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Despite their promising power conversion efficiency, formamidinium lead iodide (FAPbI,)
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(Cs) has been demonstrated to improve the stability of the photoactive «-FAPbI, phase
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Published: May 19, 2025 theory (DFT) computatlons Our findings demonstrate that the addition of Cs causes minor
alterations in the electronic structure, such as shifts in the bandgap and adjustments to the
effective masses. In addition, we examine the optical absorption characteristics of Cs-doped
FAPDL, offering information on how doping might affect device performance. Due to its
1.28 eV band gap, which is within the Shockley-Queisser limit, the 12.5% Cs-doped FAPbI,
is appropriate for use in tandem solar cells. These results provide useful theoretical direction
for the logical design and optimization of stable and high-performing Cs-doped FAPbI,
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perovskite solar cells.

INTRODUCTION

The remarkable optoelectronic characteristics of organic-
inorganic halide perovskites, including their long carrier
diffusion lengths, variable bandgaps, and high absorption
coefficients, have made them attractive candidates for next-
generation solar applications. Of them, formamidinium
lead iodide (FAPbL) has attracted a lot of interest
because of its excellent conversion efficiencies and
perfect bandgap for solar energy conversion. The stability
and performance of the device are severely limited by the
black, photoactive a-FAPbL, phase (in cubic structure),
which is metastable at ambient temperature and easily
transforms into the non-perovskite yellow 8-phase (in
hexagonal structure) (Li ef al, 2018; Zheng ez al., 2022).
The narrow band gap (~1.48 ¢V) FAPbL, perovskite solar
cells have demonstrated substantially lower efficiencies
(less than 18%), despite the fact that high-efficiency solar
cells with power conversion efficiency (PCE) around 25%
have been created based on FA-involved mixed-cation/
anion perovskites (Zhang ez al., 2019; Zheng ¢t al., 2022).
Cation doping is one way to increase the stability of
a-FAPbBL. Cesium (Cs) doping has demonstrated special
potential in boosting solar performance, prolonging
carrier lifetimes, and stabilizing the black phase (Li ez
al., 2018; Zheng et al., 2022). Even with advancements
in experimentation, a basic comprehension of the
mechanisms by which Cs doping affects the electronic
and optical characteristics of FAPbL is still essential for
future improvement (Duan ¢z al., 2023).

In this work, the electronic and optical characteristics of
Cs-doped FAPbI, are investigated using first-principles
We
methodically investigate how the addition of Cs affects

density functlonal theory (DFT) computations.

the material’s optical and electronic characteristics. Our

findings shed important light on the bandgap shifts,
effective masses, and optical absorption characteristics
of the electrical structural changes brought about by Cs
doping. These findings can direct future research efforts in
the development of tandem cells and high-performance,
stable Cs-doped FAPbI, perovskite solar cells.

LITERATURE REVIEW

Due to their remarkable optoelectronic characteristics,
high
absorption coefficients, and variable band gaps, halide

including its long carrier diffusion lengths,
perovskites have become attractive candidates for next-
generation solar cells. Because of its higher power
conversion efficiency than other perovskites, such as
methylammonium lead iodide (MAPbL), formamidinium
lead iodide (FAPbL,) has demonstrated significant promise
among these. Nevertheless, FAPbL’s phase instability and
poor thermal stability limit its usefulness Many studies
have been conducted to solve these constraints, and
cation doping—especially with caesium (Cs)—is one
promising strategy. The existing knowledge of FAPbI,
perovskites, their difficulties, the effect of Cs doping, and
the use of first-principles calculations in this area are all
examined in this overview of the literature.

Theoretically, FAPbI, has higher power conversion
efficiencies than MAPbI due to its wider bandgap and
better thermal stability (Eperon et al., 2014). However,
at room temperature, FAPbI, exhibits a phase transition
from the desirable a-phase (perovsklte) to the undesirable
8-phase (non-perovskite), which significantly degrades
device performance (Liang ¢ al., 2024; Zhang et al., 2023).
This instability is caused by the larger size of the FA cation
than MA, which causes strain within the perovskite lattice.
This phase instability is a major obstacle to achieving the
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full potential of FAPbI.-based solar cells.

Numerous approaches, such as compositional engineering,
surface passivation, and interface modification, have been
investigated to increase the stability of FAPbI,. According
to Lu e/ al., (2020), cation doping has been shown to be
an efficient technique, particularly when used with alkali
metals like Cs. By modifying the perovskite lattice, Cs
inclusion can reduce strain and prevent the formation of
the 8-phase. It may also affect the perovskite film’s shape
and grain size, which could result in less hysteresis and
better charge transfer (Wu e al., 2018; Strathongsian ef
al., 2024).

