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Introduction:-

This study aims to optimize the electron affinity of the indium sulfide
(In2S5) buffer layer in CIGS solar cells in order to provide a non-toxic
alternative to conventional CdS. In.Ss exhibits several attractive
properties, including a wide optical bandgap (2 — 2.9 eV), high optical
transparency, and a tunable electron affinity that enables control of
band alignment at the heterojunction interface. A numerical
investigation was carried out using the SILVACO ATLAS device
simulator to analyze the influence of the buffer-layer electron affinity
(x = 4.0 — 4.8 eV) on the main photovoltaic parameters (Js¢, Voc, FF,
and 7), as well as on the parasitic resistances (R, and Rg,). The
simulations were performed under AM1.5G illumination by self-
consistently solving Poisson’s equation, the carrier continuity
equations, and the drift—diffusion transport model.The results indicate
that the optimal configuration corresponds to y = 4.0 eV, yielding a
maximum conversion efficiency of 22.96% with a high open-circuit
voltage (Vyc = 0.99 V). This configuration corresponds to a conduction
band offset of AE, = 4+0.5eV, forming a moderate spike that
suppresses interfacial recombination while maintaining efficient
electron transport.Increasing the electron affinity significantly improves
some resistive parameters (an 83% reduction in R, and a 14% increase
in FF), but simultaneously causes a substantial decrease in the open-
circuit voltage (—42%), resulting in an overall efficiency loss of
approximately 27%.These results highlight the critical role of band
alignment in CIGS/In.S; solar cells and demonstrate that the open-
circuit voltage is the dominant parameter governing device efficiency.
The optimal electron affinity window appears to be very narrow
(4x < 0.1 eV), emphasizing the need for precise control of deposition
conditions and material stoichiometry.

"© 2026 by the Author(s). Published by IJAR under CC BY 4.0. Unrestricted use allowed
with credit to the author.”

Cu (In,Ga)Se: (CIGS) solar cells are among the most efficient thin-film photovoltaic technologies, with certified
laboratory efficiencies reaching 23.35% [1]. Their device architecture typically consists of a heterojunction formed
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between a p-type CIGS absorber and an n-type buffer layer, most commonly cadmium sulfide (CdS). Although CdS
plays a crucial role in interface passivation and junction formation, its use raises environmental concerns due to
cadmium toxicity and also leads to optical losses in the short-wavelength region [2].In this context, indium sulfide
(In2S5) has emerged as a promising Cd-free alternative owing to its wide bandgap (2.0-2.9 eV), high optical
transparency, and good chemical stability [3]. Recent studies have shown that the CIGS/In.S; interface can exhibit a
favorable band alignment characterized by an appropriate conduction band offset (CBO), which supports efficient
carrier transport [4]. Among the parameters influencing this alignment, the electron affinity () plays a key role
because it directly determines the relative position of the conduction bands at the heterointerface. Depending on its
value, the CBO may produce either a positive barrier (spike, CBO > 0) or a negative offset (cliff, CBO < 0), which
strongly affects interfacial recombination and device performance [5].In this work, a numerical study based on the
SILVACO ATLAS simulator is conducted to investigate the influence of the electron affinity of the In.Ss buffer
layer (x = 4.0 — 4.8 eV) on the main photovoltaic parameters (Voc, Jsc, FF, 1, R, and Rg,), with the aim of
identifying the optimal band alignment configuration for CIGS/In2Ss solar cells.Unlike previous studies that mainly
focused on buffer layer doping, this work provides a systematic analysis of electron affinity engineering and its
direct impact on band alignment, recombination mechanisms, and photovoltaic performance, highlighting the
dominant role of Vi in efficiency optimization.

Methodology:-

The numerical analysis was carried out using the SILVACO ATLAS device simulator, a Technology Computer-
Aided Design (TCAD) platform commonly employed for the modeling of semiconductor devices. This tool enables
the investigation of the electrical behavior of photovoltaic structures by numerically solving the fundamental
transport equations governing charge carriers in semiconductors.In the present study, the simulation framework
relies on the self-consistent resolution of Poisson’s equation, the carrier continuity equations, and the drift—diffusion
transport model, which together describe the electrostatic potential distribution, carrier transport, and generation—
recombination processes inside the device [6-8].

