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Simulation-Based Analysis of Environmentally Friendly
Perovskite Solar Cells: Projecting 21.61% Efficiency with

Lead-Free CsSng sGeg sl

Ayush Jain, Poonam Subudhi, Gaurav Mani Khanal, and Deepak Punetha*

In this study, a simulation-based analysis of environmentally friendly, lead-free
perovskite (PVK) solar cells (PSC) with high power conversion efficiency (PCE),
is presented. Various PVK materials, including lead-, tin-, germanium-, and
tin—germanium-based compounds, are evaluated through simulations to explore
their impact on device performance. Among these, CsSn 5Ge 5|3 demonstrates
the highest simulated efficiency, with a rectangular cell architecture of

0.45 x 0.9 mm. Key parameters such as thickness, temperature, doping con-
centration, and bandgap are systematically varied in the simulations to study
their effects on device performance. The optimized architecture is found

to be Au/Spiro-MeOTAD (hole-transport layer)/CsSng sGeo sl3/TiO, (electron-
transport layer)/FTO, achieving a simulated PCE of 21.61%, with an open-circuit
voltage (V,.) of 1.2V, short-circuit current density (/,c) of 21.32 mA cm 2, and fill
factor of 84.43%. Furthermore, in this study, detailed electrical simulations
(electric field distribution, Shockley—Read—Hall recombination, and electron and

(PVK)-structured hybrid halide compounds.
These compounds, known for their organo-
mineral PVK structure, have revolutionized
solar cell production by offering substantial
advantages over conventional silicon-based
cells, including high efficiency and lower
production costs."?) The materials with
the chemical structure ABX;, where “A”
can be an organic or inorganic cation, “B”
an inorganic cation, and “X” an inorganic
anion or polyanion is referred to as a “perov-
skite” and shown in Figure 1. These materi-
als exhibit exceptional properties such as
high absorption coefficients, tunable bandg-
aps, and long charge carrier diffusion
lengths, making them highly suitable for
solar cell applications.*™!

hole concentrations) and thermal simulations (nonradiative recombination
heating, joule heating) of the device are included. In this work, the potential
of lead-free PSCs is underscored and the importance of continuous simulation
studies to design eco-friendly, high-efficiency photovoltaic devices is highlighted.

1. Introduction

Solar energy is one of the most promising renewable energy
sources to meet the escalating global demand for energy.
Over the years, significant advancements have been made in
solar cell technology, particularly with the advent of perovskite
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PVK photovoltaic (PV) cells have quickly
surpassed expectations in terms of
performance. Achieving impressive power
conversion efficiencies (PCEs) of up to
25.2%, and sometimes even higher, within
a short period, these cells have demon-
strated their potential to redefine the solar
energy landscape.*® However, the wide-
spread adoption of lead-based PVK cells has been hindered by
serious environmental and health concerns due to the toxicity
of lead. This has prompted intensive research into lead-free
alternatives that can maintain the high efficiency and cost-
effectiveness of traditional PVK cells while mitigating these
risks.”) To counter the toxic effects of Pb several nontoxic
elements like Bi, Ge, Ag, and Sn are being studied.
Replacements like Sn and Ge are being extensively studied as
they solve the problem of moisture and toxicity. The tendency
of Ge*" to lose an unpaired electron result in its chemical insta-
bility.l"” From the same group, the optical bandgap of the Sn-
based absorption results in the range of 1.2 to 1.4 eV. In general,
to increase the stability of tin (Sn), Sn halide additives (SnXj;
X =Cl, Br,) are used."'™"* Also, using formamidinium (FA)
instead of methylammonium (MA) has the potential to solve
the problem of moisture instability. Furthermore, the addition
of inorganic cation cesium (Cs) along with MA and FA in the
PVK can improve the instability issue. Halide-based PVK mate-
rials are used as they have the appropriate bandgap in the range
of 1.25-1.75eV.!**! A PVK-based solar cell (PSC) comprises
multiple layers like FTO, electron-transport layer (ETL), absorber
layer, hole-transport layer (HTL), and the back contact (Au). By
choosing the appropriate electron-transport material (ETM) and
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@ A: Cs*,MA*,FA*EA*
2 B: Pb?, Sn2, Ge?*
® X: I,CI,Br

