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Organic—inorganic halide hybrid perovskites have been extensively investigated for a range of optoelectronic applications, including tandem
solar cells. However, instability and lead toxicity in widely studied hybrid halide perovskites (HHPS) necessitate the exploration of non-toxic
semiconductor alternatives.

Here, we investigate the structural and optoelectronic properties of formamidinium silicon iodides(RAsilg two complementary com-
putational frameworks: the GGA-PBE functional and TB-mBJ exchange-correlation potential. Our results show thatiyailizes in a

cubic lattice (space group R8m) with an equilibrium lattice parameter= 6.29 A.

Electronic structure calculations reveal that the TB-mBJ approach provides a more reliable description p&#&ibnducting behavior,
yielding a direct band gap conducive to photovoltaic operation. Optical analyses indicate pronounced anisotropy in the reflectivity and
absorption spectra along the (xx) and (zz) axes, with absorption coefficients exceetliom=" in the near-infrared (NIR) region of the

solar spectrum. These findings underscore FABdtential as a lead-free, environmentally benign perovskite with robust light-harvesting
capabilities for next-generation photovoltaic and optoelectronic devices.
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1. Introduction monovalent cation occupying the A-site, the divalent cation

(Ge*t, S+, Si2t ...) occupies the B-site, while the X-site is
Organic-inorganic hybrid halide perovskites (HHP) have re-occupied by a halogen anion (GIBr—, I7), or by a percent-
cently been used in a variety of optoelectronic applicationsage of each element between them. The quality of these HHP
including tandem solar cells [1], scintillator [2], and medical materials is determined by the stable moment of a cation of
imaging [3]. an organic molecule that exists at the A-site [10].

The best-known, such as MAPI and FAPI, have shown Lead-based formamidinium halide perovskites, FARbX
great potential, but their poor stability under environmentahvere reported to have the smallest band gap, which was equal
conditions, such as humidity, oxygen, UV exposure, and higho 1.48 eV [11] and 1.30 eV in Ref. [12]. S. Pachetial.
temperatures, limits their durability [4,5]. In addition, the have investigated the fundamental properties of FARisk
use of lead in these materials poses a serious toxicity prollng DFT calculations coupled with PBEsol and WC-GGA
lem, contributing to electronic pollution from e-waste [6]. exchange-correlation potentials. Their theoretical analysis
The development of new, more stable, and environmentallyeveals a direct band gap of around 1.30 eV at the R point
friendly lead-free perovskites has thus become a major chaknd an absorption coefficient in excess of tin~! in the
lenge for the improvement of optoelectronic devices. Siliconvisible spectrum [8]. F. Mahajabiat al. explored the ef-
is a promising solution to these problems. It offers hybridfect of compressive and tensile stresses on the optoelectronic
perovskites better stability thanks to their resistance to enviand dielectric properties of the cubic perovskite FAPI-
ronmental factors, while reducing their toxicity [7]. What's ing DFT calculations, with and without spin-orbit coupling
more, it helps limit the ecological impact of optoelectronic (SOC). The results show that the band gap of 1.74 eV for the
devices by reducing pollution linked to e-waste. Its abun-unstressed material decreases under compressive stress and
dance and ease of extraction make it a key material for varincreases under tensile stress, except at +6% stress, where it
ious industrial applications, including electronics, optoelec-decreases. With SOC, the band gap becomes indirect, drop-
tronics, and solar energy. ping to 0.66 eV. Compressive stress improves the static di-

In fact, HHP materials possess very important optoelecelectric constant, while tensile stress reduces it. Optical prop-
tronic properties, such as a high absorption coefficient, higkerties reveal a blue shift with compression and a red shift with
mobility of charge carriers, and a direct band gap [8]. ABX tension, as well as increased absorption in the visible and UV
is the chemical formula of HHP [9], in which the organic regions [13]. But because of the toxicity of lead, researchers
molecule (CHNH; (MA), CH(NHs). (FA), EA...) is a are exploring new ways to replace it with other non-toxic ma-
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terials [14], choosing other inorganic cations for their high
stability. For example, P. Kanhere studied the effect of Sn
doping on the physical properties of lead-based methylam-
monium iodide perovskites using DFT and found that this
doping altered the electronic band structure [15]. To improve
stability, they also proved that changing the X halogens (I,
Br, and Cl) had an effect on the band gap, and found that
when they made a mixture of halogens, stability improved,
as did efficiency [16]. In this study, based on the similar-
ity between the Pb" ion and the Sit ion in terms of elec-
tronic configuration and van der Waals radius (APjo= 220

