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Mixed A-cation halide perovskites have emerged as one of the most promising materials for next-
generation optoelectronic applications due to such factors as attractive charge carrier transport
properties and enhanced stability under operating conditions. However, the influence of A-cation mixing
on the excited state charge carrier dynamics and, particularly, on ultrafast hot-carrier relaxation
processes, is yet to be studied in sufficient detail. We combine nonadiabatic molecular dynamics and
time-domain density functional theory methods to establish the impact of formamidinium (FA)—cesium
(Cs) mixing on the subpicosecond-scale hot-charge carrier cooling processes in FA;_,Cs,Pbls (x < 0.5)
materials. Our ab initio study illustrates that the partial substitution of organic FA species with inorganic
Cs cations substantially extends the hot-electron and hot-hole relaxation times. Observed increases in
the hot-carrier lifetimes indicate better performance of FA;_,Cs,Pbls compared to parent FAPblsz in the
field of hot carrier solar cells. The atomistic details of lattice dynamics reveal that FA-Cs cation mixing
partially suppresses thermal fluctuations in the structure, weakening the carrier—phonon interaction
under ambient conditions. Increased structural rigidity and weakened carrier—phonon interactions in turn
lower the rates of intraband nonadiabatic transitions of hot-carriers and enhance their excited state
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lifetimes. The in-depth understanding of the relationship between the dynamic structure and carrier
relaxation allows us to further propose rational design principles that can enhance the hot-carrier
DOI: 10.1039/d2tc01413k lifetimes in photoactive materials. The computational guides will help to realize photovoltaic devices that
efficiently harvest hot-carriers and exhibit an improved power conversion performance compared to

rsc.li/materials-c traditional single-junction solar cells.

Hot carrier solar cells (HCSCs) are attracting considerable
attention due to their theoretical power conversion efficiency
(PCE) as high as 66%, being much larger than the theoretical
maximal PCE for traditional single-junction technologies.'™
The proposed HCSCs efficiently extract the hot charge carriers
that are generated from the high-energy incident photons.

“ Dept. Materials Science and Engineering (DMSE) and Dept. Chemistry Indian
Institute of Technology, Delhi, Hauz Khas, New Delhi-110016, India.
E-mail: dibyajyoti@iitd.ac.in
b Center for Integrated Nanotechnologies, Los Alamos National Laboratory,
Los Alamos, NM, 87545, USA
¢ Department of Chemistry, University of Southern California, Los Angeles,
California 90089, USA
4 Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM, 87545,
USA. E-mail: ajneukirch@lanl.gov
t Electronic Supplementary Information (ESI) available: Volume in the
FA;_,Cs,Pbl; lattice, adiabatic time-dependent Kohn-Sham state energies for
these systems, population of excited electron and hole states over time, and time-
averaged magnitude of the carrier-phonon NACs in the valence and conduction
bands for FA;_,Cs, systems. See DOI: https://doi.org/10.1039/d2tc01413k

This journal is © The Royal Society of Chemistry 2022

However, the efficient extraction of carriers with excess energy in
semiconductors is a challenging task.® The energy dissipation
through intraband relaxation of hot electrons is generally a much
faster process than their extraction rate. Suitable absorber materials
for HCSCs have a slow cooling rate that allows the extraction of hot
carriers through appropriate energy selective contacts. Recently,
hybrid organic-inorganic halide perovskites have emerged as a
promising class of materials for optoelectronics.” ™ In particular,
elongated picosecond carrier cooling time, along with a long hot
carrier diffusion length make these hybrid materials suitable for
HCSC devices."”° The presence of a hot phonon bottleneck in
these materials can significantly extend the carrier cooling time, up
to several hundreds of picoseconds.'>* Compared to traditional
semiconductors, the carrier cooling mechanisms are substantially
different in hybrid perovskites, primarily due to their highly
dynamic ionic lattices, which give rise to strong coupling between
photo-excited electrons and phonon modes.”*** The chemical
formula of three-dimensional hybrid halide perovskites is ABX;,
where X is a halogen (iodine, bromine, or chlorine), B is a divalent
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metal such as lead, tin, and germanium, and A is an organic
(methylammonium (MA) or formamidinium (FA)) or inorganic
(cesium, Cs) monocationic atom.

