Condensed Matter Revista Mexicana dsiéa70040502 1-11 JULY-AUGUST 2024

Prediction of the photovoltaic performance of the lead-free layered
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Using the density functional theory (DFT) and the spectral limited maximum efficiency (SLME) model, we thoroughly evaluate the material
MA.Gels as a prospective absorber for photovoltaic applications. This material belongs to the family of layered material organic-inorganic
Ruddlesden-Popper perovskites, which have attracted interest due to their stability. Our first-principles calculations showGlkeat MA

has a direct bandgap that is suitable for light absorption at 1.37 eV. To understand the source of its exceptional optical properties, the
electronic structure, density of states, and optical properties were examined. Also, we used the SLME model to estimai&éte MA

solar cell efficiency. The latter was found to be about 32pwer conversion efficiency. The material’s excellent absorption and promising
photovoltaic properties contribute to its high efficiency, even when quantum confinement occurs between layers. We foundxahtit/b

potential absorber material for solar applications, demonstrating both good absorption characteristics and advantageous electrical propertie:
This discovery lays the path for additional experimental investigation of G\, based solar cell.
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1. Introduction where the primary aliphatic or aromatic alkylammonium
cation is presented by R, M is a divalent metal, X is a halide
Three dimensional (3D) organic-inorganic hybrid perovskitesanion [13], andr could vary from one to infinity, when n is
have drawn significant interest in the last decade as matereéqual to infinity that means that the structure is equivalent to
als for solar cells [1]. Their outstanding photovoltaic per-cubic perovskite compounds like MARP(MA= CH3NH3)
formance is due to their long diffusion’s lengths, high ab-[14]. The inorganic octahedra in these structures can be
sorption, and low-cost manufacturing [2]. However, the ap-linked to one another along the xy plane, but they are kept
plication of these materials in solar cells is limited by theapart from one another along the z axis by A-site long-chain
short-term stability due to several reasons, including the hyerganic cations. The organic insulating layers serve as poten-
drophilic nature [3]. Moreover, because of their extreme sential barriers, while the inorganic semiconducting layers act as
sitivity to moisture and temperature, they are rapidly dam-otential wells [15]. Thus, these substances have a distinc-
aged in ambient conditions [4,5]. Many methods have beeftive layered structure that divides the organic cations from the
proposed to increase the 3D halide perovskite stability, suchhorganic perovskite layers to create several quantum wells.
as regulating the boundaries of grain [6], using hydropho-Their photovoltaic characteristics are strongly influenced by
bic and stable holes’ transporter layers (HTLs) and electrongjuantum confinement.
transport layers (ETLSs) [7,8], adopting the encapsulation [9], Furthermore, It was confirmed that the layered material
and reducing the perovskite dimensionality [10]. The use oMA,Pbl, crystalline film has been synthesized successfully
two-dimensional (2D) perovskite solar structures (PSKSs) is aising vapor-fumigation technology, and it shows more stabil-
crucial approach that has received a lot of attention due tity than the three-dimensional absorber MAPHI6]. Also,
their greater stability. 2D PSKs have been shown as betthe thermodynamic and structural stability of this material
ter options for photo-stable and moisture-resistant light abhave been demonstrated theoretically [17]. In this regard,
sorbers [11]. The most viable method to effectively replacethere have been several experimental studies done to create
the conventional 3D halide perovskites is to use 2D layere@nvironmentally friendly lead-free materials by replacing the
Ruddlesden-Popper perovskite [12]. These types of materialivalent Sn in the place of Pb [18,19]. Earlier first prin-
have a structural formula of (RICH3NHs3),—1M,X3,+1,  ciples calculation investigations have been conducted [20-
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23]. These studies investigated the properties of 2D hy-
brid perovskites based on tin and germanium. The structural
and optical properties of the layered perovskite (B3l

(BA = C4HgNH3, butylammonium ion) [24] and the 2D
(PEA)Gely where PEA is GH5(CHs3)2NH3 [25] have been
investigated, demonstrating the potential of incorporating
germanium into perovskites for solar cell applications. It
has been reported that the 2D (PEMJA) ,,_1Pb, 13,41 per-
ovskite with lowern values exhibited remarkable stability
against moisture. However, it displayed lower power con-
version efficiency (PCE) in comparison with perovskites pos-
sessing greater values of26].

