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ABSTRACT: The structural, electronic, optical, and photovoltaic
properties of Sn/Ge-substituted 2D slightly shifted DJ phase (3-
AMPY),Pb,I,4 perovskite were investigated using first principle
calculations. The toxic Pb was substituted in the primary geometry
by less toxic Sn/Ge. We found that Ge/Sn doping is energetically
favorable for decreasing and eliminating the Pb content in pristine
(3-AMPY),Pb,I,s. On both Ge/Sn doping critical characteristics
for perovskite, strong optical absorption, p—p/s-p couplings, and
direct band gap are observed. The strong p—p/s-p couplings in
both Ge/Sn-substituted conformers decrease the band gap of the
pristine (3-AMPY),Pb,];¢ to the value suitable for photovoltaic
applications. This further helps us get good optical absorption
coefficient and high-power conversion efficiency in (3-AM-

(3-AMPY)Pb, Gel,,  (3-AMPY)Ge, Sn |,

o [

PY),Pb,_,Ge s (x = 1, 2, 3, 4) and (3-AMPY),Ge,_,Sn,]I,; conformers. The partial density of states and band structure plots
show significant contributions of the dominant organic cation to the conduction band minimum. This contribution becomes more
pronounced with increasing Ge/Sn doping. The presence of Ge/Sn dopant atoms in the substituted 2D (3-AMPY),Pb,I;,
perovskite showed improved photovoltaic performance compared to that of the pristine system. This study should form a basis for

realizing a more benign photovoltaic perovskite-based system.

1. INTRODUCTION

The exploration of stable and nontoxic perovskite systems for
photovoltaic applications continues unabated.'™ Perovskite
materials show potential for use in solar applications due to
their impressive optical and electronic characteristics, such as
high absor?tion, adjustable band gap, and good carrier
mobility." " Recent studies have achieved a high-power
conversion efficiency (PCE) of over 25% using hybrid
organic—inorganic perovskite (OIHP) sensitizers, surpassing
silicon sensitizers.

Some of the advantages of OIHPs include being lightweight,
flexibility, and their low processing cost compared with
commercial silicon-based solar cells."~'° However, despite
the advancements in increasing PCE and reducing processing
costs, the widespread commercialization of perovskite solar
cells is hindered by long-term stability issues' "' and concerns
regarding lead (Pb) toxicity.”'* Research has found that two-
dimensional Dion-Jacobson (DJ) phase perovskites offer better
stability than 3D and other 2D phases.'”~'” However, the
increased stability can lead to lower device performance due to
inefficient charge transfer between layers and a larger quantum
well from dimensional reduction and the size of organic
cations. Recent studies have investigated the use of short
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aromatic piperidinium cations, like 3-(aminomethyl) pyridi-
nium (3-AMPY), to address these issues and enhance
efficiency compared to other organic spacers.'®

Doping of Pb by Sn/Ge has been studied and revealed that
Sn and Ge are a potential substitute for toxic Pb in perovskite
geometry.'”* Investigating various optoelectronics applica-
tions in 2D DJ phase perovskite is an up-to-date research
interest."”*">> However, no sufficient literature data exist on
doping of 2D DJ phase with Ge/Sn and their respective
impacts on structural, electronic, optical, and photovoltaic
performance properties. (3-AMPY), Pb,l;; shows a direct
band gap of 2.34 and PCE of 9.2%."* Compared to Pb, Sn and
Ge are smaller in size. Therefore, when Sn and Ge are
included, the bond lengths of Sn—I and Ge—I are smaller than
those of Pb—I. We anticipate that this results in octahedral

Received: April 5, 2024 IS
Revised:  August S, 2024
Accepted: August 8, 2024

Published: August 21, 2024

https://doi.org/10.1021/acs.jpcc.4c02098
J. Phys. Chem. C 2024, 128, 14158—14167


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frew+Gashaw+Asefa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aseres+Alula+Arega"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Getachew+Gizaw+Kebede"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yedilfana+Setarge+Mekonnen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kingsley+Onyebuchi+Obodo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kingsley+Onyebuchi+Obodo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.4c02098&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c02098?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c02098?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c02098?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c02098?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c02098?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpccck/128/34?ref=pdf
https://pubs.acs.org/toc/jpccck/128/34?ref=pdf
https://pubs.acs.org/toc/jpccck/128/34?ref=pdf
https://pubs.acs.org/toc/jpccck/128/34?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c02098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

distortions, which leads to different interactions in local
environments. It is well established that changes in perovskite
octahedra geometry significantly impact the electronic
structure.”>**

