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Abstract

The demand for renewable energy has driven research into thin-film photovoltaics, with copper indium
gallium diselenide (CIGS) standing out for its high absorption coefficient, tunable bandgap, and
excellent stability. A critical component of CIGS devices is the CdS buffer layer, which governs band
alignment, interface passivation, and optical transmission. In this study, the SCAPS-1D simulator was
used to systematically analyze the effects of CdS thickness, bandgap, and dielectric constant on device
performance. The results reveal a clear trade-off between optical transparency and structural integrity.
Ultra-thin CdS layers (0.005 um) yielded the highest simulated efficiency (11.85%) due to reduced
parasitic absorption, but such films are physically unrealistic because of incomplete coverage and
shunting. A practical optimal thickness range of 0.020-0.050 um was identified as the best compromise,
consistent with prior experimental reports. Bandgap tuning from 2.30 to 2.55 eV provided small but
systematic improvements in photocurrent and overall efficiency, though such gains are strongly
dependent on high-quality deposition to avoid short-wavelength absorption and interface defects.
Variation of the dielectric constant (e, = 5-25) produced modest enhancements in charge separation
and efficiency, with the best performance (~11.77% ) observed at (¢, = 20-25), indicating diminishing
returns at higher values. By integrating these three parameters, the study highlights that thickness and
bandgap exert dominant effects on device performance, while dielectric screening offers incremental
benefits. Importantly, the work distinguishes between simulation maxima and fabrication realities,
offering device engineers practical guidelines for optimizing CdS buffer layers: target thicknesses of 20—
50 nm, consider bandgap widening only with high-quality films, and utilize dielectric engineering as a
complementary strategy. Overall, the findings highlight the trade-offs between optical losses, structural
stability, and carrier dynamics, providing practical guidance for optimizing buffer layer properties in
high-performance CIGS solar cells.
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INTRODUCTION

The urgent need to address climate change and energy security challenges has intensified
research into renewable and sustainable energy technologies. Among these, photovoltaic (PV)
systems stand out as a direct and clean method of harvesting solar energy (Limmeechokchai
et al., 2023). While crystalline silicon has long dominated the PV market, thin-film solar cells
are emerging as attractive alternatives due to their advantages of lower material consumption,
lightweight fabrication, flexibility, and potential for integration into diverse applications such
as portable electronics and building-integrated photovoltaics (BIPV) (Cao et al., 2023).

Within the thin-film category, copper indium gallium diselenide (CIGS) has distinguished
itself as one of the most promising absorber materials. CIGS solar cells exhibit high absorption
coefficients (>10° cm™), tunable bandgap energies between 1.0-1.7 eV through control of the
Ga/(In+Ga) ratio, and excellent long-term stability (Saarniheimo & Seppéldinen, 2013).
Laboratory-scale CIGS devices have already achieved power conversion efficiencies
exceeding 23%, rivalling crystalline silicon (Phang et al., 2016). These attributes make CIGS a
key candidate for high-efficiency, low-cost photovoltaics.

The typical CIGS solar cell structure comprises a transparent conducting oxide (TCO) front
electrode, a buffer layer, the CIGS absorber, and a metallic back contact. The buffer layer plays
a central role in this heterojunction structure. In addition to forming the n-type partner to the
p-type absorber, it is responsible for ensuring favourable band alignment, passivating surface
defects, reducing interface recombination, and preventing shunting paths (Ramanathan et al.,
2003).

Cadmium sulphide (CdS) has historically been the standard buffer material for CIGS devices.
It combines several desirable characteristics: a wide bandgap of approximately 2.4 eV, good
lattice compatibility with CIGS, chemical stability, and the ability to form high-quality
junctions (Chen et al., 2017). The conventional buffer material, cadmium sulphide (CdS), has

been widely used because of its suitable bandgap and interface enhancement properties
(Labadi et al., 2025).