Electrostatic potential:-
The electrostatic potential distribution inside the solar cell is determined by Poisson’s equation, which relates the
spatial variation of the potential  to the local charge density within the semiconductor:
div(eVy) = —p(1)
where € represents the dielectric permittivity of the material and p denotes the space charge density.
When free carriers and ionized dopants are taken into account, the space charge density can be expressed as:

div(V) = A = =2 [p = n + N§ = Ni] @)

where n and p are the electron and hole concentrations, Ny * and N~ correspond to the densities of ionized donors
and acceptors, and q is the elementary charge.

e Carrier conservation

The transport of charge carriers is governed by the continuity equations, which describe the balance between carrier
flux, generation, and recombination processes. For electrons and holes, these relations can be written as:

on 1  _,
E=ale]n+Gn—Rn(3)
ap 1. -
E=—ale]p+Gp—Rp(4)

where Tn and Tp denote the electron and hole current densities, whileG,, ;, and R, ;represent the carrier generation and
recombination rates, respectively.
e  Drift-diffusion transport model
Carrier transport in the simulated device is described using the drift—diffusion formalism, which accounts for carrier
motion induced by both the electric field and carrier concentration gradients. The current densities for electrons and
holes are expressed as:

], = anu,E +qD,Vn(5)

Jp = ap,E — qD,Vp(6)
where p, and p, denote the carrier mobilities, D, and D,, the diffusion coefficients, and E= —Vis the electric field
derived from the electrostatic potential.
The diffusion coefficients are related to the carrier mobilities through the Einstein relation:
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KgT
p = L (7)
where kg is Boltzmann’s constant and T is the absolute temperature.
This set of coupled equations provides a comprehensive description of carrier transport and recombination processes
in semiconductor devices. Such a modeling framework is widely adopted in TCAD simulations of thin-film
photovoltaic devices, including CIGS solar cells, allowing reliable evaluation of the impact of material parameters
and interface properties on device performance [8].

D

Simulated Cell Structure:-

To investigate the influence of the electron affinity of the buffer layer, a typical CIGS thin-film solar cell
architecture was considered in the numerical simulations. The complete layer sequence of the device is illustrated in
Figure 1.

The simulated structure consists of the following stack:-

SLG /Mo (500 nm) / p-CIGS (2 pm) / n-In=Ss (50 nm) / i-ZnO (100 nm) / ZnO:Al (300 nm) / metallic front grid.
This configuration corresponds to the standard architecture widely used in high-efficiency CIGS solar cells. It
allows the electrical and optical effects associated with the In.Ss buffer layer to be analyzed while maintaining
realistic device conditions.

Figure 1 therefore presents the schematic structure of the simulated CIGS/In:Ss solar cell.
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Figure 1: Schematic structure of the CIGS/In,S; solar cell.

As shown in Figure 1, the molybdenum layer provides the back electrical contact, while the p-type CIGS layer acts
as the main light-absorbing region. The n-type In2Ss layer forms the heterojunction and controls the band alignment
at the absorber interface. The intrinsic ZnO layer limits leakage currents, whereas the ZnO:Al layer acts as a
transparent conductive oxide ensuring efficient carrier collection at the front contact. With this architecture, any
variation in the electrical response of the device can be directly related to changes in the electron affinity of the In.S;
buffer layer.

Band Diagram and Conduction Band Offset (CBO):-

The electronic band alignment at the CIGS/In.Ss interface plays a crucial role in determining the transport and
recombination mechanisms within the device. The energy band configuration associated with this heterojunction is
illustrated in Figure 2.

At thermal equilibrium, the band alignment between the two materials is characterized by the conduction band offset
(CBO) defined as

CBO = AE¢ = Ec 553 — Ecyes (8)
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Using the definition of electron affinity
X = Evac — Ec (9)

With E,,. : niveau de référence énergétique dans le vide.
The CBO can be expressed as

CBO = AE¢ = Xcigs — Xin2s3(10)
For a typical electron affinity of CIGS,Xcigs = 4.5:
o Ifxys3 =4.0eV - AE: = +0.5 eV (spike configuration),
o Ifyos3 = 4.8eV - AE. = —0.3 eV (cliff configuration).
Optimizing the value of y is therefore essential in order to achieve a favorable band alignment that limits interfacial
recombination while maintaining efficient electron extraction [9,10].

1 -.-.. —=s2 Conduction Band Energy (eV) |
1 g —— Valence Band Energy (eV)
0 — P e S S S
-1 4
-2 — -
i-ZnO
3 & In2S3
1 CulnGaSe

0.04 0.08 0.12 0.16 0.2 0.24 0.28
Distance along line

Figure 2: Energy band diagram of the In2S3/CIGS heterojunction at equilibrium.

As illustrated in Figure 2, the conduction band (red curve) and valence band (green curve) correspond to the case
Xcics = 4.5 eV and y,253 = 4.2 eV, resulting in a moderate positive offset of approximately AE: = 40.3 eV. Such
a configuration is generally considered optimal for CIGS heterojunctions since a moderate spike can reduce
interfacial recombination by limiting electron backflow toward the absorber while preserving efficient carrier
transport. In contrast, a cliff configuration tends to enhance interface recombination and may significantly reduce
Voc, whereas an excessively large spike can impede electron extraction and reduce J¢ [9,10].