Moreover, the 3-AMPY cations interact with the anion slabs
via the interaction between the terminal iodine atoms. The
strength of this interactions (electrostatic) is sensitive to
distances b/n the 3-AMPY and terminal iodine atoms.'®
Therefore, any changes in octahedral geometry would result in
either increased or decreased electrostatic interactions between
the organic cation part and inorganic part. Thus, doping (3-
AMPY), Pb,],; with Sn/Ge in place of Pb likely changes the
electronic structure and depicts the organic cation direct
contributions to the electronic structure which is not observed
much in conventional OIHP.

In this study, nine configurations of 2D slightly shifted DJ
phase OIHP, namely, (3-AMPY), Pb,l,, (3-AMPY),
Pb,_,Gel,s, and (3-AMPY),Ge,_,Sn ;s (x = 1—4) were
examined. We investigated their structural, electronic, optical,
and photovoltaic properties using standard and time-depend-
ent density functional theory. Our aim is to contribute in
merging the stability advantages of synthesized (3-AM-
PY),Pbl;; and environmental issues by modeling Pb-free
configurations. We obtained enhanced PCE and maintained
structural stability when Pb was replaced with the environ-
mentally benign elements such as Ge and Sn atoms.

2. COMPUTATIONAL DETAILS

The first principle calculations of structural and electronic
properties are performed using plane wave and projector
augmented wave method in GPAW code.”> A supercell
consisting of 92 atoms of the structure of (3-AMPY),Pb,_.I;¢
(x = Ge, Sn) was used under the periodic boundary conditions.
Plane wave basis set cutoff energy is set to 600 eV, and a core
electron is treated with PAW modality. We have used exchange
and correlation (xc) functionals viz. generalized gradient
approximation (GGA with PBE)*® and DFT-D3*’ for
structural and electronic property calculations. The effects of
spin—orbit coupling (SOC) are also included in the electronic
property calculations. Since the GGA-PBE functional approx-
imation underestimates the electronic band gap, we also used
GLLBSC including Kohn—Sham single-particle energy gap and
derivative discontinuity”® to determine the band gap. K-points
of 4 X 4 X 1 Monkhorst—Pack grids*” have been used for
optimizing the structures and electronic property calculations.

The experimental cell parameters were kept constant for the
(3-AMPY),Pbl,4 structure. In contrast, ions were allowed to
relax using Broyden—Fletcher—Goldfarb—Shanno (BEGS)*
algorithm until the forces between each atom were less than
0.03 eV/A. Upon Sn/Ge doping, complete cell optimizations
are performed with energy and force convergence of 0.001
meV and 0.03 eV/A respectively.

Based on optical property calculations, we used a plane wave
program package Quantum Espresso (CLE)R’1 to extract real
and imaginary part of the dielectric function data. Norm
conserving, pseudopotential were used to treat electron—ion
interactions.”” PBE exchange and correlation functionals along
with a k-point sampling of 6 X 6 X 1 were used, resulting in
convergence.

The formation energy is calculated as follows

Ef,) = E(3-AMPY)Pb,_,_ Ge Iy — (4 — x — y)E(PbL,)
— xE(Gel,) — 8E(HI) — 4E(3-AMPY) (1)

where 0 < x < 4 and 0 < y < 4; a supercell of 10 formula units
is used, and Snl,, (3AMPYGe,_,_,Sn,I;) are used in place of
Gel, and (3—AMPY)Pb4_x_yGexIS), respectively, when Sn
substitutes Ge.

The formation energy calculation method employed here
has also been used in similar studies of OIHP.** Furthermore,
ab initio molecular dynamics simulations (AIMD) were
performed in the NVT ensemble at a temperature of 300 K
with a Nose—Hoover thermostat. We have performed 10 ps
simulations with a time step of 1 fs.

