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ABSTRACT: As one of the most promising materials for next-generation solar 100
cells, organometallic perovskites have attracted substantial fundamental and applied
interest. Using first-principles quantum dynamics calculations, we show that
octahedral tilting plays an important role in stabilizing perovskite structures and
extending carrier lifetimes. Doping the material with (K, Rb, Cs) ions at the A-site
enhances octahedral tilting and the stability of the system relative to unfavorable
phases. The stability of doped perovskites is maximized for uniform distribution of
the dopants. Conversely, aggregation of dopants in the system inhibits octahedral
tilting and the associated stabilization. The simulations also indicate that with
enhanced octahedral tilting, the fundamental band gap increases, the coherence time
and nonadiabatic coupling decrease, and the carrier lifetimes are thus extended. Our 0.88 ) .
theoretical work uncovers and quantifies the heteroatom-doping stabilization
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mechanisms, opening up new avenues to enhancing the optical performance of

organometallic perovskites.

1. INTRODUCTION

Due to their exciting optoelectronic properties and low-cost
preparation and deposition protocols, ABX; hybrid organic—
inorganic pervoskites (HOIPs) hold great promise for future,
scalable solar cells and photovoltaics devices. The certified
efficiency of HOIP solar-cells has seen very rapid improve-
ments, recently reaching figures as high as 25.2%, which is
competitive against conventional Si-based solar cells.'™” The
biggest hurdle for commercial uptake of HOIP solar cells
remains the instability of the HOIP material under working
conditions.*™"® For this barrier to be overcome and step-
change developments in perovskite solar cells to be p0551ble,
deeper understanding of HOIPs’ instabilities is necessary.' ° As
the archetypal HOIPs, methylammonium (MA) lead halide
(CH,;NH,PbX;) and formamidinium (FA) lead halide (CH-
(NH,),PbX;) exhibit high light absorption coefficient and long
charge carrier diffusion lengths.'”~** However, the instability
of both structures under light, heat, and moisture has so far
hindered their large-scale uptake for practical applications.
For MAPbX, the low calculated formation energy (0.11—
0.14 eV per unit cell) leads to intrinsic thermal instability at
working environment.”” In addition, MAPbX; suffers from a
hexagonal-to-cubic phase transition at about 56 °C, which can
result in large volume changes and accelerated mechanical
deformations.” As for FAPbX, the substitution of MA with
FA has been shown to effectively improve the thermal
stability.'”'**>*” FAPbX, has been observed to remain
unbleached for more than 60 min after being heated to 150
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°C, in contrast to MAPDI; that is conversely bleached within
30 min."” In addition, FAPbI, with fully vertex connected Pbl
octahedra has an optical band gap of 1.47 eV, smaller than that
of MAPDIL;, thus extendmg the optical absorption into the
near-infrared region.”” Despite its improved thermal stability
and optical absorption, FAPbI; does present challenges in
terms of structural stability and resilience of its photovoltaics
effect as a result of its well-documented perovskite to
nonperovskite (a-to-8) transition.”* ™

