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Abstract

Copper indium gallium selenide (CIGS) thin-film solar cells remain among the most promising
photovoltaic technologies due to their high absorption coefficient, tunable bandgap, and
compatibility with low-temperature processing. This manuscript presents a comprehensive
numerical investigation of performance enhancement strategies for CIGS-based solar cells
using one-dimensional and multidimensional simulation frameworks. Device optimization is
analyzed by systematically varying absorber composition, bandgap grading, defect density,
and doping concentration, as well as through engineering of buffer, window, and back-
surface-field (BSF) layers. SCAPS-1D simulations are employed to evaluate steady-state
optoelectronic behavior. At the same time, advanced TCAD tools such as Silvaco Atlas and
Synopsys Sentaurus provide spatially resolved insight into heterojunction band alignment,
interface recombination, and module-level effects including laser scribing. The impact of alkali
post-deposition treatments, grain-boundary passivation, tuning of the conduction-band offset,
and alternative non-toxic buffer materials is assessed. Advanced architectures—including
double-absorber layers, multi-junction stacks, bifacial designs, and perovskite/CIGS
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tandems—are examined to identify pathways beyond single-junction efficiency limits. The
results indicate that coordinated optimization of composition gradients, carrier-selective
contacts, and interface passivation can enable power conversion efficiencies exceeding 30%
in numerical simulations under idealized conditions. However, these values represent
theoretical upper bounds, while experimentally certified efficiencies remain significantly
lower, underscoring the importance of incorporating realistic material properties and
recombination mechanisms in modeling. Overall, this work highlights the central role of multi-
physics simulation in guiding the design and experimental realization of next-generation high-
efficiency CIGS solar cells.

Keywords

CIGS thin-film solar cells; numerical modeling; SCAPS-1D; TCAD simulation; bandgap
engineering; buffer layer optimization; back surface field (BSF); post-deposition treatment;
multi-junction photovoltaics; tandem solar cells; device optimization

1. Introduction

The global Copper Indium Gallium Selenide (CIGS) photovoltaic market has grown strongly over
the last decade [1]. Among various novel semiconductors, CIGS is doubtless one of the most
promising materials, performing exceptionally well in terms of carrier lifetime and processability
while ensuring high conversion efficiency [2-9]. Numerical modeling and simulation have been
employed since the early days of this research field to correlate particular device and material
parameters with cell output characteristics [10-14]. Modern simulation tools, such as Atlas of Silvaco,
are based on digital-resolution 2D transport equations that govern conduction mechanisms in
semiconductor devices [1]. Another widely used tool is the Solar Cell Capacitance Simulator (SCAPS-
1D), a well-established numerical tool for modeling thin-film solar cells by solving continuity and
electrostatic potential equations in a steady-state environment [15].

CIGS is a direct bandgap chalcopyrite semiconductor with a polycrystalline nature, chemically
represented as Cu(lnix, Gax)Sez, where x can vary from 0 to 1 [16, 17]. This tunability allows the
bandgap to be easily changed from 1.0 eV to 1.7 eV by increasing the gallium-to-indium ratio of the
absorber [18-20]. Effective bandgap engineering can reduce the recombination rate via electric field
enhancement, thereby increasing the electron-hole pair production rate [21]. Recent electrical CIGS
simulation baseline models have incorporated post-deposition treatment (PDT) effects, such as the
use of heavy alkali fluoride compounds like KF, RbF, and CsF, resulting in significant performance
improvements [22]. Figure 1, illustrates an updated SCAPS model schematic consisting of the CIGS
absorber, a surface defect layer (SDL), a CdS buffer, and window layers of Zn1.xMg«O (ZMO) and
Al:ZnO (AZO).
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Figure 1 SCAPS model schematic of the CIGS device stack. Approximate layer thicknesses:
AZO/ZMO window (~200 nm total), CdS buffer (~25-50 nm), CIGS absorber (~2000-2500
nm), and Mo back contact (~500 nm). SDL = surface defect layer. Adapted from Ref. [22].

