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ABSTRACT: Lead-free two-dimensional (2D) hybrid metal halide
perovskites (MHPs) emerge as promising eco-friendly alternatives

to lead-based counterparts, offering excellent thermodynamic “1,‘

stability and environmental compatibility despite lower solar

@

CBM_

harvesting efficiency. Nonetheless, the dearth of research on tin- § E_B
based MHPs illustrates the difficulties in their optoelectronic 18y .

o . . B
characterization. Herein, we present a computational protocol that 8
integrates ab initio and semiempirical approaches to investigate the IPA——BSE VBM —
electronic, optical, and excitonic properties qf the scarcely explored L
BA,Snl,, where BA represents butylammonium. We apply a cost- B el semi-empirical
effective computational framework that combines a maximally ;Eé%“l’_ﬁ‘{? ey

1mit superior

localized Wannier function tight-binding (MLWF-TB) method for ’ ab initio

electronic states with the Bethe—Salpeter equation (BSE) for

excitonic properties. To improve the accuracy of the electronic band gap, we employ a relativistic quasi-particle correction (DFT-1/
2) within the density functional theory (DFT) framework, which also includes van der Waals corrections and spin—orbit coupling
effects. Our findings reveal that replacing Pb with Sn weakens exciton binding, leading to lower exciton binding energies and
improved charge extraction efficiency. These results indicate a band gap of 2.0 eV, an exciton ground state energy of 1.85 eV, and an
exciton binding energy of 150 meV. The BSE calculations also predict a redshift in absorption, extending the spectral response
further into the visible range, compared to the independent particle approximation (IPA). 2D RP BA,Snl, perovskite is a promising
photovoltaic material since even in ultrathin films smaller than 0.25 pm, this material can achieve PCE values near 25%, close to the
Shockley—Queisser limit. Although Sn-based 2D MHPs present advantageous features, more work is required to resolve
manufacturing issues and enhance performance stability.

1. INTRODUCTION based photovoltaic devices (26%'*'*) and presenting a
promising performance when mixing 2D/3D heterostructures
(23%") and/or tandem Pb—Sn (>29%'®). However, the lead
toxicity and environmental impacts call for the substitution by
metals such as tin,”'”'® which exhibit analogous optoelec-
tronic properties.w’20

In this line, Ruddlesden—Popper (RP) MHPs with
butylammonium spacer (BA = CH;(CH,);NH;") achieved
an efficiency of ~17%'**"** with variations relative to the
architecture of choice. Conversely, tin-based 2D RP MHPs
containing BA exhibited a significantly lower PCE of ~2.5%.>
This alarming efficiency reduction is likely due to Sn
oxidation,”* precursor impurities,”> noncontrolled crystalliza-

Two-dimensional (2D) hybrid metal halide perovskites
(MHPs) have been found promising as low-dimensional
materials for commercially viable next-generation photovoltaic
solar cells because of their improved optoelectronic character-
istics and enhanced stability when compared to their three-
dimensional (3D) counterparts.' > 2D-MHPs are advanta-
geous due to combining the best features of 3D and 2D
semiconductors,”* having promising optoelectronic properties,
including efficient light absorption, increased defect tolerance,
and tunable excitonic effects.’ Notwithstanding this favorable
situation, there are still many challenges awaiting resolution to
unveil their structural features and how the external
perturbations affect synthesized films, particularly intending

to raise their power conversion efficiency (PCE).4 Received: March 13, 2025 ey %
Lead-based MHPs have been extensively investigated Revised: ~ May 13, 2025 U
concerning perovskite solar cell (PSC) applications, with Accepted:  May 14, 2025 W
significant advances toward commercialization despite their Published: May 18, 2025 P |
toxicity and stability problems.”*~'" The PCE of lead-based = 5

MHPs reaches 25%'" for 3D and 17%'* for 2D, matching Si-
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Figure 1. 2D RP MHP BA,Snl, supercell from (a) isometric and (b) lateral perspectives. The composition is highlighted by the organic (lorg) and
inorganic (L = I,,) layers. Additionally, (c) presents the flowchart of calculations, from ab initio to semiempirical approaches. Panel (d) illustrates
the SimStack workflow employed for calculating the geometrical and electrical properties of the BA,Snl, supercell using the WaNos: DFT-VASP,
Wannier90, Wantibexos, and DB-Generator. Panel (e) shows the graphics of photonics and optical properties analyzed in a Google Colab, which
retrieves data directly from the DB-Generator WaNo.

