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Abstract. Lead-free perovskites have become a potential candidate for the development of the photo-
voltaic field. Here, we explored the structural and optoelectronic characteristics of silicon-perovskite
FASiBr3 − X IX (X = 0, 1, 2 or 3) for solar device applications. Density functional theory has been applied.
The band structure shows that FASiBr3 FASiBr2I, FASiBrI2 and FASiI3 have a semiconductor nature with
a direct band gap of (2.09 eV) (2.60 eV) PBE(HSE), (1.90 eV) (2.38 eV) PBE(HSE), (1.71 eV) (2.12 eV)
PBE(HSE) and 1.60 eV (2.08) PBE(HSE), respectively. In addition, the studied perovskites also exhibited
great optical properties including, high absorption; moreover, we showed that the substitution of Br by
I in FASiBr3 perovskite can considerably enhance the optical behavior. The dielectric function showed
that the edge of absorption of Br-substituted I in FASiBr3 perovskite was shifted towards the low energy
zone (red-shift) compared to FASiBr3. As a result, FASiI3 experiences greater absorption capability than
its FASiBr3 counterpart. These analyses indicate that FASiI3 is the best candidate for use as a Pb-free
material for perovskite solar cells.

1 Introduction

Recent advancements in solar cell technology have
focused on improving efficiency, stability, and scalabil-
ity. Among the different solar cell types, perovskite, sil-
icon, and dye-sensitized solar cells (DSSCs) have drawn
significant attention due to their unique properties and
potential for wide applications. Perovskite solar cells
(PSCs) are a leading area of research due to their high
efficiency and potential for low-cost production. Stud-
ies explore the structural and compositional optimiza-
tion of PSCs, yielding insights into maximizing light
absorption and charge carrier transport [1, 2]. Another
recent study emphasizes optical material improvements
for PSC stability and efficiency enhancement [3]. Silicon
solar cells (Si-SCs) remain the most established technol-
ogy in the commercial market due to their durability
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and mature fabrication processes. However, improving
efficiency without significantly raising costs remains a
challenge. Efforts have been made to innovate within
this technology. For instance, the studies by Basher
et al. focus on advancements in material processing to
enhance electron mobility and light-harvesting capabil-
ities [4, 5]. Additional insights into silicon cell efficiency
can be found in Ref. [6], which examines novel silicon
structures. DSSCs offer a cost-effective alternative with
flexibility and transparency features, making them suit-
able for applications in indoor and low-light environ-
ments. Studies such as [7, 8] provide an overview of
material innovations that enhance the light absorption
of dye molecules, as well as on the chemical stability
and electron transport improvements in DSSCs.

Hybrid organic–inorganic perovskites (HOIPs) with
the ABX3 structure have attracted special attention
from the academic community and industries because
of their exceptional features and high efficiency in solar
cells’ applications [9, 10]. Perovskites showed remark-
able optoelectronic characteristics, such as long electron
and hole diffusion lengths and excellent light absorp-
tion [11]. CH(NH2)2PbI3 was found to have a long car-
rier lifetime, excellent carrier mobility and direct band
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gap of 1.47 eV [12, 13]. In addition, the CH(NH2)2PbI3
showed higher stability than CH3NH3PbI3 [14]. Despite
their success in photovoltaic applications, the largest
parts of these perovskites that demonstrate excellent
properties include Pb. An issue thus arises for the
implementation of these materials in solar cells due
to the toxicity of lead. Also, the material’s instabil-
ity towards heat and moisture is another issue. That
limits the solar cell efficiency, which makes scaling up
commercialization challenging [15, 16].

