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A microscopic viewpoint of structure and dipolar configurations in hybrid organic-inorganic
perovskites is crucial to understanding their stability and phase transitions. The necessity of
incorporating dispersion interactions in the state-of-the-art density functional theory for the

CH3NH Pbl; perovskite (MAPI) is demonstrated in this work. Some of the vdW methods were selected
to evaluate the corresponding energetics properties of the cubic MAPI with various azimuthally
rotated MA organic cation orientations. The highest energy barrier obtained from PBEsol reaches
18.6 meV/MA-ion, which is equivalent to 216 K, the temperature above which the MA cations
randomly reorient. Energy profiles calculated by vdW incorporated functionals, on the other hand,
exhibit various distinct patterns. The well-developed vdW-DF-cx functional was selected, thanks

to its competence, to evaluate the total energies of different MA dipolar configurationsin2 x 2 x 2
cubic supercell of MAPI under pressures. The centrosymmetric arrangement of the MA cations that
provide zero total dipole moment configuration results in the lowest energy state profiles under
pressure, while the non-centrosymmetric scheme displays a unique behaviour. Despite being overall
unpolarised, the latter calculated with PBEsol leads to a rigid shift of energy from the profile obtained
from the dispersive vdW-DF-cx functional. It is noteworthy that the energy profile responsible for the
maximum polarised configuration nevertheless takes the second place in total energy under pressure.

The emergence of hybrid organic-inorganic perovskites (HOIPs) has attracted tremendous worldwide attention
due to their highly potential applications, for instance, in optoelectronic and photovoltaic technology'~°. The
structural and dynamical nature of such systems and the presence of ferroelectric domains that reduce the rate
of electron-hole pair recombination were suggested®, as well as the interaction between the embedded molecular
cations and the inorganic framework’ as interpreted through energy-landscape analyses®'°, to impact upon the
photovoltaic performance of these materials. Methylammonium lead iodide perovskite (MAPI) and Forma-
midinium lead iodide (FAPI) photovoltaic cells, being the most familiar archetypal HOIPs, are comparatively
inexpensive and also easy to assemble!!. Recently, MAPI solar cell has gained the efficiency up to more than
22%'*71, yet by exploiting a mixture of Cs and I/Br, the Cs/FA/Br/I-mixed HOIP was demonstrated the feasibility
of achieving more than 25%-efficient tandem cells"®. The innovative and low-cost synthetic design delivers hope-
ful prospect for the commercialisation of the perovskite solar cells, even though there are still many challenges
waiting to be resolved, e.g. reducing non-radiative recombination and increasing conductivity of device layers!®.

One major problem is that HOIPs are highly unstable. They are susceptible to the attacks of humidity, ultra-
violet light, and thermal stress*!7-1. The average lifespan of the most investigated perovskite solar cells is in
the order of weeks to only several months®. Even the most stable cell reported was guaranteed to last only for
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a year under controlled conditions?, still immature in a world dominated by the well-established silicon solar
cells. As for the theoretical investigations, especially for the density functional theory (DFT), the stability issues
have reportedly been addressed in the context of dispersive interaction, e.g. the importance of van der Waals
(vdW) interaction between the Pbls octahedra and the methylammonium (MA) cation evidenced in electronic
property was acknowledged by dispersion-corrected DFT?, as well as the computational predictions regarding
structural parameters that substantiate the vdW interactions among the halide atoms and hydrogen bonding****.
On the other hand, many efforts have continuously been made to tackle the stability problems of this class of
materials. A set of alternative protonated cations were substituted in place of the MA and formamidinium (FA)
cations so as to enhance the structural stability of the HOIPs by strengthening hydrogen bondings®. Not only
was a mixture of Cs/MA/FA cations incorporated with an attempt to achieve high efficiency perovskite solar cells
that are structurally stable under operational conditions'>*, the critical role played by grain boundaries were
also elucidated to facilitate ion migration, leading to a rearranged ion distribution that eventually enhances the
stability of the ion-mixed perovskite?.

