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Abstract

The mechanical stability of «x-phase formamidinium (FA) lead iodide perovskite is investigated
using a systematic finite deformation method based on all the possible FA cation orientations,
inside an inorganic cage. Two specific strain boundaries of deformation or strain amplitudes
were efficiently examined over this optimized pseudo-cubic structure, which needs nine
independent elastic constants (EC) to determine the stability. The stable structure was found
while applying an initial amplitude limit (0.02), which is attributed to the balanced charge
distribution in between the hydrogens (H4, Hs and H», H3) to the specific iodine (I) atom.
Surprisingly, with increasing amplitude (0.04), the structure was unstable due to their disturbed
charge distribution and FA cation tilting as found from electron density difference (EDD)
spectrum. From the computational perspective, the obtained EC values, Mulliken charge, and
EDD results provide some crucial information’s to understand the reason behind the instability
issues based on the FA cation position which is reported so far. Hence, we provide a solid
justification regarding the stability threshold of a pseudo-cubic model based on the FA cation
position to get an insight into this FA cation-based perovskite material.

Keywords: formamidinium-lead-iodide-perovskite, density-functional-theory, van der Waals,
elastic constant, stability

(Some figures may appear in colour only in the online journal)

1. Introduction is the organic or inorganic cations such as methylammonium

CH;NH;3 (MA * ), formamidinium HC(NH»), (FA ™), cesium
The general representation of an Organo-lead Halide based (Cs™), or rubidium (Rb™), meanwhile, B represents the larger
Perovskite Solar Cell (OIHPSC) is of the form ABX3, where A metal cations like lead (Pb), or tin (Sn), with X as the smaller

halogen anions, generally bromide (Br~), chloride (le) or
iodide (I_). The FAPbI; perovskites show a broader absorp-
5 Author to whom any correspondence should be addressed tion range [1, 2], larger organic cation radii [3], long diffusion
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length [4], low exciton binding energy [5], higher thermal sta-
bility [6] and longer phonon relaxation lifetime [7] and a smal-
ler optical band gap [8], compared with MA and Cs based per-
ovskites, making it as a favorable candidate for its application
as an absorber layer in solar cells. Constantinos C. Stoumpos
et al [1] discussed the phase transition of FAPbI; perovskites
and they generally classified the phases based on the transition
temperatures: x-phase (T ~293 K), (3-phase (T' ~150 K), y-
phase (T ~100 K) and a degraded d-phase, referred as non-
perovskite yellow phase. At room temperature oc-phase (black
phase) and {3-phase of FAPbI;, adopt the space group P;m1l
and P3, respectively. On the other hand, the non-perovskite 8-
phase shows a hexagonal P6;mc phase, which is not suitable
for photovoltaic applications. Therefore, the structural stabil-
ity from the a-phase of the FAPbI; perovskite has turned into
an active research topic.

A. A. Zhumekenov etal [4] synthesized both
FAPbI;&FAPbBr; single crystals by the inverse temperat-
ure crystallization method (ITC). The authors obtained cubic
structures for both cases with a space group Pm-3m and lattice
parameters equal to: a = 5.940 A for FAPbBr; and a = 6.357 A
for FAPbI;. The degradation was tested both at room temper-
ature and at 185 °C for 1 h, and the annealed samples had
long-term stability (~7 d) compared to the former case (~7 h).
Also, the authors showed that a lower carrier mobility might
be related to the instability of the FAPbI; perovskites. Recent
investigation demonstrated that the materials, architecture,
and structure of the perovskite interface might play a crucial
role in both degradation rates and durability of the photo-
voltaic device [9]. A. C. Ferreira et al [10] investigated the
cubic o — FAPDI; single-crystal by coherent inelastic neut-
ron scattering spectroscopy (INS), Brillouin light scattering
(BLS), and low frequency acoustic phonon measurements,
the authors provide the complete set of elastic constant values
(EC) at room temperature, mentioning that both the structural
stability and the ultra-low thermal conductivity are related
to the softness of the FA and MA cations. A negative value
in c1; is obtained, explaining that in its uniaxial compression
along [100], compared to [010] and [001], the structure tries to
maintain an anisotropic behavior. Such a value generates a low
bulk modulus with the fulfillment of the stability criteria. The
authors mainly noticed that the structural instability occurred
when the lattice parameters exceed 6.4 A, decreasing both ¢
and the bulk modulus magnitudes. Based on their results, they
concluded that iodide-based materials have the lowest elastic
stiffness compared to bromide-based materials.

First principle calculations by J. F. Wang et al studied
the electrical and optical properties of the FAPbI; perovskite
structure, by means of a DFT + vdW [11] scheme. The authors
found a lattice parameter equal to a = 6.353 A, with hydro-
gen bonds in between the NH; group and the I atom, as well
as the hybridization among Pb (s) — I(p) in the Valence Band
Maximum (VBM) as a prominent features for the stability of
the FAPDI; structure. On the other hand, the three EC of the
cubic FAPbI; (c1, ¢12, c44) fulfill the stability conditions [12].
With respect to the organic cation rotation, M.A. Carignano
et al investigated FAPbI; by means of first-principles molecu-
lar dynamics along with group theory, finding that the rotation

