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Abstract

Halide perovskites containing a mixture of formamidinium (FA™), methylammo-
nium (MA™) and cesium (Cs™) cations are the actual standard for obtaining record-
efficiency perovskite solar cells. Although the compositional tuning that brings to
optimal performance of the devices has been largely established, little is understood
on the role of even small quantities of MA™ or Cs™ in stabilizing the black phase of
FAPDbI3 while boosting its photovoltaic yield. In this paper, we use Car-Parrinello
molecular dynamics in large supercells containing different ratios of FA' and either
MA™ or Cs™, in order to study the structural and kinetic features of mixed perovskites
at room temperature. Qur analysis evidences that cation mixing relaxes the rotational
disorder of FA™ molecules by preferentially aligning their axis towards (100) cubic
directions. The phenomenon stems from the introduction of additional local minima
in the energetic landscape, which are absent in pure FAPbI3 crystals. As a result, a
higher structural order is achieved, characterized by a pronounced octahedral tilting
and a lower vibrational activity for the inorganic framework. We show that both MA™
and Cs™ are qualified for this enhancement, with Cs™ being particularly effective when

diluted within the FAPbI3 perovskite.
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Hybrid halide perovskites have reached their first decade as an emerging photovoltaics
technology! and the interest on their exceptional photosensitizing properties is being con-
stantly sustained by new efficiency records in single-junction or tandem solar cells.? The
quest for more stable and performing materials has gradually driven research from methylam-
monium lead iodide (MAPDI3) towards mixed perovskites,®* where formamidinium (FAT),
methylammonium (MA™) and cesium (Cs™) ions alternate in the occupation of the A-sites,
i.e. the cubic cavities of the octahedral ABXj3 perovskite structure. The principal evolu-
tion strategy has promoted the substitution of MA* with FA™, as the latter proved to be
thermally more stable.>® Pure a-FAPbI; has similar electronic characteristics as MAPbI;
close to the valence and conduction band edges.” However, its spontaneous tendency to form

9 complicates its use in photovoltaics. The

a non-perovskite d-phase at room temperature®
introduction of Cs* within the FAPDbI; lattice (i.e. the partial substitution of FA* with Cs™)
can largely retard the transformation of the black perovskite phase into the inactive yellow
phase of FAPbI3. 1% The further addition of MA* as a second minority cation can bring
to record-high photovoltaic efficiencies,'? making triple A-cation mixtures a very common
system for perovskite solar cells. The enhanced perovskite stability with mixed A-cations has
been previously attributed to a lowering of the Gibbs free energy by increasing the entropy, '°
or to refinements in the Goldschmidt tolerance factor.®'* However, the atomic-level under-
standing of the dynamic features that take place when MA™ /Cs* are present in a FAPbI3
crystal is still unclear. This aspect is essential for engineering optimized hybrid materials,
or even for totally moving towards organic-free structures.

The pivotal role of MA' and Cs™ as minority cations in making highly efficient and stable
FAPbI3-based perovskite solar cells is therefore something that requires further investigation.
Electronically, FAT, MAT and Cs™ introduce energy levels that are too far away from the
perovskite band gap states, formed by antibonding I — 5p, Pb — 6s and Pb — 6p orbitals. 1

Hence, A-cations do not actively take part in the photogeneration process. However, the type

of A-cation can indirectly impact on the bandgap value through the tilting of the [Pblg ]



octahedra, or by variation of the lattice constants.'” It has been experimentally observed
that the value of the bandgap is smaller in FAPbI; with respect to MAPbI; or CsPbls. 1819
This aspect indicates that the introduction of MA'/Cs™ in FAPbI3 can hardly explain
an enhancement in the photoabsorption. Ghosh et al. have theoretically argued that the
inclusion of Cs* could give rise to a direct-to-indirect band gap transition through Rashba-
type effects that could reduce the rate of carrier recombination.?® It is also possible though
that similar events could lower the rate of photogeneration. Finally, a room-temperature
tetragonal phase (which could favor the photovoltaic effect?!) is absent in mixed perovskites,
where the cubic phase of FAPbI; prevails.!® All the above issues suggest that the efficiency
improvements in mixed Cs™-FAT-MA™ perovskite systems are difficult to be explained solely
through the electronic, optical or polarization properties of the perovskite material.

