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tigation of FAPbSnGeX3 efficiency
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The use of hybrid lead halide perovskites as light absorbers in photovoltaic cells have gained large interest

due to their optoelectronic properties and high efficiency. However, most hybrid perovskites contain toxic

lead which has a negative impact on the environment. In this work, we systematically study the structural,

electronic, and optical properties of lower lead halide perovskites FAPb0.5Sn0.25Ge0.25X3 (X ¼ I, Br, Cl), as

well as discussing their photovoltaic performance (open circuit voltage (Voc), the short circuit current

density (Jsc), and the power conversion efficiency (h)) using density functional theory (DFT), and we

compare these with FAPbX3 (X ¼ I, Br, Cl) frameworks. The compounds show a suitable band gap for

photovoltaic applications, in which iodine has a lower gap value compared to chlorine. It is noteworthy

that we found that lead doping by both germanium and tin in the FAPb0.5Sn0.25Ge0.25X3 (X ¼ I, Br, Cl)

materials significantly improves the adsorption coefficient and the stability of these systems compared to

the FAPbX3 (X ¼ I, Br, Cl) systems. The calculated Jsc shows a monotonical decrease from

FAPb0.5Sn0.25Ge0.25I3 to FAPbCl3, which represents the lowest Jsc. Results reveal that

FAPb0.5Sn0.25Ge0.25Cl3 demonstrates promising potential for photovoltaic application as it shows the

highest efficiency. This study can help reduce the toxicity of hybrid lead halide perovskites and also

raises their experimental power conversion efficiency.
1. Introduction

The energy requirement has grown during recent years with the
increase of human population and elevated consumption.1–3

Solar energy represents an alternative to limit the use of fossil
fuels and is a fast growing energy technology abundantly
available.4,5 Recently, organic–inorganic hybrid lead halide
perovskite materials with the general formula ABX3 (A ¼ MA,
FA, EA; B¼ Pb, Sn, Ge, Be; X¼ I, Br, Cl) have demonstrated great
potential in different applications, especially photovoltaics.6–9

The high efficiency represented by these materials has reached
a value of 25.6% in a few years.10 This rise has come from the
unique properties of hybrid lead halide perovskites, such as
a high absorption coefficient in the visible range, tunable
bandgap, low effective mass, high carrier mobility.11–14

Currently, a lot of parameters reduce the hybrid perovskite
efficiency performance in solar cells. The defects are in the
hybrid perovskite structure, toxicity, and their degradation in
the presence of ultraviolet light, humidity and oxygen.15–18

Iodine migration in hybrid perovskites creates structure
defects which can be the cause of the current voltage
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hysteresis.19 Also, hybrid perovskite degradation under ultravi-
olet light has a direct relation to iodine oxidation; it has been
demonstrated that iodine doping by bromine is a solution to
limit this degradation.20,21 The choice of the organic cation in
the hybrid perovskite also plays a major role in the material
performance.22 Oranskaia et al. have demonstrated that ions
have a lot more space to migrate in the MAPbBr3 structure than
the FAPbBr3,23 as the H-bonding in MA and FA has an effect on
the stabilization of the halogen vacancies. Other work has
demonstrated that hydrogen vacancies can be present in
MAPbI3 with high densities, in contrast with FAPbI3 where they
are difficult to form and make the FAPbI3 more stable and
higher performing in photovoltaic applications.24 On the other
hand, the high efficiency achieved by hybrid perovskites shown
by lead halide perovskites is counteracted by their toxicity,25,26

which blocks the commercialization of these compounds. The
substitution of lead by tin in both FAPbI3 and MAPbI3 has
demonstrated an efficiency of 5.51% and 3.13%, respectively,27