Apart from stability problem, researches that focus on the electronic property, namely, improvement of
electronic band gaps, were conducted with the aim of having it approached the Shockley-Queisser (SQ) limit
or the maximum theoretical efficiency of a solar cell®. Moreover, the extent of angular distortions of the Snly
inorganic cage was also found to greatly affect the tuning of the band gaps™, as well as the orientations of the
organic cations®! Furthermore, three types of organic cations, i.e. Cst, MA, and FA, with a respective increase
of sizes, were emphasised to be influential in stabilising the crystal structure by means of an enhancement of
hydrogen bonding??***2,

In similar manner, substituting Br~ (larger) with CI~ (smaller) results in an increase of band gaps, as experi-
mentally and theoretically inspected®®. More interestingly, irrespective of chemical modification, crystal struc-
tures can straightforwardly be morphed, whose changes in atomistic geometry and bonding characteristics are
achieved, by pressurisation, as implemented in methylammonium lead halide perovskites*-*¢. Upon an increase
of pressure, MAPI was synthesised and subsequently demonstrated to undergo a series of phase transitions®>*”.
At ambient pressure, the material, regardless of the MA cationic orientation, adopts a tetragonal phase II, space
group I4/mcm, structure in the temperature range between 165 K and 321 K’ and the pressure range to 0.35
GPa, while it morphs into a cubic phase IV, Im3, structure at 0.3-2.5 GPa and isostructural cubic phase V, Im3,
above 2.5 GPa¥. Also, experimental data corroborated the distinction of phases IV and V in terms of molecular
volumes, Pb-I bond lengths, Pb—I—Pb bond angles, and the energy gaps, which in principle exhibit disruptive
jumps during structural phase transitions.

To this end, it is of utmost importance to further investigate the effects of the organic molecular orientations
on structural property of phases IV and V in relation to the unambiguously available experimental results* by
exploiting the first-principles calculations based on the state-of-the-art density functional theory incorporating
vdW interactions. The rigid flips of the MA cation were applied to determine energy profiles accounting for
various types of dispersion-corrected versions of vdW interactions, which are believed to be greatly affecting the
models of ours. We found that vdW interactions greatly affect the energy barriers of the MA cation embedded
in Pbls when evaluated by different types of functionals. Also, the cationic orientational configurations suggest
a relatively stable structure for MAPI under pressures.

Results ans discussion

Energy barriers. As earlier mentioned, the interplay between the octahedral tilts and the MA cationic
dynamics still requires a clearer picture. Suggestions were made that the molecular dynamics of the organic
MA cation are associated with the rotation about the C—N axis that is in average achieved in sub-picosecond
time scale®. In addition to that, the effect of the organic MA molecular orientations has been proposed to play
a decisive role for the structural stability, indirectly affected by vdW interactions, and other physical properties
of these hybrid materials®. Thus it is the purpose of ours to carry out a careful inspection of the organic-inor-
ganic interaction by the aids of PBEsol and/with different methods of incorporated vdW dispersion, including
rVV10*, vdW-DF**, vdW-DF2*, vdW-DF2-b86r*>*, vdW-DF-cx*, vdW-DF-0b86* functionals.

[lustrated in Fig. 1(a) with labelled atoms, the pseudocubic MAPI of space group Im3 with an average lattice
parameter of 6.37 A, comprising an inorganic framework of Pbls within which embeds at its centre a dipolar
organic cation of CH3NH3Jr (MA), was initially selected as a starting structure. Due to C3, group or threefold
symmetry, the MA cation was then applied a set of rigid flips through an angle 6 [See the inset of Fig. 1(b)] run-
ning from 0° to 120°, which were discretised into 13 turning steps with an each 10° step size. Also, all calculations
were based on the assumption that the octahedral framework responses quickly to the rotations, and henceforth
the whole system was fully relaxed under rotational operations.

The results are reported in Fig. 1(b). Along the vertical axis plots angle-dependence total energy difference per
cation compared with the lowest one, denoted as AE;,; (meV/MA-ion). All profiles appear to be nearly symmetric
about & = 60° owing to the threefold symmetry of the MA cation (see the inset). Regardless of vdW interac-
tion, PBEsol functional, designed to achieved enhanced equilibrium properties of densely-packed solids**>°
and based on a fit of the exchange-correlation energy to that of the surface jellium®, blatantly gives a distinct
energy profile (blue) from those of van der Waals functionals, namely at & = 60° it resembles a highest barrier
with AE;y; = 18.6 meV/MA-ion and is flanked by minor peaks of ~9 meV/MA-ion at § = 20° and 100°. PBEsol
explicitly disregards the dispersive interaction of H—1I pairs that eventually entails a set of comparatively larger
distances (see Fig. S1 in Supplementary Information), resulting in a highest peak at 60°. With the inclusion of
vdW interactions, however, both valleys formed at & = 40° and 80° happen to be morphed into single broader,
putatively Gaussian-like profiles. The presence of 6 = 40°- and 80°-valleys is presumably stemmed from the
fact that the positions of H-atoms are located just enough in an optimal level of average H—I inter-fragment
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Figure 1. Details of energy barrier evaluation: (a) The cubic structure of MAPI with a lattice parameter of
6.317 A as input structure embedding an organic MA cation, with labelled atoms; (b) Total energy per cation
profiles calculated by different functionals, taking the lowest total energy as a reference?; Inset depicts an
applied anticlockwise rotation about the a-axis for the MA cation.

