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ABSTRACT: Recent finds have revealed in metal halide perovskites the presence
of lower local symmetry contributions especially in the cubic phase in detriment to

its high symmetry monomorphic structure (Pm 3m). We analyzed the impact of
the polymorphic nature in CsBX; inorganic perovskites (B = Ge, Sn, Pb; X = CI,
Br, I) through first tgrinciple calculations to show how the polymorphism
contributes more to the material stability than their monomorphic counterparts.
Distinct stability trends can be seen for each halogen and metal series, revealing
the role of the (strong) spin—orbit coupling (SOC) on the stability throughout the
Ge — Sn — Pb sequence from a set of local motif contributions, such as

distortions on the octahedrons, relative tiltings, Cs displacement, and metal off
centering networks. The combination of relativistic quasiparticle correction and

SOC provided accurate values of gap energies, showing that the experimental measurement is actually an average from structural
local motif contributions. At the same time, given the absence of a prohibited transition, a blue shift in the UV—vis spectra was
observed for all chemical compositions from high symmetry structure — polymorphic version. This result revealed that a high
suppression of the total optical absorption can be avoided through the replacement of the toxic Pb by greener alternatives, especially
CsSnX; and CsGeX; (X = Br and I), providing a potential perspective to the market of solar cell devices.

1. INTRODUCTION

Inorganic metal halide perovskites (MHPs) have emerged in the
past few years as low cost alternatives to silicon for the
fabrication of solar cells. Because the power conversion
efficiencies have exceeded 25% for FAPbIL,,' inorganic versions
with A = Cs in the ABX formula (where B=PbandX = Cl, Br,
and, under proper conditions, I) have stood out for presenting
moisture and thermal stability better than that of their hybrid
relatives, which could culminate in devices with increased
durability.” However, the presence of toxic Pb may hinder
commercial manufacture, and its substitution by less toxic
cations, such as Ge and Sn, is promising. Conversely, both of
these elements are known to undergo oxidation from II to IV
state, which could lead to faster degradation of the
corresponding halide perovskites.” > Nevertheless, optoelec
tronic properties, such as absorption coefficient, gap energy, and
charge carrier lifetimes, are strongly influenced by the chemical
composition and its impact on the crystal structure, e.g., through
different stable polymorphic contributions.’”’ Therefore,
understanding the correlation between composition, poly
morphism, and electronic properties is essential for potential
improvements in solar cells involving MHPs.
Recent studies have revealed that the MHP regular cubic
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and X = Cl, Br, or I), is a macroscopic average of the material in

an atomistic network.”” The crystal is constituted by local motifs
in a short space range (a few angstroms) with symmetry lower
than that of the regular octahedra in the Pm 3m structure, which
are not captured by XRD due to long coherence length.® These
local motifs are identified as a set of distortions, such as (i) B
metal off center displacements within octahedra,'’ (ii) octahe
drons tilts,” (iii) positional rearrangements of the A cations
within the cuboctahedral cavities, (iv) and Jahn—Teller
distortions.”"" All of them may coexist in the material's ionic
network and confer the optoelectronic properties experimen
tally measured. However, details about how the set of local
motifs affects the electronic properties of MHPs through
cooperative effects remain an open question.

Theoretical studies suggest that such structural changes would
reduce the system’s internal energy, which would lead to an
impact on the electronic properties.” '’ However, it is crucial in
theoretical approaches to capture these polymorphism effects
into gap energy and optical absorption investigations context.
Thus, for approaches based on the density functional theory
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(DFT), for instance, the widely used semilocal exchange
correlation functionals (as those based on generalized gradient
approximation) are known by the large underestimation of the
gap energies with respect to the experimental values."”™'* In
inorganic MHPs the exchange correlation failure is even more
dramatic when spin—orbit coupling (SOC) effects are included,
which yields a calculated gap energy of 0.79 eV for CsGel,,"”
0.49 eV for CsSnl;,'® and 0.63 eV for CsPbl;'” as models based
on the unit cell, while the experimental values are 1.63 eV,'® 1.30
eV,” and 1.73 eV,'” respectively.