In this work, using the DFT, we investigated the struc-
tural, electronic, and optical properties of the lead-free lay-
ered Ruddlesden-Popper organic-inorganic hybrid perovskite
MA Gel; (MA refers to CHNHS5). In this structurep = 1,
and the conventional PEA is replaced by MA, while Pb is
replaced by Ge. We specifically analyzed the bandgap en-
ergy and the participation of each atom in the formation of
distinct bands in the density of states, closely examining the
electronic attributes in relation to their electronic band struc-
ture. We also assessed optical properties such as the dielectric
function, absorption, refractive index, reflectivity, and extinc-
tion coefficient. All these properties were evaluated along
different directions of the celt, y, andz. Subsequently, we
determined the efficiency using the SLME model using the
results from the first principles’ calculations.

FIGURE 1. The unit cell of the structure M#Gel,.

In the vdW-DF approach, the formula for exchange-
correlation energy is presented as follows [30]:

2. Materials and methodology Exc = ES®A + E¢” + B, @

where ESA represents the pure exchange energy as deter-
mined by the generalized gradient approximation (GGA), and

the correlation energy is the total of the local density approx-
Based on the DFT, we study the tetragonal structure of th@nation (LDA) correlation energyZtP?, and the non-local

material (CHNH3)2Gel, (Fig. 1), which belongs in the t114 gjectron correlation energy?!. “

space group. The exchange functional is written as a function of the

The material studied in this work is considered to be a 2Denhancement factaF(s), where the exchange energy of a
bulk perovskite. The introduction of the cations MA which system with density.(r) is given by [66]:
are the shorter chain between the inorganic bilayers results
in a reduction of the interlayer space to 9/&7compared to ESCAn(r), Vn(r)] = A, / Bra*3(x)FE%(s),  (2)
13.39A in BA;Pbl, [16].

Calculations were carried out utilizing Quantum Espressawith A, = —(3/4) (3/7r)1/3, s = |Vn|/2kpn is the density
software [27]. The interactions between electrons a”(gradient, and:p = (37r2n)1/3 is the local Fermi wavevector.
ions were characterized through the Projector Augmentegpe exchange enhancement factB)affects the position of
Wave (PAW) pseudopotential [28], and the electron-electrofne repyisive Pauli wall for small reduced density gradients.
exchange-correlation functional was managed with the Gensyeeply increasing, makes functionals more repulsive and
eralized Gradient Approximation (GGA), as parameterizedegyits in longer lattice constants. Considerable efforts have
by Perdew-Burke-Ernzerhof (PBE). We used the Monkhorsheen made to enhance the van der Waals (vdW) functionals
Pack k-mesh grid o x 8 x 1 in our calculations [29]. by modifying the factorF, [64]. In our work, we used the

A substantial body of theoretical work highlights the sig- vdw-DF-ob86 method, which has been previously demon-
nificance of van der Waals (vdW) interactions in hybrid per-strated to be effective in perovskite calculations. The form of

ovskite materials, particularly in terms of geometry optimiza-the vdW-DF-0b86 exchange factor is given by [64]:
tion [30-33]. When these dispersive forces are taken into

2.1. DFT calculations

2
account, the resulting system parameters align closely with F,=1 _ K ©=0.1234. (3)