It is useful to consider here that the photovoltaic effect is not simply a charge generation
but also a charge transport phenomenon, where the photogenerated carriers must travel
towards the electron and hole transporting layers prior to being collected by the electrodes.
Charge generation is largely influenced by the electronic/optical properties of the material
whereas charge transport, in addition to intrinsic lattice characteristics (e.g. effective mass),
can be also influenced by the dynamic properties of the lattice (e.g. phonons, defects, etc.).
Intrinsically, the presence of cations with different structural and vibrational features can
alter the dynamic properties of the entire perovskite layer. It becomes therefore interesting
to investigate if vibrational issues can influence the photovoltaic response.

Having this aspect in mind, in this paper we use a number of static (density functional
theory, nudged elastic band) and dynamic (Car-Parrinello molecular dynamics) ab initio
computational techniques to study the role of minority fractions of MA* or Cst in an
otherwise ideal FAPbI3 crystal. We particularly focus on the molecular dynamics approach

22731 a5 it is able to capture the

that has been widely used in the perovskite literature,
anharmonic nature of the atomic vibrations in hybrid perovskite crystals.??> We show that

MAT and Cs™ introduce additional local minima in the energy landscape of the perovskite



and induce local ordering features that impact on the vibrational properties of the entire
system. As a result, the mixed perovskite is characterized by an inorganic framework with
lower vibrational intensity than FAPbI3, which is a feature that should facilitate the excitonic
transport towards the electron and hole transporting layers.

The three A-cations considered in this study present different geometric and polarization
features (Fig. 1). MAT is an sp®-hybridized polar cation with a positive charge mainly
localized towards its -NHjz moiety. FAT is an sp? cation that also preserves a polar character
but with a significantly smaller dipole moment.?? Its positive charge is delocalized between
the two -NHy groups of the molecule and as a consequence, its polar axis is perpendicular
to the axis crossing these groups. On the contrary, Cs*t, as a single-atom cation, does not
have a polar character. The dimensions of the three cations can be approximately estimated
by their center of mass and ionic radii.?* Based on this scheme, FA* is bigger than MA*
and Cs*. The respective lead iodide perovskites (Fig. la-c) form different crystallographic
phases at room temperature: MAPbDI; is tetragonal %3 (stable), FAPbI; is cubic®® (unstable)
and CsPbl; is orthorhombic® (unstable). Such divergences raise questions on the role of
mixing A-cations in the structural or vibrational properties of the perovskite system.

In order to investigate this issue we have performed the following computational ex-
periments: We have set up Car-Parrinello®” molecular dynamics simulations for systems
comprising 4 x 4 x 2 cubic supercells, for a pure FAPbI; crystal as well as for FA;_,MA_Pbls

mixed perovskites containing a concentration of either 12.5% or 25% of MA™ cations. For

Figure 1: Schematic representation of (a) MAPbI3, (b) FAPbI3, (¢) CsPbls and (d) mixed
Cs;MAFA_(54,)Pbl; perovskites.
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Figure 2: (a) Radial distribution function calculated for FAPbI; (shaded light-blue area),
MAPDI; (black line), FAgs75MAg125Pbl; (red for uniform and blue for clustered configura-
tions), FAg75MAgo5Pbls (green for uniform and violet for clustered configurations) and
FA(.75Csp.25Pbl3 (orange line). (b) Octahedral tilting angle ¢ for pure and mixed per-
ovskites. (c) Vibrational density of states of the Pb-I inorganic framework for pure and
mixed perovskites. All quantities refer to perovskite structures at room temperature. The
color schemes are common for all figures.
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the mixed systems, we further considered two configurations where the minority cations
were either uniformly distributed within the FAPbI3 matrix or aggregated at a corner of our
computational box (see Fig. S1). We repeated a similar calculation in the case of 25% of
uniformly distributed Cs* (FAg.75Cs.25Pbl3). The equations of motion were followed for 40
ps, apart from the FAg75Csgo5Pbls perovskite, where 20 ps were enough for reaching the
thermodynamic equilibrium. The last 10 ps of the calculations were used in order to extrap-
olate the statistical properties. The MAPDbI; perovskite was also considered as a reference
system. 2432 All calculations took place at room temperature.