Figure 1. Schematic of 3D perovskite structure.

hole-transfer material (HTM) materials and varying their combi-
nations, the PVK layer’s efficiency is increased. Such pairings
have the potential to create solar cell technology that is extremely
efficient for future generations.'®'”! The main functions of the
ETL are to collect electrons from the PVK absorber layer and
move them to the anode and to restrict the hole in the layer.
Chemical stability is essential for a perfect ETL to avoid a chemi-
cal interaction with the absorber layer. Within the field of mod-
ern research, ZnO and TiO, are often used as effective ETL. The
HTL gathers holes from the PVK layer and transfers them to the
cathode, thereby limiting electrons. The HTL layer should be
hydrophobic since it comes into direct contact with moisture
and the objective is to shield the absorber layer from mois-
ture."®?! Maximum efficiency can be achieved by employing
TiO, as an ETL. Mostly TiO, is utilized in solar cells in its
high-temperature phase or rutile phase; nevertheless, the utiliza-
tion of such high-temperature grown TiO, as ETL in PSC is lim-
ited.>*"! Similarly, HTLs like PEDOT:PSS and Spiro-MeOTAD
are sometimes appropriate because of their stability and cost-
effectiveness. Furthermore, a few research on the optimization
of HTL and ETL have previously been published.”**! It is also
possible to increase the performance of the PSCs by varying
parameters like thickness, operating temperature, bandgap, dop-
ing concentration, defect density, etc.

This article focuses on the simulation of single lead-free PVK
cells. These cells are configured with Spiro-MeOTAD as the
HTM and TiO, as the ETM, aiming to offer viable solutions
to the issues associated with lead-based solar cells. The study spe-
cifically examines PVK materials containing elements such as tin
or germanium, or combinations thereof, which are simulated to
assess their potential to deliver comparable performance without
environmental drawbacks. The research includes a detailed anal-
ysis of simulation techniques and the materials used. In partic-
ular, the study investigates the impact of varying the thickness,
temperature, etc., of the PVK layer on key solar parameters such
as efficiency and fill factor (FF). By exploring 16 different PVK
materials with variations in the “A” component (including
MA, FA, Cs, and ethyl-ammonium [EA]), as well as alternatives
for “B” (including lead [Pb*'], tin [Sn®'], and germanium
[Ge*™]), and “X” (primarily iodine [I]), the article provides a com-
parative evaluation of their performance characteristics. This
research aims to contribute to the development of lead-free
PVK solar cells that not only match but potentially surpass the
efficiency and cost-effectiveness of traditional lead-based cells
while addressing critical environmental and health concerns
associated with lead toxicity. These advancements are crucial
for accelerating the widespread adoption of PVK solar technology
and achieving sustainable energy solutions on a global scale.
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2. Device Architecture and Simulation

The parameters of various PSCs were studied before designing
the actual solar device. Using the COMSOL software, the PVK’s
cell electrical and physical properties were modeled for the sim-
ulation. COMSOL Multiphysics is designed for use in a variety of
engineering and physics applications, like coupled phenomena
and Multiphysics. COMSOL Multiphysics offers an IDE and a
unified workflow for applications in electrical, mechanical, fluid,
acoustics, and chemistry.[**

A planar device structure made up of back contact (Au), HTL
layer (Spiro-MeOTAD), PVK material, ETL (TiO,) layer, and FTO
was simulated (Figure 2). The absorber layer was composed of
(Cs,MA,FA,EA)PbI;, (Cs,MA,FAEA)Snl;, (Cs,MA,FAEA)Gels,
and (Cs,MA,FA,EA)Sn, sGeg 5I3. To create a high-efficiency solar
cell, these ETL and HTL materials were selected because of their
appropriate band edges, which match the valence band maxi-
mum and conduction band minimum of the absorber materials.
Using these parameters, a generation rate was defined and
governed by these equations

V-]t =—qR,, V~Jp—|—:qu (1)
Rn = _Gn,O (2)
Rp = _GpAO (3)