+ )
experimental values. (1 + ps?)4/
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So, using this type of functional is the most appropriate forthe cell that is converted into usable electrical energys
describing the van der Waals in our system. For ionic mini-given by

mization, there are two convergence thresholds: one on total

energy and the other on the forces. In our calculation, the N = Pn/Pn, (7)
relaxation was deemed complete when the changes in total

energy between two consecutive self-consistent field stephereP;, = 1000.37 W/m? is the density of the total inci-
were less tharl0—® Ry, and the forces on atoms were lessdent solar energy [39], and,, is the density of the maximum
than0.01 eV/A. We adopted the Broyden-Fletcher-Goldfarb- Output power. The power of a solar cell reaches its maximum
Shanno (BFGS) method for optimizing atomic positions byat the combination of the maximum current densify and
minimizing the forces calculated on each atom along the/0ltageVs,.

three axes. These forces are a composite of various contribu-
tions: non-local, ionic, local, core correction, Hubbard, and a
correction term for incomplete self-consistency [65]. In our . . .
approach, we did not impose any constraints on the system. qually, In e_xperlment, the maximum power Of. a splar
We used full structural relaxation, allowing both volume andceII is characterized by the parameters the short-circuit cur-

atomic positions to relax. We used 50 Ry as the energy cutent der?s't%/‘]“ and thethopen c(;r‘(;un \\;\cl)rlrag%c s_,m((j:ef.theé/
off to depict the wave functions. are easier to measure thdp andV;,,. ereJs. is define

We used the Bolztrap code to calculate the electrical <:on§15_the amount of current that passes through the eXteT”a' cir-
ductivity [34]. The conductivity tensor is given by cuit when the solar cell’s electrodes are shorted, Bndis
the voltage that is present across the cell when no current is
Ol k) = €27 xva(i, k)vs(is k), (4)  flowing through it.

) - The fill factor is the parameter that describes the amount
whgrgua is t.hea componen_t ofa charge.carrllers group Ve- of filling of the J,.-V,. rectangle by theJ,,-V,, rectan-
locity in the i-th band and; ;. is the relaxation time of charge

; : gle [40]
carriers:

_ IV
N JSCVOC.

©)

1 8€i,k FF
h Oks ®)

By integratingo,, (i, k), we can obtained The conductivity The current densit'yi and volltageV of the solar cell are re-
as a function of the temperatufeand the chemical poten- lated by the following equation [41]:

tial p:

ros(@) = Y [ o[- o). 6)

8

Vo (i, k) =

J = Jge — Jo(elV/EBT) 1), (10)

wheree is the electron’s chargd] is the temperaturell s
is Boltzmann'’s constant]; is the reverse saturation current,

Here, e stands for the electronic charge,. represents andj,, is the short-circuit current density, which is
the eigenenergy with wave vectbrandf is the Fermi-Dirac
distribution. I :/ o( B Isur( E)dE. (11)
2.2. SLME and Sholckley Quiesser methods ’

The reverse saturation current is
In order to calculate the photovoltaic properties of the so- oo
lar cell at the temperature df., = 300 K of the ab- Jo = qj/ a(E)Iy(E)dE, (12)
sorber (CHNHj3)2Gely, we adopted the spectroscopic lim- fr Jo
ited maximum efficiency (SLME) method introduced by Yu where I, represents the black body spectrum ghds the
and Zunger in 2012 [35], and also the Shockley-Quiessefiy tion of the radiative recombination current.
model is used for comparison purposes [36]. According to
the American Society for Testing and Materials (ASTM In- f, = e(Ej“—Eg)/KBTC7 (13)
ternational Standard) [37], which defined the sun spectrum
on earth, there are two terrestrial spectral irradiance distribuyhere E, is the fundamental bandgap aﬁga is the optical
tions, namely the direct normal and hemispherical ohCG37 gap. The absorptivity,(E) in the SLME model is taken as
tilted surface abbreviated as AM 1.5 D and AM 1.5 G re-depending on the geometric factog. the nature of the re-
spectively [38]. In this work, we adopted the standard AMflector: if it's a perfect anti-reflective coating thefy = 1,

