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Performance enhancement of SnSIse;S solar cells
through structural and optoelectronic modifications

U.K. Anjali, M. Irshad Ahamed, and J. Abdul Raashid

Department of Electronics and Communication Engineering,
E.G.S. Pillay Engineering College, Nagapattinam — 611002, Tamilnadu, India.

E. Edward Anand

Department of Science and Humanities,
E.G.S. Pillay Engineering College, Nagapattinam — 611002, Tamilnadu, India.

Received 14 July 2025; accepted 28 August 2025

This study investigates the optoelectronic properties of $88{%, a novel material, for the first time, and evaluates its potential as a high-
absorption thin-film solar cell absorber. Leveraging its unique nanoscale attributes and potential for Multiple Exciton Generation (MEG),
SnShSe;S is explored for its capacity to enhance light absorption and charge carrier transport, positioning it as a promising candidate
for advanced photovoltaic applications. A detailed analysis of Power Conversion Efficiency (PCE) as a function of absorber layer thickness
demonstrates a direct correlation, with PCE values increasing from 5.87% at 2500 nm to 5.96% at 3000 nm. The impact of electron affinity on
PCE is also examined, revealing an inverse relationship wherein increased electron affinity results in decreased efficiency due to alteration:
in charge transport dynamics. Furthermore, the temperature dependence of PCE is analyzed, indicating robust stability across a range ¢
operating temperatures. Quantum Efficiency (QE) measurements show a significant response at 1240 nm, confirming effective infrared
absorption. The carrier generation rate is evaluated, confirming efficient photon-to-electron conversion within the absorber layer. These
results provide critical insights into the viability of Sni8®; S as an alternative absorber material for next-generation solar cells, setting the
stage for subsequent experimental validation and device optimization.

Keywords: Solar cells; SCAPS-1D; optoelectronics; SpS&S.

DOI: https://doi.org/10.31349/RevMexFis.72.011602

1. Introduction power generation is inherently intermittent and subject to ge-
ographical and temporal variations, it often correlates well

Globally, the demand for different kinds of energy is surgingWith daily energy consumption.
due to population growth and the economic and industrial ad- A solar cell or PV cell is an energy harvesting technol-
vancement of developing countries. Consumption of energpgy. It facilitates solar energy conversion directly into elec-
is still largely dependent on fossil fuels. However, due totricity. PV cell is typically made with a semiconducting ma-
increasing environmental concerns, the world needs to shiterial and is capable of absorbing more photons from sunlight
towards renewable energy sources [1, 2]. According to Oito creating an excitation of electrons from the semiconductor
& gas journal’s report [3], at the beginning of 2025 global surface [7]. The generation of electric current takes place
oil consumption was estimated to hover around 104 milliorwhen the cell is connected to an external circuit with separate
barrels per day, whereas natural gas supplies over 60% @lectrons flowing from one side to the other. Direct current
the world’s electricity. At the same time, renewable energy(DC) electricity is produced by this flow of electrons. As the
is gaining momentum: solar and wind capacity extensiongharges start moving and they accumulate at the terminals, a
are on track to surpass approximately 400GW this year [4]potential difference (voltage) is established in the circuit [8].
storage battery installations are on the rise, and green pilot The hand gap of a PV cell determines how efficiently it
projects are flourishing. These indicate a clear shift towargonyerts light into electricity. A semiconductor with an ap-
cleaner energy even as the world navigates steadily ”Singropriate band gap can absorb a large portion of the solar
fossil fuel demand [5]. In light of this, extensive reseamhspectrum. And their bandgap allows both reasonable cur-
and development efforts have been devoted to solar energ¥nt and voltage — leading to maximum power output. This
technology. makes semi conducting materials ideal for use in photovoltaic
In general, solar technology falls into two categories:cells as light-absorbing materials [9, 10]. In solar cell man-
photovoltaic (PV) and concentrating solar power (CSP). Phoufacturing, thin films are very beneficial due to their thick-
tovoltaic convert sunlight into electricity via the photoelec- ness, cost effectiveness, flexibility and easy to manufacture
tric effect, utilizing materials, notably silicon, with conduc- on large scales. Solar cells of the future will benefit from thin
tive properties. Conversely, in CSP technologies, lenses dilm semiconductors, since they are highly desirable owing to
mirrors are used to concentrate sunlight, and they are gettheir energy efficiency, scalability, and superior spectral uti-
erally viable for large-scale deployments [6]. While solarlization [11-13].
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Within the landscape of semiconductor materials underameters on efficiency. The current—voltage characteristics
investigation for solar cell applications, quaternary com-of solar cells with SnS}S5e;S absorber layers were investi-
pounds are distinguished by their exceptional tunability ofgated, revealing that a thickness of 2500 nm and above be-
optical and electrical properties, which makes them highlygins to deliver favourable simulation results. Based on this
promising materials for next-generation photovoltaic appli-observation, selected thicknesses up to 3000 nm were anal-
cations [14, 15]. The strategic combination of quaternaryysed to assess their impact on power conversion efficiency
materials in diverse compositions and layered architecture@CE).Furthermore, the temperature dependence of PCE is
enables the fabrication of solar cells capable of capturinginalysed across a range of 240 K to 340 K, providing in-
a broader spectral spectrum, thus advancing the frontiersights into the device’s thermal stability and performance
of solar technology towards enhanced efficiencies and exvariations. To elucidate the light absorption characteristics,
panded application versatility. As research in this domairthe generation rate of photo generated carriers as a function
advances, quaternary materials are poised to play a pivotaf depth within the absorber layer is evaluated, quantifying
role in the development of innovative materials for advancedhe efficiency of photon absorption at various depths within
renewable energy applications, contributing significantly tothe material.