The effectiveness of CdS as a buffer material depends strongly on its thickness, bandgap
energy, and dielectric constant:
e Thickness governs the trade-off between uniform junction coverage and parasitic
absorption of high-energy photons (Traoré et al., 2023).
e Bandgap energy influences transparency to the solar spectrum and affects conduction
band offset (CBO) at the CdS/CIGS interface (Yan et al., 2014).
e Dielectric constant modifies electric field distribution, depletion width, and
recombination dynamics (Najm et al., 2021).

Understanding and optimizing these parameters is critical to advancing CIGS technology. In
this work, we use the SCAPS-1D simulation tool to systematically investigate the effect of CdS
buffer layer thickness, bandgap, and dielectric constant on the photovoltaic performance of
CIGS devices.

Structure, Operation, and Role of the CdS Buffer Layer in CIGS Solar Cells

A CIGS solar cell is a thin-film heterojunction device consisting of several functional layers,
each contributing to optical absorption, charge separation, and carrier transport. The typical
configuration is:
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Transparent Conducting Oxide (ZnO:Al with i-ZnO)
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CIGS absorber

Mo back contact

Figure 1 A schematic diagram of the typical CIGS solar cell configuration

The Transparent Conducting Oxide (TCO), often aluminium-doped ZnO (ZnO:Al) with an
intrinsic ZnO (i-ZnO) interlayer, enables photon transmission while collecting electrons
generated in the absorber(Hegedus & Shafarman, 2004). The CdS buffer layer forms the n-
type partner of the p-type CIGS absorber, facilitating heterojunction formation. Its beneficial
effects include protection against sputter damage, surface cleaning, removal of secondary
phases, and favourable band alignment. The CIGS absorber is the heart of the device, with a
bandgap tunable from ~1.0 eV (CulnSe:) to ~1.7 eV (CuGaSe:). Due to its high absorption
coefficient, only ~2 pm of material is needed to absorb most of the solar spectrum(Li et al.,
2005). Finally, the Mo back contact acts as the hole-collecting electrode and provides ohmic
contact. Sodium diffusion from the substrate or a Na-containing interlayer can further
enhance grain growth and passivate defects(Baik et al., 2004).

Operating principle

When sunlight strikes the device, photons with energies above the CIGS bandgap are
absorbed, generating electron-hole pairs. The built-in electric field at the CdS/CIGS interface
drives electrons to the TCO and holes to the back contact, producing photocurrent. High
efficiency depends on minimal recombination at the buffer/absorber interface, favourable
band alignment to reduce energy barriers(Witte et al., 2014), and a sufficiently thin,
transparent buffer layer to minimize parasitic absorption (Chen et al., 2017).

CdS buffer layer

The CdS buffer layer is multifunctional component whose structural, optical, and electronic
properties directly influence device performance. From a band alignment perspective, the
ideal conduction band offset (CBO) between CdS and CIGS lies in the 0-0.3 eV range, which
suppresses interface recombination while ensuring efficient carrier transport. A negative
offset instead enhances recombination, reducing open-circuit voltage (Voc) (Ringel et al.,
2013). With a bandgap of ~2.4 eV, CdS is generally transparent to visible light. However,
thicker or sub-optimally deposited films may absorb short-wavelength photons (<520 nm),
reducing photocurrent(Hibberd et al., 2010).

Electrically, CdS is naturally n-type, with donor concentrations of 10°~-10™® cm™ and electron
mobilities of 50-300 cm?/V s, while hole mobility remains much lower, favouring selective
electron transport(Spear & Mort, 1963). Its dielectric constant (e, ~8-10) affects depletion
width and electric field distribution across the junction, with higher ¢, values influencing
charge separation and recombination pathways(Fonash, 2012). Thickness is also critical: very
thin layers (<0.020 pm) reduce parasitic absorption but risk incomplete coverage and
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shunting, while thicker layers (>0.1 pm) absorb more light, lowering photocurrent. Optimal
performance is typically achieved with thicknesses of 0.020-0.050 pm(Spear & Mort, 1963).
CdS has been widely used as the buffer layer in CIGS solar cells due to its reliable junction
formation and compatibility with large-scale fabrication. Deposited via chemical bath
deposition (CBD), it forms conformal films even on rough absorber surfaces, ensuring robust
device operation (Spiering et al., 2004). Its chemical stability also supports long-term
durability(Mughal et al.,, 2015). Despite these advantages, cadmium toxicity raises
environmental and health concerns. Therefore, alternative materials such as ZnS, ZnSe, and
In;S; have been explored to replace CdS, with the aim of delivering comparable or superior
performance in a more sustainable manner (Mughal et al., 2015); (Asaduzzaman et al., 2017).