along the N-N axis of the FA cation is anisotropic at room
temperature, and a AT activates the C—N bond axis mode, con-
cluding that the instability of the FAPbI; structure is related
with the three MT3modes in collaboration with a rotation of
the PBIg octahedra and with the effect of the reorientation of
the organic FA cation [13]. Meanwhile, S. Kanno et al the-
oretically analyzed the energy barriers as well as the poten-
tial energy surfaces obtained by the rotation of the organic FA
cation inside the cubic cage, finding that the FA cation freely
rotates around the N-N bond axis (¢) as compared to the least
favorable one defined by the sum of the two vectors of the
C-N bond axis (#). Based in a vdW-DF2 [14] method, the
authors calculated a compressed set of FAPbI; lattice paramet-
ers (a = 6.50 A, b=6.48 A and c = 6.53 10\) compared the one
determined by a plane DFT method (a = 6.58 A, b = 6.59 A
and ¢ = 6.60 A), obtaining a pseudo-cubic structures for both
cases. The author reported that the rotational barrier heights
(RBH) for both angles (¢ & ) follows the halogen-based order
as: I < Br < Cl, concluding that the halogen substitution signi-
ficantly influences the # RBH alone, consolidating a way to
control the rotation of the FA cation [15].

In this work, the mechanical stability from the pseudo-
cubic unit cell of the pristine formamidinium lead iodide
perovskite was systematically investigated and presented, by
means of a finite deformation method solved by density func-
tional theory calculations. It is shown for the first time, that the
stability conditions from this orthorhombic model were ful-
filled uniquely whether the boundary of deformation, known
as strain amplitude, was kept below 0.02 for the nine strain
tensors. Furthermore, it is evidently identified a direct correl-
ation in the elastic response of the material with respect to
the main charge distribution, found in between the cation ter-
minations and the halogens lattice, a fact that is thoroughly
validated in a set of 12 FA cation orientations provided by
its space group. The mechanical instability is finally found
for a strain amplitude equal to 0.04. Specifically, for two-
dimensional deformations that alter the interactions among the
hydrogen-nitrogen terminations and the iodine positions. In
addition to this prominent result, it was seen that the atomic
relaxation, at this level of strain, collectively drives the whole
organic cation outside its initial position into a tilted orienta-
tion that follows a charge rearrangement. The present contribu-
tion provides novel descriptions aiming to tackle the instability
related with the degradation process from the alpha perovskite
phase. This is the first report, which is evidently explains the
instability issue of pristine formamidinium lead iodide per-
ovskites based on their elastic constant results correlated with
their electron density difference and Mulliken charge values
(both bond population and bond length), to our knowledge,
such systematic analysis have not been reported before.

2. Structural analysis of FAPbI;perovskite

Our previous work [16] on the structural analysis of FAPbI;
perovskite showed the equilibrium lattice parameters follow
two tendencies, as a function of the clockwise rotation of the
FA cation. For the first case, the length of the lattice parameter
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that is parallel to the N-N axis is larger and the one perpendic-
ular diminishes its length, becoming the most compact. This
geometrical relaxation occurred only to the lattice paramet-
ers extended along the FA cation plane. For the second case,
the direction that is perpendicular to the planar cation does
not show any variations during the cell optimization, consol-
idating a uniform behavior. Despite these results, both b/a and
c/a ratios acquire close values with respect to the cubic sym-
metry (2=0.973, £ =0.991), in agreement with early cited
pseudo-cubic results [15]. The strongest modification in the
inorganic sub-cell was observed in the iodine positions, meas-
ured with the aid of the Pb—I-Pb angle, in which the iodine
tends to reduce the distance to the N-H terminations at the
ground state. Finally, the Electron Difference Density (EDD)
exhibits a stronger electronic density distribution among the
H4 and Hs hydrogen and the I, atoms (see figure 1), mean-
while, a weaker distribution of charge is found in between
the lead atoms and the FA cation. Hence in the present work,
we report the evaluation of the structural stability from the
pseudo-cubic FAPbI; perovskites, as generated by the Pm-3 m
space group, by means of the EC {c;} set calculation. The
results show that a specific strain above a critical deformation
could turn the structure unstable followed by a FA cation tilting
along with disproportionation of bonds, hence, defining a pos-
sible structural indicator to track the stability of pure FAPbI;.

3. Computational details

3.1. Self-consisted cycle methodology

The calculations were performed by means of a DFT-vdW
scheme, by the Tkatchenko-Scheffler dispersion model [11],
through the CASTEP [17] module available in the Mater-
ial studio package [18]. For all calculations, the GGA-PBE
exchange-correlation function [19] was considered, with ultra-
soft pseudopotentials [20]. A k-point mesh of 4 x 4 x 4 for all
the conventional unit cell models (32 points and a 0.035 grid
separation) along with a plane wave cutoff energy of 400 eV
were chosen by carefully testing the convergence under the
BFGS algorithm [21]. As in our previous contribution, the
structures were generated by the rotation of the organic FA
cation inside the inorganic cage, orienting the FA molecule in
a clockwise direction using the C—H; bond as the hour hand
of a clock, namely 12:00, 03:00, 06:00, and 09:00 hrs. posi-
tions, with the carbon atom pointing outwards at each angu-
lar position. The 12 possibilities are generated for the three
crystalline planes [(100) 12:00 to 09:00, (010) 12:00 to 09:00
and (001) 12:00 to 09:00], as it is represented by the space
group Pm-3 m, from which both initial lattice parameters and
atomic positions were also taken [22]. For the full EC calcula-
tion, a finer scheme was chosen with an energy, force and dis-

placement convergence criteria equal to 4 x 107% eV atom ™!,

0.01eVA " and4 x 1074 A, respectively.