The remaining simulation variables are left at their normal
settings, and the operating temperature is set at 298.15 K. The
Shockley—Read—Hall (SRH) model was used as a trapping model
governed by these equations

AE, AE,
P1 = Vphiefr €Xp| — kT N1 = Vnhieff EXP kT “4)
E, - AE,

Pier = V/NeoNoo exp(—ngT> AE = E — E; (5)

2

np — v nie
R, = D — Vn¥pliefr —R, (©6)
Tp(”+n1)+7n(p+pl)

V- Jut+=—qRy, V'Jp+:qu (7)

Poisson’s equation and the continuity charge carrier equations
are used to simulate PV devices.”” The prime parameters of
devices such as V., Js., PCE, and FF are estimated from the sim-
ulation. Poisson’s equation of the semiconductor devices, which
describe the relationship between the electric field of a p—n
junction (E) and the space charge density (p), is described as

2
Y e P Ay g Nj) — N (6) % N )]

®)

y: the electrostatic potential, p (n): the hole (electron) density,
g: elementary charge, N, (N;): density of ionized acceptors
(donors), &g static relative permittivity of the medium,
Nyet: defect density (Donor or acceptor).

The continuity equations for electrons and holes in a steady
state are given as
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Spiro-MeOTAD

Figure 2. a) Device structure, b) charge carriers schematic representation, c) schematic representation of the transformation of the charge carriers with

simplified flat band energy level diagram of PSC.

9j, on

T U te=g ©)
ajp op

oy Ut G= m (10)

Jn» Jp: electron and hole current densities, U, ,: net recombination
rates, and G: electron-hole generation rate.
The electron and hole current density are given by

”nnaEFn
== (11)

OE

pyn OEE
=+ (12)

Hnp): electron (hole) mobility; g: elementary charge.

3. Results and Discussion

In the current study, 16 different combinations of PSCs have
been simulated using the COMSOL 6.2 Multiphysics. Every sim-
ulation has been done by making a constant ETL layer (TiO,) and
HTL layer (Spiro-MeOTAD). The movement of electron and hole
charge carriers in PVK solar cells, as well as FFs, has been
significantly impacted by ETL and HTL. The ETL is primarily
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responsible for limiting the hole in the layer, collecting electrons
from the PVK absorber layer, and transferring them to the anode.
An ideal ETL must have chemical stability to prevent a chemical
reaction with the absorber layer. In the sphere of contemporary
research, ZnO and TiO, are frequently employed as efficient
ETL. Electrons are constrained by the HTL, which also gathers
holes from the PVK layer and transports them to the cathode.
Since the HTL layer comes into direct contact with moisture
and protecting the absorber layer from moisture is our goal,
the HTL layer should have a hydrophobic character.

3.1. Variation of Shape and Dimension of Solar Cell Device

By modeling each of the examined device structures with the
associated device parameters as given in Table 1-5, the perfor-
mance parameters are calculated. As observed in Figure 3, higher
PCE is obtained for device structure CsSng sGeg sI; and EAPDI;.
Also, these materials provide a high-value FF. Despite that
CsSng sGeg 513 has smaller bandgap of 1.5 eV allowing broader
absorption, its lower short-circuit current density (Js) results
from higher carrier recombination and suboptimal energy align-
ment with ETL/HTL layers. These factors reduce charge extrac-
tion efficiency. Since this article’s focus is on Pb-free solar cells,
we will continue to explore the properties and ways to increase
the efficiency of CsSngsGegsl;. However, it is also important to
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Table 4. Parameter of tin-germanium-based perovskites.!*®*°!