METHODOLOGY

Simulation Tool: SCAPS-1D

This study employed the Solar Cell Capacitance Simulator (SCAPS-1D) (Burgelman et al.,
2000), developed at Ghent University, as the primary tool for device modeling. SCAPS is
widely used for simulating thin-film solar cells, allowing investigation of material properties,
defect states, interfaces, and recombination processes. The program solves Poisson’s equation,
the electron and hole continuity equations, and the drift-diffusion equations under steady-
state conditions, providing current-voltage (J-V), quantum efficiency (QE), capacitance-
voltage (C-V), and energy-band diagrams.

Baseline Material Parameters

Baseline parameters were taken from reported experimental and simulation data (Table 1).
These were kept constant throughout the simulations, except for the CdS parameters
(thickness, bandgap, dielectric constant), which were varied systematically.

Table 1 Baseline simulation parameters for CIGS solar cell.

Layer Thickness (um) Bandgap (eV) Electron Dielectric Doping Mobility
Affinity (eV) Constant & (cm™3) (cm2 V1 s1)
ZnO:Al  0.500 3.3 4.4 9 1x10 (n) Pa =100, p, =25
Cds 0.005 - 0.350 2.30 - 2.50 4.2 5-20 (varied) 1x10" (n) Pa =100, p, = 25
(varied) (varied)
CIGS 2.000 1.2 4.5 13.6 1x10' (p) Pa =100, p, =25
Mo 0.500 (metal)

Parameter Variation
To assess the impact of CdS properties on solar cell performance, three sets of parametric
sweeps were conducted:

i. CdS Thickness: 0.005-0.035um (steps of 0.005 pm).

ii. CdS Bandgap (Eg): 2.30-2.55 eV (steps of 0.05 eV).

iii. CdS Dielectric Constant (&): 5-25 (steps of 5).

Each simulation was carried out under AM1.5G illumination at 1000 W/m? and a temperature
of 300 K. For each condition, the key performance metrics; open-circuit voltage (Voc), short-
circuit current density (Jsc), fill factor (FF), and power conversion efficiency (PCE) were
recorded.

RESULTS AND DISCUSSION
The effect of CdS thickness on device performance at a fixed CdS bandgap of 2.45 eV and
dielectric constant of 10 are shown in Table 2. The results reveal a gradual decline in Jsc, FF,

Hassan A., Ahmad H G, DUJOPAS 11 (4b): 41-49, 2025 44



The Effect of CdS (Buffer Layers) Thickness, Bandgap and Dielectric Constant on the Efficiency of CIGS Solar Cell
Using SCAPS-1D

and efficiency as CdS thickness increases. This is attributed to enhanced parasitic absorption
in the CdS layer, which prevents a fraction of the incident photons from reaching the absorber.
Consequently, thinner CdS films (<0.020 pm) produce higher photocurrents and better
efficiency values, with the maximum simulated efficiency of 11.85% at 0.005 um.

Table 2 Effect of CdS thickness on device performance.