a sustainable energy future. In this context, we hypothe- Furthermore, this study evaluates the impact of the
size that SnSi5e;S, as a novel quaternary material, will CdS buffer layer’s electron affinity on device performance
demonstrate promising photovoltaic performance due to ity comparing results obtained with values of 4.0 eV and
favourable bandgap, strong absorption, and efficient chargé.215 eV, thereby assessing its influence on current-voltage
transport properties, as revealed through SCAPS-1D simulgz7 — V') characteristics and charge transport dynamics. A
tions. sensitivity analysis can be carried out by selecting these two

In this study, the quaternary compound SpS@S isin-  values to measure the effect of slight deviations in electron
vestigated as an absorber layer for photovoltaic. By analysingffinity (within a physically meaningful range) on key pa-
on the individual photovoltaic performance of tin and anti- rameters. The correlation between the absorption coefficient
mony, we theoretically justify their inclusion in the quater- of the absorber material and the fill factor under illumination
nary chalcogenide compounds [16—18]. Utilizing SCAPS-1Dis also examined, revealing the influence of material proper-
simulation software, the optoelectronic performance of thigies on photovoltaic cell performance. Additionally, quantum
material is evaluated, elucidating its potential and limitationsefficiency (QE) is analysed to determine the optimal wave-
for effective solar cell implementation. In steady-state condength range for maximizing the photovoltaic response of the
ditions, SCAPS-1D solves coupled Poisson and continuitycell. Through these comprehensive investigations, a thorough
equations for electrons and holes. In our Sff89S model, understanding of the critical factors governing solar cell effi-
we input realistic values for electron affinity, bandgap, car-ciency and performance is sought.
rier mobility, and defect levels based on data available for
Sh,Se; and similar Sn-based compounds [19, 20]. A first- . .
level performance prediction can be made using this approx¢-  Simulation methodology
imation. The distinct optoelectronic properties and sustain- . . . -
able attributes of antimony-based compounds contribute Siggomp_utatlona! modellng_, known for its efficiency and cost-
nificantly to photovoltaic technology [21]. The tunable bandeffecnver!es_s n eval_ua_ltmg solar ceI_I pe_rformance throggh
gaps of materials such as S, and SnSpSe;S, coupled systematic input vapatmn, was gppl{ed_m t.h|s stl_de using
with their strong absorption in the visible and near-infraredSCAPS'lD due to its proven reliability in simulating solar