1.5 G solar spectrum (Isun(E)). and if it's a reflective back surface thgp = 2
The power conversion efficiency of a solar egilé a mea-
sure of how effectively the cell converts the energy of the a(E) =1—e722BDL) for [ =1, (14)

sun’s photons into usable electrical energy. It is typically ex-

a(E)L
pressed as a percentage of the total solar energy incident on a(B) =1— ) for f, =2, (15)
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wherea(F) is the absorption coefficient obtained from first- to unity, and extinction coefficient equal to zero. This is not
principles calculations. It is, calculated from first principles the case for standard absorbed that show a refractive index
output and L is the thickness. The SLME can be thus used tequal to 3 or 4 with an extinction coefficient greater than zero.
study the thickness dependence of the efficiency. The open-

circuit voltageV,,. of a solar cell is defined as:

KgT, Jse
Vie = —B7%1n (1 + ) (16) , ,
e Jo 3.1. Electronic properties

Besides, we used the Shockley-Quiesser (SQ) model, whic - -
is a theoretical model used to describe the efficiency of a S(j-]hfa banddstructure Oft Mﬁetl‘;] thst |sdd|fplatyed n F|g£ i .
lar cell. It was developed by William Shockley and Hans IS I good agreement wi € band structure reported in

Queisser in 1961 [36]. It describes the maximum theoreticaﬁef' [43]. The relative contributions of Ge, |, a_nd MA are
efficiency of a solar cell, known as the “Shockley—Quiessenmd'Cam(j by blue, red, and green colors respectively. We ob-

limit’, which is around 34 for a single-junction solar cell serve that the valence band is largely the consequence of |

made of a semiconductor with band gap of 1.4 eV. The maxgtoms’ contribution, while the conduction band is primarily

imum efficiency of a photovoltaic cell is calculated under thedomlnated by the Ge contribution. It is obvious that the band

: ; between the valence band maximum (VBM) and con-
assumption that all photons with an energy above the ban ap. g . .
gap were absorbed [42]. This means théE) should be guct{o? band minimum (CBM) is direct and situated at the S
fixed to unity for £ > E, and to zero forE < E,. The < PO

process of recombination that the Shockley Quiésser model To better understand the origin of the sta_tes in the conduc-
takes into account is radiative recombination only. tion and valence bands, we plotted the density of states (DOS)

gnd partial DOS of this 2D perovskite M&el,, Fig. 3. The

The SQ limit has been used as a guideline to measur f £ MA molecul he Density of S DOS
the top performance and efficiency of solar cells [42]. Sci-""4€NCe O molecules on the Density of States ( )

entists have used this limit to compare different solar cells'S primarily situated at a distance from the band edges, sug-

performance. There have been significant research efforts %estt;ng(tjhat thesfel MA o(rjganlc mﬂecule; dlo nt d|reqtly affehc t
increase solar cell efficiency, but the best ones are still signif'E e band gaps of layered perovskites, similar to various other

icantly lower than the maximum SQ efficiency of 34% cor- orm; of organic-inorganic perovskite [‘,1'4]'
responding to the gap energy of 1.4 eV. However, due to its Figure 3 de_monstrates the predomln_ance of Ge 4p states
efficiency overestimation, its value can't be achieved in real" thé conduction band and | 5p states in the valence band,

ity. The light absorber in this model has an infinite thickness,conSiStent with the band contributions shown in Fig. 2. This

and itis considered a perfect blackbody, which means that thgn @lso be observed in Fig. 2 through the charge densities of
absorber presents zero light reflection, refractive index equépe material in the S k-point for CBM and VBM.

3. Results and discussion

4 3.2. Binding energy and effective mass
[ ~.... 7 V\

'/"*.% "».: :.-" ‘,-"\ We calculated the effective mass for electrams and holes

k 3 ] i my, using the fitting of the calculated band structure near the

edges of the conduction and valence bands using the equa-

tion:

(17)

e [h 62E<k>} -

0k?

Total DOS

I-s

—1Ip

Ge-s

r Ge-p
—MA

Energy (eV)

Density of states (a.u.)

r X S Y r

Energy (eV)
FIGURE 2. Band structure of the structure M&els. MA (green),

Ge (blue), and I (red). FIGURE 3. Density of states of MAGel,.