pm and r(Sit) = 210 pm) [17], we proposed replacing lead
with silicon and investigating the compound FASIITo this

end, we used the DFT method with GGA-PBE and TB-mBJ
exchange-correlation potentials to explore the effect of sil-
icon on the optoelectronic properties of hybrid perovskites
with a view to their use in various applications. We used
GGA-PBE for structural property optimization because of
its ability to accurately predict material geometrical param-
eters while offering a good compromise between accuracy
and computational cost [18]. For electronic and optical prop-
erties, GGA-PBE is used for an initial estimate of electronic
properties, while TB-mBJ is applied to improve the accuracy
of the band gap and optical spectra, offering a more realistic
description of the material’s electronic and optical behavior
[16,19]. This paper, in Sec. 2, provides a brief explanation of
the computational method used. In Sec. 3, the theoretical cal-
culations of structural and optoelectronic properties are pre-
sented and discussed. Finally, the results are summarized in
the conclusion. FIGURE 1. The structure of FASH a) side- view b) top-view.

and optical properties [26], enabling in-depth study of the
2. Computational method properties of FASY

This study focuses on the theoretical analysis of the opto-

electronic properties of FASjl To this end, thevien2k 3. Results and discussion

software package, based on the full-potential linearized aug-

mented plane wave (FP-LAPW) method, was used [20,21]3.1. structural properties

is employed for our computational work. In the FP-LAPW

method, the potential and charge density inside the muffinThe geometry optimization of FASicompound studied here
tin spheres are extended by spherical harmonics, while in thehows that this compound crystallizes in a cubic-oriented cell
interstitial region, a basic set of plane waves is used [22]. Foand its space group is Pm3m (no. 221) [27]. The cubic unit
structural optimization, the GGA-PBE exchange-correlationcell of halide perovskite has twelve atoms, as shown in Fig. 1.
function is used [23]. Calculations are performed with an exdn this cubic structure, the 3 cation is in octahedral coor-
pansion of the basis function &,,; - K.,.x = 3 and a mesh dination with six iodine atoms Siloctahedron. The intersti-

of k-points = 1000 in the Brillouin zone to ensure high ac-tial site between the Siloctahedra is occupied by the FA
curacy. Muffin-tin radii of 2.45, 2.40, 1.2, 1.3, and 0.65 a.u.cation.

are adopted for silicon, iodine, carbon, nitrogen, and hydro-  The calculation of any physical properties can only be ini-
gen atoms, respectively, to reduce leakage and enable rapi@ted if the structure is at a state of stability. In this regard, as
energy convergence. The wave function is extended to Imashown in Fig. 2, the equilibrium volume of the cubic unit cell

= 10 inside the atomic spheres, and the Gmax value of 2Q/as determined by minimizing the total energy as a function

Rydberg is used for the charge density’s Fourier expansiorsf volume using Murnaghan’s equation of state [28,29]:
Self-consistency has been achieved when we obtain a total
v 1- By
— B,-1|. (1
() e >] ®

energy variation of less than 16 Ry per unit formula in
successive iterations. The GGA-PBE and TB-mBJ approxi- E(V)=FEy+
mations [24,25] were included in the calculation of electronic

BV
By(By — 1)
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Relaxation Energy —— which may be readily tuned by structural changes to the per-
ovskite. This inherent flexibility, combined with their dura-
435957 | GGAPBE i bility, makes silicon-based HHP a material of choice in the
pursuit of highly efficient tandem solar cell devices [34]. An
ideal band gap is fundamental in assessing the efficiency of a
material in sunlight absorption. In the case of perovskites, an
ideal band gap allows for efficient energy conversion, for it
determines the number of photons coming from sunlight that
may be absorbed and converted into electrical energy [35].
The band structure-being either direct or indirect also plays
a major role in determining how efficient photon absorption
and charge transport would be [36,37]. A direct band gap,
) ) ) " ) ) the case of FASjl studied here, can be particularly useful for
l640 1650 1660 1670 1680 1690 1700 tandem solar cell applications. Another important factor is
Volume [a.u%] DOS,i.e, the density of states, which describes the number
FIGURE 2. The total energy as a function of unit cell volume for Of electronic states at each energy level. By analyzing the
FASIls. DOS and contributions from different atomic orbitals, one
can understand how electrons and holes would behave in this
material [38] and, in consequence, the efficiency at which the
TABLE |. Structural properties of the investigated compound. photovoltaic device operates. In this work, to calculate elec-
tronic properties like band structure and DOS, two different

-43595.7

Energy [Ry]

-43595.7

-43595.7

-43595.7

Property GGA-PBE Other works i y
, - exchange-correlation potentials have been used: GGA-PBE
Lattice parameterr) 6.29 6.3[27], 6.34[30] and TB-mBJ, within an energy range of [-5.0,5.0] eV about
Bulk modulus (GPa) 48.31 - the Fermi level. From Fig. 3, it can be seen that the band
Pressure derivativs’ 4.42 - structure presents a direct band gap at the symmetry R point.