spectral regions [22], facilitate efficient solar energy con-Ce” behavior. ) ) i
version. Their quasi-one-dimensional crystal structures pro- SCAPS-1D numerically solves semiconductor equations

mote efficient charge transport and minimize carrier recomNder steady-state conditions within a one-dimensional

bination, while also imparting flexibility, a desirable trait for framework, employing Poisson’s and continuity equations to

next-generation flexible photovoltaic. SnS®,S, a quater- model charge transport [25]. Specifically, Poisson’s equation,

nary semiconductor composed of tin (Sn), antimony (Sb)yvhich governs the relationship between space charge density

selenium (Se), and sulphur (S), benefits from the strategiéo) and the electric field (E) within a heterojunction, is uti-
incorporation of sulphur and selenium, which play a criti- 26d and can be expressed as follows:

cal role in bandgap engineering and enhancement of pho-

tovoltaic performance, as observed in analogous quaternagl. Poisson’s equation

compounds [23, 24]. Simulations conducted under standard

. . h . . Lp d2\11 q _
AM 1.5G |IIum|na_t|on_(100 _mW/cn?l) y_|eld_ed significant _ So=-Lp-n+t N}, — Nj). (1)
performance metrics, including short-circuit current density dx €
(Jsc), power conversion efficiencyy), open-circuit voltage In this equationV is electrostatic potential is elementary
(Voe), and fill factor (FF). charge,Np, is the density of ionized donor iond/, identi-

This study investigates the photovoltaic performance ofies the density of ionized acceptors, anahdn are hole and
a solar cell, focusing on the influence of key operational pa€lectron densities.
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In a semiconductor device, the continuity equations dethough the SCAPS software is not atomistic in nature, its
scribe the transport and recombination of charge carrierphysical model is valid for device-level analysis of semicon-

(electrons and holes) as shown in E®.gnd Q). ductors when parameter estimation and validation are taken
into account. This approach ensures that the mathematical
2.2. Electron continuity equation and physical framework used in SCAPS remains applicable
dn  1dJ, and reliable for simulating the photovoltaic behaviour of the
T . dx, + G - R. (2)  quaternary compound Sngke;S.

2.3 Hole continuity equation 3. Theoretical parameters and structural de-
dp  1dJ,

sign
—=—-——-—"4+G-R. 3

dt q dx + 3)
Current densities of electrons and holes greand.J,,, while
generation and recombination rates &feand R, respec-

The input parameters of the simulation for solar cell struc-

tures Ag/SnSESe;S/CdS/ZnSe/FTO are outlined in Table I.

tively. The absorber layer parameters are theoretically calculated,
To describe charge carrier flow, SCAPS-1d uses driﬁ_while other parameters are taken from relevant literature

diffusion transport equations [26, 27], they are given by the29, 30]-

Egs. @) and 5). The schematic struc_ture of the Ag/SnSle;S/CdS/ZnSe
/[FTO solar cell comprises a p-type SnSkS absorber
Jn = qnunE + qDy, 4) layer, which serves as the primary light-absorbing material.
This is followed by a buffer layer of n-type CdS, which fa-
and dp cilitates charge carrier separation and minimizes interface re-
Jp = qpupEl — qu%, (5)  combination losses. Additionally, an n-type ZnSe electron

transport layer (ETL) is incorporated for efficiently extract-
ing and transporting electrons to the front electrode. The de-
vice is completed with an Ag contact as the back electrode

hole diffusion coefficients; is the charge, and is the elec- . .
oo . . ; and a transparent conductive layer of FTO (Fluorine-doped
tric field. By solving these equations, SCAPS-1D effectively_. . : s . .
Tin Oxide), ensuring efficient light transmission and charge

models solar cell performance, calculates essential parame- .
. . ; L ) ollection.

ters, and facilitates device design optimization for |mprovedC
efficiency.