The impact of Cs doping on the optical, electronic, and
structural characteristics of FAPbI, has been the subject
of numerous investigations. According to experimental
research, adding trace amounts of Cs can greatly
improve the long-term performance and phase stability
of FAPbI -based solar cells (Duan er al, 2024). The
fundamental mechanisms of this stabilization have been
better understood thanks to theoretical investigations,
especially those that use first-principles computations.
These investigations have demonstrated the effects
of Cs doping on the electronic band structure, optical
absorption characteristics, and formation energy of the
various phases (Taya ez al., 2019).

Density functional theory (DFT)-based first-principles
calculations have emerged as a crucial instrument in

materials research, especially in the area of perovskite
solar cells. DFT makes it possible to accurately predict
material features at the atomic level, such as optical
characteristics, electronic structure, and structural stability
(Martin, 2020). These computations can yield important
insights into how strain, doping, and other variables
affect perovskite material performance. In particular,
DFT calculations can be used to better understand the
effects of Cs incorporation on the band gap, charge
carrier effective masses, and optical absorption spectra
in the context of Cs-doped FAPbIL.. Insights into the
stabilizing mechanism can also be gained by clarifying the
interactions between Cs and the FAPDL lattice.

This work aims to explore the electronic and optical
characteristics of Cs-doped FAPbI, using first-principles
calculations. The goal of the study is to find out how Cs
doping affects the band structure, optical absorption,
and other pertinent characteristics by methodically
changing the Cs concentration. The findings will help
us better understand how Cs improves the bandgap and
performance of solar cells based on FAPbI..

MATERIALS AND METHODS

By applying the plane-wave pseudo-potential techniques
within density functional theory, which are implemented
in the Quantum ESPRESSO code, several properties

of FAPbI, and Cs-doped FAPbL, (figure 1) were

(b)

‘\-. : “"b‘\
. QIM.!’.
| Q‘ ‘.N‘

"‘t
Y=

Figure 1: A 2 X 2 X 2 supercell structures of (a) FAPbL, (CH,N,PbL) (b) 5% Cs-doped FAPbI, (c) 12.5% Cs-doped
FAPbI, (d) 15% Cs-doped FAPbI, (e) 20% Cs-doped FAPDL, (f) 25% Cs-doped FAPbL.. The brown, peach, grey, black,
purple and lemon coloured spheres represent Carbon, Hydrogen, Nitrogen, Lead, Iodine and Caesium atoms respectively
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examined (Giannozzi et al., 2020; Giannozzi et al., 2017,
Giannozzi ez al., 2009). Perdew-Burke-Ernzerhof’s (PBE)
generalized gradient approximation (Perdew ez al., 1990)
was employed as the exchange correlation functional.
65.0 Ry was chosen as the kinetic-energy cutoff, and the
Monkhorst-Pack (Monkhorst & Pack, 1976) k-point grid
of 7 X 7 X 7 was used to sample the reciprocal space.
A Gaussian smearing width of 0.002 Ry was used. For
the supercell structures (FAPbI, and Cs-doped FAPbL)),
we geometry optimized the equilibrium structural
parameters (by relaxing the lattice volume and internal
ions while fixing the lattice shape) through total energy
minimization with the force convergence threshold on
the atoms set to 0.00038 Ry/boht. Our first-principles
calculations were performed using experimental lattice
parameters (Weller, 2015) to determine the optimal local
structure of FAPbL. A 2 X 2 X 2 supercell of FAPbI, was

created in order to achieve Cs doping, and depending on
the proportion of the composition created, Cs* was used
to substitute some of the FA™ ions inside the supercell
(figure 1). The joint density of states (JDOS), dielectric
function spectra, and absorption spectra were used to
analyze the optical characteristics, while, the electronic
properties were determined via density of states (DOS)
and band structures. The VESTA program was used to
create all of the supercell structure pictures (Momma &
Izumi, 2008), and the Materials Square platform was used
to perform the density functional theory (DFT) calculations
(Virtual Lab., 2017).