Band gap values calculated, compared to other previous cal-
Table | shows the equilibrium lattice parameter a, the bulkculations, are presented in Table Il. The total density of states

modulus B, and its pressure derivative'). and partial density of states (TDOS, PDOS) respectively of

The reaction of FASH can be described as: C,N,H,Si and I, are presented in Figs. 4 and 5 respectively,
with the Fermi energy level taken as zero energy reference.

FAI + Sily — FASiIls. ) TDOS plots and PDOS reveals a low density of states

. . . , ) around the Fermi energy (0 eV), indicating semiconducting
To investigate the stability of FAS] the formation energy penavior for the FAS) material [39], characterized by the

per atom s com.puted through the the total energy caIcuIatioBresence of a band gap between the valence and conduction
using the following formula [31]: bands. In the valence band, a sharp peak is observed around
E;(FASily) —1 eV, mainly attributed to the p-orbitals of iodine atoms,
! 3 with secondary contributions from the p-orbitals of silicon
_ E(FASIl3) — (Ec + 2EN + 5En + Esi + 3E)) 3 and nitrogen. Another significant peak appears in the region
o 12 G between 3 eV and 4 eV, with notable contributions from the
. p-orbitals of carbon, iodine and silicon atoms.
where I5(FASils), Fc, Ex, B, Es, and E are the total en- Comparing the different functionalities used, It is appar-
ergys of FA.S'!",C’ N, H, Siand | respectively wich are cal- ot that the use of the TB-mBJ functional significantly affects
culated taking into account the most stable structure of th?ne DOS and PDOS. The TB-mBJ functional enhances and
elements. . refines the peak intensities, thus allowing a more detailed
E(FASil;) = —2.38 eV/atom characterization of electronic interactions [40]. Further, the
The negative formation energy indicates that the material i§onduction band also appears to be more dynamic in carbon

thermodynamically stable [31], suggesting its potential feasiatoms, insinuating that this functional describes better the
bility for practical applications. manner in which carbon atoms modify the electronic prop-

3.2. Electronic properties

] ) o TABLE |l. Calculated band gap values of FASibtained using the
HHPs are one class of materials with huge potential in tangGa-PBE and TB-mBJ approximations.

dem solar cell applications [32], due to some peculiar elec

tronic properties that directly impact their ability to ab- Method Band gap (eV) Other works
sorb light [33]. The major electronic properties include the = GGA-PBE 0.48 0.66 [30], 1.46 [27]
band gap, the nature of the band structure, and DOS, all of TB-mBJ 0.59 -
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FIGURE 4. TDOS of FASik with a) GGA-PBE; b) TB-mBJ.

erties of this material and enhance its semiconductivity. ReUV-Vis-NIR spectrum over an energy range from 0 to 14
sults demonstrate the functional choice is a strong factor thatV, to study the response of FASio incident photons. The
influences the accuracy with which the electronic states areomplex dielectric function is expressed as [41,42]:
represented and, in turn, provides predictions for the opto-

electronic characteristics of the material. e(w) =e1(w) +ie2(w), 4

wheree; (w) is calculated with the Kramer-Kronig equation

3.3. Optical properties [43,44]

3.3.1. Dielectric function 2 * Weg(w
e1(w) = *P/ ,227(265% (5)
. . . . ™ 0 wWf—w
In this section, we calculated the real and imaginary parts,
e1(w) andey(w), respectively, of the dielectric constant, as where, P is Cauchy’s principal value of the integral.The
well as the absorption coefficient, reflectivity, refractive in- Re — e(w) component of the(w) function determines the
dex, extinction coefficient, and loss function using GGA-PBEpolarization of light and the dispersion of incident photons

and TB-mBJ. The optical parameters were examined in then the material, while thtm — (w) component represents

Rev. Mex. Fis72041005
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FIGURE 6. Real and imaginary parts of FAgila), b) GGA-PBE; c), d) TB-mBJ.

the material’s light absorption properties. The equation beenough kinetic energy to transition to a conduction band state
(CB) v [45]. The probability during the transition of an elec-
tron from the VB state to the CB state is described by the

low is used to provide this function:

€2h2 ~ 2
e2(w) = WZ [(velé; - Plepy)]

v,c

x 0(E. — B, — hw).

noted by, with the energy eigenvalué&,. A photon

(6)

elements of the momentum matrix:

(Vclé; - Pliby).

