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Tuning Electronic and Structural Properties of Lead-Free
Metal Halide Perovskites: A Comparative Study of 2D
Ruddlesden-Popper and 3D Compositions

J. F. Dalmedico, D. N. Silveira,” L. O. de Araujo,” W. Wenzel,'” C. R. C. Régo,*'@ A. C. Dias,
D. Guedes-Sobrinho,™ and Mauricio J. Piotrowski®

In recent decades, two-dimensional (2D) perovskites have
emerged as promising semiconductors for next-generation
photovoltaics, showing notable advancements in solar energy
conversion. Herein, we explore the impact of alternative
inorganic lattice BX-based compositions (B=Ge or Sn, X=Br or
I) on the energy gap and stability. Our investigation encom-
passes BA,Ma,;B,X5,.; 2D Ruddlesden-Popper perovskites (for
n=1-5 layers) and 3D bulk (MA)BX; systems, employing first-
principles calculations with spin-orbit coupling (SOC), DFT-1/2

Introduction

Two-dimensional (2D) perovskites have emerged as promising
next-generation photovoltaic semiconductors in recent
decades,"™ marked by notable developments in solar energy
conversion.*'” Despite their power conversion efficiency (PCE)
slightly exceeding 16%,"" which is lower compared to their
three-dimensional (3D) counterparts (25%),"? 2D perovskites
possess intrinsic stability features.®'"3

In particular, 2D metal halide perovskites (MHPs) constitute
organic-inorganic layers with a vast compositional and struc-
tural phase space, leading to novel and exciting properties."”
Among these, the [100]-oriented family stands out as the most
widely utilized, comprising two essential layers. The first layer
consists of n stacked MHPs, while the other incorporates
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quasiparticle, and D3 dispersion corrections. The study unveils
how atoms with smaller ionic radii induce anisotropic internal
and external distortions within the inorganic and organic
lattices. Introducing the spacers in the low-layer regime reduces
local distortions but widens band gaps. Our calculation protocol
provides deeper insights into the physics and chemistry under-
lying 2D perovskite materials, paving the way for optimizing
environmentally friendly alternatives that can efficiently replace
with sustainable materials.

organic cations as spacers along the [100] direction. This
arrangement imparts higher tolerance to organic components,
optimal density configuration, superior optoelectronic proper-
ties, controllability of components, and stability in the crystal
structure, making it particularly well-suited for solar cells."*'

The formula A",A,,B,X;,., denotes Ruddlesden-Popper (RP)
2D MHPs'® In this formula, A represents a monovalent
organic cation, while B and X symbolize metal and halogen
anions, respectively. The term A’ denotes another monovalent
cation acting as an organic spacer layer, which relies on
intermolecular van der Waals (vdW) weak forces."™ The syn-
thesis of 2D MHPs is facile at low temperatures and utilizes low-
cost, abundant earth elements. Their structural and physical
properties can be stoichiometrically tailored through synthesis
reactions.™

Both 2D and 3D MHPs typically feature A=MA (methyl-
ammonium) lead iodine,"®*?" tin iodine,”” or lead bromine.*
As a result, Pb-based perovskites have emerged as affordable
options for electricity production.*” However, despite the
efficiency of tin and lead-tin photovoltaic (PV) cells, their low
stability®™ and risk of contamination® present barriers to

27 Efforts in this direction are focused on
28]

commercialization.
developing ecologically friendly and low-cost technology.
Although lead-free compounds hold promise for efficient PV
cells, they have not yet reached their full potential.*”

The behavior of organic cations exhibits peculiar character-
istics at specific temperatures in both 2D and 3D MHPs. With
increasing temperature, the MA cation displays dynamic
disorder within the cuboctahedral cage,®**? inducing more
distortion and lower symmetry in the BX, octahedral layer.”” In
2D MHPs, the presence of A’=BA (butylammonium) spacers
tends to alter the orientation of the inorganic lattice due to the
loss of crystal symmetry, leading to a phase transition at low
temperatures caused by the freezing of the orientation disorder

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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of the organic moieties.®® Despite presenting a static behavior,
these spacers strongly interact with nearby B—X octahedral
bonds, ultimately reducing the rotational freedom of MA.*?
Room temperature allows one to control the crystal’s or grains
local phase.®” Limited knowledge exists regarding the under-
lying physics behind how lattice softness and structural
dynamics impact the physical properties of 2D MHPs, especially
for n>1. Accurately predicting the structural dynamics of 2D
MHPs using first-principles modeling is challenging."* Hence,
we investigate the electronic and structural properties of MHPs
through first-principles calculations.