distances. At0 = 60° the peak, prominent in PBEsol, smears out in vdW-DF (red) and vdW-DF2 (cyan), whereas
an erosion of the peak becomes more and more evident when vdW-DF-cx (yellow), vdW-DF2-b86r (magenta),
vdW-DF-0b86 (black), and rvv10 (green) were performed in succession. A total energy barrier was described
as an entity that relates to thermal excitation, i.e. AE ~ kgT, where AE denotes the flipping energy barrier'.
The highest barrier, in our case, reads 18.6 meV/MA-ion which is responsible for T' ~ 216K. This implies that
at temperature higher than this, the MA cation is free to randomly reorient within a void.

An overestimation of equilibrium separations and an underestimation of H-bond strengths of vdW-DF*,
relying on the Langreth-Vosko screened exchange® that was subsequently replaced by the large-N asymptote
gradient correction®, are improved in vdW-DF2* and result in a lower, unstable equilibrium peak of 21 meV/
MA-ion (vdW-DF2) in place of the one with 1 meV/MA-ion higher peak at 60°. Nonetheless, vd W-DF2-b86r
reported to improve equilibrium separations and the H-bonding in particular**°, over vdW-DF?2 gives rise to
a stable equilibrium at 60° as well as the one evaluated by the vdW-DF-0b86, which is reportedly suitable for
hard matters*®. More interestingly, the clearest of all excavated points at 60° is obtained from the revised version
of a Vydrov and van Voorhis®* named rVV10*.. Finally, the total energy profile achieved by vdW-DF-cx*¥, the
non-empirical functional utilising the unified vdW-DF plasmon-response representation for both correlation
and exchange®, exhibits not as completely a Gaussian-like profile. Though the concavity originates from ~ 1
meV/MA-ion difference in total energy of neighbouring data points, which is smaller than energy convergence
threshold set in this work. Thus, we opted for vdW-DF-cx by virtue of its pinpoint accuracy of lattice parameter
predictions and H—I distances®?**. Nine pairs of H—1I bond distances evaluated by two schemes, i.e., PBEsol
and vdW-DF-cx, are plotted in Supplementary Fig. S1, and are also discussed in the SM.

Dipolar configurations under pressures. Increasing pressure results in a series of phase transitions of
MAPI, as clearly demonstrated in Supplementary Fig. S2 by means of enthalpy—pressure relationship and in
Supplementary Fig. S3 for the distorted structures. In this section, however, the effect of dipolar orientational
configurations under pressure was systematically investigated. As reported by Szafranski ef al. ¥, both phases IV
and V of MAPI adopt the same space group symmetry, Im3, of which the unit cell is just a 2 x 2 x 2 supercell
expansion of the cubic phase containing 8 formula units of MAPbI3. Thus there are exactly 8 units of Pblg octa-
hedra, 8 MA cations, and 8 voids available for the MA cations. Moreover, voids were classified into two types,
i.e. elongated or dumbbell-like and spherical voids®. We illustrate in Fig. 2 both types of voids in which the MA
cation reorients in accordance with the shapes of the given cavity (dumbbell-like and spherical shapes in (a) and
(b), respectively). To this end, we investigated the MA molecular orientational behaviours under pressure by first
introducing this work’s convention. Illustrated in Fig. 3(a), an initial structure consisting of 8 cubic unit cells of
MAPI, where the upper layer (top view of the structure) accounts for n = 2 and the lower n = 1. A dumbbell-
like void is able to align in three possible configurations, namely along [100] ([x — D],), [010] ([y — D],), and
[001] ([z — Dl,) directions, whereas the spherical void is denoted as S,. The C — N dipole is represented by an
arrow where its head corresponds to N, and its tail C. Thus there are 2 possible orientations in a dumbbell-like
void available for the MA cation. However, in the simulation cell, there are two x-dumbbells, two y-dumbbells,
two z-dumbbells and two spherical voids. Therefore, there are in total 26 x(possibility of MA spherical rotation)?
ways to place the MA inside the voids.