To explore for potentially Pb-free perovskite, previ-
ous investigations have sought to address the toxicity
issue by substituting Pb with Sn or Ge in FAPbI3 and
MAPbI3, and the suitability of Sn and Ge as Pb sub-
stitutes has been confirmed [10]. Moreover, inspecting
the optoelectronic properties of materials can assist us
in comprehending their behavior and revealing their
potential applications [17]. For this reason, theoreti-
cal analyses based on DFT have inspected the phys-
ical characteristics of lead-halide perovskites for solar
cells [18, 19], as well as non-leaded perovskites [20–22].
Recently, a study has focused on a family of 48 ABX3

perovskite materials, where (A = FA, MA or Cs), (B
= Sn, Ge or Si), (X = I, Br or Cl) within the DFT1/2

approach [23]. Furthermore, ab initio simulations have
been done to explore a new ABX3 structure for solar
cells involving 90 ABX3 candidates with FA, MA. . . as
an A cation, Cd, Cu, Mg, as an B cations and [Cl, Br or
I atoms as a X anions [24]. Also, in our previous work,
to study perovskite materials for photovoltaic applica-
tions, DFT and SCAPS (Solar Cell Capacitance Simu-
lator) software were applied [25–30].

High Efficient HOIPs based solar cells can be fab-
ricated with the relatively less sophisticated solution-
processed methods, lowering production costs. Never-
theless, there is still much room for improvement. As
a means to improve light absorption, there is interest
in the investigation of narrower band gap perovskites
such as FAPbI3. Sn-perovskites are studied to reduce
the toxicity of Pb when replaced by much lower atomic
number group IV elements (such as Sn); the situation
gets worse, because of the reduction in stability of the
divalent oxidation state for these elements. Silicon ele-
ments which play the most important role in modern
industry, however, have received almost no attention
in photovoltaic research community, and it has been
reported that Silicon-based HOIPs does not possess a
proper band gap for sunlight-harvesting. On the other
hand, numerous emerging low-valent silicon materials,
which are proven experimentally to be stable under
the standard temperature and pressure [31–33], indi-
cate the possibility of the existence of Silicon-based per-
ovskites with excellent stability. Meanwhile, as reported
in the previously, the hydrogen bonding in HOIPs tends
to limit the oxidation of Sn2+, thus the existence of
strong hydrogen bonding is also expect to enhance
the thermal stability of HOIPs with smaller group
IV elements [34]. The discovery of Silicon-based per-
ovskite not only contributes to the achievement of a
novel narrow band gap perovskite for approaching the

Shockley–Queisser efficiency limit [35] and an excel-
lent optical absorption, but also deals with the envi-
ronmental issues and economic sustainability concerns
in the photovoltaic research community, mainly caused
by toxic elements. This drawback prevents the wide use
and commercialization of these materials. Therefore,
further efforts are required to avoid this issue in the
PSCs. In addition, all-inorganic perovskites are seen as
a suitable alternative to overcome the thermal insta-
bility caused by the organic molecule, but they often
experience phase instability [36]. For this reason, one
may verify that there is no single perovskite with the
ideal properties for photovoltaic applications. Surpass-
ing the toxicity and stability issues while maintaining
high efficiency is challenging. One way of controlling
these properties is by taking advantage of the high com-
positional and structural flexibility of the perovskite
materials. Much focus has been placed on halide per-
ovskites, recent studies have begun exploring alterna-
tive perovskite compositions that could offer enhanced
stability and compatibility with existing silicon-based
technologies. For instance, recent work has shown that
the incorporation of silicon within perovskite structures
can lead to improved absorption of light in the UV
region. Also, this Si-perovskites are mechanically sta-
ble and anisotropic [37, 38]. Additionally, density func-
tional theory (DFT) studies have provided key insights
into the behavior of Si-based perovskites SiSnO3 and
SiGeO3 and double perovskite Ca2TiSiO6, highlighting
their potential for high-efficiency optoelectronic appli-
cations [38, 39]. According to their report, SiSnO3 and
SiGeO3 are semiconductors. SiSnO3 has an indirect
(M–X) energy state gap of 2.4 eV, and SiGeO3 has
a direct (X–X) energy gap of 3.1 eV. Despite these
advancements, further investigation into the specific
structural and electronic characteristics of Si-based per-
ovskites remains limited. Our work aims to address
this gap by providing a comprehensive analysis of these
properties, offering valuable insights into their potential
in optoelectronic applications.