We employed an automated scientific workflow developed
within the SimStack framework,®” coupled with a Density
Functional Theory (DFT) protocol incorporating SOC, vdW, and
DFT-1/2 quasiparticle corrections to enhance the band gap
description. This study investigates 2D RP perovskites, denoted
by the formula BA,MA, _,B,X;,.;. We explore how electronic and
structural properties evolve by transitioning to environmentally
friendly metal alternatives to Pb (B=Ge, Sn) and by varying the
halogen component (X=I, Br). The structural configurations
encompass a range of layers from n=1 to 5, with the organic
spacer BA separating the inorganic B X;,,, octahedra. Addition-
ally, as part of our standard protocol, we analyze their 3D
counterparts (MABX;) for comparison. The analysis of these
systems establishes a characterization protocol, offering insights
into how distortions, tilting, and atomic radii influence the

’

optical properties of tunneling and the thermodynamic stability
of inorganic octahedra in both core and interface regions.

Methodology

Our study generated all raw data using Workflow Active Nodes
(WaNos)  within  the  SimStack  framework  (SimStack’s
documentation).®® Our dataset resulted from integrating four
distinct WaNos, as illustrated in Figure 1, all details about the
WaNos and their respective documentation are available on our
GitHub repositories: Mult-It, DFT-VASP, DFT-half, and DB-Generator.
Additionally, a Colab notebook was utilized to facilitate the
extraction of structural and electronic properties across the MHP
systems. Below, we provide a detailed overview of the parameters
employed in each workflow step.

Structural Configurations

We selected 2D RP MHPs with the organic-inorganic conformation
BA,MA,,B,X;, ., for study, replacing B=Pb with B=Ge, Sn, and
considering X=1I and Br to enhance tunability. The investigation
encompasses configurations with n layers ranging from 1 to 5,
featuring the organic spacer BA separating the inorganic B,X;,, ,
octahedra. Additionally, we explore the 3D conformation MABX,
(n = ), where organic cation spacers are absent. Figure 2
illustrates representative depictions for (a) 2D and (c) 3D systems.
To characterize the structural composition of hybrid perovskites, we
evaluate the thickness of the organic (/,,,) and inorganic (L) regions,
with the latter further divided into the interface (/;,) and core (/)
regions (see Figure 2(b)).
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Figure 1. (a) Comprehensive SimStack workflow used for calculating the properties of two-dimensional Ruddlesden-Popper metal halide perovskites (2D RP
MHPs), integrating a series of WaNos: Mult-It, DFT-half, DFT-Vasp, and DB-Generator. Mult-It: creation and management of data lists. DFT-VASP: performs
Density Functional Theory calculations from the geometry configurations used as (b) input. DB-Generator: compiles the results into a database. Additionally,
the workflow connects the dataset generated via workflow with a (c) Colab notebook to treat structural and electronic MHP properties. All links are provided

above.
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Figure 2. (a) Two-dimensional Ruddlesden-Popper Metal Halide Perovskites
(2D RP MHPs) with varying numbers of layers, denoted as n=1, 2, 3, 4, and
5. (b) Division of the inorganic layer thickness L into the interface /,,, and
core I, regions. (c) Three-dimensional Metal Halide Perovskite (3D MHP)
representation, where n = co.

Additionally, we estimate the spacer penetration degree (Az) over
the top and bottom interfaces of L. To quantify structural
distortions within the inorganic lattice, we calculate the bond
length distortion (Ad)®**® beyond the metal-halogen bonding BX.
Similarly, octahedral tilting is determined from the bond angle
variance (0°),”® which correlates with the angles BXB and bond BX
distortions. Further details are available in the Supporting Informa-
tion (SI) material. It is crucial to highlight that to leverage local
symmetry. We combined two unit cells into a 2 x 1 x 1 tetragonal
supercell for the 2D MHPs. In contrast, a cubic unit cell was
employed for the 3D composites.