RESULTS AND DISCUSSION

A direct bandgap at the I'-point is visible in the band
structure plot of Formamidinium Lead Triiodide (FAPbL)
shown in figure 2(a), indicating that the conduction band
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Figure 2: Band structure plots for a 2 X 2 X 2 supercell structure of: (a) FAPbL, (CH,N,Pbl) (b) Cs  .FA ,.Pbl, (c)
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minimum (CBM) and valence band maximum (VBM)
occur at the same location in the Brillouin zone. This
feature is advantageous for photovoltaic applications
because it enables effective carrier generation in response
to light absorption. The bandgap measured is 1.36 V.
This value aligns well with the reported bandgap of
1.45 to 1.48 eV for FAPbL, (Zheng et al, 2022; Lu et
al., 2020). In general, we observe flat bands in the given
band structures, particularly in the valence band. The
valence and conduction bands are quite flat near the band
edges. High carrier mobilities and enhanced photovoltaic
performance are two benefits of flat bands. Furthermore,
delayed carrier recombination, which can result in longer
carrier lifetimes and better device performance, benefits
from flat bands. The effective mass of the charge carriers
(holes and electrons) is determined by the curvature of the
bands close to the band edges. The flat bands imply that
both electrons and holes have comparatively tiny effective
masses. High solar efficiency depends on efficient carrier
transport, which is made possible by a low effective mass.
The influence of spin-orbit coupling is indicated by the
appearance of numerous bands at the same energy level.
Rashba splitting and topological effects are two intriguing
phenomena that can result from this interplay.

The band structure plots for various Cesium (Cs) doping
levels on the FAPbI, supercell are displayed in figures
2(b) through (f) Flgure 2(b) displays 5% Cs-doped
FAPbL, (Cs .FA ,PblL). The plot’s rather small bandgap
of 0. 98 eV raises the possibility that, in some applications,
this doping level may not be enough for ideal bandgap
tuning. The band structure plot for a 12.5% Cs-doping
(Cs,,,,FA ,PbL) is displayed in Figure 2(c). The
bandgap is 1.29 eV, which is marginally wider than for 5%
Cs doping, suggesting that higher Cs concentration might
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has a beneficial impact on bandgap engineering. Given
that this band gap is between 1.1 and 1.4 ¢V, which is the
Shockley-Queisser optimum, Cs ,, FA  Pbl, may have
a high PCE (Lu ¢/ al, 2020; Zheng et al., 2022). Figures
2(d), 2(e), and 2(f) show the band structure diagrams
for 15% (Cs A, 4sPbL), 20% (Cs,,FA ¢ Pbl), and

25% (Cs,,.FA, ,PbL)) Cs-doping, respectively. When the
doping concentration rises from 15% to 25% Cs, the
band gap in these situations is zero. We restrict the Cs
doping at 25% since it can cause phase segregation and

(]15

degradation of the perovskite structure, even though the
bandgap seems to have decreased even further.
Figures 3 (a), (b), and (c) display the density of states (DOS)
plots for FAPbL,, Cs  FA ,Pbl, and Cs  FA . PblL,
respectively. The DOS clearly displays a band gap
between the conduction band (CB) and the valence band
(VB) in figure 3(a). According to the reported bandgap of
FAPbI,, the bandgap seems to be approximately 1.36 eV.
Sharp peaks can be seen in the DOS, especially around
the band margins. The high density of states at such
energy is indicated by these peaks. There are numerous
energy levels accessible for electrons and holes to inhabit
when there is a large density of states. Effective charge
transport may benefit from this. Van Hove singularities
are a common term used to describe the strong peaks
in the DOS. The curvature of the bands in the band
structure is the cause of these singularities (Cao e al,
2018; Regan ez al., 2020; Xu et al., 2020). Higher density of
states is a result of flatter bands. Compared to the valence
band, the conduction band seems to have a higher density
of states. This suggests that there are more conduction
band electron energy levels available, which may result in
increased carrier mobility.
The DOS curve for doping FAPbIL, with 5% Cs atoms
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Figure 3: Density of states (DOS) plots for a 2 X 2 X 2 supercell structure of: (a) FAPbI, (CH5N2PbI3) (b)
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(Cs, sFA osPbL) is displayed in Figure 3(b), and as
previously mentioned, its band gap is 0.98 eV. Compared
to the valence band, the conduction band appears less
complex, yet it still exhibits significant structure.