The quest for alternative materials in optoelec-
tronic applications has brought perovskite materials
into sharp focus due to their excellent electronic and
optical properties. However, while much of the current
research has centered on halide perovskites, the poten-
tial of Si-based perovskites remains largely unexplored.
The present study addresses this gap by providing a
comprehensive (DFT) analysis of the structural, elec-
tronic, and optical properties of Si-based perovskites.
This work is unique in its focus on the integration of
silicon, a well-established material in the semiconductor
industry, within the perovskite framework. By investi-
gating Si-based perovskites, our study aims to advance
the understanding of their intrinsic properties, offer-
ing valuable insights into how these materials could be
optimized for applications in photovoltaics and opto-
electronics. This analysis not only enhances the founda-
tional knowledge of Si-based perovskites but also sets
the stage for future research that could leverage the
compatibility of silicon in next-generation device archi-
tectures.
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In this context, a theoretical analysis of novel Pb-
free FASiBr3 − X IX (X = 0, 1, 2 or 3) properties was
performed, using both computational approaches: DFT
and TDDFT. The study of silicon-based perovskite
FASiI3 for its application in the PSC has not been
reported [40]. Herein, we focused on the electronic prop-
erties. The studied perovskite shown to possess semi-
conductor behavior with a direct band gap, which is
very appropriate for photovoltaic solar cells; hence,
this study will provide important insight on the per-
ovskite structure for novel lead-free perovskite solar
cells. The aim of this study is to analyze and engi-
neer the structural, electronic, and optical properties
of silicon-based perovskites for photovoltaic applica-
tions using density functional theory (DFT). Specif-
ically, the study focuses on exploring the structural
stability of the compounds through the calculation of
stability parameters. Additionally, it investigates the
electronic properties by determining the band structure
and density of states to identify band gap characteris-
tics optimal for light absorption. The optical properties,
such as absorption coefficients and dielectric functions,
are analyzed to assess their suitability for energy con-
version. Furthermore, material modifications and dop-
ing strategies are proposed to optimize the properties
for enhanced photovoltaic performance. Unlike previ-
ously published works, which primarily emphasize tra-
ditional perovskite materials such as lead-based com-
pounds, our research introduces silicon as a core com-
ponent. This substitution addresses environmental con-
cerns while exploring new material combinations. More-
over, these aspects distinguish our work from the ref-
erenced studies, which do not explore these silicon-
based configurations or their tailored engineering for
improved performance.

The organization of the manuscript is as follows:
in Sect. 2, we present the methods details. Section 3
includes the results for FASiBr3, FASiBr2I, FASiBrI2,
and FASiI3 perovskite divided into Sect. 3.1 struc-
tural characteristics, Sect. 3.2 electronic characteristics,
Sect. 3.2.1 the band gap energy when including the
SOC/HSE correction Sect. 3.3 optical characteristics,
In Sect. 4, conclusions are covered.

2 Methods

We employed for all the calculations the first-
principles DFT and TDDFT; both methods are
implemented within Quantum Espresso which is an
integrated suite of open-source computer codes for
electronic-structure calculations and materials model-
ing at the nanoscale [41]. The Generalized Gradient
Approximation (GGA) with Perdew–Burke–Ernzerhof
(PBE) approach was used, and the hybrid func-
tional Heyd–Scuseria–Ernzerhof HSE was employed as
it is reported to estimate the band gap accurately.
The ultra-soft pseudo-potentials were used to generate
interactions between electrons and ions [42–45]. The
dielectric function of the optical characteristics was

determined using TDDFT using the norm conserving
pseudopotentials [46]

The calculations with the spin–orbital coupling SOC
effect are performed using the fully-relativistic pseu-
dopotentials [47]. The k -points (5 × 5 × 5) was used to
sample the Brillouin zone; the Monkhorst–Pack k -point
pattern presents the Brillouin zone integration [48]. The
cut-off energy value was fixed at 100 Ry. The conver-
gence tolerance for the self-consistent field calculation
was set at 10−6 Ry.

The crystal structures were relaxed by vary-
ing the atomic position, employing the Broy-
den–Fletcher–Goldfarb–Shanno (BFGS) [49]. In fact,
the atomic positions were totally optimized until the
forces and energies on each atom were less than 10−3

Ry/Bohr and 10–4 Ry, respectively.