Simulation Parameters:-

The numerical simulations rely on a consistent set of material and device parameters describing the different layers
of the solar cell. These parameters include the fundamental electronic properties (bandgap energy, electron affinity,
dielectric permittivity), geometrical characteristics (layer thickness), and carrier transport parameters such as
mobilities, carrier lifetimes, and effective density of states.All the physical parameters used in the simulations are
summarized in Table 1.The numerical simulations conducted in this study are based on a consistent set of physical
and electronic parameters accurately describing each layer of the CIGS solar cell. These parameters include
fundamental material properties (bandgap energy, electron affinity, dielectric permittivity), geometrical
characteristics (layer thickness), as well as carrier transport and recombination quantities (mobilities, carrier
lifetimes, effective density of states, and interface trap density).
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Table 1: Physical parameters used in the numerical simulations.

Parameters ZnO:Al i-ZnO In:Ss CIGS
Optical bandgap E, (eV) 33 3.3 2.7 1.2
Electron affinity x(ev) 4.45 4.45 4.2 4.5
Relative dielectric permittivitye,. 9 9 13.5 13.6
Thickness (um) 0,3 0,1 0,05 2
Effective density of states Nc(cm™3) 2.2x 108 22x10® | 2x10% 2.2x 10
Effective density of states Ny(cm™2) 1.8 x 10%° 1.8x 10 | 2x10Y 1.8 x 10%°
Donor concentration N (cm™3) 1020 10%° 10%7 —
Acceptor concentration N, (cm™3) - - - 5x 101
Electron mobility p, (cm?.V~1.571) 100 100 50 100
Hole mobility p,(cm?.V~1.S71) 25 25 15 25
Electron lifetimet, (S) 10710 10710 10~° 1077
Hole lifetimet, (S) 10710 10710 10~° 1077
Interface defect density D;, (cm™2ev 1) - - 8 x 1011 -

These values were selected from well-established literature sources and correspond to typical parameters reported
for high-performance CIGS solar cells, while ensuring stable numerical convergence within the ATLAS simulation
framework [3,9,11].The interface trap density D;, was chosen within realistic ranges to represent partially passivated
heterointerfaces, in agreement with experimental observations reported for high-quality CIGS devices [12,13].

In addition, the optical constants of ZnO:Al, i-ZnO and In.Ss, defined by the complex refractive index i = n(A) +
ik(A), were taken from published optical data in order to accurately model photon absorption and carrier generation
within the device [14-16].

Extracted Photovoltaic Parameters:-

The electrical behavior of the simulated devices was evaluated from the current—voltage (J—V) characteristics,
calculated under standard AM1.5G illumination (100 mW-cm™2) at a temperature of 300 K.

From these curves, the main photovoltaic parameters were extracted.

e  Short-Circuit Current Density (Jsc)

The short-circuit current density corresponds to the generated current when the applied voltage is zero. It can be
expressed as

Ag hc
Jsc = q ]0 1 )5 EQE)dA (1)

where I () is the incident spectral irradiance, h is Planck’s constant, ¢ the speed of light in vacuum, EQE(A) the
external quantum efficiency, and q the elementary charge.
e  Open-Circuit Voltage (Voc):
The open-circuit voltage corresponds to the voltage at which the output current becomes zero:
nkT (]sc

e = In (55 1) (12)

where n is the diode ideality factor, k Boltzmann’s constant, T the absolute temperature, and J, the saturation current
density.
e Fill Factor (FF)
The fill factor evaluates the quality of the electrical response of the solar cell and is defined by

FF = ——(13)

Jsc X Voc

where ], and V,,correspond to the current and voltage at the maximum power point.
e Conversion Efficiency ()

The power conversion efficiency is determined from
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P Jsc X Voc
n= P FF. P (14)
where P, is the maximum output power and P, the incident optical power density [17].
e Series and Shunt Resistances
The parasitic resistancesR and Ry, were extracted from the differential resistance
diy ™

Rair = (W) (15)
evaluated near V = V¢ for Ry, and near V = 0 for Ry}, [18].
This method provides a realistic estimation of resistive losses by accounting simultaneously for transport,
recombination, and ohmic effects within the device.

Simulation Campaign:-

The simulation campaign was designed to investigate the influence of the electron affinity of the In.Ss buffer layer
on the performance of CIGS solar cells.The electron affinity y was varied from 4.0 to 4.8 eV with a step of 0.1 eV,
corresponding to nine distinct configurations. This range allows the exploration of different regimes of conduction
band offset (CBO) that control both the band alignment at the CIGS/In.Ss interface and the balance between carrier
transport and interfacial recombination mechanisms.All other material parameters, including doping levels, bandgap
energies, carrier mobilities, and interface properties, were kept constant throughout the simulations in order to
isolate the specific impact of electron affinity on the photovoltaic response of the device.