Hybrid functional approaches would be alternatives to solve
this gap energy underestimation problem. For instance,
employing an exchange correlation functional as proposed by
Heyd—Scuseria—Ernzerhof (HSE06),”””' a recent study for
CsGeX; (X =Cl, Br, or I) MHPs by using 25% of exact exchange
(ex.)'" provided good results for the distorted unit cell for
CsGeCl; (CsGeBr;), reaching 2.88 eV (2.07 eV) which is close
to the 1.93—3.67 eV (1.59—2.32 eV) experimental interval
measured from room pressure up to 3.3 GPa (1.2 GPa).”
Hybrid functionals with high exact ex. percentage (43—
45%)">** and GW™* have grovided gap energies for CsGel
(1.57 eV, HSE™ **4+80C),"” CsSnl; (1.01 eV, GW+SOC),’
and CsPbl, (1.62 eV, GW+SOC)** in better agreement with the
experimental reports. However, if for the HSE functional the
exact exchange part needs to be tuned, on the other hand, its
high computational cost is the Achilles’ heel for studies involving
polymorphs represented by large supercells, which for GW
would be unthinkable.

We investigated the effects of the structural polymorphism on
the stability and electronic properties (gap energies and optical
absorption) of all inorganic MHPs based on the ABX; chemical
formula, where A = Cs, B = Ge, Sn, Pb, and X = C|, Br, [. Asan
alternative to the hybrid functionals or GW methods, our
protocol accounts for the spin—orbit coupling effects combined
with the DFT 1/2 relativistic quasiparticle correction,® whose
computational cost is comparable with the standard DFT. Our
results are in excellent agreement regarding the experimental
reports, which confirm the impact of the structural poly
morphism on the optoelectronic properties on all MHPs
chemical compositions addressed here.

2. COMPUTATIONAL DETAILS

Configuration of the Polymorphs. We used a cubic
structure based on the cubic unit cell (UC: 1 X 1 X 1), from
which the supercells with 1/2 X 1/2 X 2 (20 atoms) and 24/2 X
24/2 % 2 (80 atoms) sizes were constructed. From these models
three polymorphs were proposed: regular (R), tilted (T), and
polymorphic (P) networks, as depicted in Figure 1, from which
all inorganic ABX; compounds (A = Cs, B = Ge, Sn, Pb,and X =
Cl, Br, I) were investigated. It is important to highlight that the
unit cell and the R networks were fully optimized geometrically
from their atom positions and stress tensor (Pm 3m symmetry as
identified through XRD), wherein only the atomic positions
were reoptimized for the construction of the T and P networks.
Thus, the \/ 2 X \/2 X 2 supercell was able to capture the T
network for all perovskite compositions, whereas into the 2\/ 2
X 2\/ 2 X 2 P network all the local motifs aforementioned, such
as B metal off centering, Cs displacement into the cavity site,
Jahn—Teller distortions, and tilts between octahedrons, are
collectively contributing to the system through random
displacements from the optimization of the atoms. Representa
tive pictures about the polymorphic contributions which can be
found in the P networks and Cartesian coordinates of general
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Figure 1. Representation of the cubic structure for CsBX; inorganic
MHP where B = Ge, Sn, or Pb, and X = Cl, Br, or L. (a) Cubic unit cell
(Uc), (b) \/2 X /2 X 2 supercell as a regular (R) network, (c) \/2 X

2 % 2 supercell asa tilted (T) network, (d) 21/2X 24/2 X 2 supercell
as a regular (R) network, and (e) 24/2 X 2\/2 X 2 supercell as a
polymorphic (P) network. The unit cell and supercell edges used are
indicated by red lines.

models for UC, R, T, and P are available in Supporting
Information (Figure S2 and Tables S5, S6, S7, and S8,
respectively).