3 Results and discussion

3.1 Structural characteristics of FASiBr3 − XIX (X =
0, 1, 2 or 3)

In this part, we focused on the optimization of
FASiBr3 − X IX (X = 0, 1, 2 or 3) unit cell, which rep-
resents an important initial process in the numerical
investigation. To inspect the properties of the material
under investigation, the cubic structure (S.G: Pm3m,
#221) was fixed for FASiBr3 − X IX (X = 0, 1, 2 or 3).

The unit cell includes 12 atoms, as shown in the illus-
tration in Fig. 1, illustrated employing the VESTA soft-
ware [27].

The Goldschmidt tolerance factor is frequently used
as a metric for evaluating the potential formation of a
perovskite structure, which expressed as:

t =
rA + rX√
2(rB + rX)

. (1)

In this Eq. (1), rA, rB , and rX stand for the ionic
radii specific to the FA cation, the Si anion, and the
Br anion. In general, perovskite structures are more
inclined to develop when the tolerance factor value falls
between 0.8 ≤ t ≤ 1.0. In addition, perovskite struc-
tures with tolerance factors between 0.9 and 1.0 tend to
presents a great structural soundness and stability. For
FASiBr3, the calculated tolerance factor is about 1.8
(where rA = 2.79 Å, rB = 1.17 Å, and rX = 1.33 Å),
indicating its acceptable structural stability. Another
important geometric ratio is the octahedral factor O f,
[50] defined as

Of =
rB
rX

.

This parameter is applied to evaluate the fit of the B
cation into the respective halide X6 octahedron. For a
perfect cubic perovskites structure, the O f should not
be too small for structural stability and is suggested to
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Fig. 1 Structure presentation of the cubic FASiBr3 − X IX (X = 0, 1, 2 or 3) perovskite employing the VESTA [27]

be better in the range from 0.4 to 0.8 [51]. The octahe-
dral factor O f of FASiBr3 is found to be 0.87. The values
of all Silicon-based perovskite are found to be smaller
than the empirical criterion 0.4. However, seem not to
sufficiently examine the stability of cubic perovskites
structures, in which some perovskites were found to
exist stable high dimensional network even their octa-
hedral factor is too small, such as MASiI3 (O f = 0.35)
and FASiI3 (Of = 0.30) [52].

To perform the geometry optimization of the struc-
tural parameters of FASiBr3 − X IX (X = 0, 1, 2 or 3),
the total energy of the studied perovskite has been cal-
culated; in fact, the total energies of the FASiBr3 − X IX
(X = 0, 1, 2 or 3) have been calculated for several lat-
tice parameters ‘a’ (Å) with GGA-PBE approach, (see
Fig. 2a–d). Our results of the total energy values of
FASiBr3 − X IX (X = 0, 1, 2 or 3) as depend of the
lattice parameter are illustrated in Fig. 2.

Indeed, Fig. 2a provides our findings for the FASiBr3,
in addition, Fig. 2b presents the dependency of the
total energy on the lattice parameter for FASiBr2I,
while, Fig. 2c, d illustrates the findings for FASiBrI2
and FASiI3, respectively. From these figures, it is found
that the minimum total energy is positioned at a =
6.2 Å for the FASiBr3 material. The minimum value
is positioned at the lattice parameters a = 6.3 Å for
FASiBr2I, and a = 6.4 Å for FASiBrI2 and FASiI3.

It is also observed that there is an increasing trend
in the lattice parameters for FASiBr3 − X IX (X = 0, 1,
2 or 3), when the level of I increases which is due to the
larger ionic radii of I as compared to that of Br which
observed in previous works [53–55]. The volume of the
unit cell also increases more with the increase of I level.

Our calculated optimum ‘a’ with volumes for
FASiBr3 − X IX (X = 0, 1, 2 or 3) perovskite using
the GGA-PBE approach is summarized in Table 1. The
obtained ‘a’ is also increased as a result of changing Br
with I, from FASiBr3 to FASiI3. Moreover, the obtained
total energy demonstrated that FASiBr3 provides the
structure that is more stable, while the less stable struc-
ture is FASiI3 perovskite. It is seen from Table 1 that
when the ‘X ’ anion size (from Br to I) gets larger, the
optimized lattice parameter increase due to the larger
ionic size of I atom, this results are consistent with other
related studies on various perovskite materials [54, 56].