Despite interesting initial reports, significant improvements
are still required to realize halide perovskite-based HCSCs that
take advantage of long-lived high carrier dynamics. In this
regard, strategic compositional engineering has proven to be
a powerful tool to fine-tune the hot carrier cooling rate in halide
perovskites.>*” Controlled mixing of halides (that are iodide
and bromide) in MAPDbBr;_,I, can modify the hot carrier
lifetime, where iodide-based perovskites are suggested to be
the best candidates.>**® The broadened conduction band and
increased electron-phonon interactions in bromide incorpo-
rated perovskites result in faster hot carrier cooling. Verma
et al. further demonstrated that the addition of Sn in
MAPb,_,Sn,I; slows down the cooling dynamics due to tuned
carrier-carrier scattering rates and the widened gap between
the optical and acoustic phonon branches.*® The critical role of
A-cations in carrier cooling has also been studied extensively.
In separate studies, Chen et al. and Hopper et al. found that the
all-inorganic perovskite CsPbBr; has a much slower hot carrier
cooling rate than that in the hybrid bromide counterparts.>*"
This trend remains unchanged for nanocrystals and spin-
coated films of APbBr;. A computational investigation by
Madjet et al. further supports this A-cation dependent hot-
carrier cooling but considered iodide perovskites.>”> Despite
superior characteristics in terms of hot carrier lifetime,
all-inorganic halide perovskites suffer from structural instability
due to spontaneous phase-transition under ambient
conditions.*® Compositional engineering by mixing different A
cations such as FA, MA, and Cs is a proven approach to enhance
the phase-stability and thermostability of halide perovskites
without compromising the power efficiency.>'%**-*® Furthermore,
Wang et al. have recently used ultrafast transient absorption
spectroscopy to illustrate that incorporation of inorganic cations
in hybrid halide perovskites enhances the hot carrier lifetime.>
However, the impact of A-cation mixing on hot carrier cooling has
not been explored thoroughly yet.

Our previous work reports extensive studies of the structural
fluctuations and their impact on the charge carrier dynamics in
halide perovskites including carrier cooling processes.’”
Here, we investigate the influence of cation mixing on the hot
carrier dynamics in FA; ,Cs,Pbl; (x = 0, 0.25, 0.375, 0.5).
To obtain a realistic time-dependent description of excited-
state dynamics, we employ a combination of ab initio time-
domain density functional theory (TD-DFT) and nonadiabatic
molecular dynamics (NAMD). According to our study, the hot
carrier cooling rate depends on the phonon-mediated excited-
state dynamics that can be fine-tuned through A-cation mixing
in halide perovskites. Detailed atomic-scale lattice dynamics
provide insights on the excited-state carrier-phonon inter-
actions, underpinning the complex carrier cooling mechanisms
in these hybrid materials. These key results provide a materials
design strategy to suppress the hot carrier cooling, which may
benefit high-efficiency HCSCs and plasmonic photocatalytic
processes.*"*?
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Fig. 1 The DFT optimized structures of (a) FAPbIs, (b) FAg75Cso 25Pbls, and
(c) FA05Csp.sPbls. A-cations (FA or Cs) occupy the cuboctahedral cage of
Pb/l. The Pblg octahedra are shown in grey. Note that these are for
illustration purposes, and are not the simulation cells used for the study.
Key: brown: lead, iodine: purple; hydrogen: white; carbon: cyan; nitrogen:
blue; cesium: orange.

Here, we consider lead iodide perovskites where A cations
are either 100% FA or its mixture with the inorganic Cs cation
(Fig. 1). The FA, ,Cs,Pbl; lattices have been modeled through
partial substitution of FA with Cs where x < 0.5. Previous
reports indicate that the high concentration of Cs in FAPbI;
results in the poor crystallinity and formation of FA and Cs rich
phases in the bulk, limiting the homogeneous A-cation
mixing.***%****  Such inhomogeneous distribution of
A-cations also negatively impacts the overall optoelectronic
properties of these materials.'® Thus, the present study mostly
focuses on the experimentally realized FA-dominant mixed
cation lattices. Note that we particularly include the
FA, 5Cs.5Pbl; lattice in our study to determine the impact of
high Cs concentration on excited carrier dynamics. Single
crystal MA, 5Csq sPbBr; has been synthesized recently and likely
a similar process can be applied to produce a FA-Cs mixed
system as well.*>*¢

As the concentration of the Cs cation
FA,_,Cs,Pbl;, the lattice volume per formula unit reduces,
indicating an enhanced internal chemical pressure in these
materials (see Fig. S1, ESIt). This lattice contraction occurs as
the large-sized FA" (ionic radii 2.53 A) molecules are partially
replaced by the much smaller Cs* (ionic radii 1.67 A) in mixed
A-cation lattices.” Thus, although the A-cations occupy the
cuboctahedral cage of the BX; framework and interact with
the inorganic lattice through non-covalent interactions, its size
does impact the overall lattice volume of halide perovskites.