Material property CsPbl;% MAPbISE7 FAPbISE®  EAPDISEY Material property CsSngsGeosls MASnosGegsls FASNngsGegsls EASngsGeosls
Thickness [nm] 350 350 350 350 Thickness [nm] 350 350 350 350
Bandgap E, [eV] 1.694 1.55 1.51 1.93 Bandgap E, [eV] 1.5 1.192 18 1.235
Electron affinity X [eV] 3.95 3.9 4 3.78 Electron affinity 3.9 4.2 3.9 3.78
Dielectric permittivity 6 30 6.6 8.2 X[eV]
CB density of state [cm ™’ 1.1x10%°  2x10"% 12x10® 1x10"® Dielectric 2 30 8.2 78
ermittivit
VB density of state [cm ] 8x10"  2x10"® 29x10® 1x10"® P 4
CB density of 3.1x10" 2x10" 1x10'® 1% 10"
Electron mobility (un) 25 10 2.7 22 3
em? V-5 state [cm ]
B 18 19 18 18
Hole mobility (ue) [em?V~" 7] 25 10 - ” VB den5|ty3of 3.1x10 2x10 1x10 2.5x10
’ state [cm™7]
. 3 17 16 16
Acceptor density NA [cm ] - 1x10 1.3x10 7x10 Electron 213 300 2 20
Donor density ND [cm ] 1x10" - 1.3x 10" - mobility (jun)
[em?v's T
Hole 100 300 22 20
mobility (e
Table 2. Parameter of tin-based perovskites. 2 ,y1 (“,1)
[em“V™ s7]
Material property oS MASHL FASHL pAsn,  Acceptor density 1107 1x107 7x10% 65107
3 3 3 3 NA [cm—3]
Thickness [nm] 350 350 350 350 .
Donor density - - - -
Bandgap E; [eV] 1.27 1.3 1.4 1.17 ND [cm 3]
Electron affinity X [eV] 4.47 417 3.9 3.85
Dielectric permittivity 18 8.2 6 8.4
CB density of state [cm’3] 1x10" 1x10"® 1x10"® 1x10% Table 5. Parameter of ETL, HTL, and FTO.%
VB density of state [cm ] 1x10”  1x10® 1x10® 1x10"® - - -
Material property TiO, Spiro-MeOTAD FTO
Electron mobility (un) [cm?V~"'s™"] 437 1.6 22 25 -
Thickness [nm] 100 100 100
Hole mobility (ue) [cm?V"'s™ ] 437 1.6 22 25 Bandgap E, [eV] 32 ; is
andgap Eg [e . .
Acceptor density NA [cm ] 1.8x10' 1x10" 7x10'° 6x10'° )
, Electron affinity X [eV] 4.26 2.45 4
Donor density ND [ecm ™ - - - -
Y [ ] Dielectric permittivity 100 3 9
CB density of state [cm 210" 1% 10" 22x10'®
VB density of state [cm 3] 1.8 x 10" 1% 10" 1.8 x 10"
Table 3. Parameter of germanium-based perovskites. Electron mobility (un) [cm?V~"s7] 2 % 10* 50 20
i 2y—1 -1 3
Material property CsGels™ MAGel;*! FAGel;*® EAGel;*” Hole mobility (se) [em”V™"s ] 110 30 10
Thickness [nm] 350 350 350 350 Acceptor density NA [cm ) - 1107 0
Bandgap E, (V] - - - . Donor density ND [cm ] 6x10" - 1x10"
andgap Eg [e . . . .
Electron affinity X [eV] 3.523 3.98 3.52 3.9
Dielectric permittivity 18 10 18 8.2
CB density of state [cm Y] 1x10™®  1x10  1x10"® 1x10" As evident from the graphs, PCE have high values while the
VB density of state [cm?] 1510 1510 1x10° 1x10" shape of the cell is a rectangle. Therefore, the rest of the simu-
Elect bility (un) " 162 % ’ lations are carried out by taking rectangular solar cell. It is also
ectron mobili n . . . . .
m? Vs 7 necessary to figure out the optimized dimension for a solar cell.
Hole mobil 2T g i 1o 2 ’ This is done by changing the area of the cell by changing its width
t . . .
ole mobility (e) [em™V" "5 ] and depth but keeping the height constant. As can be observed
. 3 16 9 18 15 . . B .
Acceptor density NA [em ] 23107 1107 2x107 7x10 from Figure 4, solar cells with varying width and depth are
Dornor density ND [em ] - 1x10° - - depicted with changing parameters in temperature, thickness,

determine the shape of the solar cell which gives the best perfor-
mance. Hence, parameters like temperature, thickness, bandgap,
and doping concentration of solar cell are varied by keeping their
area constant and changing the shape from rectangle to square to
cylinder.
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etc. It is evident from the graph that the solar cell has high value
of PCE when the width and depth is 0.45 x 0.9 mm?. Hence, the
simulations provided later are done by taking these dimensions
into consideration.