These fundamental semiconductor equations arel, Results and discussion
material-independent [28], which means that the simulation
can handle binary, ternary, and quaternary semiconductorbhis investigation centres on evaluating the efficiency of the
as long as the right material parameters (bandgap, dielectrgguaternary compound Sngbe;S as an absorption layer for
constant, mobility, electron affinity, absorption coefficient, photovoltaic applications. Utilizing SCAPS-1D simulation
etc.) are provided. In order to determine the parameters afoftware, a systematic analysis of SASgS’s performance
the proposed quaternary material SpS®S either experi- as an absorber layer was conducted to ascertain its potential
mental reports were obtained when available, or trends fromand limitations. This analysis encompassed the evaluation of
related materials were used to estimate the parameters. Everitical parameters, including absorber layer thickness and

According to Egs. (4) and (5)y., is the electron mobility,
iy is the hole mobility, D,, and D,, are the electron and

TABLE |. Physical parameters of different layers used in the simulation.

Settinas Absorber Buffer layer Intermediate layer
9 SnShSeS Cds ZnSe
Thickness (nm) 2500 1000 10
Band gap energy (eV) 4.0 2.45 2.9
Affinity (eV) 2.97 4.215 4.0
Dielectric permittivity (relative) 10 10 10
State densities in CBY. (cm™?) 2.2 x 108 2.2 x 10'8 2.2 x 108
State densities in VBY, (cm™?) 1.8 x 10*° 9.1 x 10'® 1.8 x 10*°
Electron speed Ve(cm/s) 1.1 x 107 1x 107 1 x 107
Hole speedV}, (cm/s) 6.4 x 10° 1 x 107 1 x 107
Electron mobility,, (cm?/V-s) 10 1 x 10? 50
Hole mobility ., (cm?/V-s) 5 2.5 x 10! 20
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Solar Radiation layer thickness ranging between 2500 and 3000 nm was se-
lected to achieve strong photovoltaic performance. The cur-

‘ ‘ ” rent density-voltage J—V') characteristics for varying ab-
sorption layer thicknesses, ranging from 2500 nm to 3000

nm, are presented in Fig. 2.

The results show a clear correlation between absorber
layer thicknesses and short-circuit current density), Sim-
ulations revealed that performance begins to improve from
2500 nm, as this thickness enables more effective absorption
of incident light, enhancing charge carrier generation. The
simulatedJ-V curve of the SnSi5eS solar cell displays
typical diode-like behaviour, with/,.=0.2265 V and J,. =
48.586 mA/cm, resembling the trend reported by Dursun
et al. [33]. Despite strong optical absorption, the relatively
low efficiency is attributed to recombination losses and sub-
optimal band alignment at the CdS interface. The smooth
curve highlights a low fill factor, and the results represent a
FIGURE 1. Schematic structure of simulation device. conservative estimate based on theoretical parameters. This

behavior aligns with findings by Ammar Shaleb al. [34],
temperature variations, and their combined impact on keyyho also observed increases Jh. and V,,. with greater
photovoltaic performance metrics such as open-circuit voltabsorber thickness. In this study, a 2500 nm layer yielded
age o), short-circuit current densityJ(.), fill factor, and  j = = 48.415 mA/cm? andV,,, = 0.2232V, which improved

overall efficiency. to J,. = 48.586 mA/cm andV,,. = 0.2265V at 3000 nm.
These trends were confirmed through repeated simulations,
4.1. Impact of absorption layer thickness supporting the conclusion that thicker absorber layers can en-

hance photovoltaic performance.
The thickness of the absorption layer significantly influences  Figures 3 and 4 illustrate the impact of absorption layer
various aspects of solar cell performance, including photomhickness on current density and voltage, respectively. As de-
absorption, charge carrier collection, and overall efficiencypicted, both current density and voltage exhibit distinct posi-