First, we investigate the impact of different A-cation compo-
sitions on the electron cooling rates within a dynamic electronic
landscape. The large magnitude of transient structural distortions
at ambient conditions in these halide perovskites leads to
significant fluctuations in their electronic energy levels, making
the carrier cooling processes challenging to track and investigate.
To tackle these issues, here we use a NAMD-based simulation
technique that computes the nonadiabatic transitions among the
energetically closely-spaced states and provides valuable insights
into the carrier relaxation mechanisms.”>*™*° To have a proper
comparison of cooling rates, we simulate the electron excitation
from the VBM to higher states in the CBs with comparable excess
energy. The initial excess energy of the hot electron is considered
to be &~ 0.55 eV for the parent and mixed A-cation perovskites.

increases in

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 The impact of A-cation mixing on the carrier cooling rates in FA;_,CsPbls. (a) The increased population of conduction band edge states over
time after the excitation. (b) The decay of electron population in the CBM + 7 state over time. (c) The electron and hole relaxation times for FA; _,Cs,Pbls.
(d) The population decay of the most excited hole state over time. The hot carrier relaxation processes can be tuned through A-cation mixing in lead

iodide perovskites.

With this excess energy, the highest state that becomes populated
with hot electrons is CBM + 7 for FA;_,Cs,Pbl;. With time, this
hot electron population cools down and accumulates at the CB
edge. To understand the trend of electron relaxation, we track the
increase of cooled electron population at the CB edge over the
simulation time. As the conduction band minimum (CBM) and
CBM + 1 remain close to each other energetically (average energy
difference being less than 0.1 eV) over simulation time, we define
the total cooled population as the sum of the populations of these
two states (see Fig. S2, ESIT). Spectroscopic techniques like the
transient-absorption and optical-pump THz-probe based tools
track the increased cooled electron population at the band edges
of semiconductors after the above band gap excitation.>**** The
faster the increase in the population at the conduction band edge,
the quicker the electron cooling happens in that material. Fig. 2a
depicts that the hot carrier cooling process prominently depends
on the composition of A-cations in FA; ,Cs,Pbl;. Overall, the hot
electrons cool down at a slower rate in mixed A-cation perovskites
compared to that in the pristine FAPbI; material. After 4 ps of the
electron excitation, 59% of the hot electron population cools
down to the CB edge through the intraband relaxation process
in FAPbI;. However, within the same time window only 40% of the
hot electron population reaches the CB edge in FA,sCso sPbls,
indicating that most of the hot electronic population remains at
higher energetic electronic states (Fig. 2a). We further track the
change in excited electron population over time as plotted in
Fig. 2b. This demonstrates the rapid depopulation of the most
excited state and concomitant accumulation of partially relaxed

This journal is © The Royal Society of Chemistry 2022

electrons at relatively low-energy states at and near the conduction
band edge. In these simulations, the most excited energy level that
is the CBM + 7 state loses 75-62% of its initial population within
500 fs for all hybrid halide perovskites considered here. These
results agree well with recent experimental reports suggesting a
longer hot-carrier lifetime for FA-Cs mixed halide perovskites
compared to that for FAPbI;.>® Fig. 2a and b also illustrate that the
electron cooling rate can be tuned by controlled mixing of FA and
Cs cations. By partially substituting FA cations with inorganic
Cs, the rate of hot electron cooling reduces considerably. To
quantitatively calculate the carrier cooling time, we fit the decay
curves in Fig. 2b with a function that is the sum of Gaussian and
exponential functions (see details in the Methods section).*” The
calculated electron cooling times with different A-cation concen-
trations in the FA; ,Cs,Pbl; lattice are presented in the bar chart
displayed in Fig. 2c. The sub-picosecond timescale for electron
cooling in these iodide perovskites is in agreement with the
experimentally reported values for similar materials.">™® More
importantly, the increased cooling time with cation-mixing
demonstrates the possibility to control the intraband relaxation
of hot electrons through compositional engineering.