tion,”® and/or low film quality,””*® directly affecting the and needs further investigation into better architecture to start
optoelectronic properties. Sn is a promising alternative to Pb the full potential of Sn-based PSCs.””°
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Optoelectronic behavior in 2D perovskites is highly tunable
by chemical engineering of organic and inorganic layers,”"
directly controlling key parameters like energy band gap, light
absorption, and exciton binding energy.”” These impacts come
from dielectric and %uantum confinement, which dictate the
excitonic behavior’** and the charge dissociation for
transportation purposes.35 Electronic and optical properties
are also greatly influenced by structural factors, such as local
phase inhomogeneities, octahedral distortions, layer thickness,
organic—inorganic interactions, and dielectric environment, all
that cause symmetry breaking and alter the dielectric
landscape;*®*” thus altering film crystallization, spintronics,
and optoelectronic properties.” Hence, understanding film
engineering and optoelectronic behavior is critical to
improving the production and commercialization of solar
cells. Except for recent research,”® "’ the excitonic properties
and another optoelectronic feature of 2D-MHPs are still poorly
explored and need further investigation.

Accurate theoretical modeling is crucial as excitonic effects
lie at the heart of the definition of the optical band gap and
linear optical response of 2D perovskites. However, due to the
many-body problem, electron—hole (e—h) interactions present
significant computational challenges, especially in 2D systems
where the quantum confinement in the vacuum direction
enhances these quasiparticle effects. Pure ab initio + Bethe—
Salpeter equation (BSE)*'™* calculations of excitonic proper-
ties in complex systems, such as RP MHPs,****~* are typically
impossible due to prohibitive computational costs, to address
this challenge, several methods have been employed, including
Wannier-Mott exciton descriptions, which depends of electron
and hole effective masses, and the combination of maximally
localized Wannier function tight binding approach (MLWE-
TB) + BSE approaches.”"

Continuing in this direction, in a recent study,48 we
examined the structural stability and electronic properties of
2D RP BA,MA, _ B, X;,.,, perovskites, with B = Ge or Sn and X
= Br or ], for n = 1-S5 layers, and 3D bulk (MA)BX; systems.
We noted a pronounced influence of atoms with smaller ionic
radii, which induced anisotropic internal and external
distortions in the organic and inorganic lattices despite
stabilizing the organic spacers. Thus, that these 2D RP
MHPs possess structural stability, adjustable band gaps, and
distinct electronic properties has been ascertained, making
them solid prospects for optoelectronic devices, with special
interest for tin-based compounds, namely on BA,Snl, for n =
1, which exhibit better stability and less distortion compared to
their Br-based counterparts and bulk. These findings suggest
that BA,Snl, is an excellent candidate for further exploration of
excitonic effects in lead-free perovskites.

Given the key function of excitons in characterizing optical
features, this study focuses on quantifying the exciton binding
energy, examining the linear optical response through the
absorption spectrum, and investigating the charge carrier
dynamic in BA,Snl,. This is crucial to achieve optimal charge
separation and 2D perovskite-based optoelectronic devices.
Our proposal for the system adheres to the lead-free perovskite
trend since Sn-based counterparts are more environmentally
friendly (eco-friendly) than Pb-based systems. Furthermore,
we employ a cost-efficient computation that incorporates
relativistic quasi-particle correction (DFT-1/2), van der Waals
(vdW) corrections, spin—orbit coupling (SOC), and maximally
localized Wannier function tight-binding (MLWF-TB) meth-
ods and, subsequently, computations involving BSE. This
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hybrid methodology provides accurate excitonic property
predictions with reduced computational costs and offers
insightful information for rational optimization of lead-free
perovskites for application in solar energy.