while the substitution of lead by Ge in MAPbI3 shows an effi-
ciency of 0.2% and FAGeI3 does not show any photocurrent.28 A
theoretical study has demonstrated that the partial substitution
of lead by both tin and germanium shows a high performance
in photovoltaic applications.29 So far no substitution of lead has
demonstrated better performance than MAPbI3. In this work,
we studied the lower levels of free lead halide perovskite
FAPb0.5Sn0.25Ge0.25X3 (X¼ I, Cl and Br) using density functional
theory, where the lead was doped with both Sn and Ge, and
compared with the photovoltaic results of the FAPbX3 (X¼ I, Br,
RSC Adv., 2022, 12, 8945–8952 | 8945
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Cl) compounds. The structural, electronic and optical proper-
ties of these compounds were investigated, and we discuss their
power conversion efficiency. For this purpose, the photovoltaic
parameters, open circuit voltage and the short circuit current
density were investigated.
Table 1 Lattice parameters and formation energy of MAPbI3,
FAPb0.5Sn0.25Ge0.25X3, and FAPbX3 structures

Compounds a (Å) b (Å) c (Å) Eformation (eV Å�1)

MAPbI3 8.75 8.77 12.89 �4.26
FAPb0.5Sn0.25Ge0.25I3 8.89 8.84 12.34 �4.66
FAPb0.5Sn0.25Ge0.25Br3 8.42 8.36 11.58 �4.8
FAPb0.5Sn0.25Ge0.25Cl3 8.10 8.04 11.14 �4.93
FAPbI3 8.99 8.99 12.72 �4.66
FAPbBr3 8.47 8.47 11.98 �4.76
FAPbCl3 8.17 8.17 11.26 �4.93
2. Computational methods

In this work, density functional theory implemented in the
quantum espresso code was used to study the structural and
electronic properties of FAPbX3 (X ¼ I, Br, Cl), and FAPb0.5-
Sn0.25Ge0.25X3 (X¼ I, Cl and Br) compounds.30 The structure
optimization of tetragonal FAPb0.5Sn0.25Ge0.25X3 was carried out
using Normcons type pseudopotentials in which the Martins–
Troullier method was employed, as well as a functional type
Perdew–Burke–Ernzerhof (PBE) exchange correlation nonlinear
non-relativistic core correction. A 65 Ry plane wave cut off with
a 6 � 6 � 5 k-mesh was used to optimize the unit cell. The van
der Waals-DFT (vdw-df-ob86) approximation was used for the
exchange–correlation functional31 as it gives accurate results
that match the experimental data.32 The optical properties of
FAPbX3 and FAPb0.5Sn0.25Ge0.25X3 were calculated using the
Yambo code.33

To estimate the photovoltaic performance of each
compound, the conversion efficiency was calculated using the
following equation:34

h ¼ Voc � Jsc � FF

Pin

� 100 (1)

where the ll factor FF has been calculated using the following
equation:35

FF ¼ yoc � lnðyoc þ 0:72Þ
yoc þ 1

(2)
Fig. 1 Optimized tetragonal structures of FAPb0.5Sn0.25Ge0.25X3 and FAP

8946 | RSC Adv., 2022, 12, 8945–8952
yoc is dened as a “normalized Voc”:

yoc ¼ q

kT
Voc (3)

Pin represents the light power density of incident light on the
solar cell in this work under the standard test conditions (T ¼
25�, AM1.5G) equal to 1000 W m�2, Voc represents the open
circuit voltage that can be expressed for perovskites solar cells
as follows:

eVoc ¼ Eg � Eloss; Eloss ¼ 0.7 or 0.5 eV (4)

where Eloss represents a variable parameter potential loss.36

The short circuit current density Jsc was calculated using the
following equation:37

Jsc ¼
ðE2
E1

FðEÞQEðEÞdE (5)

where F(E) is the spectral irradiance (AM 1.5G) and QE(E) is the
quantum efficiency calculated by the equation:

QE ¼ (1 � R(E))(1 � e�a(E)t) (6)
bX3.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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R is the reectivity, a(E) is the absorption coefficient and t is the
thickness of the sample.
3. Results and discussion
3.1 Crystalline structure

The FAPb0.5Sn0.25Ge0.25X3 structures were created by the
substitution of 50% of the lead (Pb) in FAPbI3 with 25% of tin
(Sn) and 25% of germanium (Ge). The halogens used were
iodine, bromine, and chlorine. The optimized tetragonal
Fig. 2 Band structure and partial state density of FAPbX3.