Amongst a large number of possibilities of how the MA cation can align, we chose to investigate only a
number of extreme cases as follows:
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Figure 2. Two types of voids in Im3 space group. We introduce simplified notations of the structure and the
voids. S, denotes a spherical void; x-D, y-D, and z-D denote dumbbell voids in their respective orientation. The
MA cation in S, (a) and x-D void (b).
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Figure 3. Schematic orientation of the CH3NH3 (MA) molecules. The diagram plane is in xy-plane and the
lower diagrams show the bottom layer of the cell. Light red squares are the sphere voids (denoted by[S],),

and cyan squares denote the dumbbell-like voids (denoted by [(x, y,z) — D],, where n = 1 denotes voids in
lower layer and n = 2 is for upper layer of the simulation cell. Arrows (and symbols) in the diagrams show the
orientation of the CH3; NH3 molecule inside each void. The arrow head is N and the tail is C. Circle © means that
the arrow is pointing outward from the paper and the cross ® means that the arrow pointing into the paper.

® Scheme A wherein gives the zero total dipole moment.
® Scheme B wherein gives the maximum total dipole moment.
e Scheme C wherein also gives the zero total dipole moment.

The difference between Schemes A and C though is the MA cation orientations in spherical voids, MA cations
point to [111] and [111] directions in the latter. In the absence of pressure, the corresponding unrelaxed total
energies are of the relationship A < B < C (see also Fig. 5).

We further performed a series of structural optimisation starting with Scheme C in which, even though the
net dipole moment is zero, the MA cations of [S]; and [S]; are, in fact, in an unstable equilibrium. They have the
potential to evolve into any lower energy configuration. The system of Scheme C was fully optimised by relaxing
atoms and cells under a discretised set of pressures in accordance with the experimentally reported results”, i.e.,
0.55,1.84,2.5,2.7, and 3.83 GPa. As a result, reported in Fig. 4, we discovered that at low pressures, 0.55 (b) and
1.84 GPa (c), the MA molecules in the spherical voids rearrange themselves into new configurations in which the
net dipole is finite but not very large compared with that of Scheme B. Specifically, an MA cation in [S]; remains
directionally unchanged as well as the other, while the one in[S]; reorients its dipole towards b-axis, resulting in
a finite dipole moment at 0.55 GPa. At higher pressure, however, the relaxed structure resembles that of Scheme
A where the net dipole vanishes and the MA molecules in spherical voids prefer aligning with a crystal plane,
but when it reaches 3.83 GPa the relaxed Scheme C adopts non-zero polarisation with an MA cation in [S]; being
slightly off-centre. Moreover, the scheme is relatively energetically stable during the pressure range 1.8-2.5 GPa
as demonstrated by calculations of both PBEsol and vdW-DF-cx, which are plotted in Fig. 5.

Scientific Reports |

(2020) 10:21138 | https://doi.org/10.1038/s41598-020-77852-y natureresearch



www.nature.com/scientificreports/

SCHEME C Phase IV Phase IV Phase IV
Initial P = 0.55 GPa P = 1.84 GPa P =3.83 GPa

— o 0) o —
N I I |

‘
[ ] (] [

—a — =
(a) SCHEME C, (b) SCHEME Cr, (c) SCHEME Cr, (d) SCHEME Cr,
Initial configuration P=0.55GPa P=1.84 GPa P =3.83 GPa

Figure 4. Schematic orientation of MA molecules. By structural optimisation starting from Scheme C in (a),
the MA evolved into (b) and (c) at low pressure (0.55-2.5 GPa), and (d) at higher pressure (2.7-3.83 GPa).
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Figure 5. Energy of all schemes as a function of pressure. Energy of SCHEME A is selected as a reference.

It is worth noting that, though we did not constrain the position of any atoms in the simulation cell, when-
ever the structure adjusts to the equilibrium configuration, the MA molecules in the dumbbell-like voids do
not realign themselves whatsoever. Instead they remain parallel to the voids in the direction we initially place
them. Thus, in MAPI crystals, the Pb—I inorganic framework has a tendency to impose a partial constraint on
the organic cations.

We also performed structural optimisation starting from Scheme B, which initially has maximum net dipole,
under pressure between 0.55 and 3.8 GPa. At low pressure, the MA molecules in spherical voids deflect slightly
from their original positions. They tend to avoid aligning in the same direction to their neighbouring molecules.
The structure, despite providing highest dipole moment, results in moderate energy states of which are more than
Scheme A but much lower than Scheme C, thereby giving rise to a couple of nearly invariant energy profiles in
Fig. 5. At 3.8 GPa, where the cell is subjected to higher pressures, the MA molecules in the spherical voids and
its c-axis neighbours deflect and form a scissoring pair. Notably, this is the only case where the MA molecules in
dumbbell-like voids deflected away from the voids in which they reside. While the MA molecules in the spheri-
cal voids alter their positions according to the corresponding shrinkage, the MA cation in dumbbell-like void
that experiences enough repulsion from another MA also acts against the Pb—I frameworks by distorting them.