2. METHODOLOGY

2.1. Ab Initio Calculations. Our structural relaxation
calculations are based on spin-polarized DFT,**° considering
the standard semilocal Perdew—Burke—Ernzerhof (PBE)
functional®"** for the exchange and correlation functional, as
implemented in the vienna ab initio simulation package
(VASP).>*™>° As it is known that DFT-PBE calculations
underestimate the band gap®®™>® and do not describe
dispersion forces adequately, we emgplogred the quasi-particle
method DFT-1/2°”" and vdW-D3°' "% corrections, respec-
tively, since they are well-tested with promising results in
previous studies.”'>®* Similarly, in contrast to the scalar
relativistic treatment offered by VASP default calculations for
the valence electrons, we have included the spin—orbit
coupling (SOC)*% effects in the valence states, for a correct
description of orbital relativistic effects, due to the dense cores
of the inorganic layer. Given that 2D RP MHPs are complex
atomic structures, a robust approach set is needed to describe
their physical properties correctly. Therefore, we have
considered a well-established protocol labeled as DFT-PBE
+D3+SOC-1/2."%*® More technical details on the DFT-1/2
quasi-particle correction method, including the determination
of the cutoff radius function (CUT parameter optimization),
can be found in our previous publication.”®

To solve the Kohn—Sham (KS) equations, we have
considered the projector augmented wave (PAW) method,”’
as implemented in VASP, with KS orbitals expanded in plane-
waves up to a specified cutoff energy of 500 eV, which exceeds
the VASP recommended values (ENMAX). The Brillouin zone
(BZ) integration was sampled with a 4 X 4 X 3 k-point mesh.
For the density of states and band structure calculations, the k-
point mesh was increased by an additional 25%. Equilibrium
geometries were obtained by minimizing the atomic forces on
every atom until 0.01 eV/A, while a total energy convergence
of 1076 eV was adopted for electronic self-consistency.

An orthorhombic supercell of size 2 X 1 X 1 was employed
for our 2D RP MHP BA,Snl, calculation for a better
description of the interaction between the organic parts, with
the inorganic layer (Snl) along xy plane and organic layer (BA)
along the z-axis as shown in Figure 1(a). To clarify the
separation among periodic systems along the z-axis, panel (b)
illustrates the organic layer size (lmg) between two inorganic
layers, each with a thickness of [,,. The organic (spacer) layer
is composed of hydrophobic butylammonium (BA) molecules,
while the inorganic layer is populated by Snl-based framework.
This configuration results in a supercell containing 78 atoms,
with 16 C, 4 N, 48 H, 2 Sn, and 8 I atoms. Finally, panel (c)
shows the complete calculations workflow for all calculations
performed, while additional computational details are provided
in the Supporting Information.

2.2. Wannierization. We construct a TB Hamiltonian
(MLWE-TB) based on MLWFs using Wannier90.”® This
procedure is carried out as a postprocessing step after the ab
initio calculation, where the KS Hamiltonian is projected onto
the MLWEF basis. For the Wannierization process, we consider
s and p orbital projections for Sn and I, and only p orbital
projections for C and N, while importing calculation data from
a previous VASP run. All projections include spinors.

https://doi.org/10.1021/acs.jpcc.5c01707
J. Phys. Chem. C 2025, 129, 9646—9655
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Figure 2. Electronic structure of the 2D RP MHP BA,Snl, calculated using the DFT-PBE+D3+SOC-1/2 protocol, (a) the band structure and (b)

the projected density of states. The Fermi level is set to 0 eV.

2.3. Semiempirical Calculations for the Optical
Properties. We have used the WanTiBEXOS package®’ to
predict the optical and excitonic properties via BSE® with the
Tamm—Dancoff approximation (TDA), incorporating exci-
tonic effects described by the Bare Coulomb Potential (V3D),
and also performing PCE calculations. The electron and hole
single—particle states were described for the MLWEF-TB
Hamiltonian, obtained from DFT-PBE+D3+SOC-1/2 calcu-
lations. The BSE was solved using a k-points mesh of 11 X 11
X 6 which corresponds to a k-points density of 90 A~
considering the 6 highest valence bands and the 2 lowest
conduction bands, which is sufficient for a description of the
absorption coeflicient in the solar emission spectrum range
(0.5 to 4.0 eV).”” We applied smearing of 0.05 eV to the
dielectric functions at both BSE and IPA levels to ensure
accurate results. The prediction of the optical properties is
based on the real and imaginary parts of the dielectric tensor
initially calculated in the independent particle approximation
(IPA). We derive the refractive index and the extinction
coeflicient from the dielectric function parts, whose interplay
determines the reflectivity. The absorption coeflicient is
obtained from the dielectric function as well.

