experimental reports.””" Our
findings emphasize the pivotal role of the A cation in tuning
the excited state carrier dynamics of VOHPs, indicating a
strategic approach for enhancing their efficiency for photo-
voltaics and LED applications.
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Nonradiative recombination serves as the predominant
pathway for the dissipation of charges and energy, thereby
constraining the efficiency of photon-to-electron conversion in
perovskite solar cells. We computationally simulate radiative
lifetimes to discern whether carrier lifetimes are constrained by
nonradiative or radiative decay. The emission lifetime stands as
the reciprocal of the Einstein coefficient (see Computational
Methods for details). Our computed radiative recombination
times for Rb,SnBr,, Cs,SnBrg, and MA,SnBr4 perovskites are
184.59, 153.01, and 147.61 ns, respectively. Notably, these
time scales exceed the corresponding nonradiative electron—
hole recombination times, as illustrated in Table 1. These
findings reveal that the harvested electronic energy by
photoexcitation dissipates to phonon modes much faster
than the radiative process,®>~** resulting in poor emission in
pristine VOHPs.*>°

Table 1. Averaged Band Gaps over S ps Trajectories,
Nonradiative Recombination Times, and Decoherence
Times (VBM—CBM) for All of the VOHPs”

Rb,SnBrs  Cs,SnBrg MA,SnBrg
averaged band gap (eV) 0.98 1.08 1.12
nonradiative recombination lifetime (ns) ~ 21.12 32.38 16.43
decoherence time (fs) 4.9 5.7 3.4

“The detailed methodology for the calculation is provided in
Computational Methods. The averaged band gaps are calculated
using semilocal exchange-correlation functionals.
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The dynamic interplay between electronic and lattice
degrees of freedom exerts a dominant influence on non-
radiative charge relaxation and recombination processes,
significantly impacting the operational device efficacy of
optoelectronic devices.””*® During nonradiative recombina-
tion, the excess energy of excited electrons dissipates through
various active inelastic electron—phonon scattering processes.
In contrast, the elastic electron—phonon modes can slow
nonradiative decay by hampering the coherence between
engaged states. The inelastic electron—phonon interaction that
frequently plays a key role is quantified as non-adiabatic
coupling (NAC).”” We compute the NAC constants between
the band edges along the simulated trajectories for evaluating
the instantaneous inelastic scattering strength. Conceptually,
an increased NAC value denotes a more robust coupling
between electronic and lattice degrees of freedom, indicating
accelerated nonradiative charge recombination in the materi-
al”® In Figure 4b, the NAC strengths along the MD
trajectories highlight a few crucial factors. (a) MA,SnBr,
exhibits high instantaneous NAC values (>0.5 meV) more
frequently than the inorganic ones, and (b) the NAC values
fluctuate much faster in time for hybrid VOHPs. The large
number of high instantaneous NAC values indicates more
regular opening of non-adiabatic channels, giving rise to a
faster rate of nonradiative band-to-band carrier recombination
in MA,SnBrs. Moreover, the Fourier transformation (FT) of
NACs over time (Figure S9b) illustrates that there is a broader
range of frequencies for MA,SnBrs, emphasizing its more
active inelastic electron—phonon interaction processes. The
large number of peaks in the FT plot also indicates that there
are various phonon modes that couple to the band edge states,
impacting the instantaneous NAC strengths. In this regard,
Rb,SnBry also exhibits several higher frequencies but much less
than MA-based VOHPs. We thus rationalize that the strength
and variation of NACs over time have dominant control over
the nonradiative charge carrier recombination rates in VOHPs.

Due to their significant influence on the excited state carrier
dynamics, we further evaluate the shared information between
NACs and several dynamical structural parameters in terms of
MI. Figure 4c and Table S7 show that MI values are much
smaller for MA,SnBr4 than for inorganic VOHPs, indicating
weaker correlations between structural features and NAC
values. The drastic fluctuations of instantaneous NACs and
structural features over time collectively reduce the shared
information in this dynamic system. Considering several
features, NAC appears to be most correlated with £Sn—Sn—
Br for all VOHPs (see Table S8 for a detailed description of
considered key structural features). Additionally, the Br—Sn—
Sn—Br dihedral angles (£Br—Sn—Sn—Br) in inorganic
VOHPs also share considerably adequate information with
instantaneous NACs. The entropy correlation between inter-
octahedral features and NACs emphasizes the dominant
impact of collective tilting motions in chemically disconnected
SnBrs on electron—phonon interaction strengths. The
octahedral tilting motion shows a higher correlation with
NAC in 3D MHPs, as well.”>”" Other inter-octahedral distance
features, such as D,_, and Dg,_g,, correlate with NACs in Cs-
and Br-based perovskites. Note that the A-cation-related
features (D,_, and RMSF,) illustrate a decrease in MI moving
from Cs to Rb to MA as the A site in VOHPs. Thus, more
fluctuation of A-site cations results in a weaker correlation
between these features and NAC values.
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We further calculate the FT of the unnormalized
autocorrelation function of electronic band gap evolution
over time, yielding the influence spectra. These spectra
unveiled distinct phonon modes that actively engage with the
dynamic electronic subsystems, playing a pivotal role in
interband electron—hole recombination. In Figure S10a, the
dominant active phonon modes governing band edge
fluctuations appear in the range of 150—200 cm™'. These
modes originate from the stretching of intra-octahedral Sn—Br
bonds in SnBr units. The spectral details are largely consistent
with the experimental findings from Raman spectroscopy for
Cs,SnBrg.>” The differences in the influence spectra become
apparent at the higher-frequency range, indicating a substantial
influence of the A-site cation on the dynamics of excited state
carriers. MA,SnBr, exhibits higher-frequency modes at >225
cm™, originating from coupled MA—SnBrg motions. These
modes are largely absent in inorganic ligands (Rb/Cs),SnBr.
The presence of a broad range of active phonon modes in the
influence spectra further depicts the overall more dynamic
lattice of MA,SnBr,. Focusing on inorganic VOHPs, we further
find that Rb,SnBrs has more active phonon modes at >250
cm™}, indicating active rattling motions of smaller Rb cations in
the void spaces. The relatively large Cs cations fit well in the
designated site and illustrate the least dynamical activity under
ambient conditions. Overall, we find that the A-cation
dynamics and their coupling with inorganic octahedra
considerably impact the electron—phonon interactions in
VOHPs. A-cation-dynamics-dependent anharmonic Sn—Br
octahedral fluctuation significantly determines the active
phonon modes for nonradiative recombination of photo-
induced excited charge carriers. This behavior focuses on the
significance of structural dynamics in shaping the electronic
properties of A,SnBrs VOHPs.