We use a very similar computational framework to study the
hot hole cooling process in these materials. An electron is
excited from deep-states in the valence band to the CBM,
leaving a hot hole in the VB. Like the electron, the hot hole
initially (at ¢ = 0 fs) remains in the VB state that is energetically
below the VBM by =~ 0.55 eV. We track the population decay of
the hot hole in this VB state over the simulation time and
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evaluate the relaxation time for FA,_,Cs,Pbl;. The detailed
time-resolved hot hole populations for all of the states involved
are analyzed in Fig. S3 (ESIt). As shown in Fig. 2d, the hot hole
relaxation time also substantially depends on the concentration
of different A-cations in the lattice. Within all considered
systems, FA, 5Csq sPbI; has the longest relaxation time, which
reduces with the concentration of Cs in FAPbI;. We conclude
here that electron and hole cooling rates follow a similar trend
with FA and Cs mixing in halide perovskites. The decreased
hot-carrier cooling rates in the compositionally engineered
perovskite can give rise to a longer hot carrier diffusion
length, ultimately leading to improved hot-carrier extraction
at perovskite/extraction layer interfaces. Note that the band gap
of FA; _,Cs,PbI; widens with an increased concentration of Cs,
however, such a change does not directly impact the carrier
cooling processes that occur through intraband transitions.*®

Cooling down only a fraction (only up to 59%) of the excited
electron population within 4 ps (Fig. 2a) indicates that a
considerable amount of transient hot electrons populate the
electronic states above the conduction band edge. To deter-
mine the details of hot-electron distribution in the above-CBM
states, we further inspect the population over time for all
electronic states that are in the middle of two extreme energy
bands (see Fig. S4, ESIt). The plotted transient population in
individual electronic states show that the CBM + 3 state
contains most of the electron density for all FA; ,Cs,Pbl;
systems that are investigated here. Thus, overall the CBM + 3
state creates a bottleneck to the intraband electron relaxation
process which can be attributed to a larger energy gap below,
and subsequently accumulates the excited carriers for a few
picosecond timescale.

We next investigate the energy dissipation of excited electrons
and holes that can be tracked through time-resolved photo-
luminescence experiments. Fig. 3a depicts that even after 4 ps
of excitation, the electrons retain 0.12-0.19 eV excess energy
(about 5-8 times that of room-temperature, kzT) representing
23-36% of the initial excitation energy. Likewise, excited holes
also possess considerable excess energy after a 4 ps timescale as
shown in Fig. 3b. The presence of such persistent warm carrier

View Article Online
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concentration in hybrid and inorganic halide perovskites has
been broadly studied by different experimental techniques.**®
Similar to the hot carrier population loss, the average energy
dissipation is fastest in FAPbI;, and it becomes slower as Cs
replaces the FA cations in the mixed-cation lattices. The persis-
tent excess energies for electrons and holes monotonically
increases with an increase of x in FA;_,Cs,Pbl; from 0 to 0.5
(Fig. 3a and b). Thus, like carrier populations, the energy
dissipation of excited carriers distinctly depends on the type
and relative concentration of A-site cations in hybrid perovskites.

We now attempt to rationalize the atomistic origin for the
A-cation dependence of hot-carrier relaxation in hybrid perovs-
kites. The partial density of states for FA; ,Cs,Pbl; (x = 0, 0.5)
over AIMD trajectories illustrates that the electronic states of
A-site cations (that are FA or Cs) considerably contribute to the
total density of states far away (in excess of 2 eV at least) from
the band edge states (Fig. S5, ESIT). Thus, even after including
highly dynamic electronic landscapes and involving energy
states that are ~ 0.55 eV away from the band edges, we do
not find any direct electronic contributions from the A-site
cations into relevant states. Stated differently, the A-site cations
are electronically inert during the hot carrier relaxation
processes that occur after above-band gap excitation. This
overall electronic structure of halide perovskites under ambient
conditions agrees well with previous reports.>”*">°