@)

whereP, m, ande represent the momentum operator, the
Initially, the electron is in the valence band (VB) state de-mass, and the electronic charge of the electron, respectively.

The £1(w) and e3(w) spectra of FASH for both

with energyhw interacts with the electron providing it with exchange-correlation approximations are plotted in Fig. 6.

Rev. Mex. Fis72041005



6 I.SALYM et al.,

XX direction  s——
77 direction =—— 7

140 |
TABLE Ill. Static dielectric constant; (0) of FASIls calculated

using the GGA-PBE and TB-mBJ approximations. 120 |

GGA-PBE

GGA-PBE TB-mBJ
Direction XX zz XX 7z
e1(0) 9.7 8.0 8.1 6.6

100 -

8O -

60

absorption in [10* / em]

Considering the anisotropy of the material in the xx and zz
axes, the results show differences between these two calcula- a0 |
tion methods, affecting both the real and imaginary parts.

¢1(w) spectra calculated with both approximations show 20 |
similar behavior, with slightly different intensities in the xx
direction. The results obtained using the two approximations 5 5 F ’ : " A
for 1 (0) are summarized in Table IlI. a) Lnergy (eV)

A sharp peak appears between 1 and 2 eV, and the contri- 160 : : . e g—
bution of the real part between 2 and 3 eV can be attributed TH-mRl 2z gection =
to the characteristic interband transitions of excited electrons i |
from the VB to the CB. After this decrease, an increase in 120 -
e1(w) is observed in the 3-6 eV range; this explains the grad-
ual increase in the dielectric constant for these energies and
its further decrease to around 12 eV. These changes indicate
that a strong dielectric response occurs at low energies for the
given FASik material, while it decreases at high energies due
to the absence of absorption.

The imaginary part,(w) defines the absorption of light

by the material and shows a different nature in both approx-
imations. In GGA-PBE, across the xx direction, it shows a
maximum peak at 2 eV, which describes the maximum ab- 0
sorption of light in this particular direction due to intense in- b)
terband electronic transitions at this energy level. In the case
of TB-mBJ, it occurs at the same position, 2 eV, but with FIGURE 7. The absorption coefficient of FASithroughout the xx
reduced intensity compared to the one obtained using GGA2nd zz direction with 8) GGA-PBE , b) TB-mBJ.
PBE. The fact that TB-mBJ reduces the intensity is expected
because this method provides a more realistic view of energy
levels and a band gap, which reduces the overestimation of
absorption occurring in GGA-PBE.

absorption in [10% / cam)]

0 2 4 6 8 10 12 14
Energy (eV)

3.3.2. Absorption coefficient

The material’s capacity to generate electron-hole pairs is indi-
cated by the absorption coefficient value. So, in order to em-
ploy these materials in optoelectronic applications, it seems
required to examine the rate of light absorption specific to .

these materials [46]. Both approximations are used to in- FASII3 BOttom cell

vestigate the absorption coefficienfw) . Being frequency-

dependent, it can be calculated usingliles(w) component —————

of the complex dielectric function. The subsequent equatiornFicure 8. 2T tandem solar cell with FASjlas the bottom ab-
describes the correlation between the absorption coefficiersorber.
and the dielectric function [47]:

) terial, with the two approximations. The absorption curves in
w 5 5 2 both directions, show similar behavior, with significant dif-
alw) = —V2 [ e1(w) +e3(w) - 51(”)} - (&) ferences in terms of peak intensity and structure. In\tHR-
visible-UV range, as the incident light shifts from red to vi-
Figure 7 shows the behavior of the absorption-coefficienblet, the absorption coefficient increases linearly, reaching a
with photon energy for the two main directions of the ma-maximum aroun@ eV, with a value o x 10° cm~!.

Rev. Mex. Fis72041005
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2
s

FIGURE 9. Reflectivity of FASik throughout the xx and zz direction with a) GGA-PBE, b) TB-mBJ.