The unwanted a-to-0 transition takes place at room
temperature, and several studies have explored strategies to
stabilize the perovskite () phase of FAPbl,. Zheng et al.
improved the phase stability of FAPbI; by 1ntroduc1ng
heterogeneous dopants to realize strain relaxation.” Sargent
and co-workers succeeded in increasing the stability of halide
perovskite solar cells by suppressmg atomic vacancies via
incorporation of isovalent small ions.'® However, the intrinsic
mechanism of the phase transition remains unsolved,
prompting further investigations toward atomic understanding
of the cubic phase stabilization as well as strategies to enhance
it.
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To this end, here we combine density functional theory
(DFT), DFT molecular dynamics (DFT-MD), and non-
adiabatic molecular dynamics (NAMD) simulations to provide
a holistic theoretical investigation on the FAPbI; perovskite
system and the interplay between its structural stability and
optoelectronics properties. The DFT calculated internal energy
of FAPDI; as a function of its octahedral tilting confirms that
octahedral tilting can effectively lower the internal energy of
perovskite structures. Notably, tilting is computed also to be
effective in further reducing the internal energy difference
between the 0 and a phases. We furthermore investigate the
effects of heavy alkali-metal dopants (K, Rb, Cs) at the
perovskite A-site on the structure and internal energy of
different A FA,_,Pbl, derivatives. It is found that the
asymmetric distribution of the FA-molecules and A-dopants
introduces spontaneous octahedral tilting into the cubic system
and decreases its internal energy, thus hindering the phase
transition between the cubic and hexagonal phases. Further
simulations of the AJFA,_ Pbl; systems reveals that the
perovskite phase can be maximally stabilized by doping
uniformly distributed heteroatoms. The doped A,FA,_,Pbl,
systems are additionally characterized in terms of electronic
properties and carrier lifetime by means of NAMD
calculations. It is shown that the considered dopants do not
introduce gap states and can effectively extend the carrier
lifetime.

2. RESULTS AND DISCUSSION

As shown in Figure 1, FAPbI; has an ABX; structure in which
the A-, B-, and X-sites are occupied by FA, Pb, and I,

Perovskite

Non-perovskite

Figure 1. Phase transition diagram of FAPbI;. The perovskite o phase
of FAPbI; (left), which is the photoactive phase, exists at high
temperature (>300 K). The nonperovskite & phase of FAPbI, (right),
which is the photoinactive phase, exists at low temperature (<300 K).
A temperature (~300 K) triggered phase transition connects the two
phases.

respectively. Upon cooling, FAPbI; undergoes a phase
transition at about 300 K from a high-temperature a phase
crystallized in the space group Pm3m to a low-temperature &
phase with a P63mc symmetry.'” The structures of the @ and &
phases of FAPDbI; do not have a group—subgroup relationship,
which implies a first-order character of the phase transition,
and a complex pattern of sliding and twisting of organic
molecules, lead, and iodide atoms. We initiate our investigation
of the a-to-6 phase transition by comparing the internal energy
of the two phases at 0 K. In the following, we refer to the
internal energy difference between the a and 6 phases as the
energy difference AE. When the a phase takes the high-
symmetry cubic structure, 5-FAPbI; is more stable than a-
FAPDI; by about 0.41 eV. Such a calculated energy difference
is consistent with the experimental observation that é phase is
the ground state at low temperature.

Different from the rigid face-sharing framework of the o
phase, the a phase presents a more flexible corner-sharing
network, leading to the occurrence of a very complex energy
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landscape with different molecular distributions and distortions
from the high-symmetry cubic structure. Herein, we set to
investigate the influence of octahedral tilting on the internal
energy of the perovskite structure. According to the Glazer
notation, the octahedral tilting is noted as a linear combination
of in-phase and out-of-phase rotations along the crystallo-
graphic axes.>* For example, the %t labeling indicates one
in-phase tilt along the [010] direction and one out-of-phase tilt
along the [001] direction. As shown in Figure 2g, we take three
different octahedral tilting patterns to obtain a representative
energy surface of FAPDI;.

We define the deviation from 90° of the intersection angle of
neighboring Pblg octahedra (I—I-I) as the tilting angle. As
shown in Figure 2a, if the intersection angle of neighboring
Pbls octahedra is «, the tilting angle is unambiguously defined
as (90 — x). When the Pbl; octahedral network is highly
symmetric and the tilting angle is zero, the internal energy of
the system is the highest. Conversely, the appearance of
octahedral tilting decreases the internal energy of the system,
as shown in Figure 2g. In contrast, for the nonperovskite
hexagonal structure, the presence of face sharing Pbl
octahedra prevents octahedral tilting and associated energy
fluctuations. Due to the different tiltings possible in the cubic
and hexagonal phases, enhancing such a structural deformation
in the former can be very meaningfully targeted to reduce the
energy difference between the two phases, toward hindering of
the unwanted cubic to hexagonal transition (Figure 1).
Moreover, heteroatom doping has been proposed as an
effective approach to stabilize the perovskite structure,
although the interplay between doping and octahedral tilting
has so far remained largely overlooked.'®**%3»333%37 ¢ fi|
this gap and elucidate the interplay between heteroatom
doping and octahedral tilting, in the following we investigate
different hetero A-cation (K, Rb, Cs) doping of FAPbI,,
quantifying its effects on the octahedral tilting for the doped
system.