Results and Discussion:-

Overview of the Results:-

The influence of the electron affinity  of the In.Ss buffer layer on the photovoltaic behavior of the simulated device
is summarized in Table 3, which reports the main electrical parameters extracted from the J—V characteristics.

Table 2: Photovoltaic parameters as a function of the electron affinity of In:S; buffer layer.

Electron Affinity ¥ | Jsc (mA/cm?) Voc (V) | FF (%) n (%) Rs (Q.cm?) Rsh (Q2.cm?)

(eV)
4.0 32.39 0.988 71.8 23.0 6.08 2446
4.1 32.55 0.840 78.1 21.3 1.66 823
4.2 35.07 0.702 72.8 17.9 1.51 179
4.3 36.08 0.588 78.2 16.6 1.20 3776
4.4 36.11 0.571 81.8 16.9 1.04 17112
4.5 36.11 0.571 82.0 16.9 1.03 15872
4.6 36.10 0.571 82.0 16.9 1.03 17689
4.7 36.10 0.571 82.0 16.9 1.03 25920
4.8 36.10 0.572 81.7 16.9 1.07 38439

A clear dependence of the device performance on the value of y can be observed. In contrast to doping optimization,
where carrier transport parameters dominate, the variations reported here are primarily governed by modifications in
the band alignment at the CIGS/InSs heterointerface, which directly affects the conduction band offset (CBO).

As the electron affinity increases from 4.0 to 4.8 eV, several systematic trends emerge:

e apronounced decrease in the open-circuit voltage V¢,

e amoderate increase in the short-circuit current density Jgc,

e asignificant reduction in the series resistance Ry,

e and a strong increase in the shunt resistance Ry, at higher x values.

These trends indicate that the electron affinity plays a key role in determining the electronic behavior of the
heterojunction. By modifying the relative position of the conduction bands, X directly controls the interfacial
potential barrier, which in turn governs carrier transport and recombination mechanisms. The results therefore
demonstrate that the electron affinity of the buffer layer acts as a critical design parameter in the optimization of
CIGS/In2Ss heterojunction solar cells.
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Impact on the Power-Voltage (P-V) Characteristic:-

The influence of the electron affinity on the output power characteristics of the device is illustrated in Figure 3,
which presents the P—V curves for six representative  values of the In.Ss buffer layer.

25
20 4 7.7x:4ev ...
—o—y=41eV .
y=42eV .
o~ —v—y=43eV Vo
£ 107 1=448V |k
- [}
% B
5 104 X "
g \ !
s ’ \
|
\ | ]
5 .
ﬂ
|

. ———T—
0.0 0.1 0.2 0.3 0.4 0.5

| I D A |
0.6 0.7 0.8 0.9

Voltage (V)
Figure 3: P-V characteristic for different values of electron affinity.

The evolution of the maximum power clearly reveals the strong sensitivity of device performance to the band
alignment at the CIGS/In2Ss interface. This behavior is primarily governed by the conduction band offset (CBO), a
parameter known to strongly influence interfacial recombination and therefore the open-circuit voltage Vo [19].For
x = 4.0 eV, the device reaches its highest output power, with a maximum power density of approximately 23 mW -
cm™? obtained at a voltage V,, close to 0.79 V. This operating point corresponds to a very high open-circuit voltage
(Voc = 0.99V), indicating a low saturation current and limited recombination losses. Such behavior is consistent
with a moderate positive conduction band offset (spike configuration), which effectively suppresses electron
backflow toward the interface while maintaining efficient carrier extraction [20,21]. The slightly reduced fill factor
(FF = 71.8%) suggests the presence of ohmic losses, in agreement with the relatively high series resistance

(Rg = 6.08 O - cm?) extracted from the J-V characteristics [22]. When the electron affinity increases to x = 4.1 eV,
the maximum power decreases to approximately 21 mW - cm™2, accompanied by a shift of the maximum power
point toward lower voltages (V,, = 0.71 V). This behavior indicates that even small variations in electron affinity

significantly modify the band alignment and the associated recombination dynamics at the heterointerface [19,22].
A further increase to x = 4.2 eV results in a more pronounced reduction of the maximum power (P, = 18mW -

cm™2), suggesting that recombination mechanisms or unfavorable interface barriers begin to dominate the device
behavior [20,22].