Pb 6p and I 5p orbitals are most likely linked to the peaks
in the conduction band. Sharp peaks in the valence and
conduction bands indicate that this material’s electronic
states are comparatively confined. This may affect
optical characteristics and carrier transport. The DOS
diagram for 12.5% Cs-doped FAPbL, (Cs . FA  Pbl)
is displayed in figure 3(c). A high densny of states close to
the top of the valence band is indicated by the steep peak
at the VB edge. Efficient conveyance of holes may be
facilitated by this high density of states. A reduced density
of states close to the bottom of the conduction band
is suggested by the CB edge’s less noticeable peak when
compared to the VB edge. This might have an effect on
electron transport. Within the band gap, there are a few
prominent peaks. These peaks stand for confined states,
which have the potential to imprison charge carriers and
shorten their lifetime and mobility. Perovskite solar cells
may perform worse in these mid-gap states (Elmestekawy
et al., 2023). The density of trap states inside the band
gap can be decreased with the proper quantity of cesium
inclusion. This is essential for raising the fill factor (FF)
and open-circuit voltage (VOC) of perovskite solar
cells. A more equal distribution of electronic states and
possibly a decrease in trap states can result from cesium
stabilizing the cubic crystal phase of FAPbL.. According
to the DOS plot, 12.5% cesium doping in FAPbIL, may
enhance perovskite solar cells” overall performance by:
lowering the mid-gap state density, which can improve the
fill factor and open-circuit voltage. stabilizing the cubic
crystal phase, which may lessen trap states and result in
a more even distribution of electronic states (Othman e#
al., 2024).

As shown in figures 4(a) to (j), certain optical characteristics
were computed for the supercell structures of FAPbI,

and 12.5% Cs-doped FAPbL (Cs ,FA . Pbl). The
absorption spectra for FAPbI, are displayed in figure 3(a &
). In the visible spectrum, the spectra display a prominent
absorption band, especially between 400 and 800 nm.
Given that it shows that FAPbI, can efficiently absorb
a sizable amount of the solar spectrum, this property is
essential for photovoltaic applications (Imran & Khan,
2019). Around 800 nm is the absorption edge, where
the absorption begins to rise sharply. This translates to a
bandgap of roughly 1.55 eV (using equation (1)), which is
close to the FAPbI, bandgap that has been observed. The
optical characteristics of FAPbIL, are anisotropic, as seen
by the variations in the absorption spectra for the various
polarizations (x-X, a-Y, and a-Z). The orthorhombic
crystal structure of FAPbI, is most likely the cause
of this anisotropy. FAPbI, is a potential material for
perovskite solar cells because of its appropriate bandgap
and significant absorption in the visible range. The device
architecture can be optimized to enhance light absorption
and charge collection by utilizing the anisotropy of the

optical characteristics (Zheng e# al., 2022). The Urbach
tail, a progressive rise in absorption beneath the bandgap,
is visible in the absorption spectra. The bandgap’s
localized states, which can serve as recombination hubs
and impair device performance, are responsible for this
tail. The bandgap and absorption coefficient of FAPbI,
can change with temperature, which can influence the
device performance (Wright e# al., 2020; Elmestekawy ef
al., 2023).
E(eV)= 1240/A nm 1)
Figure 4(b & h) shows the absorption spectra for
Cs; 12sFA 4sPPL. The material’s absorption edge is
roughly 750 nm, corresponding to an estimated bandgap
of 1.65 eV. With a peak value of approximately 0.95
million units (assuming the y-axis units are arbitrary),
the absorption intensity is fairly strong. This suggests
that a wide variety of visible spectrum wavelengths
can be efficiently absorbed by Cs ,,.FA . Pbl. With
Cs doping, the absorption onset moves toward shorter
wavelengths, suggesting a bandgap widening. There is
a small anisotropy in the absorption spectra, with the
x-axis showing somewhat higher absorption than the y
and z-axes. The material’s crystallographic orientation
or other variables may be the cause of this anisotropy.
Caesium inclusion can marginally raise the bandgap of
FAPbI,, as was previously mentioned. A wider band gap
can lessen the possibility of bandgap shrinking brought
on by temperature fluctuations or halide segregation,
which is advantageous for enhancing the stability of
perovskite solar cells (Chen, 2022). The Urbach tail,
a region of sub-bandgap absorption brought on by
disorder and impetrfections, can be lessened via caesium
doping. This is essential for raising the fill factor (FF) and
open-circuit voltage (VOC) of perovskite solar cells.
According to the absorption spectra, 12.5% Caesium
doping in FAPbI, may enhance perovskite solar cells’
performance in the following ways: Raising the bandgap
can improve stability. lowering the Urbach tail, which may
cause FF and VOC to increase (Liu ¢ al., 2022).
o12sF A g7sP L, are shown
in Figure 4(h). Strong optical transitions at such photon

The absorption spectra of Cs

energies are indicated by the plot’s multiple distinct peaks
in the Im ¢ spectrum. The bandgap of Cs ,FA . PbL,

which is located at about 1.55 €V, is the most notlceable
peak. For solar cells to absorb light, this peak is essential.
A noticeable increase in the Im e at about 1.55 eV
indicates the estimated bandgap of Cs ,FA _ Pbl.