Total Energy Calculations

This study’s geometry optimization and optoelectronic properties
calculation protocol is based on DFT.***" We have considered the
scalar relativistic equation of states (Koelling-Harmon)™*" as well as
the semilocal generalized gradient approach with the Perdew-
Burke-Ernzenhof (PBE) exchange-correlation functional.”” The
Kohn-Sham (KS) equations were solved using the projector
augmented wave (PAW) method,”** as implemented in the Vienna
ab initio simulation package (VASP).***? As core electrons are
accounted for with a fully relativistic treatment. In contrast, valence
electrons are modeled using a scalar-relativistic approximation. The
second variational approach included SOC effects in the valence
states for the PBE functional.

Structural optimizations were conducted by minimizing the stress
tensor and atomic forces until the atomic forces were below
0.01 eV/A. A plane-wave cutoff energy of 2xENMAX was utilized,
where ENMAX represents the highest recommended cutoff energy
for each element. The structural, energetic, and electronic proper-
ties were obtained using a plane-wave cutoff energy of 500 eV.
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Within the KS self-consistent cycle, a total energy convergence
criterion of 107° eV was applied.

Total energy calculations involving Brillouin-Zone (BZ) integration
in reciprocal space were performed using Monkhorst and Pack k-
meshes of 4 x 4 x 3 for tetragonal and orthorhombic 2D/quasi-2D,
and 8 x 8 x 8 for cubic 3D bulk unit cells. Given the significance of
organic chain spacers and cations in the form of dipole moments,
vdW interactions were included through the D3 correction.”’*®
Notably, analyzing weakly interacting systems, particularly where
the unit cell size could impact the dynamic freedom of MA cations
due to long-range interactions, poses a challenge in MHPs.B"
Further computational details, including convergence tests, are
presented in the SI material (Tables S1-S9). All the aforementioned
calculation parameters were defined within the Active Node DFT-
VASP in our automatization via simstack.

Electronic Property Calculations

We employed the DFT-1/2 quasi-particle correction method for
band gap energy calculations as a relativistic correction.*” This
method maintains computational costs at the standard DFT level
and is based on Slater’s transition technique,>" expanded for
crystalline structures. It applies a half-occupation associated with
the KS potential via Vioqxs(F) = Vis(F) — V4(7). The correction max-
imizes the gap energy non-empirically, modifying the KS potential
Vimodks(F) by subtracting the self-energy potential V,(7) given by
V,(F) = O(F, CUT) [Voe () — Vi1 5(T)]. Here, the self-energy de-
scribes the difference between the all-electron (ae) same potential
Ve(F) and its all-electron half-occupied potential V,,_,/,(r), consid-
ering a cutoff radius function ©(r, CUT) determined variationally to
prevent Coulomb tails’ overlap into neighboring atom sites
(complementary details in the SI). In our Simstack workflow for
DFT-half calculations, the cutoff radius is individually optimized for
each 3D system. Leveraging the consistent chemical environment
of atoms within specific families of compounds, this optimized
cutoff radius is then utilized for maximizing the band gap in the 2D
MHPs. This approach is supported by its exceptional transferability
performance, as in various studies.®>>"

The idea is to include an ionization term in the valence band
maximum (VBM) and conduction band minimum (CBM), which are
not accounted for in the KS gap energy calculations, achieving
exceptional accuracy compared to experimental data.'®****** The
band gap energy analysis followed a sequence of protocols starting
from the standard PBE exchange-correlation functional and incor-
porating corrections such as D3, SOC, and DFT-1/2. We employed a
Workflow Active Node (WaNo) DFT-VASP®>%%37 in the Simstack
workflow to simplify the protocol complexity of this high volume of
implemented calculations. These simplified protocols allow for
better monitoring of different structural configurations with multi-
ple layers and are less time-consuming.

Results and Discussion
Structural Analysis

Initially, we provide a detailed description of the structural
information (i.e., the organic and inorganic layers) of the Ge-
and Sn-based 2D and 3D MHPs and their halogen combinations.
We found that the calculated lattice parameters for 2D and 3D
MHPs are in good agreement with both experimental and
theoretical reports (refer to Table S10), displaying a deviation of
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less than 10% when compared to literature data. Consequently,
the stability and optoelectronic properties calculated are based
on correct structural configurations. Given the absence of
temperature effects, our lattice parameters and angles suggest
triclinic-like behavior. Figure 3 compiles structural properties as
a function of the layer number (n) for four BX combinations
(GeBr, Gel, SnBr, and Snl). The parameters include L for the
thickness of the inorganic layer with its subdivisions (/;,, for
interface octahedra, /. for core octahedra), /,, for the organic
layer, as well as Az, Ad, 02, and Opyg.