3.2. ¢; calculation method

The present finite deformation method was defined by
two strain amplitudes (dmax = 0.02 and dpax = 0.04), that

establish different deformation boundaries within six
strain steps {6; = £0.004, £0.012 and +0.020}
and {6; = £0.008, £0.024 and =+ 0.040}, for each deforma-
tion boundaries respectively, in agreement with recommended
deformation boundaries [23], with both parameters carefully
tested against the point dispersion of the strain energy differ-
ence (AE;).

The strained structures are generated by means of a trans-
formation of the optimized set of lattice parameters [23] given
as:

X X
y p=D)+Dq y ()
7 z
X X
where { ¥y is the new set of strained vectors and { y
/
z Z

corresponds to any ground state lattice vector to be modified by
the strained tensor (D (e) + I). For an orthorhombic structure,
nine independent strain patterns are needed to determine the
adiabatic EC values. The first three of them act along a single
direction (D1, D,, D3), meanwhile, the remaining six modify
an entire crystalline plane, i.e. the deformation acts along with
two directions (Dy4, Ds, Dg, D7, Dg, Dy), both set of strain pat-
terns are written as [24, 25]:

(144) 0 0
D, = 0 1 0, (2)
0 0 1
1 0 0
D, = (1+48) 0 ¢, 3)
0 0 1
1 0 0
D;={ 0 1 0 , “4)
0 0 (149)
u 0 O
Di={ 0 u du p, )
0 du u
u 0 odu
Ds = 0O u O , (6)
ou 0 u
u ou O
Dg=< éu u 0 », 7
0 0 u
(14+6)u 0 0
D; = 0 (1 — (5) u 0 , (8)
0 0 u
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Figure 1. General representation of the orthorhombic strain tensors. The top three show the uniaxial (from left to right: Dy, D>, D3) and
planar (middle from left to right: D4, D5, Dg) bottom from left to right: D7, Dg, Dyg). The top three figures indicate

uniaxial - & ||, uniaxial - 0.1 ,uniaxial - dregular, from left to right, respectively. Both middle and bottom rows of the figure are referred to
planar - § |, planar - 0.1, planar - dreguiar deformations, respectively.

where the u is a parameter defined as:

1
=— 11
B (1+8u 0 0 u 1) (1D
Dg = 0 u 0 , (©))]
0 0 (1-d)u The strained structures were generated by either just

the positive §; steps for the symmetric deformations
(D4, Ds, Dg) or both positive and negative for asymmetric
ones (Dy, Dy, D3,D7, Dg, Dg), within the strain amplitudes.

u 0 0 Each of the energy difference values represent the total energy
Dy=<{ 0 (1+6)u 0 , (10)  subtraction of one strained state, defined by d;, from the optim-
0 0 (1-0)u ized ground state at §; = 0 (AE; = E;(V, ) — E(Vy,0)). The
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calculations of such strained states were performed initially
from the converged ground state, modifying the real lattice
matrix to the nearest strain step, following the latter pro-
cedure to the immediate subsequent deformation, until the
strain amplitude is reached (dpmax ). With each ¢; step repres-
enting a geometrical relaxation, in which the base vectors are
optimized under the BFGS algorithm, meanwhile, the strained
lattice parameters are kept fixed.

The total energy difference of the nine strain paths
(E],Ez, Es, E4, Es, Eg,E7, Eg, Eg), are written in terms of a
Taylor expansion [24, 25] as:

AE; = v, (715+C2“52), (12)
AE; = v (725 + 622252) : (13)
AE; =1, (735 + 6’23352) , (14)
AEy = v (27146 +2Cu467) (15)
AEs = vg (2756 +2Cs56°) , (16)
AEg = v (2766 +2Ce60%) , (17)
AE7; =y ((71 —72)6+C11+C222_2C1252> ,  (18)
AEg = vy <(T1—T3)5+C” +C323_2C‘352>, (19)
AEy = vy <(Tz BT R kS C323 —2 52> ., Q0)

where the second order coefficient represent the EC values for
each strain tensor. The dispersed points from AE; were fitted
by a third order polynomial to finally obtain such elastic mod-
uli.

The structural stability from all 12 models is determined by
the set of the adiabatic EC values as [26]:

Ci >0,
C11Cxn > C1o?,
Cys >0,
Css >0,
Ces > 0,

C11C0C33 4+ 2C12C13Co3 — Cpy Cos* — CnCi3* — C33C1p* > 0.
2D

At last, the standard error (SE) was determined by the cal-
culation of the statistical deviation from the number of con-
sidered deformation steps as:

(22)

where o, is the standard error, ¢ is the standard popula-
tion deviation and /n is the square root from the number of
deformation steps. Here, the standard deviation is equivalent
to the square root of the variance.