A frequency-dependent dielectric function is computed to
shade light to the optical properties. The dielectric function is
complex and can be expressed as

E(w) = g(w) + ie, (w) (2)

The &, is the imaginary part calculated using the density
matrix of occupied and unoccupied wave functions over the
Brillouin zone. &, the real part was calculated using the
Kramer—Kronig law from the imaginary part. The details of
the formalism are given in.> Using the €, and &, data from QE
calculations, we can determine the absorption characteristics

using the expression

o) = 2= e@) + e —a@l”
c

The modeled configurations’ photovoltaic performance is
calculated using spectroscopic limited maximum efhiciency
(SLME) method proposed by Yu and Zunger.”* SLME is
analogous to the Shockley—Queisser limit (SQ),** conversely,
the SLME considers the materials’ absorbance property and
thickness, in addition to the band gaps, only considered by SQ.
The equations to calculate spectroscopic limited efficiency #
are as follows

P

"3, )
where P, is the maximum power is output power density and
P,, is the total incident solar power density. P,, is obtained b
maximizing the total current density (J = Jsc — Jo(e"/%T —1)
for a solar cell under a photon of flux I,) and voltage (V)
characteristics as follows

P=JV=(_ - """ - 1))V (5)

where kp and T represent the Boltzmann constant and
temperature. J, is the short-circuit current density and is
calculated as follows

°° 2a(E)L

=e 1—e I dE
L=e ), Mo ©)

Here, ®(E) and L stand for absorption coefficients at photon
energy E and thickness of the absorbing layer, respectively. ], is
the total reverse saturation current density and corresponds to
the total electron—hole recombination current density at
equilibrium. It is calculated as follows

_ € © —2a(E)L 1 _ —AE_/kT
= — 1 - I (E, T)dE; — = g "B
h=7 ) = e D =

r 7)
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Figure 1. Relaxed structures of 2D perovskite systems investigated in this study. The top row illustrates the structures of (3-AMPY),Pb,_.Ge I ;4 (x
=0, 2, 3, 4), while the bottom row is the structures of (3-AMPY),Ge,_,Sn ;¢ (x = 1, 2, 3, 4). Atom colors: Pb = shiny gray (top row), Ge = light

green (top and bottom rows), and Sn = rose (bottom panel).

Table 1. Calculated Crystal Structure Parameters, Volume, and Formation Energy Data

structure a (A) b (A) c (A)
Pb,L, 9.25 8.77 20.06
Pb,L, 9.12° 8.78° 19.83¢
GePb,l, 9.12 8.77 19.83
Ge,Pb,], 9.15 8.58 19.9

Ge;Pb, I 9.11 8.68 19.81
Gely 9.09 8.38 19.75
Ge,Sn,14 9.11 8.75 19.82
GeSnyl, 9.11 8.77 19.83
Sl 9.12 8.77 19.83

B (deg) vV (A% FE (eV) ref

90.1 1629 —-3.920

90.1 1588° —3.64° a=16b =20
90.1 1589 —3.72

90.1 1564 —3.43

90.1 1568 -3.11

90.1 1506 -2.77

90.1 1581 —2.83

90.1 1586 -3.01

90.1 1588 -3.15

Here, I}, f;', and AE, represent photon flux from blackbody
radiation, the fraction of radiative recombination current, and
AE, the difference between direct and indirect allowed
transition gap energy. The absorptivity data obtained using
eq 3 are substituted for a(E). Standard AM1.5G (I,,) solar
irradiance at T = 25 °C data is used to obtain L,

The open-circuit voltage, which is calculated under zero
total current density condition data, is obtained as follows:

kT
V()C=B—In[l+£]
€ o

(8)

3. RESULTS AND DISCUSSION

3.1. Structural Properties and Stability Analysis. The
PBE-optimized structures of the 2D perovskite systems studied
in this work are shown in Figure 1. The structural data for the
pristine (3-AMPY),Pb,l,4 are obtained from XRD measure-
ment, and it crystallizes in the monoclinic crystal symmetry
with space group of Pn.'® The (3-AMPY),Pb,l¢ structure
possesses a slightly offset DJ-phase arrangement, consisting of
Pbl; octahedra and disordered (3-AMPY) cations. This
structure was used for the starting DFT input geometries.