For x = 4.3 eV, the P-V curves exhibit lower power maxima (approximately 16 — 17 mW - cm™?) but become
more rectangular, reflecting a significant increase in the fill factor (> 82%). This improvement is associated with
the combined effect of a reduced series resistance and a large shunt resistance. However, these favorable resistive
conditions cannot compensate for the strong reduction of the open-circuit voltage (Vo = 0.57V), which is typically
linked to the transition toward a cliff-type band alignment (negative CBO). In this regime, the absence of a selective
barrier enhances interfacial recombination and increases the saturation current density [21-23]. Overall, the results
indicate that the efficiency maximum obtained at x = 4.0 eV results from a delicate balance between carrier

transport and recombination. In this device configuration, maintaining a high open-circuit voltage through favorable
band alignment proves more critical than minimizing resistive losses alone.

Impact on the Current-Voltage (J-V) Characteristic:-

The influence of the electron affinity of the In2Ss buffer layer on the electrical behavior of the device is illustrated in
Figure 4, which presents the simulated J-V characteristics under AM1.5G illumination for different y values.
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Figure 4: J-V characteristic for different values of electron affinity.

The curves reveal two opposite trends as y increases: a moderate increase in the short-circuit current density Jsc,
accompanied by a pronounced reduction in the open-circuit voltage V. Such behavior is typical of heterojunction
devices where modifications of the conduction band offset (CBO) improve carrier extraction while simultaneously
weakening the selectivity of the interface, thereby enhancing recombination and increasing the saturation current
[20,21].For 3 = 4.0 eV, the simulated device exhibits a relatively moderate current density (Jsc =~ 32.4mA - cm™?)
but a very high open-circuit voltage (Voo = 0.99V). This behavior can be attributed to the presence of a positive
CBO (spike configuration) at the CIGS/In2Ss interface. Such a spike acts as an electron-selective barrier that limits
electron back-diffusion toward the interface and therefore reduces recombination with holes in the absorber layer
[21,23]. However, this barrier can also slightly impede electron extraction, which explains the somewhat lower Jgc
compared with cases where the interface becomes more transparent to carrier transport [20,22].When the electron
affinity increases beyond x = 4.4 eV, the current density reaches its maximum value (Jsc &~ 36.1mA - cm™2),
corresponding to an increase of approximately 11.4%. This improvement is consistent with enhanced carrier
collection resulting from reduced series resistance and a band alignment progressively approaching a cliff
configuration, which facilitates electron transport across the interface.

However, this favorable effect on current is accompanied by a dramatic reduction of the open-circuit voltage
(Voc = 0.57V). In this regime, the absence of a selective barrier allows electrons to accumulate near the
heterointerface, where they recombine efficiently with the majority holes present in the CIGS absorber. This process
leads to a strong increase in the saturation current density ],, which severely limits Voc [21-23].The transition
occurring around x = 4.2 eV therefore marks a change of operating regime in which interfacial recombination
progressively dominates the device behavior, even though the resistive parameters may appear favorable
[20,22].0verall, these results confirm that the electron affinity y, through its influence on the CBO, governs the
delicate balance between carrier collection and recombination at the CIGS/In.S; interface. The efficiency maximum
obtained for xy = 4.0 eV reflects this compromise: although the spike slightly limits electron extraction, it
effectively suppresses interfacial recombination and therefore preserves a high open-circuit voltage.

Influence on the Open-Circuit Voltage Vc:-
The dependence of the open-circuit voltage on the electron affinity y is presented in Figure 5.
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Figure 5: Evolution of the open-circuit voltage as a function of the electron affinity of the In.Ss buffer layer

The results show a strong sensitivity of Vo to variations in x, highlighting the central role of band alignment at the
CIGS/In2S; interface in controlling recombination processes [24,25].In the first regime, corresponding to x values
between 4.0 and 4.3 eV, the open-circuit voltage decreases rapidly from 0.988 V to 0.588 V. Such a large variation
over a relatively narrow y range illustrates the strong influence of the conduction band offset on the recombination
dynamics at the heterojunction, a phenomenon widely reported for CIGS-based solar cells [26,27]. According to the
fundamental relationship linking V¢ to the saturation current density (see Equation 12), an increase in ], inevitably
results in a decrease in Vyc. The connection between recombination, saturation current, and voltage has been
rigorously established through the reciprocity relations and the radiative efficiency limits of photovoltaic devices
developed by Rau [22,28]. Consequently, any modification of band alignment that enhances interfacial
recombination leads to an exponential increase in ], and a corresponding reduction in Vy¢.Fory = 4.0 eV, the
positive conduction band offset (AE; = +0.5eV) creates a spike that acts as a selective barrier at the heterointerface.
This barrier reduces the probability of electron back-diffusion toward the interface and therefore limits electron—hole
recombination [25,26]. The resulting decrease in ], allows the device to achieve a high open-circuit voltage
approaching the theoretical radiative limit [28].