4. Results and discussion

As shown in figure 1, it is possible to separate the strain tensors
for an orthorhombic structure into two categories. The first
three applied strains (Dy, D2, D3), are called uniaxial since
the deformations act along any of the coordinate axis D for x
axis [100], D, for y axis [010] and D; for z axis [001]. Mean-
while the remaining set of strains (D4, Ds, D¢,D7, Dg, Dy),
are referred as planar, since two different lattice deformations
consolidate a modified crystalline plane in the following man-
ner: Dy and Dy for YZ plane (100), Ds and Dg for XZ plane
(010) and finally Dg and D; for XY planes (001).

For the set of uniaxial deformations, whether the normal
vector of the cation plane appears to be parallel to the applied
strain, it will be defined as regular behavior (reguiar). Mean-
while, when the deformation is applied in a perpendicular dir-
ection with respect to the plane of the organic cation, two dif-
ferent tendencies are seen. In one of them, the strain will be
parallel to the N-N axis of the FA cation (), and for the
second one, the strain tensor modifies the lattice parameters
perpendicular to the former axis (0 ). For the set of planar
deformations, if the applied strain acts on the same plane of
the FA cation, it is called regular (dreguiar), meanwhile, if any
of the applied deformation components are parallel to the N—
N axis, they are denoted as § > for the immediate next case,
if one of the strain components appears to be perpendicular to
N-N it will be designated as §, .

The uniaxial - §regular behavior is obtained for the following
combinations of strain paths and FA planes: D [YZ], D, [XZ]
and D3 [XY]. On the other hand, the planar - dreguiar behavior is
shown for: D4 [YZ], Ds in [XZ], De [XY], and D; [XY], Dg [XZ]
and Dy [YZ]. For all the cases both AE; vs §; plots and their cor-
responding EC values are independent with respect to the FA
clockwise orientation. The respective planes and orientations
of the FA cation within the inorganic cage for the uniaxial -
cases were obtained for: D; [XY 12:00], D, [YZ 03:00] and
Ds [XZ 03:00]. Meanwhile, the planar - 6” elastic responses
were seen for: Dy [XY 03:00], D5 [XY 12:00], D¢ [YZ 03:00],
D; [XZ 12:00], Dg [YZ 12:00] and Dy [XZ 03:00]. Finally, the
uniaxial - § | mode occurred for: D; in [XY 03:00], D, in [YZ
12:00] and D5 in [XZ 12:00]. With planar - §, obtained for: Dy
[XY 12:00], D5 [XY 03:00], D¢ [YZ 12:00], D7 [XZ 03:00], Dg
[YZ 03:00] and Dy [XZ 12:00], following the notation [plane,
orientation].
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4.1 Strain amplitude equal to 0.02

The Mulliken charge (MC) population analysis for the
uniaxial - Oregular at 0; = —0max Shows a high bond popula-
tion in the order of —0.11e, with a bond length around
2.83 A, both values found among Hs - [;&H, - Ibonds.
Meanwhile, a much smaller population is obtained in between
H; - L&H; - Lbonds (—0.04 e & 2.90 A), which is similar to
the charge distribution found at the FAPbI; ground state [16].
At the opposite strain boundary §; = iax, the MC bond popu-
lation shows similar results as the former case (—0.1 1e for both
Hs - ,&H4 - I, and —0.02e for both H; - I,&H, - I,), how-
ever, a slight exchange in the bond length is observed, since
the values are now distributed as: 2.87 and 2.84 A, for both
Hs - ,&H4 - I and Hj - [,&H; - I, respectively. Consider-
ing the MC of the rest of the deformation steps from all the
uniaxial - dregular results, it is possible to generalize, that the
H4Hs atoms share a stronger charge distribution in between
those halogens situated along a lattice axis perpendicular to
the plane of the cation, in comparison with the remaining N—
H terminations, i.e. the H,H3 atoms. Even more, for all these
three cases the applied strain tensors (Dy, D, D) act along a
crystalline direction that do not affect the cation plane, consol-
idating a uniform elastic behavior, as in the following discus-
sion. At the strain state boundary (; = dmax) from both 0
and 0 uniaxial cases, the MC analysis shows a different scen-
ario, since the only significant charge distribution occurs just
in between Hy - [,&Hs - 1. For all FA planes, the uniaxial - §
case shows that the bond population is around —0.10 e with an
increased bond length of 2.95 A. Compared to a slightly lower
set of results for the uniaxial - 5, case (—0.09 e and 2.94 A),
however, both H,and Hj3 atoms does not have any bond charge
contribution in between either of the iodine atoms, which may
be explained due to the presence of a modified distance, as
complemented by the EDD analysis (see figure 2).

Regarding the AE; vs §; plots, it is clear, that there is
strong difference between each strain schemes, the set of uni-
axial strains (see figure 3 (a) to (c)) show that it is actu-
ally possible to achieve lower energy states as d; tends to
the positive strain boundary (dmax),, i-€. a possible minimum
energy without the geometry from the unstrained state. For
each uniaxial - dregular, uniaxial - d) and uniaxial - 6, plots,
the minimum energy occurs approximately at: 5regu1armi" =
0.015, 5;™" = 0.019 and &, ™" = 0.009, respectively, gener-
ating the following gand < lattice ratios: 0.967 & 0.993, 1.028
& 0.982 and 1.078 & 1.008, respectively, which may stay
within the agreement of a pseudo-cubic structure (ground
state ratios % =0.982, g = 1.008). The uniaxial EC values
(c11,¢22, c33) exhibit in general three different tendencies as
a function of the FA orientation (see figures 3(d) to (f)). The
higher uniaxial c; value (approximately 48 GPa) is always
generated when a perpendicular strain with respect to the FA
N-N axis is applied, i.e. a uniaxial - 4 , since for all the lat-
ter cases the strain path tends to alter the main electronic dis-
tribution among the FA cation and the inorganic sub-lattice
(H4 - L &Hs - I;). The second case appears around 8 GPa
below, and such intermediate EC values are likewise a result
of a certain combination of both strains and FA orientations,