2.4. Scientific Workflow Using SimStack Framework.
The ab initio and semiempirical calculations were carried out
using the SimStack framework,”" through Workflow Active
Nodes (WaNos), and it enabled the implementation of the
calculation flow illustrated in Figure 1(c). The generated data,
input files, and additional information on how to run the
workflow are readily accessible in our GitHub repository.
Including the specific data on the optical transition dipole
moments, containing the linear polarization-resolved transition
dipole matrix elements for the xx, yy, zz, xy, xz, and yz tensor
components. The scientific workflow principle saves time for
large, complex, and demanding systems, providing a more
reliable approach to managing a large complex of calculations
while reproducibility and transferability are ensured.”””~”* This
means reducing the time consumed during the presubmission
and postexecution phases. Below, we focus on the workflow
dynamics and the design of choice to predict the physical
properties of our 2D RP MHP system.

The first half of our protocol relies on the DFT-VASP
WaNo for structure optimization, stress tensor, and energetic
and electronic structure calculations. DOS, band structure,
band gap, structural parameter, and energetic analysis came
from this phase alone. This WaNo facilitates DFT calculations
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via VASP> ™ software by automatically handling input files,
including the structure depicted in Figure la, and efficiently
manages standard structure-electronic optimization protocols
with simplicity and efficiency. Additionally, we can manipulate
this WaNo into standard calculations or directly import input
files, simplifying and accelerating the presubmission and
allowing easy control of memory usage, node relocation, and
thread optimization.

The Figure 1d shows a SimStack workflow employed for the
passage ab initio to semiempirical scopes. We apply a set of
WaNos to generate a TB-Hamiltonian, starting with a DFT-
VASP and taking advantage of the VASP to wannier90
interface to generate Wannier input files. This feature
completes the Wannierization inputs that are ready to use in
the next phase, excluding the need for an intermediate
presubmission phase. Next, we Wannierize the previously
optimized structure (DFT-PBE+D3+SOC-1/2 protocol) using
the wannier90 WaNo, creating an MLWF-TB Hamiltonian.
For optical and excitonic prediction, we introduce this
Hamiltonian into the Wantibexos WaNo. This step prepro-
cesses the Hamiltonian to a WanTiBEXOS"” format and could
fragment the processes between excitonic, optical, and
electronic focus calculation or predict all at once. Finally, the
auxiliary DB-Generator WaNo organizes the generated data as
a.;yml format file, making key information easily accessible and
exportable for postprocessing using Google Colab or cloud
Jupyter Notebook, as highlighted by Figure le.

3. RESULTS AND DISCUSSION

3.1. Energetic and Structural Properties. Our studied
system was derived from the 2D RP MHP A’,A,_ B, Xj,.,
family, setting n = 1, with metal B = Sn, halogen X = I, organic
spacer A’ = BA. Since n = 1, there is no organic cation A. Our
2D RP MHP BA,Snl, system is thermodynamically stable,
mainly due to the majority contribution from the organic
layers, presenting a higher enthalpy of formation (—6.28 eV)
than the 2D systems with n > 1 layers than the 3D system (n =
0). Structurally, our system adopts an orthorhombic crystal
structure with equilibrium lattice parameters a, = 8.18 A, by =
8.69 A, and ¢, = 15.47 A, and equilibrium angles: a = 113.6°,
=92.8°, and y = 90.3°. The layer thicknesses are [, = 6.98 A
and L = I, = 6.37 A. Furthermore, the inorganic structure
(Snl,) maintains centrosymmetry, with the spacer (BA)
penetrating —0.75 A (0.59 A) at the upper (lower) interface.
This penetration influences the dipolar effects of the spacer

https://doi.org/10.1021/acs.jpcc.5c01707
J. Phys. Chem. C 2025, 129, 9646—9655
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BA, reducing the octahedral distortions. The remaining
distortions include: (i) smaller distortions in metal—halogen
bond lengths and (ii) lower variations in bond angles
compared to similar family systems with n > 1 or n = 00.*
More details on energetic and structural properties are
provided in the Supporting Information, showing excellent
agreement with our previous work. "