3.2 Electronic properties of FASiX3 (X = Br or I)
perovskite

The electronic properties, in particular the band gap
values of an absorber are crucial for photovoltaic solar
cell due to the fact that it contribute to make the cell
capable to absorb light photons and convert it into elec-
tricity effectively. To inspect the electronic properties of
the FASiBr3 − X IX (X = 0, 1, 2 or 3) perovskite, we
calculate and investigate the electronic characteristic of
FASiBr3 − X IX (X = 0, 1, 2 or 3) when the GGA-PBE
approximation is applied. We present the different band
structures, the DOS, PDOS of FASiBr3 − X IX (X = 0,
1, 2 or 3) using this approximation. In fact, we provide
our results for the perovskite, when ‘a’ = 6.2 Å, for the
FASiBr3 to compute and investigate the band struc-
tures, the DOS and PDOS. While, For the FASiBr2I,
FASiBrI2 and FASiI3, the optimal lattice parameter was
selected: a = 6.3 Å, a = 6.4 Å and a = 6.4 Å, respec-
tively.

We present in Fig. 3 our findings for FASiX3 (X =
Br). In fact, Fig. 3a illustrates the band structure. This
figure shows the semiconducting nature of this material.
It is demonstrated that the band gap is 2.09 eV. More-
over, this figure clearly illustrates that BCB and TVB
are located at R-point , which confirms the direct band
gap nature of the material. Here, the required moving
energy of an electron from the valence to the conduc-
tion band of a direct band gap perovskite is lower than
an indirect band gap perovskite. This phenomenon is
responsible for the excellent optoelectronic performance
of a direct perovskite material. In addition, this match
well with the results found for the silicon-based per-
ovskite in Ref. [57]. Also, it is evident that the calcu-
lated band gap is quite comparable to that reported
in the literature. In fact, computational results from
other researchers demonstrated that the FASiI3 band
gap was between 0.8 eV and 2.0 eV, see Ref. [24], when
performing a first principle calculations applying DFT
approach within GGA-PBE + D2 approximation for
a tetragonal phase. The band gap of FASiBr3 is suit-
able for photovoltaic technology. Figure 3b illustrates
the DOS and PDOS of FASiBr3. It is observed that
the conduction band minimum CBM is mainly created
with a combination of Si and Br orbitals. While, the
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Fig. 2 The total energy of the FASiBr3 − X IX (X = 0, 1, 2 or 3) as a function of the lattice parameter, in a FASiBr3,
FASiBr2I in b, FASiBrI2 in c and FASiI3 in d

Table 1 The obtained optimum lattice parameters ‘a’ (Å), volumes ‘V ’ (Å3) and bulk modulus B of the cell unit of
FASiBr3 − X IX (X = 0, 1, 2 or 3) perovskite material using GGA-PBE

Obtained results

Lattice parameter a
(Å)

FASiBr3 6.20 Unit cell Volume
‘V’ in (Å3)

238.32 Bulk modulus B in
(GPa)

359.84

FASiBr2I 6.30 250.05 –

FASiBrI2 6.40 262.14 –

FASiI3 6.40
6.34| [23]
6.30| [29]

262.14 –

top of the valance band TVB is generated mainly with
Br orbitals.

When varying the ‘X ’ halogen to (X = Br2I), the
calculated band structure is presented in Fig. 4a. It is
seen that the computed band gap is around 1.90 eV.
Also, it was found that a significantly narrow band gap
was calculated for this halogen mixture compared with

FASiBr3. On the other hand, Fig. 4b presents the den-
sity of states. It is found that Si, Br and I orbitals con-
tribute the most to the generation of the BCB, While,
the TVB is composed mainly of both Br and I orbitals.
In ‘FA’ cation, the N atoms partially contributed to
the valance band states within the structure. However,
the other atoms presented minimal influence on the
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Fig. 3 a The band structure of FASiX3 (X = Br3), b the DOS and PDOS

Fig. 4 a The band structure of the FASiX3 (X = Br2I) perovskite, b the DOS and PDOS

band edge. Significantly, the organic ‘FA’ cation does
not directly contribute to the conduction or valence
band; instead, it donates electrons to the perovskite.
The orbitals of the ‘FA’ cation contribute to the energy
zone far below the band gap edge. Several investiga-
tions have demonstrated that the orbitals of the organic
cation ‘A’ of the ABX3 perovskites have a minor effect
on the conduction and valance band creation [58], which
could indicate the insignificant effect of the organic ele-
ment on the process of photon conversion [30].