Total Energy Calculations. All the total energy calculations
and structure optimization were DFT based”””” within the
Perdew—Burke—Ernzerhof (PBE)*” approach for the exchange
correlation functional. To solve the Kohn—Sham (KS)
equations, we employed Vienna Ab Initio Simulation Packa§e
(VASP code)’”*" with the projector augmented wave (PAW) ™
method. For the valence electrons, the following configurations
were considered: Cs (5s? 5p°, 6s'), Pb (5s%, 5d'°, 657 6p*), Sn
(4d", 5s%, 5p?), Ge (3d", 4s% 4p?), Cl (3s?, 3p®), Br (4<%, 4p°),
and 1 (5s% 5p°). Scalar relativistic effects and spin—orbit
coupling (SOC) interactions are present to the core and valence
states in all calculations. To integrate over the Brillouin zone of
the cubic unit cells, an 8 X 8 X 8 k points mesh was used for the
CsGeBr;, CsGel;, CsSnl;, CsPbBr;, and CsPbl; compounds,
while a9 X9 X 9 k points mesh was used for CsGeCl;, CsSnBrj;,
CsSnCl;, and CsPbCl;. The same k mesh densities were
employed to integrate over the Brillouin zone of the supercell
configurations. Plane waves were expanded up to a cutoff energy
of 430 eV so that the total energy convergence criteria was
defined as 1.0 X 10~° eV, whereas the Hellmann—Feynman
forces were relaxed until they were smaller than 0.010 eV A~ on
every atom.


https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08923?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08923?fig=fig1&ref=pdf

Gap Energy from Relativistic Quasiparticle Correction.
We computed the gap energies and optical absogption
coefficients via the DFT 1/2 quasiparticle approach.”® The
method is based on Slater’s half ion technique, which equals the
atomic ionization potential to the negative of the atomic
eigenvalue at half occupation.”** For crystals, the DFT 1/2
method uses a modified Kohn—Sham (KS) potential
(Vimoaxs(7)) to calculate the half occupied eigenvalue of the
orbital in the valence band top. This potential is obtained by
taking the difference between the self energy potential (V(7))
and the standard KS potential (Vig(7)), wherein Vi,4xs(7) =
Vis(7) = Vi(7).* The former is approximated by the expression
Vs(7) = O@FCUT)[Vo(7) — V_,/5(7)], in which Vi(7) and
V_12(7) are, respectively, the Kohn—Sham potential for the
neutral and half ionized atoms. The ©(#,CUT) step function
trims Vy(7) at the CUT distance by preventing the Coulomb
interaction penetration among neighboring atoms, which is
determined variationally by maximizing the gap energy free of
empirical parameters.””*® Details about the CUT optimization
procedure are shown in Supporting Information (Figure SI).
UV—vis spectra were calculated using imaginary and real parts of
the dielectric function, the former calculated within the random
phase approximation®” and the latter obtained via Kramers—
Kronig transformation.”*® To speed the data acquisition, we
have employed the Workflow Active Nodes (WaNo) DFT
VASP** developed within the SimStack workflow framework
to manage part of the protocol. The whole protocol requires the
submission and monitoring of many sets of simulations for
independent tasks in a different geometry. Thus, using a
workflow helps us save time by automatizing and reducing the
complexity of the protocol, allowing us to focus on the science
and not on the procedure.

3. RESULTS AND DISCUSSION

Structural Analysis. The lattice parameters calculated for
all perovskites and supercell sizes are shown in Figure 2. The
values follow the atomic size increase of metal B and halogen X,
that is, CsGeX; < CsSnX; < CsPbX; for X = Cl, Br, or I, and
CsBCl; < CsBBr; < CsBI, for B = Ge, Sn, or Pb. This result is in
agreement with the relative difference for ionic sizes with respect
to Pb (for the metals) and I (for the halogens), wherein Sn (Ge)
is 0.84% (38.66%) smaller than that of Pb, and Br (Cl) is 14.29%
(25.56%) smaller than that of L* In comparison with
experimental reports,'**”*'™** an excellent agreement was
found with all percent deviations smaller than 3% in the modulus
for the lattice parameters from the unit cell — \/ 2 X \/ 2X2
(2\/ 2% 2\/ 2 X 2). For instance, the deviations of 2.79%, 1.69%,
and 2.17% for CsGeCl;, CsGeBr;, and CsGels, respectively, as
unit cells reduced to —0.74%, — 0.62%, and 0.17% as 24/2 X
2\/ 2 X 2 R and P networks. Similar behavior is observed for
CsSnX; and CsPbXj, as detailed in Table S3 in Supporting
Information.