For mechanically soft halide perovskite lattices, the dynamic
coupling between the electronic excited states and lattice
vibrations significantly impacts the energy and charge
dynamics through non-radiative channels.*®*%*%%" Under the
vibronic coupling, the inelastic carrier-phonon interactions
dominantly take part in energy exchange between electronic
and vibrational subsystems. During the carrier cooling process,
the hot electrons and holes dissipate their excess energy to
the vibrational degrees of freedom.*®"* In this regard, the time-
averaged nonadiabatic couplings (NACs) between electronic
states measure the carrier-phonon interaction strengths at
ambient conditions.””’®" Generally, the higher the NAC values,
the stronger the interactions between electronic and vibrational
degrees of freedom. These strong interactions give rise to the
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Fig. 3 The excess energy dissipation associated with hot carrier cooling in FA; _,Cs,Pbls. The energy dissipation over time during (a) electron cooling in
the conduction band and (b) hole cooling in the valence band. The energy dissipation rates depend on the A-cation composition of these perovskites.
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Fig. 4 The time-averaged NAC values for (a) FAPbls and (b) FAg 5Csg sPbls. The electronic states near the valence and conduction band edges have been
considered for plotting. i = 0 and i = 1 represent the VBM and CBM states, respectively. The scale of heatmap applied for both (a) and (b) is given in
the right column of (b). (c) Variation in the arithmetic means of NAC values for valence (VBM to VBM — 7) and conduction (CBM to CBM + 7) states with
A-cation composition in Fa/Cs lead iodide perovskites. Overall the NAC strengths for both types of states reduce with increased Cs incorporation.

fast phonon-assisted nonadiabatic transitions among the elec-
tronic states involved and cause rapid decay of hot-carrier
populations. So the energy dissipation during hot carrier
cooling is expected to be faster for the material with higher
NAC strengths.*>*®%*% Fig, 4a and b display the absolute
time-averaged NAC values involving the states ranging from
VBM — 7 to CBM + 7 for FAPbI; and FA, 5Cs, sPbl;. For all other
materials, NAC values near band edge states are shown in
Fig. S6, ESL.{ As the NAC values are considerably higher only
along the sub-diagonal lines, we conclude that the nonadiabatic
transitions during hot-carrier relaxation predominantly occur
between energetically adjacent electronic states. There can be
multiphonon processes through which higher energy states can
directly couple to the much lower energy states, however, such
couplings are found to be weak in these materials, a minor
contribution of these processes to carrier relaxation.

We further calculate the arithmetic means of NAC values for
valence (VBM to VBM — 7) and conduction (CBM to CBM + 7)
states, separately (Fig. 4c). Irrespective of the A-cation concen-
tration in hybrid perovskites, the mean NAC values for intra-
band transitions involving valence states, are much higher
compared to those with conduction states. This overall trend
of mean NAC justifies the faster relaxation rates and shorter
hot-carrier lifetime for holes in these hybrid materials.?”»**4%4°

Considering NACs for conduction states, we find that FAPbI;
has the highest averaged NACs for overall intraband transitions
(Fig. 4c). These coupling strengths reduce with the increased Cs
concentration in mixed-A cation perovskites. The incorporation
of Cs cations decreases the averaged NAC values for conduction
bands by ~ 8-13% compared to the parent FAPbI;. While
tracking the hot-hole relaxation process over time, a similar
trend is apparent for FA; ,Cs,Pbl;. The mean NAC for the
valence states reduces by =~ 9-28% when FA cations are
partially replaced with Cs*. These results unambiguously illus-
trate the relationship between the NACs and carrier lifetime:
the weaker carrier-phonon interactions are concomitant to the
longer hot-carrier lifetimes in FA; ,Cs,PbI;. Thus, simulations
involving the nonadiabatic processes are necessary to analyse
the hot-carrier relaxation processes in halide perovskites.

This journal is © The Royal Society of Chemistry 2022

Finally, we explore the atomistic origin of the reduced NAC
strengths for FA; ,Cs,Pbl; lattices with increased Cs concen-
tration. The NAC strengths for intraband transition closely
depend on the thermal motions of atoms that contribute to
the wavefunctions of the involved electronic states.’*%*%6*
Generally, a more dynamic lattice gives rise to higher NAC
values due to the stronger carrier-phonon interactions. The
inorganic Pb and I atoms predominantly contribute to the
electronic states that are involved in the carrier cooling pro-
cesses (see the pDOS plots in Fig. S7, ESIt). Therefore, we
primarily focus on the root-mean square fluctuations (RMSF)
that measure the extent of atomic displacements due to ther-
mal fluctuations in the inorganic framework. The RMSF values
for the inorganic Pb-I lattice in Fig. 5 suggest that the atomic
displacements reduce as the FA molecules are replaced by Cs"
in the mixed-A cation perovskites. The replacement of 50% FA
with Cs cations results in 18% reduction in the RMSF of the
inorganic framework. Stated differently, the Cs incorporation
enhances the rigidity of the inorganic sublattice by partially
suppressing the structural fluctuations at ambient conditions.
Here, we also note that the RMSF of A-cations reduces with Cs
concentration, demonstrating constrained cation dynamics (Fig. 5).
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Fig. 5 The extent of structural fluctuations with A-cation mixing in halide
perovskites. The root mean square fluctuations (RMSF) for inorganic
framework (Pb/I), FA, and Cs cations for FA;_,Cs,Pbls at 300 K.
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The partially suppressed A-cation dynamics in FA; ,Cs,Pbl; also
weakens the dynamic coupling with the Pb-I lattice, effectively
reducing its RMSF values as shown in Fig. 5. We conclude that the
weakened NAC strengths originate from the reduced mobility of
inorganic sites and A-cations in the FA; ,Cs,Pbl,.