The obtained findings for (X = BrI2) have been illus-
trated in Fig. 5. The electronic properties are com-
puted and plotted. The band structure is presented in
Fig. 5a. The obtained band gap of FASiBrI2 value is
about 1.71 eV. It is generally recognized that the band
gap for inorganic crystals is half-underestimated using

the LDA approach [59]. Moreover, the DOS and PDOS
of FASiBrI2 are plotted in Fig. 5b. This figure shows
that the BCB is composed of Si orbitals, and the TVB
is created of the Si orbitals along with Br and I orbitals.

For (X = I), It is seen that the substitution of Br by
an I atom decreases the energy of band gap. In fact, the
band gap was obtained to be 1.60 eV for this Pb-Free
FASiI3 perovskite,

This band gap was found to be around 0.66 eV in Ref.
[23], using DFT with the GGA-PBE approximation and
1.39 eV using the DFT-1/2 technique. As the band gap
of FASiI3 moves to 1.1 eV, which represents the opti-
mum band gap for single junction cells (SQ limit), this
change in electronics properties caused by the substitu-
tion of the Br element can be useful to modify the band
gap, allowing efficient single-junction solar devices [60].
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Fig. 5 a The band structure of the FASiX3 (X = BrI2) perovskite, b the DOS and PDOS

Table 2 The obtained
band gap with GGA-PBE,
HSE and HSE+ SOC
approximations

GGA-Pbe HSE HSE + SOC

FASiBr3 2.09 2.60 2.52

FASiBr2I 1.90 2.38 2.27

FASiBrI2 1.71 2.12 1.97

FASiI3 1.60 2.08 1.93

Other works GGA-PBE + D2 GGA-PBE + SOC

Between 0.80 eV and 2.00 eV [24] 0.90 eV [57]

Fig. 6 a The band structure of the FASiX3 (X = I3), b the DOS and PDOS
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Fig. 7 Variation of
calculated band gap of
FASiBr3 − X IX (X = 0, 1, 2
or 3) using GGA-PBE,
hybrid-HSE and HSE +
SOC approximations

3.2.1 The impact of spin–orbit coupling and HSE
approximation on the band gap

In this part, the electronic characteristics of the
FASiBr3 − X IX (X = 0, 1, 2 or 3) perovskite when
including SOC impact, have been inspected. Table 2
presents our computed band gap of FASiBr3 − X IX (X
= 0, 1, 2 or 3) when applying GGA-PBE, HSE and
HSE + SOC approximations. In addition, a compari-
son between our findings and those reported in previous
results is presented in this table. It is observed that a
Lower band gap was obtained when including the SOC
correction into the HSE approximation; such findings
of this decrease in band gap match well those of the lit-
erature (Fig. 6). The HSE approximation demonstrates
that the FASiI3 has a band gap of around 2.08 eV, and
when the SOC is added, this band gap value decreases
to reach 1.93 eV. Similarly, a band gap with the SOC
was found in Ref. [57]. Moreover, the obtained band gap
using GGA-PBE and HSE and HSE + SOC approxima-
tions was compared. The difference between the band
gap calculated with HSE and HSE + SOC is 0.08 eV
for FASiBr3. It was observed that among the approx-
imations, a reduced band gap was obtained when the
GGA-Pbe approximation was applied and this value
decreased as we moved from one perovskite to another:
FASiBr3, FASiBr2I, FASiBrI2 and FASiI3. Figure 7
illustrates the variation of the band gap energy employ-
ing different approximations for the studied perovskites.