that modify the structure in a parallel direction to N—-N axis
(uniaxial - &) ), which is related to the spatial deformation of
the charge distribution among the N—H termination from the
FA cation and the halogens. On the other hand, it is found
that the lowest elastic stiffness response from the three uni-
axial deformations is generated by the dreguiar case, with a value
around 32 GPa, consistently with a deformation that yield the
material with relative ease, since the FA cation plane is not
modified.

The EC values determined from the set of planar deform-
ations: Dy to Dg, are generated out of symmetrical AE; vs 6;
plots around the unstrained state (see figures 4(a) to (c)), i.e.
with no energy value exceeding the ground state. In the cur-
rent description, it is possible to separate them into three dif-
ferent elastic stiffness responses. The EC values that appear to
have an independent behavior as a function of the cation ori-
entation (planar - Jeguiar) possess now the highest magnitude,
with a value approximately equal to 1.7 GPa, this upper limit
is a result of both strain tensors components applied over
the FA plane, i.e. the structure is modified with a fraction
of planar - §jjand planar - 4, simultaneously. As for the case
of the uniaxial elastic response, this higher value is related
to a direct modification of the charge distribution among
all hydrogen terminations and perpendicular halogens to the
FA cation plane. Estimated unbalance population and bond
length values were —0.11e, 2.91139 A; —0.12¢, 2.73227 A;
—0.03e, 2.83458 A and —0.03 e, 2.97583 A, for Hy - I,
Hs - I, H, - I, and Hs - I, respectively (also further discussed
in table 4). Approximately, 0.4 and 0.7 GPa below, appear
both planar - 4 and planar - § , for the intermediate and low-
est limit, respectively (figures 4(d) to (f)).

For the remaining EC set of values (c12,c¢13, ¢23) calcu-
lated by means of planar deformations (figures 5(a) to (c)),
it is not possible to directly correlate their magnitudes with
the orientation of the FA cation, since the second-order coef-
ficient is linearly combined with another two uniaxial EC
constants, as shown in the equations (18) to (20). There-
fore, it is expected that the result will be related with the
behavior obtained for their respective uniaxial ¢; compon-
ents. For instance, the planar - dregular is now found for orient-
ations over the FA plane that show a combination of either
uniaxial - ¢ | oruniaxial - 5H c; magnitudes, as for the values
of c¢1» over the [XY] plane, since neither ci; or ¢y, possess a
regular behavior, which is an equivalent case observed over
both [XZ] and [YZ] planes for ci3 and cy3 EC values, respect-
ively. The latter effect may arise due to a certain compens-
ation among the strain components, that finally generates a
non-varying elastic stiffness response in the planar c;; values
(8 GPa for both ¢y, and c,3 and to 12 GPa for c¢;3), shown in
figures 5(d) to (f). For the rest of the cases, it is possible to
recognize that only one of the uniaxial components from the
linear combination needs to possess a dregular behavior, so that
the planar ¢; magnitude could show variations following the
change in the FA cation orientation.

The numerical EC values show that both uniaxial - dregular
and planar - dregular behaviors are attained at: ¢33, ces, and ¢y,
each of them with averages around 32.77, 1.78, and 8.09 GPa,
for the [XY] FA cation plane, respectively. On the other hand,
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Figure 2. Electron density difference (EDD) of a strained lattice generated at the boundary of a uniaxial deformation
(uniaxial - dreguiaruniaxial - & | and uniaxial - 01, from left to right). Blue-White-Red spectrum displays the electron lack to enrichment,
showing a marked diminish of the charge distribution among Hj - I,&Hb - I, for both uniaxial - 6] and uniaxial - §1, with respect to the

uniaxial - dregular-
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Figure 3. The figures displayed from (a) to (c) show the AE; vs ¢; plots along with their respective EC values, from (d) to (f), determined
within the strain amplitude dmax < 0.02. The associated c11,c22, and ¢33, values show a fluctuating behavior, among three possible elastic
responses, as a result of a combination of the FA orientation and the uniaxial deformation case

(uniaxial - dregularuiniaxial - &) and uniaxial - 61 ). The first four points of the orientation-axis displayed from (d) to (f)) correspond to the
[XY] FA plane alignment, meanwhile, the remaining two sets of four points hold for both [YZ] and [XZ] FA planes, respectively, all of them
following the order: 12:00 to 9:00, in clockwise FA alignments. The calculated uncertainty from every c; value is depicted by error bars
centered at each point and the shape symbol, of the possible results, correspond to the respective AE; vs ; plots from which it is determined.

for non-regular cases, there is an equivalence in the elastic
response in between the FA clockwise orientation at 12:00 and
06:00, which is also present at 03:00 and 09:00, for all ¢;; val-
ues, as it was discussed for the optimized lattice parameters
(table 1 [16],). It is prominent to mention that all deforma-
tions below an amplitude equal to 0.02 generate positive elastic
constants fulfilling the stability criteria for orthorhombic struc-
tures (table 1).