Observing Figure 3(a), L values exhibit a linear correlation
with n for all BX compositions, aligning with the trends in
panels (b) and (c), i.e, L=1, (n=1), L=2l, (n=2), and
L = 2y + leore (n=3-5). This result aligns with prior work on 2D
Pbl-based MHPs,*¥ demonstrating a more subtle manifestation
of I,,. This difference does not indicate a negligible effect of
local octahedral distortions from interface stress between
inorganic and organic layers, but rather underscores a signifi-
cant adaptability facilitated by the smaller atomic size of B
atoms (Ge and Sn) compared to Pb.

Aiming for a deeper understanding of the organic spacers
regions, Figure 3(d) reveals a corresponding range of values for
lorg €xcept for n=1, within the interval region corresponding to
the triclinic phase.®® Also, as per the numerical description in

Table S11, L increases linearly, primarily driven by contributions
from the core region (l.), with minor fluctuations around an
average value for the interface region (/;,,). In contrast, /,,, peaks
at n=1 across all systems, exhibiting a larger value as lower
ionic radii atoms accommodate B and X in the inorganic lattice
(GeBr>Gel>SnBr>5Snl). For n>1, I,, decreases around an
average value. This behavior could be linked to the absence of
MA, introduced over n > 2, and the strong dipole moment
between BA spacers from different organic layers, which
decreases with additional layer stacking.

We analyzed the details of the BA spacer interaction with
the inorganic layer part, as depicted in Figure 3(e,f), since
differences concerning the metal size (i.e, Ge and Sn) may
exhibit different structural behavior when compared with quasi-
2D lead-based MHPs.®¥ Thus, we calculated the penetration
degree (Az) of the BA spacer in the octahedra over the top and
bottom interfaces (see panel (k)). Az exhibits a global increase
with the growth of the B and X ionic radii. This trend is inversely
proportional to /,,, and could signify a stronger dipole effect of
the BA spacer,”" especially in Ge-based compositions. However,
Az increases on average until n=3 and then decreases for
more stacking in all systems, indicating more stress and
compression in L for SnX-based compositions. The results
suggest that 2D MHPs for n=3 represent an equilibrium phase
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Figure 3. The structural analysis of all BX-based systems yielded the following results: (a) thickness data (L) for the inorganic lattice, along with its subdivisions,
(b) thickness of the interface region (I;,), (c) thickness of the core region (), (d) thickness of the organic lattice (/,,), (e) spacer penetration degree (Az) over
the top interface of L, (f) Az over the bottom interface of L, both explained in the scheme denoted by (k). For internal distortions, the Ad and o” results
describe the 2D and 3D compounds for: (g) GeBr, (h) Gel, (i) SnBr, and (j) Snl, within both /,, and /.. (I) The scheme represents the base variables, such as (m-
n) the B—X bond length (dj,) for the discussed internal distortions, and (o—p) the octahedral tilting angle (;), also inside /;,. and /.
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where MA surpasses the spacer in number and rigidness of the
inorganic lattice. Numerical values for the cation BA penetration
factor in 2D compositions can be found in Table S12. This
analysis quantifies the penetration of the organic cation at both
the lower and upper borders, delineating the separation
between the organic and inorganic lattices.

As octahedral distortions can directly affect the optical and
electronic properties of 2D and 3D MHPs, we conducted a
thorough analysis for all BX compositions, considering regional
distortions through the bond length distortion Ad, as shown in
Figure 3(g—j). In general, adding the BA spacer in 2D systems
reduced all distortions compared to bulk compositions. Ad
exhibited increasing distortion within the BX, lattice with added
stacking layers across all compositions. Among compositions
with the same layer stacking in different systems, Ad converged
to zero while shifting the B metal and X halogen to heavier
elements. This change (B=Ge—Sn and then X=Br—1I) resulted
in a centrosymmetric behavior and less distortion.

Within the inorganic lattice, /. tends to exhibit higher
distortion (Ad(le) > Ad(l,,)), particularly in GeBr-based MHPs
due to the noncentrosymmetric behavior of Ge and its smaller
ionic radius.”**® Conversely, Snl-based MHPs behave more
centrosymmetrically, resulting in lower distortion in [,
(Ad(l,ere) < Ad(l;,)). The intermediate systems, Gel- and SnBr-
based, along with their layered conformations, maintain both
centro- and noncentrosymmetric behavior due to the presence
of Ge and Sn metals, making them exceptions by not having
I.or dominant in all compositions.