Our analyses identify two main sources of the reduced
structural motions in the Cs' incorporated mixed A-cation
perovskites: (1) an increased internal chemical pressure in
the lattice, and (2) partially suppressed rotational dynamics of
FA molecules.'>?*3%%%%¢ Ag discussed in previous studies, the
replacement of larger sized FA" (2.53 A) cations with smaller
Cs" (1.67 A) ions causes contraction of the unit cell volume,**°
These contracted perovskite cells limit the spatial freedom of the
Pb and I atoms to displace under ambient conditions and mostly
lock the corner-shared octahedra in a tilted conformation.*®
Considering other factors, we realize that light-weight atoms
(C, N, and H) of FA" have much larger displacement than
inorganic framework and Cs cations. Due to this molecular
cation, the entire organic-inorganic perovskite lattice becomes
dynamically fluctuating under ambient conditions. However, the
lattice contraction confines the motion of FA molecules by
shrinking the cuboctahedral cage volume. The reduced RMSF
values of FA in these mixed A-cation lattices compared to pristine
FAPbI; support the restricted motions of organic molecules.
Reduction in FA cation dynamics consequently increases the
non-covalent hydrogen bonding interactions between the mole-
cule and iodide of the Pb-I framework. Strengthened non-
covalent interactions between organic and inorganic sublattices
help to partially mitigate the thermal fluctuations in Pb/I lattice-
sites, reducing their overall RMSF values. Finally, we find that less
dynamic mixed A-cation lattices enhance the hot carrier cooling
time due to weak nonadiabatic transition probability. Thus, even
though the A-cations do not participate electronically in the
carrier cooling processes, their indirect impact through lattice
dynamics significantly influences these phenomena. Our study
unambiguously depicts that rational modification of halide per-
ovskite compositions can provide a powerful tool to manipulate
ultrafast carrier dynamics.

In this work, we combine time-domain DFT and NAMD
modeling techniques to explore the hot carrier cooling process
in FA-Cs cation mixed halide perovskites at ambient conditions.
Our simulations demonstrate that the ultrafast hot-carrier relaxa-
tion can be suppressed by substituting FA cations with inorganic
Cs. However, the carrier relaxation processes directly involve only
the electronic states that are predominantly delocalized only over
the inorganic framework of Pb/I. This apparent discrepancy
emphasizes the importance of lattice dynamics, modulating
electron-phonon interactions at ambient conditions. By analyzing
the nonadiabatic transitions during carrier relaxation processes,
we identify that organic FA molecules induce large structural
fluctuations in FAPbI; causing strong nonadiabatic coupling
among the electronic states. The light atoms of FA are dynamically
more active and consequently couple strongly with the Pb/I
framework. An intentional substitution of FA molecules with
inorganic Cs considerably suppresses the thermal fluctuations
in the FA; ,Cs,Pbl; which is evident from our RMSF analyses.
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In turn, the reduced lattice dynamics in mixed A-cation perovs-
kites weakens the electron-phonon interaction strength under
ambient conditions. Consequently, the hot carrier relaxation
processes become relatively slower, enhancing the carrier lifetime
in these comparatively rigid lattices. Several factors such as size
mismatch induced chemical pressure in the lattice, reduced
concentration of light atoms in the A-site, and stronger non-
covalent interactions between the A-cation and Pb/I framework
cause the increased rigidity of the FA; ,Cs,Pbl; lattice. Our study
provides in-depth analyses of the dynamic structure elucidating
hot carrier relaxation in mixed A-cation perovskites, and suggests
synthetic routes to fine-tune the excited state carrier dynamics in
these materials. Some feasible strategies that can be considered to
enhance the hot-carrier lifetime are (1) incorporating elemental
A-cations with a smaller size than Cs (such as Rb), (2) strengthening
non-covalent interactions between organic-inorganic sublattices
through substituting I with Br/Cl, and (3) choosing appropriate
A-cations that can form stronger non-covalent interactions with the
Pb/X (X = halogens) framework through hydrogen bonding.®”%®