To enhance performance, several critical layers and their properties must be optimized. The
window layer must be highly transmittable in the visible spectrum while maintaining high electrical
conductivity to aid in the collection of photogenerated carriers [23]. The n-type conductivity of
materials like ZnO enables effective electron transit, and doping with aluminum (ZnO:Al) increases
conductivity to maintain low resistive losses [23]. In addition to traditional window layers, the role
of front contacts like Indium Tin Oxide (ITO) has been thoroughly explored using SILVACO ATLAS to
achieve ultra-high efficiencies [24]. The buffer layer, such as CdS, contributes to p—n-junction
formation and enhances the lattice match between the absorber and window layers [18, 25, 26].
However, to avoid the toxic effects of cadmium, simulations have investigated alternative buffer
layers like Zn(O,S) [1] or less toxic Indium Phosphide (InP) [27].

Further performance enhancements are achieved through the implementation of a back surface
field (BSF) and rear-surface passivation. Including a BSF layer, such as thin CulnSe, in thin-film cells
has a significant impact compared to conventional structures [28]. The introduction of a BSF layer
aims to minimize recombination losses by optimizing the band alignment and electric field profile
within the device [29]. Recent studies have reported the use of Sb,S3 as a back-surface field (BSF)
layer, achieving power conversion efficiencies (PCE) above 31% in numerical simulations under
idealized conditions, in which recombination losses are significantly suppressed and interface
properties are optimized [30]. Passivation layers, such as Al,Os at the rear interface, can effectively
reduce carrier recombination and improve the open-circuit voltage (Voc) [22].

Advanced architectures, such as tandem solar cells, integrate CIGS with other materials to exceed
the efficiency threshold of single-junction PV cells [31]. Perovskite-CIGS tandem cells have
demonstrated promise in overcoming these constraints, utilizing a top cell for high-energy photons
and a CIGS bottom cell for low-energy photons [31]. Furthermore, innovative designs using double
or triple-junction absorber layers, such as CZO/CIGS/CZTS configurations, have increased efficiency
from 18.11% to 24.5% due to optimized light absorption and improved charge-carrier dynamics [32].

1.1 Modeling and Multi-Physics Simulation of High-Efficiency CIGS Solar Cells

The development of high-efficiency Cu(In, Ga)Se; (CIGS) solar cells requires a robust multi-physics
modeling approach to address the complex optoelectronic interactions within thin-film and
ultrathin-film architectures. CIGS technology is recognized as one of the most promising options for
future thin-film photovoltaics (PV) due to its high absorption coefficient (~10° cm™ at 1.4 eV) and a
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tunable bandgap that can easily be varied from 1.07 eV up to 1.7 eV by increasing the [Gal/([Ga] +
[In]) ratio [22, 30, 33-35].

2. Numerical Analysis of Photovoltaic Parameters Using SCAPS-1D

This section reviews one-dimensional numerical modeling of CIGS solar cells using SCAPS-1D. Its
steady-state, one-dimensional formulation makes SCAPS particularly well-suited for systematic
analysis of absorber properties, defect density, and layer thickness optimization. However, SCAPS-
1D cannot capture lateral inhomogeneities, grain-boundary effects, or complex interface
geometries; these phenomena require multidimensional modeling approaches discussed in Section
3.

Numerical analysis provides insight into PV device operation and enables systematic optimization
of parameters such as thickness, doping density, and defect concentration [36]. SCAPS-1D,
developed at Ghent University [37], solves the Poisson and carrier continuity equations under
steady-state conditions and is widely used for modeling thin-film solar cells [23, 36-38].

2.1 Absorber Layer Engineering and BSF Optimization

Recent SCAPS-based studies indicate that high-efficiency CIGS solar cells are achieved through
distinct optimization strategies rather than isolated parameter tuning. BSF engineering, such as
Sb,S3 (31.15%, [30]) and Cu,O-based carrier-selective contacts (31.84%, [39]), enhances
performance primarily by improving band alignment and suppressing rear-interface recombination
[38, 39]. In parallel, window layer optimization reduces optical and resistive losses, directly
impacting Jsc and FF, while advanced architectures (e.g., double absorbers) improve spectral
utilization, reaching efficiencies up to 29.22% [37].