When comparing /. with [, for n>3, the distortion in
GeBr-based compositions tends to be less than 20%
(Ad(lere) < Ad(l;,)), whereas it is almost 2x lower in Snl-based
compositions (Ad(l,y.) > Ad(l;,;)). For compositions with [,
only (n=1, 2), the inorganic lattice experiences an increase in
distortion from n=1 to 2, ranging from a maximum of 3x
(GeBr), 2.5x (Gel), 1.3x (SnBr), down to zero (Snl-based),
highlighting the effects of adding MA cations. In Table S13, a
comparative analysis of Ad values by octahedron (O) is
provided for all 2D and 3D compositions in both interface (/,,)
and core (/) regions.

Additionally, distortions within the octahedron were quanti-
fied using the bond angle variance, ¢>. As depicted in Fig-
ure 3(g-j), a trend similar to Ad is observed for o®. The 2D
compositions exhibited ¢* values up to 2x lower compared to
their analogous 3D structures, accompanied by a reduction in
values attributed to the alteration of B and X atoms. Notably,
lore displayed lower values (6° (o) < 0° (1)) for n=3, 4 within
L, with the exception of n=5 in Ge-based systems
(0*(leore) > 0*(l)) and Sn-based systems (0% (Iore) = 02 (lin;))-
These findings suggest that ¢ is significantly influenced by the
spacer’s dipole moment, experiencing a reduction from n=>5,
where more MA is present than BA. During the transition from
n=1-2, 0 almost doubled in all systems when transitioning to
a heavier BX pair, except for the SnBr-based system, which
exhibited a distortion reduction by half. This system demon-
strated the highest ¢ among all monolayered systems (n=1),
indicating potential stress in [, induced by the spacer. A
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comprehensive analysis of ¢ values by O; is provided in
Table S14.

To further elucidate the distortions highlighted by Ad, we
examine in Figure 3(m, n) the minimum, maximum, and average
values for the bond lengths djy (depicted in panel (I)) calculated
for the interface (/,,,) and core (/,,,.) regions. From the dgy values,
we observe greater variations in metal-halogen bonds for atoms
with smaller ionic radii, leading to corresponding variations in
Ad. Generally, dgy tends to increase with more stacking layers in
both /,,; and I, (for n>3). The GeX-based systems exhibit more
deviation from minimum to maximum values, whereas SnX-
based systems are more centrosymmetric. This analysis also
elucidates the effect of the BA spacer in reducing rigidity in the
lie region, consequently increasing stress within [, due to an
augmentation in layers.®" Additionally, Table S15 provides the
dgy values (maximum and minimum) for equatorial and apical
directions, with the apical dgy values being smaller for Br-based
systems in both /., and /,,, while GeBr-based systems have the
smallest bond lengths, followed by SnBr, Gel, and Snl.

Similar to Ad and dg, to clarify the distortions within the
octahedron, as indicated by ¢, we have examined in Fig-
ure 3(o,p) the minimum, maximum, and average values for the
angle O,y (illustrated in panel (1)), also calculated for /,,, and /..
Meanwhile, Table S16 segregates the bond angles 6;,; between
equatorial and apical directions. For n=1, we observe the most
distorted interval of octahedral tilting angle g, in their
monolayer equatorial plane, with Ge-based compounds tending
around 150°. For n> 1 structures at /.,,, and /,,,, Oy values tend
toward 180° in the equatorial plane and apical direction.
Compared with the bulk (n = o), for 2D MHPs, the 65y, tends to
increase with more layers. For all compositions, the equatorial
plane values experience a reduction when changing B and X
atoms in the sequence GeBr>Gel>SnBr>Snl. For the apical
direction, 6, shows a tendency to open as more inorganic
layers are stacked compared to bulk values, with average
deviations around —4.6% in the minimum and —2.7% in
maximum bond angles. These results depict a stress effect in
the apical direction, compensated by the equatorial plane as a
distortion function of weak forces and atomic sizes of B and X.
The BX; octahedra tends to reduce the cuboctahedral cage
volume through tilting and/or rotation due to a small cation
MA, which reduces the symmetry of inorganic lattices and
affects the electronic properties of the system.