Rev. Mex. Fis70040502



PREDICTION OF THE PHOTOVOLTAIC PERFORMANCE OF THE LEAD-FREE LAYERED RUDDLESDEN-POPPER... 5

TABLE |. Lattice coordinates, space group, band ggpeffective mass of electrons. and holesn;,, and binding energys.

Lattice coordinates space group E, me(mo) mp(mo) Ey(meV)
a b c
Our work 6.01 5.92 18.69 til4 1.37(VDW) 0.21 0.15 56.031
Ref. [43] 5.94 5.87 20.11 tl14 1.21(GGA) 0.11 0.11 35.22
1.66(HSE)
S & W oa e r o r o
:/Z/J 7’ i - :) 7 7\1" »
o1 \ (“v‘,f o Y ¢ 9 <0 0
O Ge i ¢ } .
i ‘ “ o & o © 0 ©
°C o | o |
oN io | 06)) cr* e 8 r
I ° : T
H i q\ 0 o a) Je—
Ty 0%
D V M / \ £ o o o | o f
, ML 2 ’ o -0 0
™ ' £ +
‘.L(>y N o / \ ° IK - 3 T
a)  VBM b)  CBM © 9% %9¢e 20

FIGURE 4. Density of charge of MAGel, at the S k-point, a) 1

VBM and b) CBM. ¢
b) s
We find thatm, = 0.21 andm; = 0.15, these values are
slightly different from other work [43] due to the difference FIGURE 5. Tilting of the octahedra along: (a) x direction and (b) y
in the approaches used in our calculations (the code and tHirection in the structure MAGel,.
absence of hybrid DFT en our calculation).
The energy required to separate electron-hole pairs is

o
o
o

t|vely high dielectric constant, leads to a decrease in the bind-

ing energy. Th f organi rriers with high dielectri
known as the exciton’s binding enerdy,. We used the semi- g energy. The use of organic barriers gh dielectric
constants results in low dielectric-confined 2D perovskites

classical Wannier-Mott theory to estimal [45], with the ith improved photo-excited carrier dissociation, increased
input parameters, namely, the reduced effective mass whm‘f{1
is expressed as a function of the electron effective mass arge carrier mobility, and lowdr, values [46].

P In particular, it has been demonstrated that the binding

and hole effective massi,, 1 = memy/(me +my,), the ;

relative dielectric constant. and R, is the atomic Rydberg (Energy of the 2D perovskl|(tles, (HOGEH,NH;),Pbl, (also

energy.E, is given by [43] nown a; 2D EA pe'rovs |Fes), possessing an organic com-
ponent with a high dielectric constant of 37, is only 13 meV.

nR, Interestingly, this is 20 times lower than their counterparts

moe’ (18)  2D-PEA perovskites (PEA, §H5(CH.)oNH5), which have a

significantly lower dielectric constant of 3.3 for their organic
A smaller exciton binding energy allows for easier separatioomolecule and a binding enerdy, of 250 meV [47].
of the electron and hole, thus enhancing device efficiency.
The binding energy calculated in this work for M&el, 3.3. The distortion of the octahedra

is in good agreement with existing work [43], afiy = 35

meV is a suitable value for photovoltaic application. While At the band gap edges, the CBM and VBM are dominated by

its value is about 172 meV for MA°bl, according to Zhiet  the inorganic atoms’ states. Any small variation in the po-

al. [16]. In our model forE,, we did not take into account the sitions of these atoms could affect the opto-electronic prop-

guantum and dielectric confinements which are the principaérties of this material. It has been previously shown that the

reasons for the high values of the binding energy. Howevethand structure can be changed by changing the identities of

the existence of the MA cation, which has a rela- halide and metal atoms, but also by controlling the bond an-

E, =

Rev. Mex. Fis70040502
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& ()