3.3 Optical characteristics of FASiBr3 − XIX (X = 0,
1, 2 or 3)

In this part, the optical properties of FASiBr3 − X IX
(X = 0, 1, 2 or 3) are calculated using the complex
dielectric function (Eq. 1), ε1(ω) and ε2(ω) are the
real (Re) and imaginary (Im) term, respectively. The
dielectric function can be obtained by employing the
Kramer–Kronig relation [61], which is based on the

light absorbed by the material and explains the mech-
anism of interaction of photon with electrons, when a
system respond to an external radiation [11].

ε(ω) = ε1(ω) + iε2(ω). (2)

Here, ε1(ω) explains the light polarization and the
dispersion of the incident photons within the material.
The imaginary part describes the crystal’s absorptive
operation.

ε1(ω) = 1 +
2
π

∞∫

0

ε2(ω′)ω′dω′

ω′2 − ω2
. (3)

ε2(ω), is related to the band structure that depends on
the crystal’s light absorption; which can be obtained
employing the relation:

ε2(ω) =
4π2e2

m2ω2

∑
i, j

|〈i|M |j〉|2(fi(1 − fi))

δ(Ef − Ei − �ω)d3k. (4)

The optical behavior of FASiBr3 − X IX (X = 0, 1,
2 or 3) in the excited state has been studied applying
the time-dependent TDDFT by computing the imagi-
nary and real elements ε2(ω), ε1(ω), respectively, as a
dependent of the energy of the photon between 0 and
10 eV and Figs. 8, 9, 10, and 11 illustrate the findings.

The Im element ε2(ω) which is related to the absorp-
tion of light in the crystal. Figures 8–9–10–11a illus-
trate the results after applying the GGA-PBE. In the
Im term of ε(ω), this material experienced a very sharp
peak in the low energy portion, it is observed the pres-
ence of a high peaks at photon energy about 5.6 eV
for FASiBr3 and 5.54 eV for FASiI3. Moreover, ε2(ω)
ultimately exhibited a positive imaginary term, which
demonstrated the semiconductor nature of the crys-
tal. Clearly, ε2(ω) increases and has strong peaks after
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Fig. 8 In a the imaginary and b the real element of the dielectric function for X = Br3

Fig. 9 In a the imaginary and b the real element of the dielectric function for X = Br2I

photon energy 4 eV, demonstrating the high absorp-
tion of incident light. In addition, among the calculated
imaginary elements of the four perovskites, the FASiI3
magnitudes were higher than those of the FASiBr3,
FASiBr2I and FASiBrI2 materials.

The dielectric constant of a material represents an
essential parameter that provides important insight into
the charge-recombination process and, as a results, the
optoelectronic performance of the material [62]. A crys-
tal with a great dielectric constant means that it has
less charge-carrier recombination, and as a result, the
efficiency of the solar cell will be increased. While crys-
tals with a wider band gap exhibit a lower dielectric
constant [63]. Here, FASiI3 revealed a higher value of
dielectric constants than FASiBr3 as the band gap was

reduced (as illustrated in the electronic structure) after
changing Br with I.

For the real Re element of FASiBr3 − X IX (X = 0, 1,
2 or 3) perovskite, from Figs. 8–9–10–11b, it is shown
that as the photons energy is at low values (there is
no incident photon), the magnitude of ε1(ω) is around
zero, until the incident photon energy reaches the value
of the optical band gap of perovskite, after this value,
there is a transition from the interaction of incident
light and the crystal free electrons that happen between
the valence and conduction bands. In addition, the
real element of FASiI3 reached zero in the high-energy
region (around 6.56 eV). This result suggests the trans-
parency of FASiI3 and hence the low absorption of pho-
tons with high energy. Indeed, the negative values in
ε1(ω) of the Re element represent reflection of light on
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Fig. 10 In a the imaginary and b the real element of the dielectric function for X = BrI2

Fig. 11 In a the imaginary and b the real element of the dielectric function for X = I3

the surface of perovskite which indicates the metallic
behavior of the material.

Similar findings of the Re and Im elements for oth-
ers Pb-free perovskites have been found in Ref. [64].
These findings above demonstrate that FASiI3 per-
ovskite material possessed an appropriate band gap for
solar devices, also exhibited enough light absorption
ability, making this material a potential candidate for
PSCs.