© 2022 The Author(s). Published by the Royal Society of Chemistry
structures and lattice parameters calculated for the MAPbI3,
FAPbX3 and FAPb0.5Sn0.25Ge0.25X3 compounds are represented
in Fig. 1 and Table 1, respectively. Table 1 shows clearly that the
substitution of MA with FA changes the lattice from a ¼ 8.75 Å
to a ¼ 8.99 Å due to the geometry of FA. The lattice parameters
have been reduced with the substitution of half of the lead by
tin and germanium, and further reduced with the use of
bromine or chlorine. The calculated lattice parameters of
MAPbI3, and FAPbX3 are in good agreement with previous
experimental and theoretical reports.38–41
RSC Adv., 2022, 12, 8945–8952 | 8947
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3.2 Electronic structure

The electronic structure study of the compounds consists of
analyzing the partial density of states, the band structure and
the effective mass. The band structures and the partial state
density of the FAPbX3, and FAPb0.5Sn0.25Ge0.25X3 compounds
are presented in Fig. 2 and 3. The band structures show semi-
conductor character with a direct bandgap in the gamma points
of the Brillouin zone. The difference between the band struc-
tures appears in the gap between the valence band maximum
Fig. 3 Band structure and partial state density of FAPb0.5Sn0.25Ge0.25X3.

8948 | RSC Adv., 2022, 12, 8945–8952
and the conduction band minimum. The calculated energy gap
of the FAPbX3 frameworks are 1.5 eV, 1.67 eV, and 2.14 eV for
FAPbI3, FAPbBr3, and FAPbCl3, respectively. The valence of
FAPbX3 is formed by the p-orbital of the halogen (I, Br, Cl) while
the p-orbital of Pb formed the conduction band. The calculated
effective mass of each structure is listed in Table 2. FAPbCl3
presents a larger gap compared to the other compounds,
a larger effective mass of electrons (Table 2) and therefore a low
mobility. The latter improves its performance for photovoltaic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Effective mass of MAPbI3, FAPb0.5Sn0.25Ge0.25X3, and FAPbX3
structures

Compounds Eg (eV) me mh

MAPbI3 1.6 0.19 0.34
FAPb0.5Sn0.25Ge0.25I3 0.98 0.29 0.07
FAPb0.5Sn0.25Ge0.25Br3 1.22 0.24 0.08
FAPb0.5Sn0.25Ge0.25Cl3 1.7 1.13 0.36
FAPbI3 1.5 0.44 0.19
FAPbBr3 1.67 0.35 0.11
FAPbCl3 2.14 0.72 0.19

Fig. 5 Short-circuit current density of FAPbX3, and
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applications through the doping of Pb by Sn and Ge, which
modied the electronic structures and electronic properties,
and slightly altered the energy gap. The above will be discussed
in the following.