8 I 81r (Y)
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. 1 . 1 . 1 . 1 .
0 2 4 6 8 10
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FIGURE 6. Dielectric function’ real part. FIGURE 7. Imaginary part of the dielectric function.

gles between these atoms through modifying the size of theomplex dielectric function explains the nature of the tran-
organic cation [48]. The tilting of the inorganic part, which sitions between valence and conduction bands. Using the
is due to the changes in the bond angle, has been mention&gtamers-Kroning relation [54,55], we extract the following
in the known hybrid perovskite MAPbI44,49], and also in  optical properties: the imaginary and real part of the dielec-
the two-dimensional Ruddlesden-Popper perovskites [17]. tric function, absorption coefficient, refractive index, and ex-

The tilting angle of the lead halide octahedra (RpX tinction coefficient.
has been identified as an order parameter in lead halide per- We calculated the real part of the dielectric function,
ovskites (LHPs), playing a crucial role in phase transitionse,-(w). In general,the real part represents the ability of the
Traditionally, modifications to the perovskite lattice struc- material to store electric energy, which can arise from its in-
ture have been achieved through static and chemical methodsraction with electromagnetic waves [56]. A larger real part
such as changing the size of the A-site cation to influence thef the dielectric function means the material can store more
octahedral tilting angle [50,51]. In addition, the bandgap ofenergy.
CHsNHsPbl; at room temperature has been modulated em- As seen in Fig. 6, There is a clear anisotropy in the di-
ploying ultrafast resonant excitation of the 1 THz phonon inelectric properties of the system. The static dielectric con-
the octahedra Ppl[52]. within the same context, recent ad- stante,.(0) is highest in they direction followed byx and
vancements have shown that through nonlinear THz excitaz. The same trend is observed in the visible region of pho-
tion, it is possible to have a coherent control over the twistons’ energy between 1.63 and 3.26 eV. This can be explained
modes of the octahedra in order to control the disorder oby the high response to the external field for charge carriers
the dynamic lattice and thus use this application for dynami@long they-direction and then the-direction, where the-
charge carrier screening [53]. direction has the lowest charge carrier response.

After the relaxation of our system M#Sel,,we find a e(w) has their maximum values in the visible range of
lowering in symmetry due to a distortion of the Rloictahe- ~ photons’ energy with a maximum value of 5.57 for the non-
dra. As shown in Fig. 6, we calculated the distortion alongpolarizede, (w), which is comparable to the maximum of

thez andy dimensions of the unit cell. the real part of the dielectric function of the famous material
The angle GéGe that characterizes the distortion of the MAPbI3, namely 6.5 [57].
octahedra PRl equal to 169.25C alongz and 170.38C The negative values of the real part of the dielectric func-

along y, meaning that the tilting along the direction is  tion, e.(w) < 0, means that the material reacts to the applied

slightly bigger than along thé direction. This result may €lectromagnetic field in a way that prevents the propagation

explain the difference observed in the properties studied i®f electromagnetic waves within it. This phenomenon is re-

this article between the andy directions in this material. lated to the collective oscillations of free electrons in the sub-
stance known as plasmons. These particles cause the light to
localize at the surface in thedirection, particularly in the

4. Optical and transport properties UV range above 4 eV, leading to an increase in absorption as
observed in Fig. 8.

The transitions between occupied and unoccupied electron The imaginary part of the dielectric functiop,(w), is

states and the way a material reacts to electromagnetic radiarucial for analyzing the photovoltaic performance because it

tion can both be explained by the optical properties. The is directly related to the material’'s absorption of electromag-

Rev. Mex. Fis70040502
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10 (X,(X) :w 6_ G(X)
a(y) -.E G (y)
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FIGURE 9. Electric conductivity along:, y andz directions of the

FIGURE 8. Absorption coefficienty(w). unit cell.

netic radiation. We calculated this quantity and plotted it in 3.0
Fig. 7. Higher values are exhibited along thendy direc- i
tions, but the imaginary dielectric is practically zero in the 25 [
c-direction in the visible spectrum region. The principal ab-
sorption edge is caused by the direct electrical transition be- 5 (|
tween VBM and CBM|.e. the Ge s-states and Ge p-states,
which are the allowed transitions that could be interband in
this material according to the rul&l + 0, with [ represents
the orbital quantum number, it can be 0, 1, 2, or 3 [58].