However, these values are obtained under idealized simulation conditions, including negligible
defect densities and perfect interface passivation. In contrast, the certified experimental efficiency
of CIGS cells remains ~23.35% [40], highlighting a significant gap between theoretical predictions
and practical devices. This comparison indicates that interface engineering and recombination
control play a more dominant role than absorber scaling alone in achieving high efficiency.

These high efficiencies (>30%) are obtained under idealized simulation conditions, including: (i)
perfect interface passivation with near-zero interface defect density; (ii) negligible shunt losses (Rsh
-» oo) and optimized series resistance; (iii) ideal optical boundary conditions enabling maximum light
absorption; and (iv) carrier mobilities and lifetimes approaching their theoretical limits. Such
assumptions significantly suppress recombination and enhance carrier collection, leading to
optimistic performance predictions.

In contrast, the current certified experimental efficiency of CIGS solar cells remains ~23.35%,
indicating a substantial gap between theoretical simulations and practical device realization. This
discrepancy highlights the importance of incorporating realistic material and interface properties in
future modeling studies.

2.2 Window Layer and Buffer Layer Optimization

The impact of diverse window layers, such as ZnO, 1S3, ITO, AZO, and ZnMgO, has been
meticulously investigated in SCAPS-1D [23]. As illustrated in Figure 2. Structure of a CIGS solar cell.
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[23]. The window layer must possess strong electrical conductivity and high optical transparency to
minimize absorption losses before light reaches the absorber [23]. Furthermore, the introduction of
a hole-transport layer (HTL) like NiO can significantly boost efficiency, as evidenced by the increase
from 9.89% to 19.55% at 300 K [36].

Light

1 10

Zn0O

Zn0 /ITO /In,S;/ ZnMgO

cds

CIGS

Back contact (Mo)
CLG

Figure 2 Schematic structure of a typical CIGS solar cell, including the AZO window layer,
CdS buffer layer, CIGS absorber, and Mo back contact. The figure illustrates the layer
sequence and carrier transport pathways. Adapted from Ref. [23].

2.3 Advanced Architectures: Tandem and Multi-Junction Designs

Tandem architectures, particularly perovskite/CIGS designs, offer a pathway beyond the
Shockley-Queisser limit by combining sub-cells with complementary absorption spectra [35, 41]. In
a tandem configuration, the CIGS cell serves as an ideal bottom sub-cell due to its stability and ability
to capture lower-energy photons transmitted through the top sub-cell, as illustrated in Figure 3 [31].
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Figure 3 Schematic of a perovskite/CIGS tandem solar cell architecture, showing the top perovskite sub-cell (high-energy photon absorber)
and the bottom CIGS sub-cell (low-energy photon absorber) in a two-terminal (2T) monolithic configuration. Adapted from Ref. [31].
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The degradation of photovoltaic parameters with increasing defect density is governed by
recombination mechanisms. Higher defect density enhances Shockley-Read-Hall recombination,
increasing the dark saturation current and reducing Voc. It also shortens carrier lifetimes and
diffusion lengths, leading to lower Jsc, while increased recombination losses degrade the fill factor
(FF).

The double-active-layer approach, in which the absorber is subdivided into layers such as CIGS;
and CIGS; with different band gaps, has been reported to achieve PCE values up to 29.22% in SCAPS-
1D simulations under optimized conditions, including controlled defect density and bandgap grading
[37]. These improvements are primarily attributed to enhanced spectral utilization and improved
carrier collection efficiency. Optimization parameters used in such high-efficiency simulations are
summarized in Table 1.

Table 1 Input specifications for a thin-layered CIGS-based solar cell [38].

Parameters ZnO:Al i-ZnO Cds CIGS
Thickness (nm) 150 50 40 2500
Bandgap, Eg (eV) 3.37 3.37 2.48 1.27
Dielectric Permittivity, & 8.490 8.490 10.00 13.6
Electron affinity, x (eV) 4.5 4.5 4.4 4.5

CB EDS, Nc (cm™) 2.20E+18 2.20E+18 2.20E+18 2.20E+18
VB EDS, Ny (cm™3) 1.80E+19 1.80E+19 1.80E+19 1.80E+19

Electron mobility, pn (cm?Vts?!) 1.00E+2 1.10E+2 1.00E+2  1.00E+2

Additional studies report that alternative buffer layers, such as InP, can achieve efficiencies of
28.01% in SCAPS-1D simulations [27], while WS,/PEDOT:PSS passivation structures yield efficiencies
of up to 25.70% under similarly idealized conditions [29].