The electronic properties of the lower free lead halide
perovskite FAPb0.5Sn0.25Ge0.25X3 where the lead was doped with
both Sn and Ge, are depicted in Fig. 3. The band structures
represent a band gap of 0.98 eV, 1.22 eV and 1.7 eV for
FAPb0.5Sn0.25Ge0.25I3, FAPb0.5Sn0.25Ge0.25Br3 and FAPb0.5Sn0.25-
Ge0.25Cl3, respectively. The valence band maximum (VBM) and
the conduction band minimum (CBM) for both compounds
FAPb0.5Sn0.25Ge0.25I3 and FAPb0.5Sn0.25Ge0.25Br3 shows a curva-
ture indicating the low effective mass of carriers (electron–hole).
In contrast the bands of the FAPb0.5Sn0.25Ge0.25Cl3 structure are
almost attened, thus the effective mass is greater when
compared to the two other compounds as represented in Table
2. The FAPb0.5Sn0.25Ge0.25I3, FAPb0.5Sn0.25Ge0.25Br3 structures
have an effective hole mass, lower than MAPbI3. The effective
mass is inversely proportional to the mobility of the carriers,
therefore the mobility of the carriers of FAPb0.5Sn0.25Ge0.25I3
and FAPb0.5Sn0.25Ge0.25Br3 are large which will allow the elec-
trons to easily cross the band gap. The CBM is mainly contrib-
uted by the p orbital of Pb in the FAPb0.5Sn0.25Ge0.25I3 structure,
while it is dominated by the p orbital of the three elements Pb,
Ge and Sn for the FAPb0.5Sn0.25Ge0.25Br3 and FAPb0.5Sn0.25-
Ge0.25Cl3. The VBM of the FAPb0.5Sn0.25Ge0.25X3 structures do
not show any obvious difference, it is mainly derived from the p
orbital of I, whereas the deep valence band is mainly contrib-
uted by the p orbital of N and the s orbital of Pb, Ge and Sn. The
Fig. 4 Spectral (a) absorption coefficient and (b) reflectivity of FAPb0.5Sn

© 2022 The Author(s). Published by the Royal Society of Chemistry
organic cation is positioned far from the VBM and the CBM. We
notice that the co-doping of both Sn, and Ge elements shi the
p states of halogen (I, Br, Cl) towards the lowest levels, which
has reduced the gap energies, this doping also adds additional
energy levels which will allow more optical transitions.
3.3 Optical properties

The absorption coefficient determines how far into a material
light of a particular wavelength can penetrate before it is
absorbed. The absorption coefficient and the reectivity of the
three compounds were calculated from the dielectric constant
3¼ 31+ i32, where 31 and 32 represent the real and imaginary part
of the dielectric function, respectively.

As Shown in Fig. 4, FAPbI3 has a larger absorption coefficient
in the visible spectra than FAPbCl3 and FAPbBr3, the co-doping
with Sn and Ge improves the optical properties. As can be seen
from the same gure, the three FAPb0.5Sn0.25Ge0.25X3

compounds have a high absorption coefficient in the visible
range where the FAPb0.5Sn0.25Ge0.25I3 structure shows the
highest absorption; while the FAPb0.5Sn0.25Ge0.25Br3 and
FAPb0.5Sn0.25Ge0.25Cl3 structures revealed the best absorption
coefficient in the ultraviolet region. In physics and electrical
0.25Ge0.25X3.

FAPb0.5Sn0.25Ge0.25X3.

RSC Adv., 2022, 12, 8945–8952 | 8949
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Table 3 The calculated bandgap Eg, short-circuit current density Jsc, open circuit voltage Voc and power conversion efficiency h of FAPb0.5-
Sn0.25Ge0.25X3 structures

Compounds Eg

Voc

Jsc

h%

Eloss (0.7 eV) Eloss (0.5 eV) Eloss (0.7 eV) Eloss (0.5 eV)

FAPb0.5Sn0.25Ge0.25I3 0.98 0.28 0.48 31.5 6.17 12
FAPb0.5Sn0.25Ge0.25Br3 1.22 0.52 0.72 29 12 17.5
FAPb0.5Sn0.25Ge0.25Cl3 1.7 1 1.2 18 15.8 19.3
FAPbI3 1.5 0.8 1 20.3 14 17.8
FAPbBr3 1.67 0.97 1.17 17.3 14.6 18
FAPbCl3 2.14 1.44 1.64 9.6 12.5 14.3
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engineering, the reection coefficient describes how much of
a wave is reected by an impedance discontinuity in the
medium transmission. According to Fig. 4b, all the investigated
perovskite materials show a medium reectivity in the IR-
visible-UV region of the spectra. This reectivity suggests that
the materials have high absorptivity and/or transmissivity.
Absorption coefficient and the reectivity are the main param-
eters for the calculation of the short circuit current density.