Many electronic transitions between occupied and unoc-
cupied states are connected to various peaks. According tc i
Fig. 7, the first exciton peak exists around 1.36 eV, while 0.5
the second and third peaks are observed at energies 1.65 €’ [
and 1.95 eV, respectively. These peaks are caused byvari ooL—mn—tb—o 1+ . 1 . 1
ous interband electronic transitions in both direct and indirect 0 2 4 6 8 10
bands.

The optical absorption was calculated for different cell
directions (Flg 8) It shows differences in thendb direc- FIGURE 10. Refraction index versus energy.
tions, which are caused by the noncentrosymmetric structure
due to the existence of the disordered MA molecules, and Itis found thato is much greater in the andy directions
also due to the octahedra tilting observed after the relaxatiothan in thez direction where it is vanishingly small. This
of the system. This tilting has also been shown in the materiak due to the quantum confinement in this type of material,
MAPbl, [17]. where the organic component acts as a well and barrier to

The optical absorption patterns clearly differed from oneprevent charge carriers from dispersing in the perpendicular
another in thecy plane and perpendicular to this plane, Fig. 8.direction.

We observe that strong optical absorption is present in 2D  The refractive index(w) is a dimensionless property that
perovskites in the andy directions. The maximum value of explains how light moves through a substance as a function of
the absorption in the direction reaches.5 x 10° at 3.18 eV,  frequency ¢). It is a measure of its transparency to incident
the edge of the visible region. This value is very low com-spectral radiation [59].

pared to the absorption in the, plane. The large variation When an incident electromagnetic wave interacts with a
in the dielectric constant between organic MA molecules andnaterial, the electric field of the wave causes the material's
inorganic layers also explains the anisotropy of optical abelectrons and ions to oscillate. This oscillation generates a
sorption. microscopic polarization in the material, which affects the

We also calculated the electric conductivityfor differ- way light propagates through the material, the refractive in-
ent directions of the cell and reported it in Fig. 9. Using dex provides information about this polarisation. Our results
Boltzmann equation whitin the relaxation time approxima-as shown in Fig. 10, where we plotted the refractive index as
tion [34]. a function of photon energy, are in agreement with the above

= f
S
(=

1.0 F

Photon energy (eV)
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FIGURE 11. The extinction coefficient versus energy. FIGURE 13. Efficiency as a function of the film thickness.

discussion. The absorption is high (small) for the directions
andy (z-direction) where the refractive index has the largesty,g e ||, The key J-V parameters of M&el, compared with
(lowest) values. the maximum value of the refractive indeXihose studied: experimentally of MARbL;, using SLME model for
occurs in the visible range with a value of 2.39 which is MAPbIs, and using Shockley Quiesser SQ model.

in agreement with the refractive index of MARblvhich is

2.61[57]. Material de Vo FF  PCE
The calculated coefficient of extinction is shown in (Am~2) (V) (%)
Fig. 11. This coefficient is a measurement of how well a sub- MA »Gels(SLME) 340.4 1.08 088 326

stanqe_ abs_orbs e_Iectromag_neti(_: radiation. A high extinctipn MA »PbL (experimental) [16] 210 1.06 076 16.92
coefficient in the_ in-plane d|r_ec_t|ons means thz?lt th_e materl_al MAPbI;(SLME) [63] 295 116 089 31
can absorb sunlight more efficiently in those directions. It is

further reported that the extinction coefficient decreases with SQ (Eg=1.4eV) [42] 3288 1122 0.89 32.91%
increasing incident photon energy above 6 eV.

the J,, andV,, are identified from the maximum point of
the power density as shown in Fig. 12. A significant cur-
5. Photovoltaic performance rent density.J,. of 340.4 Ain? is shown in the J-V figure