Stability Analysis

We initially investigated the thermodynamic stability of both 2D
and 3D configurations through the calculation of formation
enthalpies (AH)), as illustrated in Figure 4(a). Our study relied on
a series of synthesis routes commonly employed in the
fabrication of 2D MHPs, as reported in the literature.®**"! These
routes involve distinct chemical reactions tailored for 2D
compositions, wherein the number of layers is controlled. The
synthesis routes can be represented by the following reaction
for 2D compositions, where n ranges from 1 to 5:
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nH,PO, + (2n + 2)HX + (n—1)CH;NH,X + nBO,
+2CH;(CH,);NH, — (CH;3(CH,);NH;),B, X3, 4 (@)
+nH;PO; + nH,0.

For 3D compositions with an infinite number of layers
(n = o), the synthesis follows a simpler reaction:

H,PO, + 2HX + CH;NH,X + BO, —
(CH;NH,)BX; + H;PO, + H,0

PBE+SOC (a)

1 2 3 4 5 00
n
PBE+D3, BAQMAn_anX;;n_H and (MA)BX3

) n=1 (b) n=2(c)
_ o]
o 3.0' B
R AS
; 2.0F B
< 10} s &
i 0.0- L L [ L L

=3 (d) =4

= 4.0 . i e
8 3.0F B
§ 2.0F 7:\*7 B *
;E 1o} S O S
o 0.0- L Il L Il L L L

4.0 n=>5(f))L n =00 (g)
7 4 &
= [ [ O Ad
; 2.0

*

< 10} <& [

A

o > > X S v L 4 © X AN
T =< é’“ g\“ é’: TR VRN é’\, g; é’i Q¥ O

n=1: B = EPA + EP* + Ejiy + Ei
n=234,5: E¥ = EMA 4+ EPA + BF* 4 Byt + Eim
n=00: EY = EMA + EP% + Byt + Eimy

(O Gepr Gel O SnBr ° S|

Figure 4. The stability analysis for both 2D and 3D BX-based compositions is
initiated with (a) formation enthalpy (AH,) at the PBE + D3 level as a function
of the number of layers (n). Additionally, Ef,y‘ represents the absolute binding
energy of the systems, broken down into its components: £2* for the BA
spacers, EI" for the MA cations, £ for the BX, octahedra, and the
interaction (E;,) and distortion (Ey,) energies for varying layer numbers (n) as
follows: (b) 1, (c) 2, (e) 3, () 4, (g) 5, and (h) oo.
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Our AH; results revealed an increasing trend with the
number of layers for all BX compositions, indicating that
thermodynamic stability rises with a reduction in stacking
layers. Importantly, the choice of halide element (X) on
significantly influenced stability, with compositions generally
exhibiting greater stability when X is | compared to Br. This
trend was consistent across most layer numbers (n>1), except
for n=1, where Gel- and SnBr-based systems showed the
highest stability. These findings align with existing
literature,***? underscoring the combined influence of n and
the halide element on the formation energy and stability of the
system.

To enhance comprehension of energetic stability, we
computed the binding energy (E°) for all systems. This binding
energy was decomposed into individual components, including
the binding energies of BA, MA, and BX;, along with interaction
(E,,» and distortion (E,,) energies.®>* Figures 4(b-g) illustrate
the absolute values of binding energies calculated for 2D (n=
1-5) and 3D (n = o) systems, with corresponding equations for
EY* provided in the figure. Additional details are available in the
SI. A key observation is that the modulus of E” follows the
same trend of decreasing AH; magnitude with the increase in n,
reaffirming the stability of 2D systems relative to 3D ones.
Furthermore, there is a tendency towards increased stability
due to the change in composition in B and X towards larger
atomic radii.

The decomposition of the binding energy highlights the
well-established behavior for 2D systems. E}* and E}" maintain
equal values for different compositions within the same n. £*
represents the most significant contribution among all ener-
getic terms, affirming the cation spacer as the primary agent
contributing to thermodynamic stability in all 2D configura-
tions. Essentially, the magnitude of Eﬁ" decreases (increases)
with increasing n, while E/* follows the opposite trend. In the
sequence of energetic contributions, the values of the inorganic
part of the system (E¢) contribute slightly more than E,. In
contrast, in most cases, the term E,, represents the energetic
penalty paid due to the interaction between the organic and
inorganic parts.