The breadth of the peak can be used to estimate the
bandgap’s width. The absorption is marginally larger
along the x-direction than along the y- and z-directions,
indicating some anisotropy in the Im e values. The
material’s crystallographic orientation or other variables
may be the cause of this anisotropy. Caesium inclusion
can, as previously stated, marginally expand the bandgap
of FAPbI,,

in the maj‘or Im e peak. The Urbach tail is a region of

as evidenced by a shift to higher energies

sub-bandgap absorption brought on by disorder and
imperfections, and caesium doping can aid in reducing it.
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As a result, the Im e may peak more sharply and have a
greater peak value.

Spectra of the dielectric function for FAPbL, are shown
in Figure 4(c). FAPbL, has notable optical anisotropy,
as evidenced by the dielectric function’s substantial
dependency on the polarization directions (x, y, and z).
Given the material’s orthorhombic crystal structure, this
makes sense. Figure 4(i) shows the refractive index’s
spectra, which are related to the real part of the dielectric
function (Re). Plotting indicates that photon energy and
polarization direction have a considerable impact on the
refractive index. The refractive index generally declines
with increasing photon energy and is larger for lower
photon energies (the complex index of refraction and the
dielectric function). The majority of materials behave in
this way. The direction of polarization also has a significant
impact on the refractive index. The optical anisotropy of
FAPDL is highlighted by the varied values of n-x, n-y, and
n-z at a wide range of photon energies (see figure 4(i)).
The absorption coefficient and the imaginary component
of the dielectric function (Im) are connected. Strong
absorption peaks in specific energy ranges are visible
in the plot, suggesting that FAPbI, absorbs light there.
The direction of polarization also affects the locations
and intensities of these absorption peaks (Radzwan et
al., 2019). The dielectric function’s real and imaginary
components reveal information about how a material
reacts to electromagnetic radiation (Shen ez al., 2024). The
refractive index is linked to the real part (e1), whereas
absorption is directly related to the imaginary part (e2)
(Radzwan et al., 2019). Strong absorption that appears in
the Im section of the dielectric function can be linked to
the material’s bandgap. It is consistent with eatlier reports
that the bandgap of FAPDL, is approximately 1.55 €V, as
seen by the plot. Perovskite solar cells can maximize light
absorption and charge collection by utilizing the optical
anisotropy of FAPbL. The device performance can be
improved and light absorption increased by adjusting
the perovskite film’s orientation or the polarization of
incident light (Kaminski ez a/., 2016).

F()r CS(].lZSFA(),875
index spectra are shown in figure 4(d) and (j), respectively.
In accordance with the bandgap of FAPbL, the real
part of the dielectric function (Re) exhibits a prominent

Pbl,, the dielectric function and refractive

positive peak at about 1.55 eV. For light trapping in solar
cells, this peak denotes a high visible area refractive index,
which can improve light absorption. Compared to the y
and z directions, the x-direction has greater Re values,
indicating some anisotropy in the optical characteristics.
This the
crystallographic  orientation or from other causes.

anisotropy may result from material’s
Absorption is represented by the imaginary component
(Im) of the dielectric function. The bandgap absorption
is represented by a strong peak that appears at about 1.55
eV. This suggests a high level of visible light absorption,
which is essential for solar cells to capture light effectively.
In line with the anisotropy shown in the Re values, the
Im values are likewise higher for the x-direction. As

previously stated, the bandgap of FAPbI, may be slightly

increased by caesium inclusion, as seen by a shift in the
peak locations of both Re and Im (also see the n spectra
in figure 4(j)). The Urbach tail, a region of sub-bandgap
absorption brought on by disorder and imperfections,
can be lessened via caesium doping. This may result in a
greater peak value and a sharper peak in the Im spectrum.
According to the dielectric function data, 12.5% Caesium
doping in FAPbI, may enhance perovskite solar cells’
performance in the following ways: Because of the high
refractive index, light trapping is enhanced. Stability may
be improved by raising the bandgap. increasing the Re n
spectrum’s homogeneity, which may result in improved
optical performance. lowering the Urbach tail, which may
result in better open-circuit voltage (VOC) and increased
light absorption (Subedi ez al., 2022).