Increasing layer thickness enhances photon absorption angle correlations with increasing layer thickness.
charge carrier generation. However, this can also result in in- This trend underscores the critical role of thicker ab-

creased recombination losses and diminished carrier collegg, ey ayers in enhancing photon absorption and charge car-
tion, particularly in materials with low mobility. Conversely, o generation, thereby contributing to improved device effi-

a thinner layer minimizes recombination but may Compro-gjency 135]. Conversely, Fig. 5 demonstrates an inverse re-
mise light absorption, thus limiting performance. The 0p-|54ionship between absorption layer thicknesses, wherein FF
timal thickness is determined by balancing light absorptionye e ases with increasing thickness. The observed decrease

and gqrrier transport, cpnsidering the mqterial’s absorptio% Fill Factor (FF) with increasing absorption layer thickness
coefficient [31, 32]. In this study, Sngbe;S is employed as  pgjights the intricate interplay between light absorption,
the absorption layer. A thin-film solar cell with an absorber
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FIGURE 2. Current density vs voltage. FIGURE 3. Thickness (nm) vs/s. mA/cm?.

Rev. Mex. Fis72011602



PERFORMANCE ENHANCEMENT OF SNSESE; S SOLAR CELLS THROUGH STRUCTURAL AND OPTOELECTRONIC MODIFICATIONSS

0.2265 9
0.226

0.2255

-~
T

0.225

s S
Q w 6.5
o (5]
> 0.2245 a
6 -
0.224 | 5.5
5 -
0.2235 |
45
i ; ; ; ; ; ; i ; s " ; , ; ; ; , , ; ;
2500 2550 2600 2650 2700 2750 2800 2850 2900 2950 3000 240 250 260 270 280 290 300 310 320 330 340
Thickness [nm] Tem [K]
FIGURE 4. Thickness (nm) vs voltagk. FIGURE 6. Temperature Vs PCE %.

ween the valence and conduction bands [40]. This study in-
vestigates the temperature dependence of power conversion
efficiency (PCE) for SnSi8e;S, utilizing an absorber layer
thickness of 2500 nm across a temperature range of 240 K
to 340 K. The results, as depicted in Fig. 6, reveal a pro-
nounced inverse relationship between temperature and PCE.
Specifically, PCE decreases significantly from 9.01% at 240
K to 4.04% at 340 K, demonstrating a clear temperature-
dependent performance characteristic.

The simulated SnSI$e; S solar cell shows a decrease in
power conversion efficiency (PCE) with increasing tempera-
ture. This is mainly due to a reduction in open-circuit voltage
(V,e), which follows the relation:

(6)

o

i : . " ;
2500 2600 2700 2800 2900 3000 kT Jse
Thickness [nm] Voe = T] In +1]),

0 .
FIGURE 5. FF (%) vs Thickness (nm). where,V,. = open-circuit voltagek is Boltzmann constant,

charge carrier transport, and resistive losses. Specificallgj IS ab_SOI'“_'te temperatu_ﬁ, q1s e_Iementary chargglsc IS
this study revealed an FF of 54.33% at a 2500 nm absorbajhort-circuit current density ang, is reverse saturation cur-

layer thickness, which subsequently decreased to 54.05% kNt density. i i
3000 nm. From the equation, as the temperature rises, the reverse

When the diffusion length is shorter than the layer thick_saturation current,, increases exponentially, causing a log-

ness, charge carriers recombine before reaching the eleffithmic drop inV;.. Additionally, elevated temperatures

trodes, leading to reduced current collection and conseEnhance recombination through defect states in the absorber

quently, a lower FF [36-38] and at interfaces, common in multinary compounds [41] like
Notz;lbly, recent research by Himadri Sekar Raal. re- SnSkSegS. Increased thermal energy can also reduce car-

ported similar trends, demonstrating an increasé.jnand rier mobility and raise series resistance, leading to a drop in