The doping of Pb in (3-AMPY),Pb ], perovskite is achieved
by substituting Ge/Sn atoms in place of Pb atoms.

The calculated lattice parameters, angles, volume, and
formation energy data along with experimental data are given
in Table 1. It appears that slight changes in the Ilattice
constants are observed when Pb is doped with Ge and Sn.

Significant structural changes are observed in the octahedral
geometry when Ge/Sn is doped in place of Pb in the pristine
(3-AMPY),Pb,I,¢. Structural changes in perovskite octahedra
geometry can be characterized via M-I-M M (M = Pb, Ge, and
Sn) bridging angle and terminal I---I contact distances between
the layers. The calculated average Pb—I—Pb bridging angle and
closest terminal I+-I contact distances of (3-AMPY),Pb,I,4 are
160.1° and 4.26 A (see Figure S1), respectively, which is in
reasonable agreement with the experimental values of 170° and
4.16 A" and in excellent agreement with other theoretical
work 160° and 4.2 A,*’ respectively. The doping of Ge and Sn
resulted in a notable decrease in the bond lengths between
Ge—I and Sn—I, in comparison to that of Pb—I. This decrease
can be attributed to the variation in atomic sizes among Pb,
Ge, and Sn. The smaller atomic sizes of Ge and Sn relative to
Pb lead to a more compact arrangement, causing a reduction in
the bond lengths between M-I. As a result, the octahedral

https://doi.org/10.1021/acs.jpcc.4c02098
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Figure 2. Variation of energy with simulation time for (3-AMPY),Pb,_.Ge ;¢ (x = 1, 2, 3, 4) the first plot, and (3-AMPY),Ge,_,Sn,I,4 the second

plot left to right.

configuration undergoes a significant contraction, owing to the
atomic size differences between the dopants (Ge and Sn) and
Pb. Such changes in the octahedral structure lead to the
modification of the M-I-M bridging angle, which further
determines the symmetric nature of the structure. When Ge is
doped into the pristine structure, the average bridging angle
between M—I—M undergoes an increase from the pristine
value of 160.1° to approximately 163.1°, the plots are
presented in Figure S2. The angle further increases to a
maximum value of 166.3° as the number of Ge increases. Sn—
Ge configurations also show increased average bridging angle
comparing to the pristine. However, the average bridging angle
maintains a consistent value of 166° as the number of Sn
increases. The closest terminal I---I contact distances between
the layers were measured upon doping Ge (1—4) and Sn (1—
4). The measured distances for these doping levels were
determined to be 4.26, 4.26, 4.44, and 4.34 A for Ge (1—4),
respectively (Figure S2a). Subsequently, the replacement of Ge
with Sn as a dopant led to an increase in the contact distance
to 4.45 A. However, upon fully doping Sn in place of Ge, the
contact distance gradually decreased to 4.28 A (Figure S2b).

The AIMD simulation results presented in Figure 2 indicate
that these materials are stable at room temperature,
demonstrating that Ge/Sn doping does not change the
structure to new phase immediately.

3.2. Electronic Properties. The electronic band gap and
band structure are crucial to determine the potential
application of the model perovskites for photovoltaic. We
have calculated the band gaps of 2D perovskite systems with
GGA-PBE and GLLBSC + SOC levels, and the results are
provided in Table 2. The calculated band gap for (3-
AMPY),Pb,I;¢ is 2.24 eV using the GLLBSC + SOC
functional, which is in reasonable agreement with the
experimental band gap of 2.34 eV'® and in excellent agreement
with the theoretical work of Mahal et al., who reported a band
gap value of 2.28 eV from HSE + SOC calculations.”’