CdS Thickness (um) Voc (V) Jsc (mA/cm?) FF (%) Efficiency (%)
0.005 0.5534 32.938222 65.02 11.85
0.010 0.5532 32.864667 64.98 11.81
0.015 0.5531 32.787869 64.94 11.78
0.020 0.5529 32.707346 64.89 11.73
0.025 0.5528 32.622996 64.83 11.69
0.030 0.5527 32.534268 64.76 11.64
0.035 0.5526 32.443499 64.67 11.59
CdS Bandgap = 2.45eV CdS Dielectric Constant = 10

While ultra-thin CdS layers (on the order of tens of nanometres) minimize optical losses —
especially in the short-wavelength region—they risk non-uniform coverage of the absorber,
leading to pinholes or incomplete surface coverage, which in turn introduce leakage paths or
shunt pathways that can degrade device performance such as open-circuit voltage and fill
factor (Ghamsari-Yazdel et al., 2021). On the other hand, thicker CdS layers (e.g., > 0.1 pm)
ensure more uniform junction coverage and effectively suppress shunting; but this comes at
the cost of strong parasitic absorption at short wavelengths, significantly diminishing
photocurrent and overall device efficiency (Ghamsari-Yazdel et al., 2021); (Werner &
Siebentritt, 2018).Therefore, a trade-off exists between optical transparency and structural
integrity. Consistent with literature reports (Spear & Mort, 1963), the optimal CdS thickness
is typically found in the range of 0.020-0.050 um, where sufficient coverage is achieved while
maintaining good optical transmission. A thickness-photocurrent trade-off was observed in
the CdS buffer layer. Sweeping thickness from 0.005 to 0.035 um led to steady declines in Jsc,
FF, and PCE, with a maximum simulated efficiency of 11.85% at 0.005 um. However, this
thickness is unrealistic due to shunting and poor coverage., A more practical optimum lies in
the 0.020-0.050 um range, which balances optical transparency with structural integrity and
aligns with fabrication feasibility.

The influence of CdS bandgap (Eg) on solar cell parameters was examined at a fixed CdS
thickness of 0.020 um and dielectric constant of 10, the results are shown in Table 3.3.
Table 3Effect of CdS bandgap on device performance

CdS Bandgap (eV) Voc (V) Jsc (mA/cm?) FF (%) Efficiency (%)

2.30 0.5528 32.625354 64.86 11.70
2.35 0.5528 32.654435 64.87 11.71
2.40 0.5529 32.681651 64.88 11.72
2.45 0.5529 32.707346 64.89 11.73
2.50 0.5530 32.731249 64.89 11.75
2.55 0.5530 32.753595 64.90 11.76
CdS Thickness = 0.020 ym CdS Dielectric Constant = 10

The results indicate a slight but consistent improvement in Jsc, FF, and efficiency as the CdS
bandgap increases from 2.30 to 2.55 eV. This is attributed to enhanced optical transparency
of wider bandgap CdS layers, which reduces parasitic absorption of high-energy photons and
allows more photons to reach the absorber.
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At a bandgap of approximately 2.4 eV, CdS is largely transparent to the visible spectrum,
ensuring minimal absorption losses. However, in practical devices, thicker or sub-optimally
deposited CdS films may absorb short-wavelength photons (<520 nm), thereby reducing
photocurrent and efficiency (Hibberd et al., 2010).

Thus, while increasing the CdS bandgap E,; can enhance simulated solar cell performance —
principally by reducing parasitic absorption and allowing more short-wavelength photons to
reach the absorber (Rahman et al., 2023), practical optimization demands careful consideration
of deposition quality and film thickness. Poor deposition can introduce pinholes or non-
uniform coverage, which increases the likelihood of shunt pathways and degraded open-
circuit voltage Vo (Najm et al., 2021). Achieving an optimal buffer layer thus involves
balancing optical transparency (via elevated E;) with robust structural integrity (via
controlled thickness and defect-minimized deposition). Bandgap tuning from 2.30 to 2.55 eV
produced small but consistent gains in performance, though improvements depend heavily
on deposition quality.

Table 4 shows that increasing the dielectric constant (¢,) of CdSleads to modest improvements
in Jsc, FF, and overall efficiency, while Voc remains almost unchanged. The best performance

(11.77%) is achieved around er = 20-25.