As 7y increases, the CBO progressively decreases and eventually becomes negative, corresponding to a cliff
configuration. In this regime, electrons can more easily reach the heterointerface where holes are abundant in the p-
type absorber, thereby enhancing interfacial recombination processes [24,26,27]. The associated increase in ], leads
to the observed collapse of V¢, in agreement with the theoretical relationship between recombination and open-
circuit voltage [22,28].These results clearly demonstrate that the electron affinity indirectly controls the open-circuit
voltage through its effect on the conduction band offset and the resulting recombination dynamics. Consequently,

Voc emerges as the photovoltaic parameter most sensitive to band alignment in CIGS/In2Ss heterojunction solar cells
[25,26].

Influence on the Short-Circuit Current Density Jgc:-
The variation of the short-circuit current density with the electron affinity of the In.Ss buffer layer is illustrated in
Figure 6.
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Figure 6: Short-circuit current density profile as a function of electron affinity.

Unlike the open-circuit voltage, which is strongly controlled by recombination mechanisms, the short-circuit current
density is primarily determined by carrier collection efficiency and transport conditions within the device [24-29].
As the electron affinity increases from x = 4.0 to 4.3 eV, Js rises significantly from 32.4 to 36.1 mA - cm™2,
corresponding to an increase of approximately 11.4%. This improvement can be mainly attributed to the strong
reduction in the series resistance, which decreases from 6.08 to 1.20 Q - cm?, thereby facilitating carrier transport
and reducing resistive losses.Beyond x = 4.3 eV, the current density reaches a plateau around 36.1 mA - cm™2,
indicating that the beneficial effect associated with the reduction of Rg has reached its limit.Aty = 4.0 eV, the
presence of a positive conduction band offset (AE; = +0.5 eV) forms a spike barrier at the heterointerface.
Although this barrier slightly limits electron injection across the interface, it does not significantly impede carrier
collection under short-circuit conditions because the internal electric field assists the extraction of photogenerated
carriers [25,26].

When y increases and the conduction band offset approaches zero or becomes negative, the interface becomes more
transparent to electron transport, which explains the observed increase in Jsc [25,29]. However, this improved
carrier injection simultaneously enhances interfacial recombination, which increases the saturation current ], and
consequently reduces V¢, in accordance with the reciprocity relations established by Rau [28].As a result, the
moderate gain in Jsc cannot compensate for the much larger loss in V¢, explaining the overall decrease in efficiency
observed at higher yx values.

Influence on the Fill Factor (FF):-
The evolution of the fill factor as a function of electron affinity is presented in Figure 7.
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Figure 7: Fill factor profile as a function of electron affinity
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The fill factor is mainly influenced by parasitic resistances and recombination mechanisms, which determine the
shape and rectangularity of the J-V curves [24,27,29].For x = 4.0 eV, the fill factor reaches 71.8%, reflecting the
influence of the relatively high series resistance (6.08 Q- cm?) that limits the electrical quality of the J-V
characteristic. A moderate increase in electron affinity to x = 4.1 eV results in a significant improvement of the fill
factor to 78.1%, mainly due to the strong reduction of the series resistance (1.66 Q - cm?).However, at x = 4.2 eV,
the fill factor temporarily decreases to 72.8%, despite a relatively low Ry value (1.51 - cm?). This behavior can be
explained by the simultaneous degradation of the shunt resistance, which drops to 179 Q - cm?, indicating increased
leakage currents that distort the J—V curve. In addition, the extracted ideality factor (n = 1.285) suggests the
presence of moderate Shockley—Read—Hall (SRH) recombination, which may temporarily affect the junction
quality.

For x = 4.4 eV, the fill factor increases again and eventually reaches a plateau between 81.8% and 82.0%. This
improvement results from the combination of a minimal series resistance (= 1.03 Q - cm?) and a very large shunt
resistance (17 — 38 kQ - cm?), which significantly reduces both resistive losses and leakage currents.Despite this
favorable resistive behavior, the overall device performance remains limited because the dominant recombination
mechanisms at the heterointerface increase the saturation current J, and reduce Vo [25,28].Although fill factors
above 82% indicate a very good junction quality from a purely resistive perspective, this improvement does not
compensate for the large loss in open-circuit voltage. This result illustrates that in photovoltaic optimization not all
parameters contribute equally to efficiency: preserving a high Vi is generally more critical than maximizing the fill
factor when both objectives are mutually constrained. In CIGS solar cells, the overall efficiency is therefore
primarily limited by recombination processes that determine ], and V¢, rather than by resistive effects alone
[23,30].

Influence on the Power Conversion Efficiency n:-
The combined effect of the variations in Jsc, Vo, and FF on the overall device performance is illustrated in Figure 8,
which shows the evolution of the power conversion efficiency as a function of the electron affinity of the In2Ss
buffer layer.
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Figure 8: Efficiency profile as a function of electron affinity.