The difference in between the set of conditions that determ-
ine the stability of two crystal symmetries, i.e. cubic and
orthorhombic, turns the comparison of their own EC values
nontrivial. On the one hand, both uniaxial ¢;; set and the planar
¢y are found to be overestimated with respect to the previous
results [10]. As it was shown in equations (2)—(10), none of the
strain tensors used for an orthorhombic structure follows both
the isotropic deformation and the tetragonal (or the equivalent

orthorhombic) strain tensor used to determine both c¢;; and cq»
in cubic structures. On the other hand, despite the fact that the
set of strain deformations used to obtained cy4,css, and cgg,
C44, possess a marked resemblance to the symmetric mono-
clinic tensor, used to determine c44 for cubic symmetries [23],
the c44, c55, and cgg results are underestimated with respect to
both the experimentally measured and the calculated cubic EC
values, therefore, a direct comparison of the elastic properties
among cubic and pseudo-cubic crystalline models is outside
the scope of the present paper.

As for the latter case, both bulk (B) and shear (G) mod-
uli, calculated by the Hill-Reuss-Voigt equations [25], possess
variations with respect to the cubic-symmetry results (table
2). On the one hand, the low B value found experiment-
ally for FAPbI; (from 0.00 to 2.24 GPa) is a consequence
of a negative cy [10], which is not seen in the current result
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calculated uncertainty from every c;; value is depicted by error bars centered at each point and the shape symbol, of the possible results,
correspond to the respective AE; vs ¢; plots from which it is determined.
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Figure 5. The figures displayed from (a) to (c) show the AE; vs &; plots along with their respective EC values, from (d) to (f), determined
within the strain amplitude dmax < 0.02. The associated c12, ¢13, and c23, values show a fluctuating behavior, among three possible elastic
responses, as a result of a combination of the FA orientation and the planar deformation case (planar - Oregularplanar - & ||, planar - 1 L) . The
first four points of the orientation-axis displayed from (d) to (f)) correspond to the [XY] FA plane alignment, meanwhile, the remaining two
sets of four points hold for both [YZ] and [XZ] FA planes, respectively, all of them following the order: 12:00 to 9:00, in clockwise FA
alignments. The calculated uncertainty from every c;; value is depicted by error bars centered at each point and the shape symbol, of the
possible results, correspond to the respective AE; vs ¢; plots from which it is determined.

(table 1), however, this could be a shred of evidence related to
a threshold towards the structural instability, since the cubic
second criteria (c11 +2¢12 > 0) will be equal to 0.1 > 0.0,
and as the following discussion shows, the negative EC val-
ues are in here found for planar c; cases. Even though a
good agreement could be found among the calculated cubic
FAPbI; bulk modulus [12, 27] and the [XY 12:00] ground

(table

2).

state, with a latter value equal to 11.79 GPa, obtained fol-
lowing the current calculation scheme, fitting the equation
of state to a set of isotropic deformations [23]. Finally, the
shear modulus G considered for ;. < 0.02 show closer val-
ues since the Hill-Reuss—Voigt G equations include all planar
cii, supporting the accuracy of the present set of models
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Table 1. Orthorhombic EC values calculated for the clockwise configurations of the [XY] FA cation structure, including the propagated
uncertainty. The present dmax < 0.02 results are in good agreement with pseudo-cubic EC values determined by first-principles calculations,
based on DFT + vdW-DF2 [27], and two sets of cubic EC values experimentally measured by INS [10] and a theoretically determined by a

DFT + vdW-TS scheme [12].

c11[GPa] c22[GPa] c33[GPa] c44[GPa]  c¢55[GPa]  ce[GPa]  c12[GPa] c13[GPa] c23[GPa]
[XY]12:00 40.63 +04 4826+00 3248 +04 097+00 144+00 178+0.0 849402 1048 £0.5 07.03 £0.1
[XY]03:00 48.38 0.0 39.76 £0.3 33.83+03 134+£00 107400 1.78+£0.0 8.11+0.2 07.68 £0.2 10.05=+0.1
[XY]106:00 39.68 £04 4835+00 3327+04 10700 144+£00 1.794+0.0 7.89+0.2 09.77 £03 07.44 £0.1
[XY]109:00 48.01 £0.0 3946+04 3152+01 133+£00 10700 1.78+0.0 7.90=+0.2 0647 £0.1 08.92 +0.1
[27] 30.15 31.0 29.85 2.03 5.33 2.60 2.99 7.22 4.26
[10] 11.20 + 2.0 270 £0.3 —5.50+2.2
[12] 20.50 12.30 4.80

Table 2. Calculated bulk (B) and shear (G) moduli determined by
the Hill-Reuss-Voigt equations, including the propagated
uncertainty from the set of ¢;; values. For all clockwise orientations
of [XY] FA configurations with dmax < 0.02. The provided
comparison is against experimental [10] and ab initio

DFT + vdW-TS [12] as well as DFT-vdW-DF2 [27] results.