Beyond this point, the absorption coefficient decreases in thpart of the UV, down to 4.5 and 5.3 eV, making FASa

UV range reaching its minimum between 5 and 6 eV. Subsepromising candidate as a bottom absorber in tandem solar
quently, it begins to rise rapidly, accompanied by fluctuationsells.

due to interband transitions, ultimately reaching a value on

the order ofl.4 x 106 cm~!. This behavior makes the mate-
rial particularly well-suited for tandem solar cell applications
as shown in Fig. 8. The refractive index(w) and the extinction coefficient(w)

are the most important parameters because the complex re-
fractive index [50] and(w) are related by :

3.3.4. Refractive index and Extinction coefficient

3.3.3. Reflectivity

For solar absorbers in photovoltaic systems, the highest pri-

ority is achieving low reflectivity to ensure that nearly all in- e(w) =%, (10)
cident solar radiation is absorbed and converted into usable,
energy [48]. This low reflectivity is intrinsically linked to the with
material’s complex dielectric functios(w), since at normal . )
n=n+1ik. (12)

incidence the reflectivity can be expressed as [49]

Vew)—1 ’ In HHP, a highn(w) (typically between 2.0 and 2.5) pro-
®)  motes strong light confinement and effective absorption [51-

Vew)+1 : o : :

) o 53], while an optimized:(w) enhances the attenuation of in-

~InFig. 9, the reflectivity curves reveal pronounced op-cigent light, thereby reducing parasitic losses. Tailoring these

tical anisotropy, showing distinct differences between the Xx,5-ameters through careful control of material composition

and zz crystallographic directions. The GGA-PBE functionalyng nanostructuring leads to selective absorber coatings with

yields a smaller band gap, so its reflectivity onset and maityigh solar absorptance, which in turn maximizes overall de-
peaks occur at lower energies compared to the TB-mBJ rgjice efficiency [54].

sults, which shift the spectrum upward due to a larger pre-

. ! . . Both curves 10a) and 10b), exhibit relatively high refrac-
dicted band gap consistent with the absorption curves.We, indexn(w) values around low photon energies (below

also observe th_at, in both approxi_mati_ons, the reflectivity2 eV), indicating strong dispersion just above the band gap,
rzegch\?s ad Tax;:num ;F” the xx dlre;\jcgog ar(;)gndvz.l and; common feature in semiconductors and perovskites where
-0 €V, an or.t ezz irection around 2.5 and o €V, TeSPEGq rafractive index peaks near the onset of electronic tran-
tively. It then significantly decreases in the visible range andsitions In the mid-energy range (2 eV: 6 eV), several pro-

nounced peaks arise due to interband transitions from valence
to higher conduction bands, with their precise positions and
magnitudes shifting according to the chosen functional. Fi-
nally, in the high-energy* 6 eV), n(w) gradually decreases
toward unity as photon energies exceed typical band-to-band

R:

TABLE IV. Calculated static reflectivity?(0) of FASIls along the
xx and xx directions using the GGA-PBE and TB-mBJ approaches.

GGA-PBE TB-mBJ transition energies, although residual peaks can occur from
Direction XX 7z XX 2z deeper core-level or higher-energy transitions. Table V sum-
R(0) 0.26 0.23 0.23 0.19 marizes the statia(0) along both directions.

Rev. Mex. Fis72041005
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XX direction  m— XX direction  se—

7z direction se—

zz direction se—

2t GGA-PBE
GGA-PBE

E
o
=

Extinction coeffi

0 2 4 6 8 10 12 14
a) Energy (eV) C) Energy (eV)

XX direction  se— xx direction

2z direction se— zz direction

TB-mBJ

Extinction coefficient

. . L . L
b 0 2 4 G 8 10 12 14 d ] 2 4 6 8 10 12 14
) Energy (eV) ) Energy (eV)

FIGURE 10. n(w) andx(w) of FASIls throughout the xx and zz direction with a) GGA-PBE, b) TB-mBJ.

plex interplay of electronic transitions involving deeper states
TABLE V. Calculated static refractive index0) of FASils along in the valence band. Overall, the TB-mBJ approach provides
the xx and zz directions using the GGA-PBE and TB-mBJ ap- & more accurate representation of the optical absorption fea-
proaches. tures, in agreement with its improved electronic structure de-
scription. These results align well with the behavior observed

o GGA-PBE TB-mBJ in the absorption coefficient spectrum, confirming the mate-
Direction XX 2z XX 2z rial's strong optical anisotropy and its potential applicability
n(0) 0.26 0.23 0.23 0.19 in optoelectronic devices.