Methods

We perform density functional theory (DFT) calculations and
ab initio molecular dynamics (AIMD) simulations using the
Vienna Ab Initio Simulation Package (VASP).®®7° All simulations
are done with the projected augmented wave (PAW) method
and consider a plane-wave basis set with a cut-off energy of
420 eV.”" As the approximated exchange and correlation inter-
actions, we use the generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof functional (PBE) form.”> To
model the simulation cells with varying A-cation composition,
we set up a 2 x 2 x 2 supercell that contains 8 formula units of
APDI; (A = FA/Cs). We conjugate the gradient algorithm to relax
the geometries of FA; ,Cs,PbI; at 0 K until all the interatomic
forces become smaller than 0.01 eV A™'. In the structural
optimization we do not impose any constraints and allowed
the cell size to change during the simulation. We use the
DFT-D3 correction method of Grimme et al. to include the
dispersion interactions for all the simulations.” The optimiza-
tion and self-consistent field calculations use k-point mesh as
3 x 3 x 3and 6 x 6 X 6, respectively.

The mixed quantum-classical non-adiabatic molecular
dynamics (NAMD) simulations with the decoherence-induced
surface hopping (DISH) technique have been adapted to inves-
tigate the nonadiabatic transitions of hot carriers.*”””*”> The
NAMD simulations use the framework of time-domain density
functional theory (DFT) as implemented in the PYthon eXten-
sion for Ab Initio Dynamics (PYXAID) code.**®"”® Within this
methodology we consider the electrons as the quantum
mechanical particle and nuclei as the classical entity. Here,
the back-reaction of the electronic degrees of freedom on the
nuclear ones has been neglected as halide perovskites are
solid and assumed to have very similar nuclear geometries
under different electronic states. Several groups including us
have applied this computational approach for studying the

This journal is © The Royal Society of Chemistry 2022
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electron-hole recombination, and hot-carrier cooling processes
in halide perovskites.*>3738:506277 For generating dynamical
trajectories, we perform AIMD simulations considering a 2 x 2
x 2 Monkhorst-Pack k-point mesh and a time step of 1 fs. We
begin with 0 K DFT optimized geometries and heat those up to
300 K using repeated velocity rescaling for 4 ps. To ensure the
thermal equilibrium in these materials, we further generate an
AIMD trajectory of another 4 ps under the canonical ensemble
(NVT). Finally, trajectories of 15 ps have been simulated using
the microcanonical ensemble (NVE). While complete 15 ps
trajectories are used for analyzing the structural dynamics in
the lattice, we consider the first 5 ps of these trajectories for
NAMD simulations. In these simulations every fifth geometry
throughout the 5 ps trajectory (total 1000) has been considered
as the starting geometries. For each starting geometry, 1000
stochastic realizations of the DISH process have been simulated
to evaluate the ultrafast intraband carrier cooling in these
materials.’”’® The current NAMD simulations capture the
carrier relaxation along the I'-point of the Brillouin zone only.
To calculate the carrier cooling time, we fit the population
decay of the highest excited state with the following fitting
function,>”**78

f(8) =A-exp(— t/t1) + (1 — A)exp(— (t/12)?) (1)
The lifetime of hot electrons and holes is
T =A14+ (1 — Aty (2)

Note that the inclusion of spin-orbit coupling (SOC) signifi-
cantly impacts the quantitative magnitude of the carrier cooling
time, however, this increases the computational cost as well.*>””
We do not consider SOC effects here as our main interest is to
analyze the relative trend of carrier cooling rate with the change
in A-cation composition in these halide perovskites. Furthermore,
the composition of the inorganic framework (Pb/I) which is
more sensitive to the SOC effects and dominantly participate
in the intraband carrier relaxation, remains unchanged for all
FA; ,Cs,Pbl; lattices. Thus, it can be assumed that the impact of
SOC on the carrier relaxation rates in these perovskites is similar
and its absence will not fundamentally alter the reported trends.
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