We first compared the radial distribution function of the inorganic bonds for all per-
ovskites (Fig. 2a). Qualitative differences were present only for the MAPDI3 system (espe-
cially for distances greater than 6 A), as this crystallizes in the tetragonal phase at room
temperature, whereas all other perovskites (FAPbl; and mixed) maintain a cubic arrange-
ment. The first peak of the radial distribution function corresponds to the statistical distri-

bution of the Pb-I bonds (Fig. 2a-inset). Here, smaller bond fluctuations are observed for



the tetragonal MAPbDI3 with respect to the other systems. A closer examination of this peak
shows that also the FAg75Csg.25Pbls perovskite narrows the Pb-I bond variability. In the
literature, either MAPbI; or mixed perovskites containing Cs™ are considered as the most
stable at room temperature.®1® We therefore note a correlation between the statistical Pb-I
bond-length fluctuations and the stability of the perovskite system. As a further structural
benchmark, we calculated the tilting angles ¢ between nearby [Pbl;~] octahedra, defined
as ¢ = (180° — 0)/2, where 6 is the angle centered on I atoms connecting two neighbor-
ing octahedra (Fig. 2b). A clear trend towards higher values of ¢ was observed for the
mixed systems, which was quantitatively proportional to the concentration of the minority
MA™ or Cs* cations. The ¢ values for MAPbI; were the highest, as octahedra are always
titled in the tetragonal phase. Tilting can be associated with the bandgap of a perovskite
system, where a higher angle ¢ corresponds to higher bandgap value.'” With this respect,
the results of Fig. 2b can be viewed as a tendency of mixed systems to slightly increase
the bandgap of the FAPbI3 perovskite. This is a factor that can positively influence the
open-circuit voltage while negatively impact on the short-circuit current of the solar cells.
Out of all studied systems, the MAPbDI3 perovskite should have the highest bandgap at
room temperature, which is consistent with the experimental literature.'® Lastly, in order to
investigate how bond lengths and tilting angles can influence the vibrational properties of
the perovskite systems, we calculated the vibrational intensity as a function of the phonon
frequency through a Fourier transform of the velocity autocorrelation function (Fig. 2c).
Results showed that the introduction of MA™ or Cs™ in the FAPbI3 crystal should lower
the vibrational density of states (VDOS) of the perovskite system according to the following
guidelines: (a) higher concentrations of the minority A-site cations (25% here) should de-
crease the VDOS more than lower concentrations (12.5% here), (b) a homogeneous dilution
of the A-cations should decrease the VDOS more than a non-homogeneous dilution and (c)
upon equal concentrations and local configuration, the Cs™ cation should be significantly

more effective in reducing the VDOS with respect to MA™. We note that the lowest VDOS



for all the studied systems is achieved by the tetragonal MAPDbI3 perovskite, in accordance
with the smaller fluctuations of its Pb-I bonds. With this respect, the MAPbI3 lattice should
be characterized by the most robust inorganic framework among all studied systems, having
though the most unstable A-cation.®3® We finally point out that clustered cations should
have a lower impact on the vibrational properties of mixed perovskites, indicating that an
efficient and homogeneous dilution of the A-cationic species is fundamental for obtaining
high-quality perovskite solar cells.

The results of the statistical analysis for the pure and mixed systems can be summa-
rized as follows: Cation mixing tends to reduce the inorganic bond-length fluctuations and
increase the tilting angles between nearby [Pblz~] octahedra, which impact on the vibra-
tional properties of the system by lowering the phonon intensity of the inorganic framework.
Considering that the photogenerated carriers travel on the [Pblg~] network prior to being
collected by the transporting layers, it appears that cation mixing should facilitate charge
transport and consequently raise the probability of successful electron/hole collection. As
the only microscopic change between a pure FAPbI3 crystal and the mixed perovskite lies
in the composition of the A-cations, we asked which are the local mechanisms that lead to
such structural modification. We consequently monitored the local changes in the rotational
dynamics of the FA™T (majority) cations in the case of the presence or absence of MA™ and
Cs™ (minority cations) within the perovskite crystal. We initially traced the orientations
of the FA™ dipole moments during the molecular dynamics simulation and observed that
these should be quasi-randomly distributed towards all directions for both pure and mixed
systems (Fig. S2 and S4). We noticed though a more confined rotational distribution when
minority cations were present within the computational cell that excluded the corners of the
cubic inorganic cage. The absence of preferential orientations for the molecular dipoles in
both mixed perovskites and FAPbI; indicates that such materials should not be ferroelectric
at room temperature. This aspect is in contrast with MAPDbI3, where room-temperature

ferroelectricity has been experimentally observed®®#! and theoretically evaluated.*?