3.2. Electronic Properties. To understand the electronic
structure of our 2D RP MHP BA,Snl, system, we calculated
the band structure and the orbital-projected density of states as
shown in Figure 2a,b, respectively, while the values for the
band gap (E,), exciton ground-state (E,), and exciton binding
energy (Eg) are provided in Table 1. More details about the

Table 1. Electronic and Optical Properties of the 2D RP
BA,Snl, Perovskite: Band Gaps (E,), Exciton Ground State
Energies (E,), and Exciton Binding Energies (Ep)”

E, (eV) Eg (eV) Ep (meV) refs
2.00 1.85 150 this work
2.35 2.18 170 + 20 Hansen et al.*!
1.53 - 268 Chen et al.**
2.04 - 286 Ma et al.*
1.45 - 267 Ma et al.*

“Additionally, theoretical and experimental values compiled from the
literature are compared

band structure, including the k-path are given in Supporting
Information. From the band structure in panel (a), a
semiconductor behavior is evident, characterized by a direct
bandgap present at the R symmetric point in BZ. Although one
might initially consider the band edge to be localized at the I"
point, this is not the case, as the possible gap at I' is only 0.4%
wider than at R. Therefore, to refine our predictions, we
considered relativistic SOC effects and the quasi-particle
correction (DFT-1/2 method). Compared to computations
without this adjustment, the SOC inclusion produced a 7.5%
band gap reduction. In contrast, the DFT-1/2 technique
produced a notable 43% band gap increase, indicating its
influence on the electronic structure.

Therefore, through our full DFT-PBE+D3+SOC-1/2
protocol, we have predicted E, of 2.0 eV, as shown in Figure
2a and presented in Table 1. This value is in good agreement
with experimental results reported in the literature: 1.98 eV,°
obtained via photoluminescence (PL) spectroscopy using an
argon ion laser; and 2.35 eV,” measured through low-
temperature electro-absorption spectroscopy. The band gap
obtained for BA,Snl, is lower than the value of 2.54 eV
reported for Pbl-based 2D RP MHPs,** measured by optical
spectroscopy.

A detailed analysis of the electronic structure close to the
Fermi level is illustrated in the DOS plot in Figure 2b. Our
results for Sn-based MHPs show that the valence band
maximum (VBM) is predominantly composed of iodine p
orbitals and tin s orbital, while tin p orbitals dominate the
conduction band minimum (CBM); which is in opposition to
Pb-based MHPs, where only Pb dominates the valence band.
Interestingly, this deviation contrasts with previous theoretical
results of electronic similarity between Sn-and Pb-based
MHPs,*’ suggesting that iodine p orbitals play a more
significant role in defining the valence band features.

Moreover, this change in the valence band composition
results in implications for Eg. While the direct band gap is

9650

equal to 2.0 eV, our calculations yield an exciton ground state
(Egs) of 1.85 eV, which implies an exciton binding energy (Ej)
of 150 meV. Consequently, the dominant contribution from
the iodine orbitals modifies the electronic structure, distin-
guishing Sn-based MHPs from their Pb-based counterparts.
These findings highlight the fundamental differences in the
electronic properties of Sn-and Pb-based 2D RP MHPs and
their potential impact on optoelectronic applications, putting
Sn-based systems in the running once and for all.

WanTiBEXOS predicts hole (electron) effective masses m;*
(m¥*) of 4.61 (0.20), 1.13 (0.82), and 8.28 (116.34) along the
xx, yy, and zz tensor components, respectively. These values
reveal significantly higher electron mobility compared to hole
mobility, especially along the in-plane directions. However, the
zz-component indicates a strong suppression of carrier
mobility perpendicular to the inorganic layers, likely due to
the presence of organic spacers acting as transport barriers.
The combination of light in-plane effective masses and a low
exciton binding energy supports the potential of this material
as an efficient photoabsorber in optoelectronic and photo-
voltaic applications.**

3.3. Excitonic and Optical Properties. The excitonic
band structure of 2D RP BA,Snl, perovskite, obtained from
MLWE-TB+BSE approach, is shown in Figure 3. We found an

2.6

24

2.2

Energy (eV)

2.0

1.8

r Y

R

X r

Figure 3. Exciton band structure of the 2D RP BA,Snl, perovskite,
obtained using MLWF-TB+BSE with a DFT-PBE+D3+SOC-1/2-
based parametrization.