As can be observed from Figure 5, solar cells with varying
width and depth are depicted with changing parameters
in temperature, thickness, etc. It is evident from the graph that
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(a) (b)
100 100
- Ea - =0

50, .éic(%wcm ) 5. -JFT:C(%A/cm )

60 + 60 +

40 4 40 4

20 4 204

0~ 0 =
CsPbI3 MAPDI3 FAPDbI3 EAPDI3 CsSnI3 MASNI3 FASnI3 EASnI3
Lead-Based PVK Tin-Based PVK
Voc |1.12 1.19 1.1 1.2 Voc | 0.8 0.94 1.14 0.9
Jse 2337 [21.2 20.84 |20.95 | Jsc 21.17 | 23.65 20.90 |21.12
PCE |12.87 |19.94 |[13.86 |21.22 |[PCE |10.27 |8.10 18.96 |14.88
FF (4591 [78.66 |[55.42 |84.4 FF 60.65 | 36.45 75.60 | 78.26
(c) (d)
100 100 Voo(V)
EIVoc(V) PCE(%)
PCE(%) EJsc(mNcmz)
Jsc(mA/cm?) FF(%)

80 .FF(%) 80 -

60 o 60 o

40 - 40 1

20 + 20 +

0~ 0
CsGel3 MAGel3 FAGel3 EAGel3 CsSn0.5Ge0.513 MASn0.5Ge0.513 FASn0.5Ge0.513 EASn0.5Ge0.513
Germanium-Based PVK Tin-Germanium-Based PVK

Voc |12 1.2 1.2 1.03 Voe |12 1.2 1.2 0.96
Js¢  |24.38 [23.95 (2438 [20.88 |[Jsc [21.32 |21.39 20.95 |20.94
PCE |13.80 |14.43 [16.73 |17.01 |PCE [21.61 |21.43 21.22 | 15.90
FF 14717 [50.19 (5720 [79.08 |FF 84.43 | 83.40 84.39 |79.07

Figure 3. Parameters of different cells: a) lead-based PSC, b) tin-based PSC, c) germanium-based PSC, and d) tin-germanium-based PSC.

the solar cell has high value of PCE when the width and depth
is 0.45 x 0.9 mm? Hence, the simulations provided later are
done by taking these dimensions into consideration. PV device
parameters are further influenced by basic parameters such
as doping concentration, thickness of the PVK material,
bandgap (E), operating temperature (T), and so on. To find
the ideal device configuration that offers the highest level of
efficiency, these parameters are therefore methodically changed
in Figure 6.
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3.2. Effect of Temperature on the Performance of PSC

As seen in Figure 6a, the temperatures have been changed from
280 to 380 K to examine the change in performance parameters.
The chart shows that while J, is relatively constant with very
minor changes with rising temperatures, V., FF, and PCE
are decreasing. The reasons for this degradation of PCE are as
follows: 1) the temperature-dependent concentration and mobil-
ity of the carriers create an obstruction in the transport path; 2) an

© 2024 Wiley-VCH GmbH
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Figure 4. Variation on solar cell parameters by changing a) temperature, b) thickness, c) bandgap, and d) doping concentration for different shapes.
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Figure 5. Variation on solar cell parameters by changing a) temperature, b) thickness, c) bandgap, and d) doping concentration for different dimensions.
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Figure 6. Variation of a) temperature, b) thickness, c) bandgap, and d) doping concentration of perovskite absorbing material.
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increase in temperature also increases the defect density within
the layers;**?”) and 3) the deformation and distortion also cause
an increase in stress and strain.”®! So, the optimum operating
temperature as can be observed from the graph is 300 K.