We calculated the radial distribution functions g(r) to analyze
the octahedral tilts and their distortions for the T and P networks
to compare with the high symmetry R network by taking as a
reference site the B metal within the octahedra. Figure 3(b—d)
shows the g(r) distributions with respect to B for the B—X, B—B,
and B—Cs distances, as depicted in panel a. Regular (R)
networks are characterized by g(r) profiles with well defined
distances pairwise so that the local motif profile is based on
platonic octahedrons (archimedean cuboctahedrons) with
centrosymmetric B (Cs) at their sites into supercells. On the
basis of that, all the R network B—X—B angles lying on 180° (or
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Figure 2. Lattice parameters for all cell sizes ofall inorganic cubic halide
perovskites for the unit cell, T, and R networks of the (a) CsGeXj, (b)
CsSnXj, and (c) CsPbX; (X = Cl, Br, I) perovskites. Experimental
lattice constants: (1) ref 22, (2) ref 18, (3) ref 41, (4) refs 42, 43, (5)
refs 44, 45.

a°a°a® from Glazer’s notation)*’ can be considered as a
reference. Octahedral tiltings into T were reached in phase on
the ab equatorial plane (i.e., a%’"), whereas P networks were
reached predominantly in out phase (e.g, a b"c") through the
random structure optimization procedure. Numerical results
related to the BX; octahedrons, such as smallest and largest B—X
distances, and B—X—B angles for all compositions are presented
in Table S2 of Supporting Information.

B—X® distances are indicated by g(r) into the 2.6—3.3 A
interval (dotted rectangle), whereas B—Cs ([111] direction) is
highlighted for the solid turquoise rectangles, e.g., g(r) into 5.0—
6.0 A (42-5.0 A) for CsSnl; or CsPbl; (CsGeCl;). The B
distance for the first neighbors B metal sites ((100) directions)
lies on the intervals highlighted by black dashed rectangles,
whereas second halogen neighbors for B—X® (in Figure 3(a))
appear on the last highlighted intervals, e.g., into 7.0-8.0 A
(6.0=7.0 A) for CsPbl; (CsGeCl;). One observes in the T
network that while the octahedron tiltings depicted by the g(r)
splitting into B—X® pairwise, B—X") pairs forming octahe
drons are not affected, i.e., even with octahedron tiltings, the T
networks keep their B metal on centering. Conversely, into P
networks, all the B metal off center displacements, octahedron
tilt, and the Cs rearrangement contributions are indicated
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Figure 3. (a) Representations of the pairwise combinations for B—X!)
(first neighbors), B—Cs, B—B, and B—X® (second neighbors). Radial
distribution functions g(r) for (b—d) all inorganic MHPs from their R
(a%°a°), T (a%°c*), and P (e.g, a b™c") networks. The pairwise
combinations are indicated by dotted and dashed rectangles.

through the g(r) splitting and broadening into their respective
intervals aforementioned.

To quantify the impact of these local motifs based on the B
metal off center and Cs displacements into T and P networks,
root mean square distance (RMSD) analysis was performed by
taking the respective R networks as a reference for each chemical
composmon (Figure 4). RMSD was calculated through
ArbAlign*® protocol, which is based on the best overlap of a
particular set of positions (Cs and B displaced) from a reference
(Cs and B in the high symmetric R network). As previously
evidenced by g(r), all T networks present RMSD ~ 0.0 A given
the insignificant contributions for B off centering and Cs
displacements of their respective sites. Conversely, one observes
in P networks of CsGeX; compounds that Ge off centering is
more pronounced than Sn in the CsSnX; corresponding
network. Both CsGeX; and CsSnXj; inorganic MHPs reveal
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Figure 4. (a) Graphical representations of the displacements (off
centering) of Cs and B species with respect to the R network (on
centering). Quantification of B off centering and Cs displacements into
(b) CsGeX;, (c) CsSnXj, and (d) CsPbX; inorganic MHPs by root
mean square distance (RMSD) through ArbAlign** protocol for T and
P networks.

the important role of the halogen dimension for the space
availability in the cuboctahedral cavity, because the Cs
displacements increase as the atomic size of X increases (Cl <
Br<1I).