Figure 4(e) displays the joint density of states (JDOS)
spectrum for FAPbL,. The possible electronic transitions
that may contribute to optical absorption are described
by the JDOS (Saleh et al, 2014). Figure 4(c)’s JDOS
spectrum clearly demonstrates an absorption beginning
at about 1.55 eV. This is equivalent to FAPbL’s bandgap,
which is an important factor for its photovoltaic uses.
The JDOS spectrum shows multiple discrete absorption
peaks, which are indicative of strong optical transitions
at those energies. The electronic transitions between
particular energy levels in the valence and conduction
bands of FAPbI, are probably responsible for these
peaks. Regions of high density of states, where optical
transitions are more likely to occur, are shown as sharp
peaks in the JDOS. The potential for excitonic effects is
shown by the strong peaks in the JDOS spectrum. Bound
electron-hole pairs called excitons have a big impact on a
material’s optical characteristics (Molas, 2023). The JDOS
spectrum offers important information about FAPbIL’s
optical absorption characteristics, which are essential for
solar cell performance. Strong absorption peaks in the
visible spectrum suggest that a sizable section of the solar
spectrum can be efficiently absorbed by FAPbL.. In solar
cells, the excitonic effects can also affect the processes of
chatge carrier recombination and production (Gregg, 2003).
The Joint Density of States plot for Cs , FA ~ Pbl. is
shown in figure 4(f). Strong optical transitions at those
energies are indicated by the multiple distinct peaks in the
JDOS plot. The bandgap of Cs ,, .FA . Pbl,, which is
located at about 1.55 eV, is the most noticeable peak. For
solar cells to absorb light, this peak is essential. At about
1.55 eV, the JDOS sharply rises, indicating the bandgap
of Cs ,.FA .Pbl. The breadth of the peak can be
used to estimate the bandgap’s width. The presence of
localized states or disorder may be indicated by a slight
tail that extends into the sub-bandgap region. The open-
circuit voltage (VOC) and fill factor (FF) of solar cells
can be impacted by the Urbach tail. Caesium doping in
FAPbL, can impact its JDOS in a number of ways: As
was previously indicated, the major JDOS peak may shift
to higher energies as a result of a minor increase in the
bandgap of FAPbL caused by caesium inclusion. This
may result in a greater peak value and a sharper peak in
the JDOS.
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CONCLUSION
Density functional theory’s plane-wave pseudo-potential
techniques have been used to investigate the electronic and
optical characteristics of Cs-doped FAPbI,. According to
our DFT calculations, the bandgap of FAPbI, doped with
5% Cs was 0.98 eV, but the bandgap of 12.5% was 1.28
eV. The Shockley-Queisser optimum is reached by this
band gap of 1.28 eV, suggesting that 12.5% Cs-doped
FAPbL, (Cs ,.FA . Pbl)) may have a high PCE and be
appropriate for tandem solar cells. A distinct bandgap and
a high density of states at the band boundaries are shown
in the DOS of Cs , FA Pbl.. These characteristics
help perovskite solar cells generate and transmit charge
carriers efficiently. Higher photocurrent and increased
solar cell power conversion efficiency may result
from this. Both FAPbI, and 12.5% Cs-doped exhibit
substantial visible-range absorption and a bandgap that
is appropriate for photovoltaic applications, according
to their absorption spectra. Cs , .FA  Pbl’s dielectric
function and refractive index spectra show a bandgap
of around 1.55 eV, dispersion with photon energy and
polarization dependence, substantial absorption in
particular energy ranges, and significant optical anisotropy.
By regulating the orientation of the perovskite sheet and
the polarization of light, these characteristics can be used
to maximize the performance of perovskite solar cells.
The anisotropy of the optical characteristics indicates
that better light absorption and charge collection may
be achieved by optimizing the device architecture. The
graphs of optical properties show that 12.5% Cs doping
has a major impact on FAPbL’s optical behaviour.
The observed trends in dielectric function, JDOS,
and absorption are in line with the enhanced optical
characteristics and bandgap widening anticipated from
FA

0.125 0.87.
for customizing the material’s bandgap for certain uses,

Cs doping. As a result, Cs ,Pbl, shows promise

including light-emitting diodes or tandem solar cells.
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