As shown in Table 2, the band gap of doped Sn and Ge in
(3-AMPY),Pb,], decreases compared to that of the pristine
value. This decrease follows a systematic trend; as the
composition of Ge in (3-AMPY),Pb, — «xGe,l;s increases,

14161

Table 2. Calculated Band Gap Value Data (in eV) of the 2D
Perovskites

perovskite GGA-PBE  GLLBSC + SOC  experimental
(3-AMPY),Pb,I,4 1.60 224 2.34"%
(3-AMPY),Pb;Gel, 1.57 1.94
(3-AMPY),Pb,Ge,l ¢ 1.55 1.95
(3-AMPY),PbGe;l 1.50 1.86
(3-AMPY),Ge,l 4 1.48 1.87
(3-AMPY),Ge,Snl ¢ 1.28 1.69
(3-AMPY),Ge,Sn,1 4 1.35 1.64
(3-AMPY),GeSn;l ;¢ 1.17 1.35
(3-AMPY),Sn,l 4 0.95 1.30

the band gap decreases from its initial value of 2.24 eV for
pristine (3-AMPY),Pb,1;; to 1.86 eV for (3-AMPY),Ge,l ;.
The band gap value decreases further with Sn substitution,
reaching 1.30 eV for the fully Sn-substituted structure, (3-
AMPY),Sn,]¢. The decrease in band gap with Sn substitution
renders these materials for photovoltaic applications.

In order to understand the effects of Ge and Sn doping on
band gap changes, total and partial density of states (PDOS)
data are plotted and presented in Figure 3a,b respectively. The
results indicate two fundamental characteristics of halide
perovskite strong optical transitions: (i) p—p/s-p transitions
and (ii) direct band gap.36 In addition, the organic cation’s
direct contribution to the electronic structure is observed.

The PDOS of (3-AMPY),Pb,I,; shows that the I-Sp orbital
has the maximum contribution to the valence band maximum
(VBM) and C-2p has the maximum contribution to the
conduction band minimum (CBM). After increasing the Ge-
concentration, the VBM and CBM edges shift toward the
Fermi level. The orbital contributions from Pb-6s and Ge-4s in
VBM are observed while the unoccupied C-2p orbital
contributes to the conduction band edges near the Fermi
level. In (3-AMPY),Pb,1;s, the C-2p orbitals were found at
0.39 eV (see Figure S3) above the Fermi level in CB. Upon Ge
concentration increases, the C-2p orbital intensity increases
and shifts to the Fermi level (see Figure 3a).

The full substitution of Pb in the (3-AMPY),Pb,] ; lattice by
Ge results in the significant shift of the C-2p orbitals to the

https://doi.org/10.1021/acs.jpcc.4c02098
J. Phys. Chem. C 2024, 128, 14158—-14167
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Figure 4. Band structure data, using the PBE + SOC. The first plot is (3-AMPY),Pb,I,,, this study and the second plot is (3-AMPY),Pb,],,
adapted with permission from the work of Mahal E. et al,, using PBE + SOC.>* The Fermi energy level is adjusted to zero. The coordinates of high
symmetry points of Brillouin zones for all modeled structures in this study are given in Figure SS.

Fermi level and is located at 0.206 eV (see Figure S3) above
the Fermi level. The electrons from ns” are lone pair electrons
and hence result in p—p transitions. Furthermore, 4s electrons
from Ge act as a doping level and result in the transition of
electrons from I-Sp and Pb-6s orbitals to the C-2p orbital.
These strong p—p and s-p transitions result in reductions of
the band gap by pulling the CBM edges toward the Fermi
level.

For Ge substitution by Sn in the (3-AMPY),Ge,l;; lattice,
similar behavior is observed with Pb substitution by Ge in (3-
AMPY),Pb,I;, and the band gap for Sn-containing systems is
much smaller than those for the Pb—Ge and fully Ge-
containing configurations. The plots are presented in Figure
3b.

The I-5p orbitals and small contributions from Sn and Ge Ss
orbitals dominate the VBM. With increased Sn concentrations,
the unoccupied N-2p orbital edge significantly shifts toward
the Fermi level, unlike the Pb—Ge containing conformer,
where significant shifts of C-2p orbitals to the Fermi level were
observed (see Figure S4c). This indicates direct p—p electronic
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transitions. Moreover, the presence of Ge and Sn lone pair
electrons in the VBM facilitates strong p—p transitions in Ge—
Sn containing configurations, resulting in a smaller band gap.36
The implication of this is that very strong optical absorption in
Ge—Sn and strong optical absorption in Pb—Ge containing
structures is expected.