In the case of 3D systems, we observe a different energetic
behavior, where the absence of the organic part of the spacer
cations means that the greatest energetic contribution to
stabilizing the system comes from the E§X5 octahedra. While the
interaction energy between the MA molecules and the
inorganic part is not too high, as expected, the distortion
resulting from the interaction causes the magnitude of the
energy penalty E,; to be slightly greater than the magnitude of
EM itself.

Electronic Analysis

We employed the DFT-1/2 quasiparticle correction protocol to
accurately calculate the band gap (E,) for all 2D RP and 3D bulk
MHPs. As reported by several studies,*>*% the DFT-1/2 method
presents excellent transferability across structurally different
systems with the same chemical composition. It is therefore

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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crucial that both 2D and 3D structures based on the same
chemical composition for the inorganic part exhibit similar
behavior regarding the orbital participation at the band edge.
Specifically, we focused on the p-orbital from halogens, which
predominantly contributes to the formation of the VBM. We
perform the cutoff optimization for the MHPs by correcting the
electron occupation of the p halogen orbitals at the VBM. In
addition, we investigated the impact of the SOC energy portion
on the band gap, as depicted in Figure 5, which demonstrates
that it affects only the magnitude of the E, but not the cutoff
radius value. This is because the SOC energy (Esoc) contribution
from each chemical species in the MHP is relatively small, with
values of E;,c=-0.010, —0.142, —0.068, and —0.333 eV/atom
for Ge, Sn, Br, and |, respectively. Thus, we used the cutoff

3.5 -
-~ MAGeBr;, PBE — 1/2
3.23i3.23 -0+ MAGeBr;, PBE — 1/2 + SOC
3.0F i - MASnBr3, PBE — 1/2
: -0- MASnBr;, PBE — 1/2 + SOC
. -= MAGel;, PBE — 1/2
251 -0- MAGels, PBE — 1/2 + SOC
= -~ MASnl;, PBE — 1/2
= a0l -0- MASnl;, PBE — 1/2 + SOC
s
15}
1.0}

8 10 12

Figure 5. We apply the quasi-particle correction DFT-1/2 into two protocols
to compare the impact of the SOC correction on the gap energy in 3D
(MASN,Br;) compositions while optimizing the CUT parameter.

3.5
PBE+D3+S0OC-1/2
0 GeBr =O— SnBr
GeBr(Ab) O SnBrUV-vis)
3.0F Gel -0 sul
o] (PBEOHSOC) SnI(Ab)
% 25} o
g
F o
55
g 2.0F
sal
(o]
1.5F
o

Figure 6. The electronic analysis for both 2D and 3D BX-based compositions
is presented by the energy gap (E,), using the PBE4-D3 +SOC-1/2 protocol,
as a function of the number of layers (n). A comparison with literature data,
including optical absorbance (Abs) for GeBr,** UV-vis for Gel,’” PBEO +SOC
protocol for SnBr,”*® and Abs for SnI®" is provided.
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values that maximize the band gap of the 3D structures to
calculate the E; for the 2D systems (based on the number of
layers).

We calculated the E; for all 2D RP and 3D bulk MHPs,
considering the B (Ge or Sn) and X (Br or I) combinations as a
function of the number of layers, using the PBE+ D3 + SOC-1/2
protocol, as shown in Figure 6. Our results show a narrowing of
the energy gap primarily driven by the increasing n for all 2D
compositions, which is consistent with previous findings in
optical absorbance (Abs) studies.”*® Interestingly, we observed
differences in the Abs protocol for systems, with percentage
differences of —7.1% (GeBr), —7.9% (Gel), —20.9% (SnBr), and
—1.5% (Snl).

Thus, systems characterized first by larger ionic radii
halogens (I) and, then, by larger metal (Sn), showed narrower
energy gaps. For the n=1—2 transition there occurs a steep
descent, with crescent deviations of approximately —10%,
—20%, —25%, and —35% for GeBr, Gel, SnBr, and Snl,
respectively. This result can be attributed to the addition of MA
cations within the cuboctahedral cage of the inorganic lattice
(n=2). In sequence, the trend of E, decreases by adding more
layers and converges to D bulk values in two distinct trends. For
2D Ge-based MHPs, a drop is observed at n=5, resulting in a
lower energy gap compared to 3D (Ej(n=5)<Eyn = o0)).
Conversely, for 2D Sn-based, we found a peak at n=4. These
anomalies could be attributed to the metal's centro- and
noncentrosymmetric behavior.