As shown in Figure 2e, for pure cubic ABX; perovskite
structures, the Pbl octahedra are uniformly surrounded by A-
cations, which leads to 0° octahedral tilting angles. However,
with the hetero A-cations doped into the lattice, the Pbly
octahedra are surrounded by different A-cations, which results
in nonzero octahedral tilting (Figure 2d). Figure S lists typical
A-cations for ABX; systems in increasing order of their ionic
radius. To gain insight into the origins of improved stability of
hetero A-cation-doped FAPbI;, we have calculated the
optimized geometry and internal energy of three different
systems (CsysFAyPbl;, K, FAyPbl;, and Rb, FA,Pbl;).
First, taking CsysFA, sPbl; as an example, the octahedral tilting
of the a phase is clearly enhanced by the Cs dopants. However,
in the hexagonal phase of Cs,;FA, Pbl;, no obvious
octahedral tilting is observed, due to the rigid face-sharing
octahedral frameworks. For pure FAPbI;, the energy difference
between the cubic and hexagonal phases is 0.26 eV. For
Csg.sFAysPbl;, the energy difference is reduced to 0.05 eV. It
can thus be concluded that the o phase can be stabilized by
doping A-cations (e.g., Cs) with an ionic radius smaller than
FA’s, as a result of an energetically beneficial, increased
octahedral tilting in the system.

Next, we turn to discuss the effects of the radius difference
between the A- and FA-cations. As shown above, stabilization
of the a phase via Cs-doping at the A-sites originates from the
increased octahedral tilting introduced by the presence of (Cs)
dopants. Based on such octahedral tilting mechanism, we
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Figure 2. Schematic illustration of different octahedral tilting patterns in the pristine and heterodoped-doped materials, double-well potential
energy surface associated with octahedral tilting in the perovskite (cubic) structure, and the calculated AE as a function of the A-dopant. (a—c)
Octahedral tilting patterns in the perovskite (cubic) structure. (d—f) Illustration of spontaneous octahedral tilting introduced by heterodopants. (g)
Energy difference (AE) between the a (perovskite, cubic) and § (nonperovskite, hexagonal) phases and the other perovskite structures with
different tilting angles. Typical tilting angles of 0°, 9.52°, and 25.26° were considered. (h) Calculated AE and tilting angle as functions of the ionic-
radius difference between the pristine FA-cations and the A-dopants (Rgy — R,, A-dopants are Cs, Rb, and K). The ionic radius information are

taken from the Shannon radii data set.*®

extend our investigation by further considering other alkali-
metal dopants, such as K and Rb. As shown in Figure 2h, the
octahedral tilting is strongly correlated with the ionic radius of
the A-dopant. As the ionic radius for the A-cation becomes
smaller, and its difference from the FA radius increases, the
octahedral tilting angle in the doped perovskite also becomes
larger. For example, the radius difference between Cs and FA is
65 pm, and the tilting angle in Cs; sFA, sPbl; is 23.11°. As the
atomic radius of Rb (K) becomes smaller, leading to larger
differences of 81 pm (89 pm) from the value for the FA-cation,
the tilting angle systematically increases to 28.17° for
Rb,sFA(sPbl, (31.02° for K,sFAysPbl,), with an ensuing
reduction of the energy difference, thence stabilization of the &
phase (Figure 2h). Notably, for K, the energy difference
becomes slightly negative (—0.03 eV/unit cell), indicating that
for this system the a phase is now energetically favored over
the o phase.