The obtained band structure data for all of the evaluated
systems are presented. Two major properties that are suitable
for photovoltaic applications are observed from the character-
istics of energy levels at high symmetry points of Brillouin
zones: (i) direct band gaps at gamma points and (ii) dispersive
VBM edges. For the pristine (see Figure 4) and Ge—Pb (see
Figure Sa—c) configurations, the conduction and valence band
edges show a highly dispersive nature which indicates the high
mobility of the photogenerated carriers in the crystal. As the
Ge content increases, the conduction band minima edges shift,
leaving the electronic states for organic cations (Figure Sa—d).
This is because decreased Pb content in (3-AMPY),Pb,I;¢
results in conduction band minima mainly constituting the
organic cation spacer due to a decreased SOC effect associated
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Figure 6. Band structure data for (3-AMPY),Ge,_,Sn 14 (x = 1, 2, 3, 4) using PBE + SOC. The top row displays the band structure for x = 1 and x

= 2 from left to right, respectively. The bottom row displays the band structure for x = 3 and x = 4 left to right, respectively. The Fermi energy level
is adjusted to zero.

with Pb. The organic cation exhibits a flat stabilized band s—p coupling, which becomes stronger at the gamma point and
structure, attributed to its low dielectric nature compared to results in the direct band gap.

The band structure data for Ge—Sn containing config-
urations are presented in Figure 6. The CBM mainly consists
of organic cation spacers and is less dispersive, while a highly
bond lengths when compared with Pb—I bond results in strong dispersive VBM was observed. Upon increasing Sn concen-

the inorganic moiety. Additionally, the presence of strong p—p

transitions coupled with closer proximity of Ge and I orbit
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Figure 7. Dielectric function analysis of (3-AMPY),Pb,_,Ge I, (x = 1,2, 3, 4) and (3-AMPY),Ge,_,SnI;s (x = 1, 2, 3, 4) as a function of photon
energy in eV. (a) Real part (¢,) and (b) imaginary part (&,) are presented for (3-AMPY),Pb,_,Ge ;¢ (x = 1, 2, 3, 4). (c,d) Corresponding data for

(3-AMPY),Ge,_,Sn I, perovskite.

trations, a significant shift of the VBM toward the Fermi level
was observed. The bond length of Sn—I is shorter than Ge—I,
resulting in closer proximity of I-5p and Sn-4s orbitals, which
results in stronger s-p orbital coupling and a direct band gap at
the Gamma point.

3.3. Optical Properties. In Figure 7, the real and
imaginary dielectric constant data are presented. The results
indicate improved two key features for applicability in the
photovoltaic effect upon Ge/Sn doping: (i) high charge
screening and (ii) visible light absorption range. The real part
of the dielectric constant (&) value at a static frequency (w =
0) provides essential insights into the binding energy of exciton
(electron—hole pairs); the higher the value is, associated with
lower the occurrence of radiative recombination, which is
highly beneficial for photovoltaic applications. The calculated
real part of the dielectric constant at static frequency for (3-
AMPY),Pb,I,4 is 3.6 eV. The dielectric constant falls below 3.6
eV, to values of 3.26 and 3.5 eV upon one and two Ge doping,
respectively. However, upon three and four Ge doping, the
value increases to 3.67 and 3.8 eV, respectively. This implies
that the full doping of Pb in (3-AMPY),Pb I, by Ge increases
the static dielectric constant (at @ = 0) for the real part. The
implication is that the fully Ge-containing conformer exhibits
improved electron—hole radiative recombination which results
in high charge screening. The imaginary part (e,) of the
dielectric function is also shown in Figure 7b, which shows the
radiation absorbed by the material. Figure shows that the curve
rises after the energy values pass through the band gap energy
values. The main peaks are observed between energy values of
2—4 eV, which encompass the majority of the visible light
spectrum region, making it a suitable candidate for photo-
voltaic application.
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Figure 7c,d presents the dielectric function for the Sn-
substituted configurations. Compared with the pristine-Ge, and
fully Ge-doped systems, an enhanced optical property for
photovoltaic applications from the (g;) part of the dielectric
functions is observed. A significant increase in the (&;) peak
intensity is depicted in the visible light region upon increasing
Sn content coupled with increasing static dielectric constant.
The obtained values of (&) (at @ = 0) are 6.32, 5.21, 4.73, and
7.3 eV which are higher than those of pristine, Pb—Ge, and
fully Ge containing conformers upon increasing Sn concen-
tration from (1—4), respectively. From imaginary part of the
dielectric function, it looks that pronounced absorption
characteristics are shifted to infrared region upon increasing
Sn concentration. This is due to the gradual decrease in band
gap with increasing Sn concentrations. This behavior is
observed in related research studies."”*” Using the real and
imaginary parts of the dielectric function, the absorption
properties are evaluated by using eq 3, and the plots are
presented in Figure 8. The fully Ge-containing conformer
exhibits a blue-shifted maximum absorption characteristic,
while the fully Sn-containing conformer shows an enhanced
absorption peak in the visible light region. It should be noted
that the absorption spectrum alone cannot be used to
determine the structure with the maximum PCE for solar
cell applications as such, we calculated the SLME.