3.3. Effect of the PVK Layer Thickness

The PSC light-absorbing substance is especially important, and
achieving high efficiency depends on its thickness. It is observed
in Figure 6b that thorough analysis of the effects of PVK layer
thickness variation on PV solar cells has been conducted within
the 100-1000 nm range for an ideal thickness of the PVK. In this
work, a considerable number of photons are absorbed, increas-
ing the thickness of the solar cell absorber layer and, conse-
quently, the PCE, which in turn produces a vast number of
generations of electron and hole pairs. Additionally, as the layer
thickness increases, the possibility of simultaneous recombina-
tion increases.l?”) It is discovered that the absorber layer’s ideal
thickness is around 600 nm.

3.4. Effect of the Bandgap of the PVK Material

According to the Shockley—Queisser efficiency limit, the bandgap
of the absorber layer must be as close to 1.34 eV as possible for
PV devices to function at their best. The PVK absorber layer
bandgap changed in the simulation from 1.25 to 1.65eV.
From Figure 6c¢ it can be observed, as bandgap values increase,
all other metrics (Js, Voo, and PCE) increase while the FF initially
decreases. The creation of charge carriers and subsequent exci-
ton separation cause the absorber layer bandgap to grow, which
in turn causes an increase in (V,). Furthermore, the disparity

Www.pss-a.com

between the absorber layer and HTL lowers the FF to a certain
point.2”

3.5. Effect of Doping Concentration of the PVK Material

The kind and amount of doping are crucial factors in enhancing
the efficiency of PVK solar cells. A shallow point defect can give
rise to unwanted doping in the absorbing substance. In this
work, the doping concentration of the PVK material is adjusted
between 10" and 10*' cm ™2 as shown in Figure 6d to investigate
the impact of different doping concentrations on the solar cell
primary characteristics. The doping concentration in PVK mate-
rial is enhanced, which raises the electric field inside the
absorber layer and improves exciton segregation. This could lead
to an improvement in solar cell device performance.’"! The
doping concentration of 10" is found to be the optimum for
the performance of the solar cell after which the value of Ji.
decreases.

3.6. Electrical Simulation

The formation and manipulation of the depletion region and
its associated electric field are pivotal in solar cell design.
Understanding and optimizing these factors are essential for
achieving higher efficiencies and improving the overall perfor-
mance of PV devices. It can be observed in Figure 7a that at
600 nm the values of electric field and SRH recombination are
107 and 10%. In solar cell technology, the interface between
materials with different doping levels creates a p—n junction,
leading to the formation of a depletion region. This region
is characterized by a lack of free charge carriers due to the

(a) (b)
5 [ o - P (&)
Volume: Electnc field norm (V/m) Volume: Shockley-Read-Hall recombination term (1/{m**35))
nm m 0
100 x10° 100 x10”
0 0
16
800 3.5 800
14
3
600 600 12
2.5
10
2 nm
nm
400 400 8
15
6
200 1 200

00

05
0
) 1
0

nm

Figure 7. a) Electric field distribution and b) SRH recombination profile.
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diffusion of the majority of carriers across the junction. The
electric field within this depletion zone is crucial for the separa-
tion of photogenerated electron-hole pairs (excitons) produced
by incident photons. This separation is essential for generating
an electrical current in the solar cell.®” The dynamics of
carriers within the depletion region are governed by the Poisson
equation’*!
P

V. (VD) = e (13)

which describes the electric potential distribution, and the cur-
rent continuity equation, which ensures the conservation of
charge. These equations quantify how the electric field influences
carrier movement and recombination.

Efficient carrier separation is vital to prevent electron-hole
pairs from recombining before contributing to the electrical out-
put. The width of the depletion region plays a critical role here; a
narrower depletion region allows for faster separation of carriers
and reduces recombination rates. Consequently, this extends the
lifetimes of carriers within the solar cell, thereby enhancing its
overall performance.”* One significant aspect influencing car-
rier recombination in the depletion region is SRH recombina-
tion. This non-radiative process occurs through defects or
traps within the material (Figure 7b). The electric field gradient
within the narrow depletion region can affect the likelihood of
carriers encountering these traps, thereby influencing the
recombination rate. Engineers focus on minimizing defects
and optimizing the electric field distribution to maximize carrier
collection efficiency.