The magnitude of the B metal displacements correlates
inversely with the Ge < Sn < Pb sequence for metal sizes, given
that larger atoms fill the volume inside octahedrons better
throughout the metal size sequence. Thus, the RMSD for Pb is
small in all CsPbX; (given RMSD order in 1 X 107> A), leading
to a Pb off centering secondary contribution by comparing with
Cs displacements. At the same time, the RMSD increases for the
Cl < Br < I as evidence of the halogen dimensions forming the
cavity volume, consequently enhancing the inner space for the
Cs mobility. Therefore, our insights show that the critical role of
the chemical composition for structural motifs predominates in
the polymorph1c network formation. For instance, our previous
investigation % revealed that the combination of metal off
centering and the presence of intense SOC energies (as from Pb
and I dominating the valence and conduction band edges)
compose the recipe for the bulk Rashba splitting enhancement,
which is crucial for increasing the charge carrier lifetimes.
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Relative Energy of T and P Regarding R. To verify the
thermodynamic feasibility of the T and P networks in each MHP
composition with respect to their R analogs, we calculated the
relative energy (E,) through E (T or P) = [Epr — Eg]/N,
where Ep 1 is the total energy of the T (or P) network, E is the
total energy of the R network, and N is the number of atoms into
both supercells. The physical significance of E,, is verifying the
relative stability of the T and P networks concerning their R
counterparts to analyze how the local structural contributions
discussed in the previous section stabilize the former regarding
the latter for a particular CsBX; composition. Figure S shows E
of the T and P network for CsGeX;, CsSnXj;, and CsPbX; for all
X halogens.
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Figure S. Relative energy calculated via DFT+SOC of the T and P
networks calculated with respect to their R networks counterparts for
CsGeX;, CsSnX;, and CsPbX; (X = Cl, Br, and I).

We found that P networks are greatly more stable than T and
R for all inorganic MHP compositions, which indicates the
important role of the structural degrees of freedom as local
contributions, i.e., starting from R (monomorphic) and
increasing the stability gradually through T (one local
contribution) and going to P (set of local contributions)
networks. Our results reveal the energetic role of local motif
contributions into the structure through B metal off center
displacements, octahedrons tilts, and Cs rearrangements on the
polymorphic stability. This is evident when the stability
magnitudes of T and P regarding R are compared, e.g, as for
CsGeX; in which the T networks characterized by equatorial
plane tilting are degenerated with high symmetry R given their
E.q ~ 1 meV/atom. Conversely, more favorable P CsGeX,
networks present magnitude of E  decreasing in the Cl — Br —
I sequence, which is due to the Ge metal off centering, Cs
displacement contributions (as shown in Figure 4), and
octahedral distortions (as shown in Figure 3 from the double
B—X" distance) on the stabilization. Because Ge is 45.77%
smaller than Cs,*® it confers more compact cuboctahedral
cavities for CsGeX;. When the size of X decreases, although the
distortions are smaller in magnitude for CsGeCl;, they more
pronouncedly affect this energy issue than in CsGel;, exactly
because of the higher compactness of the ionic network for the
former with respect to the latter.

In opposition to the CsGeX; MHPs, the relative stability of P
(and T) regarding their respective R for CsPbX; networks
increases in the Cl — Br — I sequence, highlighting the local
motif contributions for the relative stability, as previously

observed given the inclusion of Pb off centering contribution
and Cs displacements for the P network because in modulus
E.q(P) > E(T). For CsSnX;, E. (T) presents the same
tendency, which is expected because Sn is only 0.84% smaller
than Pb. However, for the P network the stability regarding R
increases from Br — Cl — I, which suggests that the Sn off
centering energetic contribution is higher than from Cs
displacements, so that RMSD(Cs) > RMSD(Sn).