3.4. Spectroscopic Limited Maximum Efficiency. We
calculated the PCE for all modeled configurations using eqs 4,
S, 6, and 7 and open-circuit voltage using eq 8. The calculated
results are presented in Figures 8 and S6, respectively. The
open-circuit voltage (V,.) for Pb—Ge containing configura-
tions decreases monotonically with increasing absorbing layer
thickness. (3-AMPY),Pb,1;; exhibits the maximum open-
circuit voltage value of 1.9 V. This can be attributed to the

https://doi.org/10.1021/acs.jpcc.4c02098
J. Phys. Chem. C 2024, 128, 14158—-14167


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c02098/suppl_file/jp4c02098_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c02098?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c02098?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c02098?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c02098?fig=fig7&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c02098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

s e (3-AMPY)PD I,
e (3-AMPY)Pb, Gel,,
4 = (3-AMPY)Pb,Ge,I,
=z (3-AMPY)PDbGe,I,,
ol
g 37 e (3-AMPY)Ge I,
g
=
s
2 27
<«
1_
=]
0 T T T T T
JEENS00T 600 700NN o0
Wavelength (nm)
(a)
0.254
0.2 -
;:.
S
2 0154 = (3-AMPY)Pb I,
= ——— (3-AMPY)Pb Gel,,
E 01+ —— (3-AMPY)Pb,Ge,I,,
s o (3-AMPY)PbGe I,
=
= 0.051 — (3-AMPY)Ge [,
0.00
T T T T
0.01 0.1 1 10 100

Thickness (um)

(c)

pubs.acs.org/JPCC
5
—(3-AMPY)Pb I,
e (3-AMPY)Ge,Snl
4_
— (3-AMPY)Ge,Sn,I
’E‘ (3-AMPY)GeSn 1,
3 3 e (3-AMPY)SnI,
=
=
=
-
S
<
14
0 T T T 1
SENNSET oo MGG oo
Wavelength (nm)
0.35
0.30
0.25 4
z
g 0204
2
&_‘-_‘ 0.15 — (3-AMPY)Pb I,
"E' e (3-AMPY)Ge,Snl,
£ 0.1 m— (3-AMPY)Ge,Sn,I
= = (3-AMPY)GeSn,I
= 0.051
= (3-AMPY)Sn I,
0.00 -
T T T
0.01 0.1 1 10 100

Thickness (um)

(d)

Figure 8. Visible absorption coefficient (a) for (3-AMPY),Pb,_.Ge ;s (x = 1, 2, 3, 4) and (b) for (3-AMPY),Ge,_Sn 14 (x = 1, 2, 3, 4)

perovskite. (c,d) Corresponding data for PCE versus absorber layer.