Although these calculated results indicate that replacement
of the FA cation in FaPbl; by K, Cs, and Rb could improve the
stability of the desired perovskite a phase, the aggregation of
heterogeneous A-cations remains a potential big challenge. In
this respect, we next explore the role of dopant distribution
homogeneity for the stabilization of the a-phase. As shown in
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Figure 3a—c, we explore Cs,FA,_,Pbl; (x = 0.11, 0.15, 0.19)
with two different Cs distributions. Figure 3a—c, top, shows
the system with Cs-aggregation, whereas Figure 3a—c, bottom,
reports the system with homogeneously distributed Cs-
dopants. It can be observed that homogeneous distribution
of the Cs-dopant introduces the largest octahedral tilting in the
system (represented in Figure 2d—e). Conversely, aggregation
of Cs-dopants leads to very local distortion and effectively no
octahedral tilting across most of the sample (represented in
Figure 2e,f).

DFT calculated internal energies (Table 1) indicate that,
only when the Cs-dopants are well-distributed in the
framework, the octahedral tilting and the system stabilization
are maximized. For different Cs-dopant concentrations ranging
from 11% to 19%, the stabilization energy due to
homogeneous distribution of the Cs-dopants is substantial,
ranging from —0.02 to —0.06 eV per Cs-atom. Our results
clearly suggest that, when doping heteroatoms into the system,
the uniformity of the dopants should be as high as possible.

The electronic structure of the different Cs-doped FAPbI;
systems is next considered to analyze systematically the effects
of this inorganic dopant. As shown in Figure 3d,e, the
calculated density of states for Csy;sFAggsPbl; for both

https://doi.org/10.1021/jacs.2c13593
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Figure 3. Effects of the hetero A-dopants on the electronic structure. (a—c) Aggregated-dispersed Cs-doped FAPbI, (top) and well-dispersed Cs-
doped FAPbI; (bottom). (d) Density of states (DOS) for Csy;sFA,ssPbl; with aggregated Cs-dopants. (e) DOS of Csy;sFA,ssPbl; for well-
dispersed Cs-dopants.

Table 1. Effects of the Heteroatom Distribution and Concentration on the Energy Stabilization of the & Phase for Aggregated
and Well-Dispersed Cs-Dopants®

supercell size 3X3IX2 3IX3X3 4X4x4
formula Cso.11FAgg9PbI; Cso.15FAggsPbl; Cso.19FAg51Pb;
Eggregared (€V) 0 0 0
Eell-dispersed (ev) —0.05 —-0.24 —0.18
Eqabiization/ Cs (eV) ~0.02 —0.06 -0.02

“Here, we define the total energy of system with aggregated Cs-dopant as zero. Epjlisaton/ Cs is the energy difference, normalized to the number of
Cs-atoms, between the systems with aggregated and well-dispersed Cs-dopants.

homogeneous and inhomogeneous Cs-distributions turns out exponential decay, f(t) = exp(— t/7) & 1 — t/7, yielding 7 =
to be rather similar to that of the pristine, dopant-free FAPbI,. 0.047 ns for the Cs-doped system and 7 = 0.06 ns for the Rb-
No gap states are observed as the Cs electronic states are doped one. The results for both systems indicate noticeably
relatively deep in the valence band. These results show that Cs increased (+27% and +62%) recombination times ¢ relative to