The efficiency curve clearly identifies an optimal electron affinity corresponding to the best compromise between
carrier collection and recombination control, confirming the key role of the conduction band offset (CBO) in
determining the performance of CIGS heterojunction solar cells [25,26].The conversion efficiency reaches its
maximum value of 22.96% for x = 4.0 eV, before rapidly decreasing to 16.6% aty = 4.3 eV, and then stabilizing
around 16.9% for x = 4.4 eV. This three-regime behavior reflects the fundamental trade-off imposed by band
alignment at the CIGS/In2Ss interface, which simultaneously governs recombination processes and open-circuit
voltage through the saturation current ], according to the Shockley relation [22,28].
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At x = 4.0 eV, the positive conduction band offset (AE; = 4+0.5 eV) creates a moderate spike that effectively
suppresses interfacial recombination [26]. This configuration allows the device to maintain a very high open-circuit
voltage (0.988 V), even though carrier extraction is slightly limited (Jgc = 32.4 mA - cm™2) and the series resistance
remains relatively high. Because efficiency depends strongly on V¢, the preservation of a high voltage enables the
device to reach its maximum efficiency, consistent with analyses linking V¢, Jo, and radiative efficiency limits
[22,28].When y increases from 4.0 to 4.3 eV, the conduction band offset progressively decreases, weakening the
selective barrier at the interface [26,29]. Although the resulting improvement in carrier transport increases Jsc and
reduces the series resistance, the simultaneous degradation of Vi (approximately —40%) dominates the overall
device behavior. Consequently, the gain in current cannot compensate for the loss in voltage, illustrating that
transport optimization alone cannot offset the degradation of interfacial selectivity [24,25].For higher electron
affinity values, the cliff configuration enhances electron injection but simultaneously intensifies interfacial
recombination, which increases the saturation current ], and severely limits the open-circuit voltage [25-27]. As a
result, the efficiency stabilizes at a lower level. The narrow optimal window identified in this study (Ax < 0.1 eV for
n > 22%) highlights the importance of precise control over the electron affinity of the buffer layer, in agreement
with previous studies emphasizing the critical role of CBO engineering in CIGS heterojunction solar cells [26-30].
Influence on the Series Resistance Ry:-

The variation of the series resistance as a function of the electron affinity of the In.Ss buffer layer is illustrated in
Figure 9.
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Figure 9: Series resistance as a function of electron affinity.

The results show a significant reduction in the series resistance as y increases. This improvement represents one of
the secondary beneficial effects associated with the modification of the band alignment at the CIGS/In.S; interface
[25,29].Fory = 4.0 eV, the series resistance reaches 6.08 Q - cm?, which strongly limits the electrical quality of the
J-V curve and contributes to the relatively low fill factor observed in this configuration. When ¥ increases, Ry
decreases rapidly, reaching values close to 1.03 Q - cm? for x = 4.5 eV. This evolution is consistent with improved
carrier transport across the heterojunction and enhanced contact properties resulting from modifications of the band
diagram [25,29].Overall, the simulations indicate that increasing x leads to an 83% reduction in series resistance.
Nevertheless, this improvement in carrier transport does not translate into better overall device performance. Despite
the significant reduction in Ry, the conversion efficiency decreases as X increases.Thisbehavior confirms that, in
CIGS heterojunction solar cells, the dominant performance limitation is not related to resistive transport but rather to
interfacial recombination mechanisms, which determine the saturation current J, and therefore the open-circuit

voltage Vyc. According to the fundamental relations linking Vo and J,, any increase in recombination strongly
reduces the achievable voltage, regardless of improvements in transport properties [22,28].
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Influence on the Shunt Resistance Ry, :-
The evolution of the shunt resistance with electron affinity is presented in Figure 10.
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Figure 10: Shunt resistance as a function of electron affinity.

The shunt resistance generally increases with increasing y, although noticeable fluctuations appear in the transition
region around ¥ = 4.1 — 4.2 eV. These variations are consistent with transient changes in interfacial defect states
and recombination mechanisms occurring near the critical band alignment region [24,31].Fory = 4.0 eV, the shunt
resistance reaches approximately 2.4 k() - cm?, indicating the presence of moderate leakage currents. When y
increases to 4.1 eV, Ry, decreases to 823 Q - cm?, and reaches a minimum of 179 Q - cm? at x = 4.2 eV. These
fluctuations suggest temporary modifications in the junction quality or variations in the density of interfacial defect
states.Beyondy = 4.3 eV, the shunt resistance increases dramatically, rising from 3.8 kQ - cm? to nearly 38.4 kQ -
cm? at y = 4.8 eV. Such large values indicate an efficient suppression of leakage currents and reflect an excellent
junction quality from an electrical perspective [25,29].