In Figs. 10c) and 10d) the energy range from 0.0 to3-3.5. Loss function
_approxmately 2.0 evﬁ(w) remains close to zero, indicat- The loss function, denoted ds(w), is a critical parame-
Ing that electromagnetic waves can pass through the mat?ér that describes the energy dissipation of electromagnetic
rial without significant absorption. This confirms the trans_waves within the absorber m);terial It is mathematicallv de-
parency of FASH in this spectral region, aligning with the fined as the negative imaginar aét of the inverse dielgctric
band gap energy of the material. The first major peak apfunction [55]; 9 ginary p
pears in the visible-near UV region, located at 2.0 eV for both '
xx and zz polarization modes. This peak corresponds to di- 1
rect interband electronic transitions from the valence to the L(w) =Im [ - E(w)} (12)
conduction band and marks the onset of significant optical
absorption. Compared to GGA-PBE, the TB-mBJ calcula- This function provides insight into the material’s re-
tion shifts this peak slightly to higher energy, reflecting thesponse to external electromagnetic fields, particularly in pro-
improved band gap estimation of this functional. A secondcesses like electron energy loss spectroscopy (EELS), where
prominent peak is observed in the deep UV region, around represents the probability of energy loss by fast electrons
6 — 8 eV, with slightly different positions for xx and zz polar- traversing the material [56].
izations. This anisotropy suggests a direction-dependent in- The loss function is instrumental in identifying various
teraction of the material with electromagnetic waves. At everexcitations within the material, such as plasmons, interband
higher energies, multiple oscillationsfiw) indicate a com-  transitions, and other collective oscillations. Peaks (@)

Rev. Mex. Fis72041005
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is immediately apparent that the TB-mBJ results which are
more effective at accurately predicting the band gap exhibit
1 1 characteristic peaks shifted to higher energies relative to the
GGA-PBE calculations. This shift can be attributed to a more
precise treatment of the band structure. In both cases, the
main peak observed between 10 and 14 eV typically corre-
o6 L ] sponds to the bulk plasmon resonance, which occurs when
e1(w), crosses zero. Moreover, secondary peaks in the 5-
10eV range can be associated with interband transitions or
with more localized valence plasmons. A comparison be-
tween the xx and zz directions reveals a moderate anisotropy;
slight differences in the peak positions and intensities suggest
that the electronic dispersion differs along the out-of-plane
o y ¥ ” . m 7 T Zz axis relative to the in-plane xx direction. Overall, these
Energy (eV) results underscore both the impact of the chosen exchange-
correlation potential (TB-mBJ versus GGA-PBE) on the en-
ergy and amplitude of the peaks and the intrinsic anisotropic
optical response of the material as reflected in the divergence
between the xx and zz curves.
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4. Conclusion
06 |
This study presents a comparative analysis of the structural
and optoelectronic properties of FASilsing two distinct
computational methodologies: the GGA-PBE functional and
the TB-mBJ exchange-correlation potential. Our findings
demonstrate that FASilcrystallizes in a cubic lattice (space
group Pm3m) with an equilibrium lattice constant ©f=
6.29 A. Electronic structure calculations reveal that the TB-
mBJ approach provides a more accurate description of the
material’s semiconducting behavior, as evidenced by its di-
rect bandgap.

Optical property investigations highlight pronounced

correspond to resonant frequencies where energy dissipatiéfisotropy in reflectivity and absorption spectra, with dis-
is significant, indicating strong interactions between the electinct directional dependencies observed along the (xx) and
tromagnetic field and the material’s electronic structure [57].(22) crystallographic axes. Notably, the absorption coeffi-
Understanding and analyzing the loss function aids ircient exceeds0® cm~' within the NIR solar spectrum range,
the design and optimization of materials for applications likePositioning FASik as a highly efficient light-harvesting ma-
plasmonics, photonic devices, and other technologies whefterial. These results, coupled with its favorable charge trans-
control over light-matter interactions is essential [58]. port characteristics, strongly advocate for FASiinclusion
Figure 11 shows the electronic energy-loss function, calin next-generation optoelectronic devices, particularly in tan-
culated for two crystallographic orientations xx and zz. Itdem solar cell systems designed for solar energy conversion.
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FIGURE 11. Loss functionL(w) of FASIls throughout the xx and
zz direction with a) GGA-PBE, b) TB-mBJ.
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