large band gap as Ge/Sn doping reduces the band gap. The
respective values of V,_ for (3-AMPY),Pb,—xGe, I} (x = 1, 2,
3, 4) are 1.62, 1.63, 1.55, and 1.55 V (see Figure S6a). The
corresponding data of V. for Ge—Sn containing configurations
are also given in Figure S6b. The Ge—Sn containing
configurations exhibit lower open-circuit voltage compared to
the pristine and Pb—Ge containing configurations. For(3-
AMPY),Ge,_,Sn s (x = 1,2, 3,4) with x = 1, 2, 3, and 4, the
respective open-circuit voltage values are 1.39, 1.34, 1.07, and
1.022 V. Unlike the other configurations, the V. values for (3-
AMPY),GeSn;];¢ and (3-AMPY)Sn,l; show increasing trend
as the absorbing layer thickness increases. Understanding the
V. variations provides crucial insights into their photovoltaic
performance and overall efficiency. However, the V,_ is not the
only parameter that determines the power of producing high
efficiency. It showed that the Ge and Sn doping substantially
improves the efficiency of the 2D (3-AMPY),Pb,I,s-based
perovskites. As the concentration of Ge increases, the efficiency
increases from 22.5—-25.5%. A high efliciency of 25.5% is
recorded upon fully Ge doping in (3-AMPY),Pb,1,,. Addi-
tionally, (3-AMPY),Pb;Ge, (3-AMPY),Pb,Ge,, and (3-AM-
PY),PbGe; show remarkable efficiencies of 23.9, 23.6, and
25.5%, respectively. The efliciency trend aligns with the
changes in the electronic band gap with the fully Ge-containing
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conformer exhibiting a band gap value ideal for visible light
absorption.

The efficiencies of Sn-containing systems are very important
as Pb substitution by Sn shows thermodynamic stability over
Ge-containing systems, as shown in Table 1. Interestingly, the
PCE shows the greatest improvement for Sn- and Ge-
containing systems. It looks like Sn doping results in maximum
improvement in PCE. From Figure 8d, one finds that (3-
AMPY),GeSn,l;4 conformer exhibits maximum efficiency of
32.9% while the completely Sn containing conformer (3-
AMPY),Sn ;s exhibits PCE of 32.4%. The difference is
attributed to the smaller band gap value of (3-AMPY),Sn I,
which falls below the ideal band gap value of single junction
solar cell (1.1 eV).> Also, (3-AMPY),SnGe; and (3-
AMPY),Sn,Ge, exhibit remarkable PCE values of 28.6 and
29.6%, respectively. In general, Sn/Ge doping leads to
improved PCE, with Sn doping values that surpass those
reported in other perovskite materials.'”*”*"

4. CONCLUSIONS

In summary, we have calculated the structural, electronic,
optical, and photovoltaic performance properties of 2D slightly
shifted DJ phase (3-AMPY),Pb,1;; perovskites for solar cell
applications. The band gap was calculated using the PBE, PBE
+ SOC, and GLLBSC + SOC functional. The accurate
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determination of the band gap is very important as the optical
property calculation resides on the values of the band gap. Due
to the inherent complexity of the OIHP structure and the
substantial number of atoms involved (92 atoms) in our
system, we were unable to conduct more precise calculations
using hybrid functional or GW methods to determine the band
gap. Similarly, advanced optical property calculations utilizing
the Bethe—Salpeter equation (BSE) method were also
computationally expensive. However, we systematically calcu-
lated the optical properties using the GGA-PBE functional.
The SOC effect is known to reduce the band gap, but for our
system, the SOC effect is a function of the Pb atom. Since we
are replacing the Pb atom with lighter elements, the SOC effect
on the band gap is negligible for our optical property
calculation. Therefore, if one were to use heavy methods
such as GW or BSE, the calculated properties would be similar
to our results.

The main purpose of this study is to evaluate the electronic
and optical properties of slightly shifted DJ phase (3-
AMPY),Pb,l,4 perovskites upon substitution of Pb by Sn
and Ge to address Pb toxicity. Additionally, we evaluated
whether the introduction of Sn and Ge atoms resulted in
improved performance for solar applications. The substitution
of Pb by Sn and Ge shows changes in the electronic properties
as well as optical properties. The band gap decreased with Sn
and Ge substituting Pb in the (3-AMPY)Pb,] ¢ lattice, and the
maximum PCE was found for the Pb-free configuration. The
Pb-free (3-AMPY),GeSn;l;, (3-AMPY)Snyl;, and (3-
AMPY)Sn,Ge,l;¢ configurations show high PCEs of 32.9,
32.4, and 29.6%, respectively. Thus, the toxicity issues of the
stable slightly shifted DJ phase (3-AMPY),Pbl;; can be
addressed via Ge and Sn substitution.
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