Figure 3: (a) Schematic representation of the preferential orientation of the N-N axis of
FA™ pointing towards (100) cubic directions in mixed A-cation perovskite systems. (b)
Projection of the N-N axis of the FA™ ions on the cubic inorganic framework for every 10
ps of simulation time, for the FAPDbI3 system and the FAg75sMAg25Pbls system having a
clustered MA™ configuration. The colorscale refers to the z-coordinate of the projections
and is used as a guide for the eye.

The qualitative differences in the rotational distribution of the FA™ molecular dipoles
when MA™ or Cs™ were present in the perovskite crystal, motivated us to further investigate
the manifestation of local ordering features that could explain the macroscopic statistical
quantities of Fig. 2. We thereon considered the orientation of the axis passing through the
two nitrogen atoms of the formamidinium molecule (Fig. 3a) and performed the same type
of analysis (N-N axis from now on). In this case we observed that the orientation of the N-N
axis maintained quasi-random positions only for the FAPbI3 perovskite, while it gradually
obtained preferential positions towards all (100) directions of the cubic cavity for mixed
perovskites (Fig. 3b). In agreement with the statistical quantities, the concentration and
local configuration of the minority cations was important for the manifestation of this effect
(see Fig. S3 and S4). We concluded that the enhancement of the structural properties of
mixed perovskites has an ordering nature that involves the N-N axis of the FA* cations (as
also argued in Ref. 20). We note that the confined movement of the FA™ dipoles discussed
above follows the primary ordering effect of the N-N axis. As this is the molecular part where

the positive charge is delocalized, we questioned the role of electrostatic interactions in the
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Figure 4: Nudged elastic band calculations for the 90° rotation of an FAT cation in (a)

FAPbIg, (b) FA0.875MA0.125Pb13 and (C) FA0.875CSO.125Pb13.

manifestation of this ordering process (or similarly, in the manifestation of the random FA™
orientations in pure FAPbI3 crystals).

We have examined this issue by performing nudged elastic band calculations in order
to calculate the energy barriers and local minima of FA™ molecules when rotating within
the inorganic framework. We considered three cases where an FA™ cation is rotating in
the vicinity of another FA™ cation (Fig. 4a), an MA™ cation (within a FAgg75MAg 125Pbl;3
crystal, Fig. 4b), or a Cs™ cation (within a FAqg75Cs.125Pbls crystal, Fig. 4c). A 90°
rotation of FAT was considered with its N-N axis transiting from the [100] to the [010]
direction. In the first case (Fig. 4a) we observed that the rotation path shows only one deep
local minimum at the starting configuration, i.e. when the N-N axes of the two neighboring
FA™ cations are perpendicular. The 90° rotation gradually raises the system’s energy, while
the final configuration (where the N-N axes are parallel) represents a shallow local minimum.
This is separated from the transition state by less than 25 meV, indicating that the energetic
barrier for escaping from this configuration is smaller than kg7 at room temperature (with kg
the Boltzmann constant). This aspect is important, as it implies that the configuration where
two nearby FAT cations have parallel N-N axes is highly unstable, as the local interaction

between their positive charges becomes non-negligible. At this point the system could simply
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return to the initial configuration or find another low-energy local minimum where the N-
N axes no longer point towards (100) directions (Fig. Sb), giving rise to the rotational
disorder of the FAPbI; crystal. When the FA™ ion has a nearby MA™ instead (Fig. 4b),
we observe that the parallel configuration for the N-N axis of the FAT and the C-N axis
of the MA™ represents a clear local minimum, while the energetic barrier for escaping from
this configuration increases to 120 meV. Finally, when the FAT cation has Cs™ as a nearest
neighbor, the configuration where the N-N axis of the FA™ points towards the Cs™ ion (step
5) becomes a deep local minimum with an energy barrier of 150 meV separating steps 5
and 1. Considering that the escape frequencies v from the local minima of step 5 should be
compliant with the transition state theory v = vy X exp(—E,/kgT), where Ej is the energy
barrier calculated from the nudged elastic band method and vg is the frequency prefactor,
we find that escape rates from the local minimum of step 5 should be ~40 times lower when
the FAT has a nearby MA™ and ~130 times lower when it has a Cs™ cation as a neighbour.
Hence, the presence of Cs™ or MA™ should relax the rotational disorder of FA' by reducing
the frequencies of rotating events and by preferentially aligning FA™ cations towards face-
centered directions (i.e. (100)), in agreement with the results of the molecular dynamics
simulations. A critical point that requires discussion is why triple cation systems show better
performances than double FA*T-Cs* systems, considering that Cs™ introduces stronger local
minima than MA™ in the potential energy surface of the mixed perovskites. Our calculations
show that the concentration of the minority cations has to be relatively high in order to lower
the rotational disorder of the FA™ ions (25% more than 12.5% here). As high concentrations
of Cst are likely to generate aggregated areas within the mixed perovskite system that
could lead to the formation of the orthorhombic yellow phase of CsPbls, ! the contemporary
presence of both MA™ and Cs* should mediate this issue.