As previously mentioned, the locking of organic molecules in HOIPs has been speculated in both experiment
and in ab initio molecular dynamics studies®*. Experimental studies have observed that HOIPs with large
organic cations, e.g. formamidimium (FA), have longer lifetime when doped with smaller cations. One explana-
tion is that doping with smaller cations distorts the inorganic Pb—I network. The distorted Pb—I network, then,
constrains the movement of the larger organic cations. In the case of FA molecule, the rotation becomes hindered
due to the bent angle at the centre of the molecule®®. However, Ghosh et al.>® have no report on the orientation of
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MA molecule. As MA molecules are smaller and have stick-like shape with no bent angles, their rotation would
be less affected by the shrinkage of the void.

As pressure is applied to MAPI, the embedded molecular voids contract, inadvertently leading to stronger
vdW interaction between H atoms and I atoms. MA’s on-axis rotation is likely to enhance I, formation, shown in
our previous work®. As MA is locked into its position and unable to spin freely at high pressure, it will eventually
result in a faster degradation, since Pb-I bond strength tends to scale up with pressure, while the vdW interaction
between I and H in MA has an inverse relationship.

Conclusion

Effects of the organic molecular orientations and dipolar orientational configurations of methylammonium
(MA) cations on MAPbI3 were systematically and thoroughly investigated with the help of DFT. We found
that by applying rigid flips to the MA cation, the energy barriers calculated from different incorporated vdW
display different energy profiles and crystal structures. Three delegating dipolar configurations are suggested
and evaluated using vdW-DF-cx under pressures. Scheme A remains the lowest energy structure despite being
optimised under pressures, and more interestingly vd W-DF-cx and PBEsol give the same amount of energy. On
the contrary, the energy profiles under pressure are solidly shifted from each other in Scheme C, even though it
possesses zero polarisation: the vdW interaction seems to emphasise the relatively more stable energy. Despite
being the highest polarised configuration, the energy profiles accounting for both PBEsol and vdW-DF-cx in
Scheme B take second place.

Methods

In this research, total energy and other physical properties of cubic supercell of MAPI were thoroughly investi-
gated using Quantum Espresso Package®. We used Ultrasoft pseudopotentials to describe the core and valence
electrons imposed in a plane wave basis set*®. For 8-formula-unit simulation cells (2 x 2 x 2 supercell of cubic
phase I), the energy cutoff was tested to be 90 Ry (1224.5 eV) as well as the unshifted k-point mesh gridded into
6 X 6 x 6 by Monkhorst-Pack scheme®, satisfying the convergence threshold of 2 meV (0.021 meV/atom).
This enables us to examine in detail the difference between each MA molecule orientation precisely. For the
exchange-correlation potential, we have used a generalised gradient approximation (GGA) developed by Per-
dew-Burke-Ernzerhof (PBE)®. However, there are a number of physical phenomena that need special treat-
ments, such as relativistic effects of Pb atoms and van der Waals (vdW) interaction between H and I atoms. The
relativistic effects are incorporated in the PBEsol functional®, which we studied both scalar and fully relativistic
effects. The vdW interaction is incorporated in the rVV10*, vdW-DF**3, vdW-DF2*, vdW-DF2-b861r>, vdW-
DF-cx*’, vdW-DF-0b86* functionals. We used the cubic phase as a benchmark since it is the simplest phase
where the simulation cell contains only one formula unit of MAPbI.

As for the dipolar configurations, the MA molecules are depicted by arrows of which N is the head and C
the tail. Among a large number of possibilities of aligning the MA cations, we chose to investigate a number
of extreme cases where (1) the MA orientation gives the maximum dipole moment (Scheme B) and (2) two
other cases where the total dipole moment is zero (Scheme A and Scheme C). The schematic models of each
simulation cells are shown in Fig. 3. Scheme B is the configuration in which the MA orientations give up the
centrosymmetric property®? and results in the maximum net dipole moment. Schemes A and C give the perfect
centrosymmetric property, with their net dipole moment vanish. The difference between Schemes A and C is the
MA orientations in the spherical voids. The latter does not allow the dipoles to align along simulation cell basis
vectors, but to point along direction (111), as discussed in the dipolar configurations under pressures section.
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