This improvement in Ry, contributes significantly to the high fill factor observed at large X values. Several
mechanisms may explain this behavior, including modifications in band alignment that make leakage paths
energetically unfavorable, possible passivation of interfacial defects, and redistribution of the internal electric field
that reduces parasitic current paths.However, despite the very high Ry, and improved fill factor obtained at high y
values, the conversion efficiency remains lower than that achieved for x = 4.0 eV. This confirms that the influence
of shunt resistance is secondary compared with that of the open-circuit voltage, which directly depends on
recombination mechanisms governed by band alignment at the heterointerface [22,28].

Summary:-

The results obtained in this simulation campaign demonstrate that the electron affinity of the In.Ss buffer layer plays
a decisive role in determining the performance of CIGS solar cells, mainly through its control of the conduction
band offset and the associated recombination processes at the heterointerface [27,29].The optimal device
performance is obtained for x = 4.0 eV, corresponding to a moderate positive conduction band offset (AE; =
+0.5 eV) with the CIGS absorber. This spike configuration appears to be optimal despite the presence of a small
energetic barrier for electron transport.Although increasing x significantly improves several resistive parameters:
such as the reduction of the series resistance, the increase in shunt resistance, and the improvement of the fill factor,
these favorable effects are largely offset by the strong degradation of the open-circuit voltage.Overall, the efficiency
decreases by approximately 27% between ¥ = 4.0 eV and x = 4.8 eV, confirming that control of band alignment
and suppression of interfacial recombination are the dominant factors governing the performance of CIGS/In.Ss
heterojunction solar cells [25-28].
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Conclusion:-

This numerical study performed using the SILVACO ATLAS device simulator demonstrates that the electron
affinity of the In2 Ss buffer layer is a critical parameter controlling the performance of CIGS heterojunction solar
cells.The optimal configuration is obtained for x = 4.0 eV, which yields a maximum conversion efficiency of
22.96% and an exceptionally high open-circuit voltage of 0.99 V. This operating point corresponds to a moderate
positive conduction band offset (AE; = +0.5 eV) that effectively suppresses interfacial recombination at the
CIGS/In2S; interface.Although increasing the electron affinity improves carrier transport properties, leading to an
83% reduction in series resistance, a 14% increase in fill factor, and shunt resistance values exceeding 38 k() - cm?,
these improvements are accompanied by a drastic reduction in the open-circuit voltage (approximately —42%). As a
result, the conversion efficiency decreases by nearly 27% between x = 4.0 and 4.8 eV.The hierarchy of the
photovoltaic parameters emerging from this study is therefore clear: the open-circuit voltage plays the dominant role
in determining the overall efficiency, while improvements in resistive parameters cannot compensate for increased
interfacial recombination.The narrow optimal window identified in this work (Ax < 0.1eV for n > 22%)
highlights the importance of precise control of the electron affinity through careful adjustment of material
stoichiometry and deposition conditions.These results confirm the strong potential of In.Ss as a high-performance
and environmentally friendly alternative to CdS buffer layers in CIGS solar cells. Future work should focus on
experimental validation of the predicted optimal band alignment and detailed characterization of interfacial
electronic properties.This study demonstrates that electron affinity engineering is a key parameter governing band
alignment and interfacial recombination in CIGS/In.Ss solar cells. Unlike conventional approaches focusing on
doping optimization, the results highlight the dominant role of V¢ in determining overall efficiency.

Abbreviations:-

Al: aluminum

AMI1.5G: Air Mass 1.5 Global solar spectrum
CBO: Conduction Band Offset

CdS: Cadmium Sulfide

CIGS: Copper Indium Gallium Selenide (Cu(In,Ga)Se2)
Ec: Conduction Band Minimum Energy

E,: Optical Bandgap Energy

EQE: External Quantum Efficiency

E,.c: Vacuum Energy Level

Ey: Valence Band Maximum Energy

FF: Fill Factor

In,S;: Indium Sulfide

Jsc: Short-Circuit Current Density

J-V: Current—Voltage Characteristic

Mo: Molybdenum

Na: Acceptor Concentration

Np: Donor Concentration

1: Power Conversion Efficiency

P-V: Power—Voltage Characteristic

Pmax: Maximum Output Power

Rs: Series Resistance

Rsh: Shunt Resistance

SLG: Soda-Lime Glass

SRH: Shockley—Read—Hall Recombination
TCAD: Technology Computer-Aided Design
Vm: Voltage at Maximum Power Point

Voc: Open-Circuit Voltage

ZnO: Zinc Oxide

x: Electron Affinity
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