B [GPa] G [GPa]

[XY]12:00 10.26 £+ 0.172 4.90 +£ 0.009
[XY]03:00 10.28 £ 0.124 4.90 +£ 0.009
[XY]06:00 10.15 £ 0.147 4.95 £ 0.002
[XY]09:00 09.77 £ 0.101 5.02 £+ 0.000
[27] 13.25 5.59

[10] 00.00 £ 2.240 8.35 £0.100
[12] 153 3.6

4.2. Strain amplitude equal to 0.04

If the strain amplitude d,,,« is increased beyond 0.02, it is found
that the elastic components: c44,css5and cgg tend to become
a negative value (table 3), making the structure unstable.
In specific, FA configurations that involved planar - §)strains
tend to fail the accomplishment of the third, fourth, or
fifth orthorhombic stability conditions, respectively (equation
(21)). This result is generated by the AE; vs J; negative
curvatures, reaching strained structures that appear below the
ground state energy at dy.x = 0.04 (figure 6(b)), along with
a significant change in the SE up to a £0.3 GPa, for all the
negative cases. However, it does not represent a strong change
in the dispersion of points as compared to the negative cases
(SE = =£ 2.0 GPa), previously reported [10]. Although, the
later observation significantly modifies the dispersion gener-
ating nonnegligible mismatches during the fitting procedure,
this does not change the nonfulfillment of the stability cri-
teria, specifically for cu4,css, and cgs (equation (21)), due to
the appearance of negative deformation energy values. For
both planar - ; and planar - dreguiar Cases, no changes in their
curvature’s signs were seen at d,,x = 0.04, however, the point
dispersion of the strained states also shows an increased dif-
ference associated with each planar ¢;; value up to =1 x 1072
GPa.

As it was discussed, the MC analysis of the strains below
0.02 show that the chemical bonds among H4Hs and HyH3 and
the iodine atom have both similar distances and populations,

except for the planar - Jguiar Case (table 4), which means that
the system shares in a balanced way the charge distribution
among the FA cation and the inorganic unit cell. However, at
the extended boundary d;,,x > 0.02 under planar - § strains,
the lowest obtained EC values (cs4) show an increased dis-
tance in between H; - I, (wherei =4, 5) atoms, meanwhile,
the H; - I, (wherei = 2, 3) length decreases, along with a slight
reduction of the bond populations. Under the same strain con-
ditions, the bonding distribution of c¢ss (planar - ) mainly
changes from H; - [,&Hj; - ItoH; - I;&Hj3 - I i.e. the smal-
lest bond population exchanges the iodine position, this relev-
ant charge transfer happens in an unbalanced manner, since
only the H; - I;bond populations seems to reach the H; - I,
(wherei = 4, 5) distribution, meanwhile the main charge dis-
tribution among halogens and hydrogen distributions increase
its bond length with a reduced population (table 4). This latter
effect follows the strong reduction in the total energy value,
which is even more significant than the unstrained energy
state, and since the charge transfer is in between two differ-
ent halogen sites, it implies a tilting of the FA cation out-
side its initial plane, i.e. around the C-H axis (see figure
7(d)). The obtained MC analysis of the elastic module cgg,
planar - dregular displays the most prominent bonding popu-
lation among Hs - I,&Hj3 - Irsince the only chemical bond
occurred this time for the same iodine atom only exchanging
the hydrogen termination, therefore, the expected modification
in the FA position corresponds this time to a rotation around
its plane once the internal coordinates are relaxed.

The EDD plots show the spatial charge distribution as an
iso-surface generated from the MC population analysis, where
the Blue-White-Red spectrum identifies the areas from elec-
tronic lack to enrichment (figure 7). As it was discussed,
the unstrained state possesses the most relevant charge dis-
tribution located among Hy - I,&Hjs - I,. For any deformation
below the 0.02 strain amplitude, at the boundary point cases
of all cy4,cs5, and cgg, the relaxation shows that the cation
molecule does not move at all, therefore the charge distribution
remains unchanged with respect to the unstrained state. Never-
theless, over such a strain amplitude (Omax > 0.02), c44 shows
a similar charge distribution, along with a non-negligible tilt-
ing of the organic cation (see figure 5(b)), however, as a res-
ult of the strong modification of the charge distribution seen
for css, there is an abrupt FA cation tilt around the C - H;
FA cation axis, which tends to bring both H, and I; closer
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Table 3. Elastic components values of ca4,c55, and cee for all clockwise rotations of the [XY] FA configuration, the values are calculated
with six deformations steps under the two tested strain amplitudes: dmax = 0.02 and Omax = 0.04, with its corresponding standard error.

) Ca4 [GPa] Cs55 [GPa] Co6 [GPa]
[XY] 12:00 Omax = 0.02 00.97 4 0.001 01.44 £ 0.006 01.78 £ 0.001
Omax = 0.04 01.45 4+ 0.034 —20.60 £+ 0.402 00.50 £ 0.084
[XY]03:00 Omax = 0.02 01.34 4+ 0.000 01.07 £ 0.003 01.78 £ 0.000
Omax = 0.04 —21.45 4+ 0.341 01.41 £0.034 00.92 £+ 0.079
[XY] 06:00 Omax = 0.02 01.07 4 0.003 01.44 + 0.009 01.79 4 0.002
Omax = 0.04 01.47 4 0.0345 —21.30 4+ 0.337 01.88 4 0.067
[XY]09:00 Omax = 0.02 01.33 4 0.002 01.07 £ 0.003 01.78 £ 0.000
Omax = 0.04 —22.32 +£0.352 01.45 £0.034 01.43 £+ 0.035
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Figure 6. Deformation energies obtained for the strain tensors: D4, Ds and Dg (from left to right), applied to the ground state of the [XY]
FA 12 o’clock, under the strain amplitude §max = 0.04. The planar - §) strain shows only energy points below the ground state maximum, at

the strain amplitudes, generating a negative css value.