Changing the composition greatly affected the structural
properties, directly tuning the stability and electronic properties
for both 2D and 3D compositions. The addition of the BA spacer
led to a natural supercell increase in ¢, a peak in /,, thickness
in n=1 compositions, and a reduction in distortion. This
addition also caused an increase in octahedral tilting and
enhanced energetic stability, notably widening the gap be-
tween CBM and VBM for n=1, 2. The phenomenon of a
narrower energy gap in Ge-based compositions at n=5
compared to 3D arises from a shift in internal octahedral
distortion ¢® from I, to I.,,.. For the Sn-based anomaly at n=4,
an energy gap opening could be attributed to reduced tilting
Ogxs. Subsequent reductions in E; stem from stacking additional
layers, as described in the literature,”” coupled with increased
internal and external distortion across the inorganic lattice due
to the incremental addition of MA cations. Furthermore, wider
band gaps were observed with smaller ionic radii for both B
and X. Despite the high distortions in GeX-based systems, SnBr
compositions exhibited the second most pronounced energy
gap opening, albeit with significantly fewer distortions, owing
to the contribution of Br in the VBM.

Conclusions

In our study, we investigated how alternative inorganic lattice
compositions (BX) influence the energy gap and stability of Ge-
and Sn-based metal halide perovskites (MHPs) with X=Br and I.
Employing first-principle calculations integrating SOC, DFT-1/2
quasiparticle, and D3 dispersion corrections, we thoroughly

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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analyzed both 2D Ruddlesden-Popper (RP) perovskites
(BA,MA, 1B, X5, .1, with n=1-5 layers) and 3D bulk systems
((MA)BX;). Our investigation sheds light on the implications of
novel BX combinations for predicting properties essential for
optoelectronic applications.

Our findings provide a deep understanding of the structural
properties and distortions in both 2D and 3D MHPs based on
Ge and Sn. The calculated lattice parameters align well with
experimental and theoretical data, validating the stability and
optoelectronic properties derived from accurate structural
configurations. Structural analyses revealed linear correlations
between core layer thickness and layer number (n) across
various BX combinations, highlighting the adaptability of MHPs
to different atomic sizes. Additionally, the presence of MA
cations influenced the rigidity of the inorganic lattice, leading
to variations in layer thickness and penetration degree.
Distortions within the octahedral lattice, influenced by compo-
sition and stacking layers, affected optical and electronic
properties, with generally lower distortions observed in 2D
compared to 3D compositions. Notably, Ge- and Sn-based
systems exhibited distinct behaviors owing to atomic proper-
ties.

Examining thermodynamic stability and energetic contribu-
tions, our analysis via formation enthalpies revealed increasing
stability with decreasing stacking layers, emphasizing the
significant role of BA cations in stabilizing 2D configurations
(with generally I-based compositions being more stable than
Br-based ones). The decomposition of binding energy under-
scored the dominance of BA in stabilizing 2D systems and
highlighted the energetic contributions of the inorganic lattice.
For electronic properties, the DFT-1/2 correction protocol with
SOC elucidated the band gap trends, primarily decreasing with
increasing n in 2D compositions. Anomalies in band gap
behavior were attributed to specific compositions and layer
numbers, reflecting structural nuances. For instance, the band
gap variations were influenced by the ionic radii of both the
metal (B) and halogen (X). Generally, wider band gaps were
observed for compositions with smaller ionic radii. However,
anomalies were noted, such as wider band gaps for SnBr
compositions despite higher distortions and narrower band
gaps for GeX systems, particularly in the case of n=5.

Overall, our study underscores the importance of consider-
ing composition, layer number, and structural properties in
analyzing the energetic and electronic characteristics of MHPs.
These insights advance our understanding of their potential
applications in optoelectronics and provide a framework for
optimizing their properties. By elucidating the underlying
physics and chemistry of 2D perovskite materials, this research
paves the way for the development of environmentally friendly
alternatives with enhanced performance and sustainability.

An important perspective lies in further exploring the
excitonic and optical properties of these systems, as they can
significantly impact the band gap properties, including absorp-
tion spectrum, optical properties, and exciton binding energy,
particularly in 2D MHPs. The reduced dimensionality and
confinement of charge carriers in these systems can enhance

ChemPhysChem 2024, 25, €202400118 (8 of 9)

exciton effects, potentially leading to stronger electron-hole
interactions.
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