Gap Energy with DFT-1/2+SOC. We employed a
relativistic quasiparticle correction (named DFT 1/2) com
bined with SOC to calculate all the gap energies (E,) for
CsGeX;, CsSnX;, and CsPbX; (X = Cl, Br, or I) polymorphs
(Figure 6). We provide outstanding gap energies values in
agreement with experimental results. The collaborative effects of
the local motifs contributing to the gap energies were
investigated, comparing UC, R, T, and P network values with
experimental gap energies reported from the literature. Under
estimated results for DFT+SOC faced with the relativistic
protocol are available in Supporting Information (Table S1) for
all compositions and cell sizes. The DFT 1/2+SOC approach
has been used with §reat success to predict the gap energies of
hybrid perovskites.*>*

The effects of the octahedron break symmetry over the E,
value appear when the UC and R networks are compared.
CsGeX; as UCs present high metal off centering (Table S2 in
Supporting Information), which is completely suppressed in the
symmetrical CsSnX; and CsPbX; systems. This explains E, from
CsGeX; as UC being overestimated with respect to the
experiments (red bars in Figure 6), while being underestimated
for the others. A second difference between the UC and R
networks is the slight contraction of the lattice parameters for
the R networks with respect to the UC, which leads to a gap
energy closing in correlation with the lattice parameter
differences (Figure 2) between them.

We found that our calculated E, converge to the experimental
values moving from R — T — P networks to all inorganic
MHPs. The experimental gap energies of the CsGeCls,”
CsGeBr,,”* CsSnCly,*” and CsPbBr;*” are reported from the
literature in a range of values, as depicted by the vertical lines in
panels a, b, d, and h, respectively, whereas for the other ones, a
single value was found. All R CsBX; networks have the most
underestimated E, with respect to the experiments; conversely,
the tilts of neighbor octahedrons promote the E, opening in all
the T networks, which is due to the elongation of the B—X bond
lengths in R — T. While the calculated values for CsGeCl; and
CsGeBr; T networks reach the minima values from the
experimental ranges (performed under high pressure, at 3.3
GPa for CsGeCl, and 1.2 GPa for CsGeBr;)*” with only a small
opening regarding R networks, charts a and b, CsPbBr; has the
second best E, with underestimation of 5.3% only with
octahedron tilt contributions. Furthermore, it is worth
mentioning that, in general, this particular motif has less impact
in CsGeX; in comparison with the CsSnX; and CsPbX; MHPs,
which suggests that other contributions such as those in P
networks must be considered.

E, for the P networks reach outstanding values with respect to
the experiments. For instance, while E, values for CsGeCl,,
CsGeBr;, CsSnCl;, and CsPbBr; lie inside the experimental
range, CsSnBr; (1.75 eV) and CsPbl; (1.73 eV) reach the same
experimental value. The largest difference is for CsGel; with E, =
1.54 eV, which is only 5.52% lower than its experimental value.
The E, results suggest that all local motifs, such as octahedral
tilts, B off centering, and Cs displacements (and gathered in the


https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08923?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08923?fig=fig5&ref=pdf

by
o

T T T T T T T T T T T T T T
— (a) CsGeClz:DFT—1/2+SOC (b) CsGeBr%:DFT— 1/2+SOC 1) CsGeI.‘:DFT—l/2+SOC
= 3 3 3
L 30F (A) - I B
Lﬂcb L
5‘; 20 B >J B f) ar ©) T
I O I R B N 5
;5 1.0k « < <+ S Lo © % e < 4> > > > 2 i
Y= N ~ N X =N * o o Q4 © 4 © © -

= | o o o o = < i N & a BN 2 & & °
O = - = = = —

py - ' : : — :
§ F(d) CsSnCl DFT 1/2+SOC (e) CsSnBr DFT 1/2+SOC 4@ CsSnI :DFT- 1/2+SOC
2 3.0 - I .