Table 4. The MC analysis at the strained boundaries of the elastic components cu4, ¢s5, and cgg 0f the structure [XY] 12’0 clock. Both bond
population and bond length values at the unstrained are: —0.12¢, 2.82312 A; —0.12e, 2.82313 A;—0.03e, 2.90293 A, and —0.03 e,

2.90294 A, for Hy - I, Hs - I, Hy - I and Hs - I, respectively.

[XY] 12:00 Omax = 0.02 Omax = 0.04
Bond Population (e) Length (A) Bond Population (e) Length (A)
(om Hs-1 —0.12 2.82329 Hs-1p —0.11 2.87344
Hs -1, —0.12 2.82329 Hs-L —0.11 2.89060
Hy -1, —0.03 2.90345 H,-L —0.02 2.83386
Hsz-1, —0.03 2.90250 Hs-1, -0.02 2.84344
Css Hys-1p —0.12 2.82322 Hy-1p —0.09 2.96504
Hs-I —0.12 2.82322 Hs-1, —0.09 2.95160
Hy-I —0.03 2.90297 Hy -1, - -
H3;-I —0.03 2.90298 Hs-L - -
H;-T, - - Hy -1, —0.08 2.85976
H; -1, - - H; -1, —0.08 2.85472
Ces Hys-1p —0.11 291139 Hy-1p - -
Hs-L —0.12 2.73227 Hs -1, —0.10 2.74996
Hy-I —0.03 2.83458 Hy -1, - -
H3;-I —0.03 2.97583 Hz-L —0.05 2.65178

together (figure 7(c)), and finally, due to the present distribu-
tion of charge for ce¢, the observed tilting occurred around the
axis of the FA cation plane (figure 7(d)).

Despite this prominent effect over perovskite structure, the
latter elastic modulus is positive, suggesting the possibility of
an energetically favored tilting of the FA along its plane axis.
These cation relaxation obtained through modifications gen-
erated by planar - ¢ strains are in agreement with the results
of S. Kanno, since the authors demonstrated that the rotational

energy barrier of the organic cation in FAPbI; is higher around
0, which is an internal coordinate defined by the rotation along
and axis penetrating the FA cation by its carbon atom to its
center of mass [15], a similar FA cation tilting that is driven
by a strain that could turn the whole structure unstable bey-
ond a certain strain amplitude, that may be proved to be also
characteristic for the specific halogen atom present in the inor-
ganic cage. The mechanical instability here determined by
the numerical value of the elastic constants, followed by both
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Figure 7. The EDD plots at the strain boundaries for the elastic components: ca4, css5, and ces of the [XY] FA 12 o’clock configurations, the
results are shown for both dmax (0.02 and max) 0.02 strain amplitudes. Blue-White-Red spectrum displays the electron lack to enrichment,
showing a marked charge transfer that describes the FA cation tilting, around the C - H; axis for the exchange of the iodine position and
around the plane axis while transferring the charge among hydrogen terminations, for ceg, at the structure instability state, respectively.
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the unbalanced electronic papulation in between hydrogen to
halogens and the collective organic cation tilting, could trigger
the structural instability that induces the phase transition from
black to yellow perovskite [28].

5. Conclusion

The mechanical stability response of FAPbI; perovskites
structure were investigated and presented based on their
organic cation position, using DFT-GGA method through the
CASTEP module available in Material studio software. By
employing two different strain amplitudes, it was possible to
observe a generalized elastic stiffness behavior. First, under
a strain amplitude (0.02) limit that generates a set of EC
values that fulfill all the stability conditions of pseudo-cubic
(orthorhombic) structure, the highest elastic stiffness response
is found for uniaxial - § | strains, meanwhile, those deforma-
tions with both displacement components acting over the FA
cation plane, show the highest planar c¢;; magnitude, a value
which is independent of the FA orientation. The obtained
EC values, as well as both Bulk and Shear moduli results,
agree with previously reported literatures. Secondly, with an
increasing amplitude (0.04) the planar ¢; results start to show
negative values, that made the structure unstable, specific-
ally for deformations featuring a planar - ¢ strain as one of
the components. The instability mechanism is described by
means of both population and bond length observed among
H; - I, (wherei = 2,3), which is abruptly modified, outside
the stability threshold, which is found in between the strain
amplitudes d,,,x = 0.02 to 0.04, for pristine FAPbI3, i.e. once
Omax > 0.02, into a H; - I; distribution with magnitudes as
prominent as H; - I, (wherei = 4,5), followed by a tilting of
the FA cation around C - H;, once the atomic position are
relaxed. We believe that the present study provides noticeable
explanations to understand the instability mechanism of form-
amidinium based perovskite structures, that could be used to
describe the black alpha phase to yellow delta phase transition
(which is not suitable for photovoltaic applications), implicat-
ing the performance of actual devices.
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