Pure decoherence accounts for the destruction of quantum
coherence due to elastic electron—phonon scattering (see
section SS for a detailed computational methodology). A rapid
quantum decoherence over time, typically on the femtosecond
scale, diminishes the transition probability and extends the
lifetime of a specific quantum state. In the context of electron—
phonon recombination at semiconductor band edges, a quicker
decoherence between the VBM and CBM corresponds to a
prolonged recombination time. The calculated dephasing times
for VOHPs, as included in Table 1, are in the range of 3.4—5.7
fs, depicting the ultrafast decoherence process (Figure S10b).
Because of the very similar quantum decoherence times for all
considered VOHPs, we realize that such a process does not
play a crucial role in the considerably different carrier lifetimes
in these perovskites.

Our detailed study investigates several features like band gap
distribution, instantaneous NAC strengths over time, and
decoherence processes that can play key roles in controlling
the charge carrier dynamics and recombination in VOHPs.
Considering the relative importance of these factors, Fermi’s
golden rule states that the band-to-band recombination rate
should be proportional to the square of NAC strength and
inversely proportional to the energy gap between the involved
electronic states. The marginally blue-shifted band gap
distribution of MA,SnBrs compared to those of its inorganic
counterparts depicts that the non-adiabatic processes dominate
the nonradiative charge recombination here. The frequent
large instantaneous values and rapid fluctuations of NAC over
time give rise to a much faster carrier recombination rate for
MA-based VOHPs. The highly dynamic MA cations in the
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voids of VOHPs cause large spikes in NAC values over time,
facilitating interband charge relaxation.

B CONCLUSION

In conclusion, our extensive study unambiguously identifies the
decisive impact of A-cation dynamics on the excited state
charge carrier dynamics in VOHPs. The initial static structure
and electronic properties illustrate the negligible impact of the
A cations. However, AIMD simulations show the significant
impact of A cations on the dynamic structural and
optoelectronic characteristics of these VOHPs. The detailed
unsupervised ML analyses efficiently establish the complex
nonlinear correlations between dynamic structural features and
material properties like the band gap and NACs. Though these
VOHPs contain isolated SnBr, octahedra, the inter-octahedral
dynamical features like tilting, dihedral angles, and Sn—Sn
distances exhibit high MI values with band gaps and NACs.
These insights firmly state that initial attempts to understand
the optoelectronics and emission from VOHPs by focusing
only on the individual octahedra are insufficient. The MA
cations that activate several phonon modes in MA,SnBr4 give
rise to large instantaneous NACs, ultimately accelerating the
nonradiative charge carrier recombination processes. From this
work, we suggest considering inorganic elemental monocations
such as Cs" to realize high-performance VOHPs for
optoelectronic applications. The elaborate understanding of
the complex and noncolinear structure—property relationships
can provide strategic design principles for further improvement
of the photophysical properties of MHPs.

B COMPUTATIONAL METHODS

All of the DFT-based calculations, along with AIMD simulations,
were performed using the Vienna Ab Initio Simulation Package
(VASP) with a projector-augmented wave (PAW) approach to
describe the interaction of ion and valence electrons.””~”> The cutoff
energy of 520 eV was considered for the plane wave basis set to relax
the vacancy-ordered perovskite structures. The energy convergence
criterion was set to 107° €V, and the geometry was relaxed until the
Hellmann—Feynman force between ions reached <0.01 eV/A.
Moreover, geometry relaxation has been done where coordinates of
atoms along with cell shape and volume were allowed to relax (setting
ISIF = 3 in VASP INCAR). For exchange-correlation interaction, the
semilocal generalized gradient approximation (GGA) functional in
the form of Perdew—Burke—Ernzerhof (PBE) has been considered
for geometry optimization simulations.”® We have taken I'-centered 3
X 3 X 3 Monkhorst—Pack k-point mesh and included dispersion
correction DFT-D3 as Grimme et al. prescribed for these
simulations.”””® Screened hybrid functionals of Heyd—Scuseria—
Ernzerhof (HSE06) and the spin—orbit coupling (SOC) effects were
considered to calculate the electronic structures with reasonable
accuracy. We have used SUMO to analyze the electronic properties of
these halide perovskites.”” Moreover, VESTA and VMD have been
used for static and dynamic structural bond parameter calculations,
respectively."”*" A detailed description of the methodology for
AIMD, NAMD (using the PYXAID code),*”**> and mutual
information (MI)®* is available in section S5.
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