V. with absorber Iay:er thickness, accompanied b; a concufill factor. Together, these effects contribute to the decline in

rent decrease in FF. The results obtained in the present stud:’,CE aF hi_gher temperatures.
as depicted in Fig. 5, align consistently with the findings re-  / Similar temperature-dependent trend has been reported
ported in Ref. [39]. by Segbefia [42], where increasing temperature led to a de-

cline in V,, fill factor, and overall solar cell efficiency —
4.2. Temperature’s influence on power conversion effi- consistentwith the results observed in the present study. Con-
ciency versely, a reduction in temperature improvés. and en-
hances device performance. As outlinedlimeory of Solar
An increase in temperature leads to a reduction in the semtcells [43], higher temperatures contribute to greater recom-
conductor’'s bandgap, primarily due to thermal vibrationsbination and thermal losses, which reduce PCE, while lower
within the crystal lattice. These vibrations weaken inter-temperatures are beneficial due to minimized losses and a
atomic bonding forces, facilitating electron transitions bet-slight widening of the bandgap. These findings reinforce the
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FIGURE 8. PCE vs temperature.

FIGURE 7. PCE (%) Vs. Absorption layer thicknesgr).

thermal sensitivity of the SngBeS absorber and confirm
the robustness of its efficiency behaviour under varying ther-
mal conditions.

4.3. Overall performance of PCE (%) vs thickness and
temperature

Figure 7 shows the overall PCE characteristics of the device

%]

=
Ll
Q

with an absorption layer ranging from 10 to 5000 nanome- =

tres thick. The Power Conversion Efficiency (PCE) of the
device increases significantly with absorber layer thickness,
rising from 0.4% at 10nm to 6.21% at 5000 nm. In ex-
tremely thin layers, light absorption is minimal, resulting in
low carrier generation and poor efficiency. As thickness in-
creases, absorption improves rapidly, leading to a sharp rise
in PCE—reaching 5.38% at 1000 nm. However, beyond this
point, the rate of improvement slows, with PCE increasing
only slightly to 6.21% at 5000 nm. This nonlinear behaviour
is due to absorption approaching saturation and the growing

5.9

585 F

58F

575 F

57F

565

56

555

55F

545 F

5.4

4 405 4.1 415 42
Electron affinity of CdS x [eV]

FIGURE 9. PCE vs Electron Affinity of CdS.

425

impact of recombination losses and transport limitations in

The analysis of PCE percentages for the given material

thicker films. This trend underscores the direct correlatiorC"0SS various temperatures shows a declining linear trend

between absorber layer thickness and light absorption cap
bility, which subsequently enhances device performance.
Table Il presents the detailed PCE values (%) for variou

absorber layer thicknesses.

TABLE Il. Thickness and its PCE values.

S.No Absorption layer thicknesgifn) PCE %
1 0.01 0.4
2 0.5 4.32
3 1 5.38
4 2 5.74
5 3 5.96
6 4 6.07
7 5 6.21

g\[ith increasing absorber layer thickness. PCE values de-

creases from 5.9% at 300 K to 3.9 % at 340 K. Figure 8 shows

dhe change in PCE values at different temperatures.

The impact of CdS electron affinity on Power Conversion
Efficiency (PCE) is illustrated in Fig. 9, revealing a trend of
decreasing PCE values with increasing electron affinity. This
observation aligns with findings reported by Avijit Talukdar
et al. [44], who attributed the decline in PCE to a reduction in
the energy offset between the absorption and transport layers.
Specifically, an elevated electron affinity weakens the built-in
electric field, thereby impeding carrier separation and trans-
port, and consequently diminishing PCE.