) L D)
K
5 2.0 > - €
S B B = I I I B ®)
E 1.0 | 2 o “ g q R % % % o > > > >
D= & S - < o Q = o 0 I 2 2 b s

% ol — o (o] ~ ) 0 r ': - 4 QDQD A (9 a
S Ll i -

00 - - - -- -- - - - - -

4.0 T T T T T T T T T
— L (g) CstClgzDFT-1/2+SOC (h) CstBrE:DFT- 1/2+SOC 1@ CstIz:DFT-l/2+SOC
> ’ [(¢)) ’ i
2 3.0 - s .
[-ch L (H)
NN ENENE 2T
2 T I B I B = B = A R R B s e BN S
2l BN il R T ! I I I T S i d G P B 4 [ [
o I z = o ol & 1% 3 a < =
O “ - ‘ .

0.0 1 1 1 1 1 1 1

uC R T P  Exp. UC R P Exp. UC R P Exp

Figure 6. Gap energies (E ) calculated for (a) CsGeCl,, (b) CsGeBr;, (c) CsGels, (d) CsSnCly, (e) CsSnBr;, (f) CsSnls, (g) CsPbCly, (h) CsPbBr;,
and (i) CsPbl, in the UC, R T, and P networks. Experimental reference values are indicated by the red plots from refs (A and B) 22, (C) 18, (D) 49,

(E) 50, 51, (F) 3, (G) 52, (H) 52, 53, and (1) 19.

P networks), contribute collectively to the gap energy opening.
Even though in all inorganic MHPs the valence band maximum
(VBM) consists of s and p orbitals from BX and the conduction
band minimum (CBM) in p orbitals from B,'*** 7% the strength
of the SOC effect has shown an important factor for E, when
local distortions are present in the structure.*®

We found that the metal SOC energies (Egoc) play an
important role for E, (DFT 1/2+SOC), contributing to its
improvement with respect to the experiments. Figure 7 (a)
illustrates a scheme for the valence, which is composed mostly
by p orbitals from X halogens, and conduction bands, composed
mainly by p orbitals from B metals. As an effect of the local motif
contributions and an additional contribution of the Egn¢
magmtude for the metals, the gap opening follows the ER
ET - E sequence where the last one is in outstandlng
agreement with experiments. Panel b shows the intervals where
Egoc for Ge, Sn, and Pb metals appear in 17—23 meV/atom,
113—140 meV/atom, and 900—1200 meV/atom intervals,
respectively, for all R, T, and P networks; numeric values for
all chemical species, ionic networks (UC, R, T, and P), and
calculations involving standard DFT (i.e., without SOC), DFT
+SOC, and DFT 1/2+SOC are available in Supporting
Information (Tables S1 and S4), from which the impact of
structural changes and relativistic effects on the gap energies can
be seen in detail. Because B off centering is the principal
difference from T to P network, one observes that the
correlation between SOC magnitude and low symmetry motif
reveals an improvement of E,. For CsPbX; MHPs, Pb metals are
less off centering than B metals in CsGeX; and CsSnXj, as
depicted by RMSD in Figure 4; however, the small displacement
is enough to enlarge the strong SOC effect from Pb on the E,
results.
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Figure 7. (a) Schematic energy level diagram of the VBM and CBM
composed of B and X® (s and p orbitals) and affected given the
local motif contributions, leading to the gap opening from the ER - ET
- E sequence. (b) Spin—orbit energies for the B metals in the R, T
and P networks for CsGeX;, CsSnX;, and CsPbX; (X = Cl, Br, and I).

Optical Absorption Coefficient. Aiming to provide a
deeper description of the inorganic CsBX; MHPs, we compared
the absorption coefficients (a(w)) among the R, T, and P
networks, as shown in Figure 8. One observes in all MHP
compositions that the absorption follows the behavior of the
gap, and the a(@) onset tends to blueshift toward the R > T —
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Figure 8. Absorption coefficients a(w) calculated via DFT 1/2+SOC for all inorganic MHPs (a) CsGeCl,, (b) CsGeBr;, (c) CsGel,, (d) CsSnCly, (e)
CsSnBr,, (f) CsSnl;, (g) CsPbCly, (h) CsPbBr,, and (i) CsPbl,in R, T, and P. Total absorbance (3,,) values are depicted for the 0.0—4.2 eV interval.