(a)

Volume: Hole concentration (1/m?)
o
100 x10“°
0 3.5

800
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400

200

0.5

0
100

nm

Figure 8. a) Hole concentration and b) electron concentration.
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3.7. Carrier Concentration Simulation

In solar cell technology, the distribution of electron (n) and hole
(h) concentrations across different layers plays a critical role in
determining the device efficiency. The electron concentration
profile typically shows its highest value in the FTO layer, which
functions as the ETL. In Figure 8a, high value of electron con-
centration is observed at 600nm (10**). This layer facilitates
the efficient collection and transport of electrons generated
within the PVK absorber layer. The high electron concentration
in FTO indicates effective extraction and transport mechanisms,
crucial for minimizing losses and maximizing current genera-
tion in the solar cell.

Conversely, the hole concentration (h) exhibits an inverse
profile compared to electrons. It is lowest in the FTO layer
and highest in the Spiro-OMeTAD layer, known as the HTL.
Spiro-OMeTAD is responsible for collecting and transporting
holes from the PVK layer to the electrode. In Figure 8b, high
value of electron concentration is observed at 600 nm (10%%).
The significant concentration of holes in Spiro-OMeTAD signi-
fies effective hole collection and transport, essential for complet-
ing the electrical circuit and achieving high current output in the
solar cell. Photogenerated carrier distribution within the solar
cell structure is concentrated near the p-n junction or within
the depletion width of the PVK absorber layer. This region expe-
riences the highest concentration of both electrons and holes due
to the strong electric field that facilitates the efficient separation
of electron-hole pairs.?*! Optimizing the distribution of electron
and hole concentrations is crucial for enhancing solar cell

(b)
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3  volume: Electron concentration (1/m?)
nm 24
100 x10°
s
3
2.5
2
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performance. Efficient extraction and transport of charge carriers
minimize losses due to recombination, thereby boosting the PV
conversion efficiency. The profiles observed in experimental
figures underscore the strategic design and function of each
layer—FTO for electron transport and Spiro-OMeTAD for hole
transport—in achieving optimal charge carrier collection and
current generation.

3.8. Thermal Simulation

Efficient management of heat within the solar cell is crucial for
maintaining its performance and longevity. Excessive heating
can increase nonradiative losses and potentially alter material
properties, reducing overall efficiency. Temperature distribution
in thinfilm solar cells remains relatively uniform across
their structure due to their low thermal mass and rapid heat dis-
sipation characteristics. These cells are designed to minimize
temperature gradients under normal operating conditions,
ensuring consistent performance throughout. For the steady-
state conduction with internal heat generation, the differential
equation describes the temperature profile within the cell

ar
—kVIT +Q = pp Gy (14)

When electrons and holes recombine without emitting
photons, particularly near the depletion region it gives rise to
nonradiative recombination heat. This region experiences
heightened recombination rates due to the strong electric field,
resulting in localized heat generation.*’! The heat generated
from the SRH recombination processes is a function of the
energy bandgap (E), thermal energy (kT), and the SRH

(a)

Volume: Nonradiative recombination heating (W/m*)
nm

100 x10**

800

25
600

| 400
15

200

nm

Figure 9. a) Non-radiative recombination heating and b) Joule heating.
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recombination coefficient (Usgry). In this article, the value
of nonradiative recombination heat is found to be 10'? at
600 nm and shown in Figure 9.

HSRH - (Eg + 3 kT) * USRH (15)

Joule heating, in contrast, occurs due to resistive losses as
electric current flows through materials with resistance. In solar
cells, Joule heating predominantly occurs in the depletion region
near the p—n junction. The electric field in this region accelerates
the movement of photogenerated carriers, causing collisions and
resistive losses that manifest as heat. Joule heat generation is
proportional to the product of the electric field strength € and
the local current density (J). The value of Joule heating is close
to zero at 600 nm

Hioule :] - E (16)

Both nonradiative recombination heat and Joule heat exhibit
comparable magnitudes, typically ranging from 10" to
10" W m ™3, in their respective regions of intensity. Nonradiative
recombination heat is concentrated near the p-n junction,
influenced by the rate of carrier recombination, while Joule heat
is distributed along the path of current conduction, with higher
levels near electrodes like TiO, and FTO layers due to higher
current densities.