The observed decrease in Power Conversion Efficiency
(PCE) with increasing electron affinity indicates that while
higher electron affinity may optimize energy level alignment,
it can also introduce challenges related to charge transport

Rev. Mex. Fis72011602
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FIGURE 10. Geh vs depth. CdS electron VoltageW) Current density
and collection. This presents an opportunity for targeted ma-___ 21ty (eV) r-axis y-axis
terial optimization. Specifically, improvements in surface 4.215 0.2280 48.025
passivation and a reduction in recombination losses could 4.00 0.2232 48.415

enhance charge collection and, consequently, elevate PCE.
Through meticulous adjustment of material properties, overstudy, we selected 4.0 eV and 4.215 eV to represent two com-
all device performance can be significantly improved, leadingnonly reported and realistic values. These values help us

to the development of more efficient solar cells. understand how small changes in electron affinity can affect
the performance of SngBe;S-based solar cells, especially
4.4. Carrier generation rate vs depth in terms ofJ — V characteristics and charge transport at the

CdsS interface. Figure 11 shows how CdS's electron affin-
Figure 10 shows how light is absorbed within a solar cell andty affects the.J — V' performance of solar cells based on
where most electron-hole pairs are generated within the masnShSe;S.
terial, as measured by the rate of carriers generated by pho- This study revealed that at an electron affinity of 4.0 eV,
tons through the absorb layer. The analysis of photogenthe open-circuit voltage/,. was notably low, measuring
erated carrier generation rate (Geh) revealed a stable val@e2232 V, while the short-circuit current density. was com-
of 1.9 x 10" ecm™* up to a depth of 2.um. beyond this  paratively high, at 48.415 mA/ch A slight increase in the
point, Geh exhibited a gradual increase, culminating in a peakds electron affinity to 4.215 eV resulted in a marginal in-
value of1.8 x 10*? cm~3. This pronounced peak, observed crease inV,., reaching 0.2280 V, accompanied by a slight
within the 2.0um to 2.5um depth range, signifies optimal in- decrease in,., which measured 48.025 mA/émThese cor-
cident light absorption and, consequently, maximum photoresponding values are summarized in Table Il.
generated carrier generation. This phenomenon indicates an This observed trend is attributable to alterations in the
optimal interaction between the material’s optical absorptiorband alignment at the interface. A lower electron affinity
coefficient and the incident light intensity within this specific creates a larger conduction band offset, which elevates the
region. Beyond 2.5um, the Geh value returned to a con- energy barrier for electron transport, thereby reducing volt-
stant level of1.9 x 10" cm™?, persisting until 3.um. A age. However, it also strengthens the built-in electric field,
minor increase in Geh was noted beyond 3, suggest- enhancing carrier extraction and consequently leading to a
ing residual light absorption within the absorber layer at thishigher current density [45]. These results underscore the in-
depth. This slight increase may also be attributed to numeterent trade-off betweel,. and .J,. when adjusting CdS
ical approximations or assumptions inherent in certain comelectron affinity, emphasizing the critical need for precise

putational models, including considerations for carrier diffu-pand alignment optimization to achieve improved solar cell
sion or field effects. efficiency.

4.5. Current density vs voltage with different electron  4.6. Influence of absorption coefficient on fill factor
affinity of CdS
Figure 12 illustrates the relationship between the solar cell's