In conclusion, our computational findings for mixed FAT-MA* and FAT-Cs* perovkites
have evidenced that the principal mechanism for their enhanced stability and photovoltaic

response lies in the lower rotational frequencies of the FA™ cations though a preferential
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orientation of their N-N axis towards (100) directions. Such structural optimization leads
to a reduced vibrational activity for the inorganic Pb-I framework, which represents the
perovskite sublattice where photogenerated carries travel prior to being collected by the
electron and hole transporting layers. Our results have also evidenced that, contrary to
the MAPbDI; system, mixed perovskites are unlikely to manifest macroscopic polarization
effects at room temperature. Finally, we point out that strategies for the stabilization of lead
iodide perovskites should mainly point towards the strengthening of the inorganic framework
through the limitation of the bond-length fluctuations for the lead-halogen bonds during the
thermal movement of the atoms. This could be achieved with a systematic exploration on
partial substitutions of A-cationic species with atoms, molecules or small clusters that could

increase the ordering status of the perovskite crystal.

Computational Methods. Calculations were based on various theoretical models of the
Quantum Espresso software suite, *® including Car-Parrinello®” molecular dynamics (CPMD),
density functional theory (DFT) and the nudged elastic band (NEB) method. Molecular
dynamics simulations were carried out for FA;_,MA_Pbl; systems comprising 384 atoms
(4 x 4 x 2 cubic supercells) with a variable concentration (x=0.125 and 0.25) and solubility
of the MA™ cations (uniformly distributed or aggregated). The equations of motion were
followed for a total time of 40 ps with a time step of ~0.1 fs. Simulations were performed
in the canonical ensemble, setting the target temperature with a Nose thermostat** to T =
300 K. The last 10 ps of the calculations were used in order to extrapolate the structural
properties of the studied systems in thermodynamic equilibrium. In the case of Cs*, the
uniform FAg 75Csg25Pbls system was considered with 320 atoms, whereas simulation times
were restrained to 20 ps due to a faster convergence towards equilibrium. Computations for
mixed systems were compared with similar calculations for FAPbI3 and MAPbI3, which were
used as a reference. The lattice vector for the cubic systems was set to a=6.36 A, whereas

for the tetragonal MAPbI; we set a=b=8.86 A and ¢=12.74 A. We used the Perdew-Burke-
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Ezernhof implementation® of the generalized gradient approximation for the description
of the exchange-correlation functional. Ultrasoft pseudopotentials?® were considered for the
core electrons, with the exception of the 5d semicore electrons of Pb that were included in the
valence group. The cutoff for the kinetic energy and the augmented charge density were set
to 35 Ry and 280 Ry, respectively. The Verlet algorithm*” was employed for the integration
of the equations of motion with a time step dt=4 a.u. (~ 0.1 fs) in order to minimize round-
off and truncation errors. All atoms were allowed to move without constraints. The effective
electronic mass was assigned to 100 a.u., whereas ionic masses were set to real values. The

pair correlation functions g(r) were calculated as

1 /NN
(> se-n) W
where p is the atomic density, N the total number of atoms within the simulation box and r;;
the distance between atomic pairs. The statistical geometrical properties were computed only
for the directions of maximum expansion of the supercells (z, y) in order to avoid quantitative
errors due to the reduced periodicity of the z direction. The vibrational density of states
(VDOS) was computed by squaring the Fourier transform of the velocity autocorrelation

function as:

2
VDOS (w ‘ / Ye Mtdt| (2)

where w is the frequency and dt is the time step of the molecular dynamics run.

The climbing-image nudged elastic band method *® was used to find the transition states of
the rotation paths for the formamidinium ions. For these calculations we considered 2 x 2 x 2
cubic supercells. Convergence was achieved through a 4 x 4 x4 Brillouin zone sampling within
the Monkhorst-Pack scheme.?® DFT and CPMD calculations shared exchange-correlation

functionals, pseudopotentials and cutoff parameters.
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