The absorption coefficient of FASiX3 is an essen-
tial factor since it determines the ability of the mate-
rial to absorb light energy, providing valuable insight
about its potential for photovoltaic application. The
absorption coefficient of FASiX3 is impacted by sev-
eral parameters including crystal structure and thick-
ness of the perovskite. The absorption coefficient spec-
tra of FASiX3 exhibits similar behavior to that of the

imaginary part of the dielectric function. Figure 12a dis-
plays the absorption coefficient of FASiX3 perovskite as
a function of wavelength. It is clear that as the halogen
atom moved from I to Br to I, the absorption peak of
FASiX3 exhibits a significant blue-shift. Also, absorp-
tion reveals consistent increases in optical absorption
as energy increases. The absorption spectra demon-
strate that all four materials display a maximum peak
at around 160 nm, with FASiI3 exhibiting the highest
magnitude among the studied compounds. The results
highlights that the FASiI3 perovskite material exhibits
the highest maximum absorption compared to FASiBr3,
FASiBr2I and FASiBrI2 perovskites.

To complete the analysis of the optical proper-
ties, reflectivity is also known as an important optical
parameter for judging the performance of an absorber
in solar cells. The reflectance of perovskite materials
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Fig. 12 In a the absorption coefficient and b the reflectivity of FASiBr3 − X IX (X = 0, 1, 2 or 3)

can vary significantly depending on surface shape, crys-
tal positions, and composition. In addition, the wave-
length and incidence angle of the incident photons may
have an impact on the FASiX3 perovskite reflectivity.
The reflectivity has been illustrated in Fig. 12b, one
can notice that a great Amount of solar energy reflected
significantly in the ultraviolet-range, when excited radi-
ation wavelength increases, reflectivity increases, and
reaches a highest peak at around 15.44% at wave-
length 166.14 nm for FASiBrI2. The obtained reflectiv-
ity demonstrates that these materials have a high opti-
cal absorption capability. However, more research effort
should be done to decrease reflectivity in the visible-
energy region, which could increase absorption mecha-
nism and enhance the performance of PSCs.

In addition, a detailed stability investigation of
our considered compound FASiX3 remains unrevealed.
Moreover, the chemical, mechanical, and dynamical sta-
bility properties of this Silicon-based perovskite have
not been previously calculated and are yet to be
explored further, in order to integrate this material in
photovoltaic solar cell applications.

Moreover, the effect of including the SOC on the
band gap has been inspected. It is demonstrated that
the band gap reduces when adding the SOC correction.
The band gap was estimated around 2.60 eV (HSE) for
FASiBr3 without SOC, and decreases to reach 1.52 eV,
when take into account the SOC effect. Further, the
optical behavior of FASiBr3 − X IX (X = 0, 1, 2 or
3) has been presented; the FASiBr3 was not capable
of absorbing effectively the light of the solar spectrum
because of its large band gap. The substitution of Br
with I atom in FASiI3 can enhance the absorption.
Thus, may be a potential candidate to free-lead per-
ovskite for photovoltaic cells.

4 Conclusion

In this study, the structural and optoelectronic proper-
ties of the FASiBr3 − X IX (X = 0, 1, 2 or 3) perovskite
have been explored using Quantum Espresso to per-
forms both the DFT and TDDFT methods. The band
structure, DOS and PDOS of these perovskites have
been calculated and discussed. The electronic proper-
ties analysis shows that the substitution of Br with I
could considerably reduce the band gap of FASiBr3.
In particular, the band structure demonstrates that
the Pb-free FASiBr3 FASiBr2I, FASiBrI2 and FASiI3
have a semiconductor nature with a direct band gap
of (2.09 eV) (2.60 eV) PBE(HSE), (1.90 eV) (2.38 eV)
PBE(HSE), (1.71 eV) (2.12 eV) PBE(HSE) and 1.60 eV
(2.08) PBE(HSE), respectively, which indicates that
these absorber materials are appropriate to make per-
ovskite solar cells. In addition, the primary contributor
was identified to be the orbital of Si, Br and I atoms,
as demonstrated by the DOS analysis.
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M. Marsili, N. Marzari, F. Mauri, N.L. Nguyen, H.-V.
Nguyen, A. Otero-de-la-Roza, L. Paulatto, S. Poncé, D.
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