P sequence networks. On the other hand, considering a given
network, the halogen sequence for a particular B correlates the
gap opening with the increase in the B—X electronegativity
difference, as observed from the Pauling electronegativities for
the Pb (2.33), Sn (1.96),and Ge (2.01) metals and CI (3.16), Br
(2.96), and I (2.66) halogens.””**

As highlighted through the small charts, all the optical gaps
tend to coincide with their respective fundamental gaps, which
indicates that there are no prohibited transitions near the band
edges for all systems. Nevertheless, it is worth mentioning the
reduction in a(@) transitions beyond the CBM (in photo
energies higher than gap energies) from the R - T — P
structural changes in all MHPs, as depicted by the total
absorbance (3, for the 0.0—4.2 eV interval). Conversely, our
results for )., suggest that the collective effects involving all local
structural motifs play an important role in the optical properties.

We found a strong correlation between chemical composition
(halogen and metal) and polymorphic networks concerning a
high Y, and minimum E,, as depicted in Figure 9, by joining
composition and electronic parameters. From the metal
perspective, one observes a reduction of Y, for CsBl; —
CsBCl, at around 32%, 66%, and 85% for B = Ge, Sn, and Pb,
respectively. However, when keeping a given halogen and
changing the metal, ), reduces less, especially for I, so that for
CsGeX; — CsPbX;, Y, is around 83%, 58%, and 26% for X =
Cl, Br, and |, respectively. Therefore, our results indicate that to
avoid a pronounced Y., suppression, it is most indicated to
proceed with the Pb — Ge replacement in CsBI; MPHs, leading
to the CsSnl;, CsGels, CsSnBr;, or CsGeBr; as green alternative
aiming materials with optical and gap energy values comparative
to the most explored CsPbl;.
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Figure 9. Correlation among total absorption energies (3},), gap
energies (E,), and compositions for polymorphic 24/2 X 24/2 X 2
networks ofg all MHPs, i.e.,, CsBX; with B = Ge, Sn, or Pb, and X = Cl, Br,
or L.

4. SUMMARY

We presented a comprehensive investigation about the
polymorphic nature of all inorganic CsBX; (B = Ge, Sn, Pb,
and X = Cl, Br, I) cubic perovskites, analyzing in detail the
influence of polymorphic motifs over the energy stability and
optoelectronic properties, such as gap energies and optical
absorption coefficients. Our results indicate that a set of local
motifs such as distortions on the octahedrons, relative tiltings,
Cs displacement, and metal off centering networks play a crucial
role in the stabiiity and optoelectronic properties of inorganic
MHPs. We showed that the increase in spin—orbit coupling
(SOC) energy throughout the Ge — Sn — Pb sequence over the
aforementioned local motifs directly affects their thermody

namic stability and electronic properties. At the same time, the
stability correlates with the SOC energy increase from the
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halogens in the Cl — Br — I sequence for CsSnX; and CsPbX,
whereas for the CsGeX series, it is the opposite sequence for the
halogens, given the role of the Ge small size (and small SOC
contributions) on the structure distortion. By combining the
low cost DFT 1/2 relativistic quasiparticle correction with
SOC, we overcame the limitations of DFT to calculate the gap
energies to obtain outstanding values concerning the exper

imental reports, showing that the experimental measurement is
(actually) an average from structural local motif contributions.
The polymorphic nature of cubic perovskites leads to a blue shift
in the absorption onset of their UV—vis spectra in correlation
with the gap opening, given that any prohibited transition was
found. Furthermore, we showed a perspective of chemical
design to avoid a pronounced ), suppression combined with
gap energy closing especially prioritizing the replacement of
toxic Pb in green alternatives such as CsSnl;, CsGel;, CsSnBr;,
or CsGeBr;. Therefore, our results open a potential perspective
through a deeper understanding of all inorganic metal halide
perovskites concerning the design of solar cell devices.
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