doping can stabilize the perovskite @ structure of FAPbI; pristine FAPbI; (0.037 ns).
without introducing defect states, which are detrimental to the To understand the origin of the increased carrier lifetimes
optoelectronic performance of the system.*® for Csy FAgoPbl; and Rb, FA,oPbl;, we investigate and
In the final part of the contribution, we analyze and discuss quantify the effects of (A-cation induced) octahedral tilting on
charge recombination in FAPbI; with enhanced octahedral the band gap energies and NACs. According to the gap law,
tilting introduced by hetero A-cations (Rb and Cs). Previous carrier lifetimes grow as the gap increases, with band gap
reports demonstrate that octahedral tilting in undoped samples opening distortions contributing to extended electron—hole
decreases the nonadiabatic couplings (NACs) and coherence recombination times."' As it can be seen in the projected
time in HOIPs, further extending the carrier lifetimes.>>*° density of states of FAPbI; in Figure 4c,d, A-dopant-induced
Here, we investigate the role of the dopant-induced octahedral octahedral tilting has a notable effect on the band gap energy,
tilting for the carrier lifetimes in A-doped HOIPs. We carried increasing the latter from 1.32 to 1.65 eV. Such a phenomenon
out 6 ps DFT-MD simulations and NAMD calculations for results from an decreased overlap between I Sp and Pb 6s
both Csy;FAyoPbl; and Rb, FA,oPbl;. Figure 4a shows the states due to the tilting of the Pbl octahedra.*' The octahedral
electron—hole recombination dynamics by focusing on the tilting of Rbgy FAyoPbl; is more marked than that of
decay of the first excited-state population for the two systems. Cso1FAg4Pbl; (Figure 4b), resulting in larger band gap
The recombination times are obtained by fitting the fluctuations and a longer calculated carrier recombination
5396 https://doi.org/10.1021/jacs.2¢13593
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Figure 4. (a) Excited-state population decay in Cs,;FAy,l; and Rby;FA,l; at 300 K. (b) Time-evolution of the I-Pb—Pb—I dihedral angle during
the DFT-MD trajectory. (c and d) Density of states (DOS) for FAPbL, with (c) a®b°” and (d) a’b*c™ octahedral patterns. (e and f) HOMO and

LUMO charge densities for FAPDI,.

time of for the Rb-doped system with respect to the results for
the Cs-doped one.

We next turn to the analysis of NACs that influence
significantly the recombination process. Generally, to increase
the carrier lifetime, the overlap of the HOMO and LUMO
wave functions and the gradient with respect to nuclear
dispacements, (¢;|Vylgy), should be reduced. As shown in
Figure 4e,f, in FAPbI;, the HOMO is dominated by iodine and
the LUMO by lead atoms. However, in hetero A-cation-doped
FAPDI;, the stronger octahedral tilting results in a longer Pb—I
distance, reducing the HOMO—LUMO overlap (Figure S3). It
follows that the enhanced octahedral tilting, thence reduced
NACs, brought about by hetero A-cation dopants, should be
highly effective in increasing the carrier lifetimes in the-doped
systems.

3. CONCLUSION

Our work provides new theoretical guidelines for enhancing
the stability and optical performance of A-cation-doped, ABX;
perovskite structures. It is shown that octahedral tilting plays
an important role in stabilizing perovskite structures as well as
in extending the associated carrier lifetime. By doping hetero
A-cations into the system, spontaneous octahedral tilting is
introduced, which lowers the internal energy of the doped
ABX; structures. We have furthermore shown that homoge-
neous dispersion of the dopants is crucial for introduction of
the maximum level of octahedral tilting and stabilization of the
system, with clustering of dopants into an inhomogeneous
distribution being highly ineffective on both accounts. Finally,
we have quantified the effects of octahedral tilting and
heteroatom doping on the electronic structure of FAPbI;. It
is shown that A-cation doping can stabilize the perovskite
structures without losing the optimal band gap for photovoltaic
performance. Additional NAMD calculations confirm that
octahedral tilting can effectively extend carrier lifetimes. We
expect these findings and insights to benefit the ongoing

development of new strategies to realize the full potential of
perovskite-based optical electronics for stable, commercially
viable devices.
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