exciton ground state energy of 1.85 eV, with an exciton binding
energy of 150 meV, calculated by E; — E. These findings are
in agreement with other studies on 2D MHPs (see Table 1,
which compares our DFT-1/2+TB-BSE results with other
theoretical and experimental studies),” and confirms that
BA,Snl, exhibits a direct exciton transition; however, at R
point we have an indirect excitonic state with very closer
energy, which suggests the possibility of phonon-assisted
optical transitions for light excitations with similar frequencies.
As a result of the linear optical response, all exciton transitions
below the electronic band gap appear as bright excitonic states,
enabling direct spin transitions (see Supporting Information
for the spin-polarized band structure).

Hansen et al.®' reported a low-temperature electroabsorp-
tion spectroscopy measurement yielding an E, of 2.35 eV,
followed by an E, of 2.18 eV, and an Eg of 170 meV (20
meV). However, using low-temperature time-resolved photo-
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luminescence combined with an Arrhenius model fit of PL
intensity, a second analysis yielded an E, of 1.99 eV and an Eg
of 48 meV (+40 meV). From a theoretlcal perspective, Chen
et al.”® employed HSEO06 calculations and reported an E; of
1.53 eV and a Ep of 268 meV based on the Wannier—Mott
exciton model. Similarly, Ma et al.** obtained an Ey of 286
meV, but an E, of 2.04 eV using the PBE0+SOC functional-
protocol. Meanwhlle, Ma et al® incorporated relativistic
corrections into HSE06 (HSE06+SOC), obtaining an E, of
1.45 eV and an Ej of 267 meV.

Compared to the respective Pb-based system, our Sn-based
perovskite presented a band gap) reduction of 26% (2.5 eV'*), a
E, reduction of 23% (~2.4 eV %), and a Ej reduction of 68%
(467 meV>*). A lower Ej indicates a weaker electron—hole
interaction favors exciton dissociation and increases charge
extraction efficiency, a desired property for solar cell
applications. Those findings make Sn-based 2D RP MHPs
promising materials for optoelectronic applications.

Figure 4(a) illustrates the absorption coefficients («;) at IPA
and BSE levels, both within the visible light at absorption
spectrum (1.6—3.2 eV). The in-plane BSE absorption tensors
exhibit a similar trend for the IPA approach due to the
noncentrosymmetric behavior,”® followed by peaks at 3.0 eV
and weak response at out-of-plane (z-axis direction)
absorption. The presence of flat bands (see the Supporting
Information for more details on band structure) explains the z
tensor absorption and anisotropy. The «; behavior aligns with
literature results for Sn-based 2D RP MHPs computed using
hybrid functionals.”*** However, our band edge onset (2.0 eV)
is higher than previously reported absorption energies (1.53°°
and 1.84 eV*).

We observed a stronger optical response in the x and y
directions, with reduced absorption for z-incidence, which
reflects the influence of the organic spacer and dielectric
confinement effects in 2D MHPs.***°~*° This optical
anisotropy demonstrates that the influence of the organic
spacer results in reduced charge carrier efliciency at incidence
normal to the organic layer. The electronic states are localized
in their respective layers, having a negligible overlap between
adjacent layers, ie, we practically do not have interlayer
electron—hole transitions. Thus, according to our results,
perovskite thin films should be orientated with the inorganic
layers perpendicular to the substrate to optimize charge carrier
extraction in solar cell applications.”

The BSE approach predicted a red-shift in the absorption
spectrum and improved photon absorption efficiency. In
comparison to the reported ~2.4 eV for Pbl-based MHPs,”
our Snl-based MHP reached an absorption peak at 1.85 eV;
representing a —23% deviation. This absorption at lower
energies than E, enhanced the absorption coefficient at 1.75—
2.87 eV light spectrum interval. Therefore, Sn-based MHPs
have the potential for solar cell applications.

Despite following a similar trend, the refractive index shown
in Figure 4b indicates that photons experience more significant
slowing at lower energies. This behavior change for excitation
energies higher than 3.0 eV where the refractive index begins
to diminish, being the same region where the reflective
enhances, achieving a maximum value around 22.5% at IPA
and 17.5% at BSE level, as shown in Figure 4c.