3.9. Electric Potential and Bands

Figure 10a shows the change in energy potential concerning arc
length (nm). The HTL side has higher potential because it
collects positive charge carriers (holes) with higher mobility in

(b)

Volume: joule heating (W/m?)
nm .
100 x10%S

800
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400 3

200

100
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Figure 10. a) Electric potential and b) energy bands.

HTL while ETL collects electrons with higher mobility in ETL.
Thus, an electric field is generated due to charge separation,
and the necessary potential gradient for efficient collection
and extraction of electrical energy generated by the solar cell
is established. In Figure 10b, the energy of conduction and
valence band is shown with the energy of the conduction band
higher than the valence band as expected in any semiconductor
material because it represents the energy required to free elec-
trons from their bound states in the valence band, allowing them
to move and conduct electricity within the material.

3.10. Comparative Study of Experimental and Simulated J-V
Characteristics

The most important factor in solar cells is the analysis of a com-
bination of current density and voltage. Both the experimented
and simulated -V curves are depicted in Figure 11. In the

24
22 \
20
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144
= 124
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6
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2 4 — Simulated (CsSn, sGe,sl;)

N~
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Current De
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Voltage(V)

Figure 11. Comparative J-V plot for experimental and simulated devices.
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Table 6. Comparative summary of device parameters with reported results
of PSC.

Voe [V] Jse [PAcm ™7 FF [%] PCE [%)] References
1.14 20.9 75.6 18.96 This work
1.2 20.95 84.4 21.22 This work
12 21.39 83.4 21.43 This work
12 21.32 84.43 21.61 This work
0.89 22.79 65.28 13.35 [12]
1.34 15.55 82.73 18.01 [31]
1.176 12.67 84.59 12.61 [25]
0.849 20.89 83.39 14.78 [25]

experimental work,*! authors have simulated CsPbl; structure
with TiO, as ETM and Cu,0 as HTM and the thickness of the
PVK layer is 450 nm and this device exhibits PCE of 16.23% with
relatively less V.. In this work, CsSng sGegsl; is used as a PVK
layer and the thickness is 350nm and the corresponding
efficiency is 21.61%. Based on this, it can be concluded that
CsSng5Gegsl; is better PVK matter than CsPbl; based on effi-
ciency and the harmful effects on the environment. These
parameters can be further enhanced by taking the optimized
device thickness (600nm) and using it at 300 K. For next
generation commercialized solar cells, this device can prove to
be a worthy candidate. As indicated in Table 6, comprehensive
comparative analysis with recently published papers was con-
ducted to gauge similar trends in research.

4, Conclusion

This study uses a device simulator to optimize lead-free
PVK solar cells by altering their architecture and material
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properties. Various lead-based, tin-based, germanium-based, and
tin-germanium-based PVK’s were simulated. However, it was
found that the FTO/TiO,;/CsSngsGegsls/Spiro-MeOTAD/Au
model exhibits unprecedented superior performance with PCE
(21.61%), Voe (1.2V), Jsc (21.32 mA cm ™ 2), FF (84.43%) with rect-
angular shape and width and depth as 0.45 x 0.9 mm?
Additionally, a thorough investigation is conducted into the
impact of several device factors, such as temperature, thickness,
bandgap, and doping concentration, on the simulated device’s
performance. The optimized values of thickness (600nm),
bandgap (1.45eV), doping concentration (1 x 10" cm™), and
temperature (300 K) are found for such PSC. These values are
also supported by the corresponding electrical and thermal
simulation conducted. The graphs for electric potential and
energy bands are also studied and they also support the findings
of the article. The design, production, and optimization of signif-
icantly more effective environmentally friendly halide-based PSC
in the future will be aided by the current computational analysis.
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