Table 4 Effect of CdS dielectric constant (er) on device performance

CdS Dielectric Constant (er) Voc (V) Jsc (mA/cm?) FF (%) Efficiency (%)
5 0.5529 32.535652 64.63 11.63
10 0.5529 32.707346 64.89 11.73
15 0.5530 32.744744 64.92 11.76
20 0.5530 32.759882 64.94 11.77
25 0.5531 32.767949 64.95 11.77
CdS Thickness = 0.020 um CdS Bandgap = 2.45eV

Physically, the dielectric constant plays an essential role in determining the depletion width
and electric-field distribution across a heterojunction interface. A higher relative permittivity
(&:) enhances the junction’s ability to separate charge carriers, thereby reducing recombination
probability and facilitating more efficient current collection(Fonash, 2012). Experimental
values for the dielectric constant of CdS are typically reported in the range of 8 to 10, though
device modeling often varies &, within this realistic range to explore how dielectric screening
might influence performance(Alves-Santos et al., 2010). Varying the dielectric constant (&)
from 5 to 25 showed modest efficiency gains, peaking near er = 20-25 before saturating.

Overall, thickness and bandgap dominate device performance, while &, provides incremental
benefits. The study highlights the gap between simulated maxima and practical engineering,
recommending achievable parameter targets for real-world devices.

CONCLUSION

This study investigated the effect of CdS buffer layer thickness, bandgap, and dielectric
constant on the performance of CIGS thin-film solar cells using SCAPS-1D simulations. The
results demonstrate that all three parameters exert measurable influence on device efficiency,
though the magnitude and physical feasibility of the improvements vary. Simulations that
push the CdS buffer to extreme thinness (=0.005 pm) often predict the highest device
efficiencies (*11.8%) because parasitic absorption in the short-wavelength region is greatly
reduced. However, films this thin are difficult to realize reproducibly: ultrathin CdS
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frequently shows incomplete coverage and pinholes that produce shunting and poor device
yield. As a result, practical high-performance devices typically employ thicker, conformal
buffers or post-deposition treatments to balance optical benefits with structural reliability.
Most experimental and device-optimization studies therefore target CdS (or CdS-
replacement) buffers in the tens of nanometre range, often via chemical bath deposition
(CBD), atomic layer deposition (ALD), or alternative cadmium-free materials (Cho et al., 2020)
(Chu et al., 2021) (Shalvey et al., 2022). This highlights a critical trade-off between optical
transparency and structural integrity. In practice, an optimal thickness range of 0.020-0.050
pum provides the best balance, consistent with earlier findings in the literature (Komilov, 2018).

Similarly, increasing the CdS bandgap from 2.30 to 2.55 eV enhances transparency and
marginally improves photocurrent and efficiency, but these gains depend heavily on
maintaining high-quality deposition. Suboptimal films laden with residual organics or
morphological irregularities, can significantly degrade the external quantum efficiency (EQE)
in the short-wavelength region and reduce overall power conversion efficiency (PCE) (Gopi
et al., 2023). Finally, varying the dielectric constant (e;) revealed modest efficiency
improvements through enhanced charge separation and reduced recombination, though
experimental CdS typically lies in the range & = 8-10 (Alves-Santos et al., 2010).

These outcomes mirror our earlier work on the CIGS absorber layer (Abdulsalam & Lariski,
2024), where thinner absorbers maximized carrier collection but sacrificed absorption, while
wider bandgaps improved Voc at the expense of reduced photon harvesting. In both cases,
the central message is consistent: optimization of thin-film solar cells requires balancing
competing physical effects rather than maximizing any single parameter in isolation. Thus,
whether at the absorber (CIGS) or buffer (CdS) level, the pursuit of higher efficiency is
governed by trade-offs between light absorption, carrier transport, and junction stability.
From a design perspective, the findings suggest that practical optimization should target CdS
thicknesses in the range of 20-50 nm, with bandgap widening up to ~2.5 eV offering benefits
only under high-quality deposition. Dielectric engineering, such as incorporating high-x
interface layers, can further support charge separation but cannot substitute for proper CdS
optimization. Overall, this study bridges simulation results with experimental feasibility,
offering a useful framework for guiding thin-film PV design and highlighting the importance
of integrated device engineering strategies.
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