3.4 Power conversion efficiency

The power conversion efficiency of solar cells is related to the
material’s electronic and optical properties. In order to calcu-
late the efficiency of these compounds we rst start by deter-
mining the photovoltaic parameters: short-circuit current
density and open circuit voltage. The calculated power conver-
sion efficiency (h) of MAPbI3 with an open circuit voltage (Voc) of
1.1 V, a Jsc of 17.14 mA cm�2, and a ll factor (FF) of 60% gives
a value of h ¼ 11%, this value matches the experimental
results.42,43 The current density characteristics of the FAPbX3,
and the FAPb0.5Sn0.25Ge0.25X3 compounds under AM1.5G solar
irradiation are displayed in Fig. 5. FAPb0.5Sn0.25Ge0.25I3 has the
highest current density with a value of 31.5 mA cm�2. The short-
circuit current density shows a monotonical decrease from
Fig. 6 Efficiency as a function of the FAPbX3, and FAPb0.5Sn0.25-
Ge0.25X3 bandgaps.

8950 | RSC Adv., 2022, 12, 8945–8952
FAPb0.5Sn0.25Ge0.25I3 to FAPbCl3 that represents the lowest Jsc.
In particular, the calculated short-circuit current density for the
FAPbX3 shows lower values regarding those of FAPb0.5Sn0.25-
Ge0.25X3 compounds, revealing that the doping of lead has
largely improved the Jsc. On the other hand, the halogen (I, Br,
Cl) variation increases the band gap enhancing the rise in open
circuit voltage. The calculated open circuit voltage and the
efficiency Eloss of 0.7 and 0.5 are listed in Table 3. Despite the
high current density of FAPb0.5Sn0.25Ge0.25I3, this compound
demonstrates the lowest efficiency among the three compounds
due to its lower Voc that can be improved by reducing the Eloss.
Thus, as we can conclude from Fig. 5 and Table 3, a high short
circuit current density is not the only parameter that determines
the power of producing high efficiency. To summarize, Fig. 6
shows the variation of the efficiency as a function of the FAPbX3,

and FAPb0.5Sn0.25Ge0.25X3 bandgaps. FAPb0.5Sn0.25Ge0.25Cl3
reaches a high efficiency of 19.3% proving that this compound
is a promising material for photovoltaic applications with low
toxicity.
4. Conclusion

In order to reduce the toxicity of the hybrid lead halide perov-
skite, the structural, electronic and optical properties of hybrids
with less lead, perovskite FAPb0.5Sn0.25Ge0.25X3 (X ¼ I, Br, Cl),
are investigated using density functional theory and compared
with those of FAPbX3 (X ¼ I, Br, Cl) compounds. The results
show that the compounds have a suitable bandgap for photo-
voltaic cells. The evaluation of the photovoltaic parameters (Jsc,
Voc, FF, Pin) was carried out for the power conversion efficiency
calculation. Results show that half doping of lead by both Ge
and Sn, improves the stability of the system and enhances its
performance for photovoltaic application. The adsorption
coefficient and short-circuit current density have also been
improved signicantly with the doping effect, where the Jsc
shows a monotonical increase from the FAPbCl3 to FAPb0.5-
Sn0.25Ge0.25I3. We notice that, although the FAPb0.5Sn0.25-
Ge0.25I3 represents a high absorption coefficient in the visible
range and the highest short-circuit current density, it represents
the lowest power conversion efficiency due to its low open
circuit voltage. FAPb0.5Sn0.25Ge0.25Cl3 has the highest power
conversion efficiency demonstrating that this compound is
promising for photovoltaic applications with low toxicity. This
© 2022 The Author(s). Published by the Royal Society of Chemistry
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study can be a good reference for the development of new
absorber materials in photovoltaic cells with lower toxicity and
more efficiency.

Conflicts of interest

There are no conicts to declare.

References

1 R. Ayres and V. Voudouris, The Economic Growth Enigma:
Capital, Labour and Useful Energy?, Energy Policy, 2014,
64(C), 16–28.
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