) and an important value df,. of 1.08 V. Those values ex-
We adopted the SLME to calculate the current density and thg|ain the greater values of the output power, fill factor, and

power density as a function of the voltage. L&t andV,.  efficiency. The ohmic loss, loss of nonradiative recombina-

the physical quantities corresponding to the short-circuit curtjon, and optical loss are the factors responsible for the differ-

rent density and the open circuit voltage respectively, while ences between the experimental values and our values [41].
Moreover, a small difference betwedh, and J,. indicates

400 [ 320 less non-radiative electron-hole recombination loss. The key
350 J«3404 A/m? /\ J — V parameters of MAGely, the fill factor, open circuit
& T T 280 o~ voltage, and the short-circuit current density are displayed in
£ 3004 1,=332.35 A g
< P [240 3 the Table I1.
2. 2501 P 200 = Another factor that significantly affects the performance
2 - P G of thin film solar cells is the thickness of the absorbing
= 200 o L 160 < . : .
2 150 ; 1 R layer. The efficiency dependence of the thickness is plot-
g Dot 120 ted in Fig. 13. Lower PCE values result from excessively
£ 100+ * L 30 E low thickness because of the extremely low light absorption.
o 50 : [ 40 The PCE is enhanced by the increased light absorption as
V098V ¢ y)/w:LOSV 0 the absorbing thickness is increased tending to the Shockley-

00.0 02 04 06 08 10 12 Queisser Iimit_of this material. The PCE of the cell is un-
changed by thickness values greater than 500 nm. However,
The PCE values become saturated as thickness increases be-
FIGURE 12. The Current density (black curve) and power density cause of greater recombination rates (depending on the diffu-
(blue curve) are plotted as a function of voltage. sion length), which means that when the thickness increases,

Voltage (V)
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the distance that charge carriers must travel to get the afthe real part of the dielectric function, the absorption, and
propriate electrodes increases. This longer path increaséise maximum value of the refractive index with those of the
the probability of recombination losses, where electrons anénown material MAPb] and found similar values.
holes recombine before they can be collected. It is important . . . . .
; In this work, we delved into the anisotropic variations ob-

to study the effect of the thickness because the reduced ma- . ) . . .

; . : g . erved in the physical properties of the material across dif-
terial requirements for thinner absorbing layers might resul crent cell orientations. This anisotroov is multifaceted: it
in lower manufacturing costs [61,62]. The PCE predicted for ' Py :

MAPbI; using the SLME method reached the value of 31%stems from the presence of the organic molecule, the differ-
accordigng to Shat al. [63] ential distortion of the inorganic octahedra, and distinct di-

electric properties. More specifically, variations in thand

b directions are primarily influenced by the organic molecule
and the distortion of the inorganic octahedra. In contrast, in
the c-direction, the differences predominantly arise from the

I'E)Ft_?'s St“‘_’y’ wel used the Dﬁnsny Funct||onall The‘?rycontrasting dielectric properties between the organic and in-
( ) to rigorously compute the structural, electronic, organic sections of the material.

and optical properties of the lead-free two-dimensional

(2D) Ruddlesden-Popper organic-inorganic hybrid per- We used the Spectroscopic Limited Maximum Ef-
ovskite (CHNH3),Gely. Our results highlight the promising ficiency to calculate the photovoltaic performance of
potential of this material for photovoltaic solar cell applica- (CH3NH3).Gely.  Ji., Vo, FF, and PCE were calculated
tions. Because of its direct band gap with an optimal valueand compared with the experimental values of the material
of 1.37 eV, the spectrum of photoconductivity, low effective MA2Pbl; and with the theoretical values using the same
mass for both electrons and holes, low binding energy, an&LME method for the material MAPbI This comparison
the high absorption coefficient make it a promising materialconfirms the promising potential of this material in the field
in the field of photovoltaic. We compared the maximum of of photovoltaics and solar cells.
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