CdsS electron affinity is typically measured in the rangeelectrical performance and its light-absorbing efficiency.
4.0 eV to 4.5 eV depending on factors such as material quaHere, as the absorption coefficient increases, the fill factor
ity, synthesis method and measurement techniques. In thisecreases.
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This inverse relationship suggests that materials ex- AndR.S Sahet al. (2022) [48] reported similar behavior
hibiting high absorption coefficients may be susceptiblein VO,, where strong electronic interactions enhanced EQE
to increased recombination or compromised charge transsp to 160%, confirming that MEG can occur in diverse semi-
port. Strong surface absorption can exacerbate recombingonductors beyond quantum dots.
tion losses, particularly in the presence of inadequate pas- The presence of MEG in Sn$Be;S highlights the ma-
sivation or suboptimal interface properties. Furthermoreterial's potential for enhanced carrier multiplication, making
rapid absorption can limit carrier generation within deepeiit particularly promising for high-efficiency, low-bandgap so-
regions of the material, thereby reducing charge collection effar cell applications, especially where near-infrared light har-
ficiency [46]. Consequently, enhancing the absorption coefyesting is critical.
ficient must be coupled with concurrent optimization of ma-  Fyture studies will focus on experimentally validating the
terial quality and charge transport characteristics to ensure EG effect observed in simulations, using advanced opti-

high fill factor in solar cells. cal and electrical characterization techniques. Additionally,
optimizing interface engineering and exploring quantum-
4.7. Quantum efficiency vs wavelength confined versions of SngBgS may further enhance MEG

activity and carrier dynamics. Incorporating MEG-aware

Figure 13 illustrates the QE response of the $y88§S solar modeling and tandem architectures could provide deeper in-
cell across the wavelength spectrum, showing a notable QEight into the fundamental photophysical behaviour of this
peak of 100.04% at 1240 nm. material and its potential for next-generation photovoltaic ap-
This value exceeding 100% strongly suggests the occulications.
rence of Multiple Exciton Generation (MEG) in the material.
MEG is a quantum process wherein asi_ngle high-er_1ergy ph(B. Conclusion
ton generates multiple electron-hole pairs, thereby increasing
the number of charge carriers contributing to the photocura simulation-based analysis of the Ag/SnSie;S/CdS/ZnSe
rent. /FTO solar cell structure was conducted using SCAPS-1D
This effect typically arises when the photon energysoftware to investigate its photovoltaic performance. The
exceeds twice the material's bandgap, allowing excesstudy examined the influence of absorption layer thickness,
energy—normally lost as heat through thermalization—to in-CdS buffer layer electron affinity, and operating temperature
stead create additional excitons. In the case of $88!5,  on device characteristics. While the fill factor decreased with
the photon energy around 1240 nm (L eV) aligns closely increasing absorber layer thickness, the power conversion ef-
with the material’s absorption edge, creating favourable conficiency (PCE) exhibited a positive correlation, attributed to
ditions for MEG. an increase in short-circuit current density. and improved
This observation is consistent with the findings of Octaviopen-circuit voltagé/,.. Variation in CdS electron affinity
E. Semoniret al. [47] in their studyPeak external photocur- yieldedV,. andJ,. values of 0.2232 V and 48.415 mA/ém
rent quantum efficiency exceeding 100% via MEG in a quanat 4.0 eV and 0.2280 V and 48.025 mA/wt 4.215 eV, re-
tum dot solar cellwhere MEG was identified as the mech- spectively, highlighting the sensitivity of device performance
anism behind QE surpassing 100%. They demonstrated th& this parameter. The photogenerated carrier generation rate
guantum dots enabled efficient utilization of photon energypeaked a.8 x 10?2 cm—3.s~! at a depth of 2.5:m, with a
through MEG, thereby enhancing solar cell performance. subsequent minor increased x 102! cm—3.s~* at 3.6um.
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PERFORMANCE ENHANCEMENT OF SNSESE; S SOLAR CELLS THROUGH STRUCTURAL AND OPTOELECTRONIC MODIFICATIONSO

Notably, the quantum efficiency (QE) reached 100.44% atations such as portable solar chargers, contributing to the
1240 nm, indicative of Multiple Exciton Generation (MEG). enhancement of solar-powered device performance and the

The material’s strong infrared absorption and high efficiencyadvancement of sustainable energy solutions.
under low-light conditions suggest its suitability for appli-
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