Our results suggest that lower-dimensional MHPs exhibit
higher reflection peaks at transition states, with negligible
reflection in the z-direction. In general, the BSE approach
enhances the description of the electronic transitions and
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Figure 4. (a) Absorption coefficient (a;), (b) refractive index (n,),
and (c) reflectivity coefficient (R;) within the visible spectrum for in-
plane (x—y) and out-of-plane (z) incidence directions for the 2D RP
BA,Snl, perovskite. All results are presented for both the IPA (solid
curves) and BSE (dashed curves) approaches and considers incident
light polarizations at x (blue curves), y (red curves), and z (green
curves) directions. Vertical dashed gray lines indicate the excitation
energy (E ) and band gap energy (E ), which define the exciton
binding energy (Eg). Further details on the variation of these
properties for out-of-plane incidence are provided in the Supporting
Information.

absorption over a broader energy range (1.85—2.75 eV),
except for reduced excitation probabilities along the z-axis. The
observed redshift in excitation energies highlights the strong
impact of electron—hole interactions within the system.

3.4. PCE Prediction. The difference in PCE in Figure S
highlights the solar harvesting efficiency enhancement due to
excitonic effects. The bright exciton at 1.85 eV enabled a 13%
higher PCE (25.5%) than the standard IPA result (22.5%).
However, Sn-based MHPs with such high PCE values have yet
to be realized experimentally. According to some studies,*"”"”*
the reduction in the MHP dimensionality caused by the
organic layer presence,”’ is responsible for the efficiency drop.
On the other hand, other works suggest that the efficiency loss
is favored by the inhibition of carrier transport and
nonradiative recombination brought on by highly localized
and strongly bound excitons.”>”*

An alternative to address these limitations lies in the mixed
2D/3D structures proposal.%’96 However, it should be noted
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Figure S. PCE calculated through SLME for the 2D RP BA,Snl,
perovskite using both the IPA and BSE approaches as a function of
MHP thickness.

that long-term stability is more important for commercializa-
tion than getting a PCE value around the maximum achieved
for a single photoabsorber predicted at Shockley—Queisser
limit (SQ_limit).”” While Sn-based perovskite solar cells may
experience oxidation problems™* and poor film quality,””****
studies suggest that PCEs beyond 19% may be achieved by
optimizing crystallization®® and/or implementing advanced
materials engineering strategies.27

4. CONCLUSIONS

We have investigated the electronic, optical, and excitonic
properties of the 2D RP BA,Snl, (BA = butylammonium)
perovskite using a robust workflow combining ab initio and
semiempirical methods, which included DFT-PBE+D3+SOC-
1/2 and MLWEF-TB (BSE and IPA frameworks) calculation
protocols, respectively. Based on the SimStack framework, our
workflow established robust, automated protocols that
consistently yielded reproducible results, integrating DFT
and MLWE-TB methods. We minimized manual intervention,
ensuring standardized and efficient processes for advanced
property predictions. By using the workflow we were able to
identify some advantages of Sn-based MHPs over Pb-based
counterparts, i.e, BA,Snl, exhibits a narrower band gap (2.0
€V) and lower exciton ground state energy (1.85 eV),
suggesting enhanced exciton dissociation (exciton binding
energy of 150 meV) and improved charge extraction efficiency.
Furthermore, we found that the quasi-particle method (DFT-
1/2) is a reliable correction for the electronic structure
throughout our computational routine (correcting the band
gap by 43% concerning the standard DFT-PBE protocol), from
the BSE approach, we obtained more accurate optical
predictions (than IPA), revealing a broader excitation
spectrum and a noticeable red shift. Additionally, we found
that dielectric confinement and quantum sound effects
introduced significant changes, emphasizing the sensitivity to
asymmetry and noncentrosymmetric behavior. Despite the
limited experimental data available for BA,Snl,, our results are
promising for optoelectronic applications, mainly because of
the favorable exciton dissociation properties and larger
absorption band. However, more research is required to fully
realize the promise of the 2D RP BA,Snl, perovskite, mainly
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about improving the PCE through device engineering and film
quality for commercialization.

B ASSOCIATED CONTENT

Data Availability Statement

The following Github repository: https://github.com/
YonnatasBR/BA2SnI4-Optoelectronics, contains the calcula-
tion protocol and its step-by-step implementation.
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