2.4 Critical Assessment of High-Efficiency Simulation Assumptions

The assumptions underlying high-efficiency SCAPS-1D results can be grouped into four main
categories, each of which contributes to an overestimation of the simulated power conversion
efficiency (PCE). Table 2 summarizes these assumptions for representative studies reporting PCE >
25% and compares them with experimentally measured parameters from the certified CIGS record
[41].
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Table 2 Simulation input assumptions for high-efficiency CIGS studies (PCE > 25%) compared with experimentally measured parameters

[41].
[Ref] PCE (%) Ntces(cm3) Niint(cm?) Rsh; Rs Optical Model Key Idealisation
AML5G. no parasitic N: 1-10x below poly-CIGS; zero interface defects; Rsh = oo;
[30] 31.15 ~10% 0 (zero) oo; 0 Q-cm? T .p no optical losses. All four idealizations active simultaneously.
absorption, ideal ARC . o
Represents a theoretical PCE ceiling.
Highest PCE in this review. Gap vs. certified record = 8.49
[39] 31.84 ~10%4 0 (zero) oo; 0 AM1.5G, ideal ARC pp — the largest discrepancy. Carrier u at single-crystal
limit. All loss mechanisms suppressed.
Included Hich: Two-absorber stack; inter-absorber interface defects
[37] 29.22 ~10%4-10%° (optimised no{i s,tated AM1.5G, standard optimised, not experimentally validated. Partially idealised;
low) best-case Ga grading assumed.
Varied InP/CIGS CBO less experimentally characterised than CdS/
[27] 28.01 1014-10%° ~10'2 (low) Arametric AM1.5G, standard CIGS. Carrier lifetime at bulk theoretical value. Peak PCE
P uses optimum Rsh from sweep.
55 81 10121013 Finite: Most realistic parameter set in this review. Lowest
[23] 28.14 10%4-10% (varied) includ’ed AM1.5G, standard simulated PCE; result closest to certified experimental value
] — consistent with the monotonic PCE-realism relationship.
Only certified result. All loss mechanisms present: GB
[40]  23.35 ~10%-1016 ~10%0-101?  Finite AM1.5G certified, recombination, non-uniform defects, parasitic absorption,
' (measured) (measured) (measured) no ARC finite contact recombination. Sets the realistic efficiency

target.
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(i) Defect density (Nt). Most studies reporting PCE above 29% assume relatively low bulk defect
densities (~10* cm3) and near-zero interface defect densities. In contrast, experimentally measured
polycrystalline CIGS absorbers typically exhibit higher defect densities (10'°-10*® cm), which
increase recombination losses, reduce carrier lifetime, and limit open-circuit voltage. As a result,
simulated efficiencies based on low defect densities represent optimistic upper limits rather than
realistic device performance.

(ii) Interface and contact boundary conditions. Many simulation studies assume ideal or
unreported contact conditions, effectively neglecting interface recombination at both the front and
rear contacts. In real devices, the CdS/CIGS interface and the Mo back contact introduce finite
recombination losses that reduce both Voc and carrier collection efficiency. Ignoring these effects
leads to systematic overestimation of device performance.

(iii) Optical modeling. Most SCAPS-based studies employ idealized optical conditions, typically
assuming full absorption of incident light and neglecting parasitic absorption in the window and
buffer layers. Experimental measurements show that these layers absorb part of the incoming
spectrum, reducing Jsc. The omission of these optical losses contributes to inflated simulated
efficiencies.

(iv) Carrier transport parameters. Carrier mobility and lifetime values used in simulations are
often close to theoretical limits. However, experimentally measured values in polycrystalline CIGS
are lower due to grain-boundary scattering and material inhomogeneity. This discrepancy leads to
overestimated carrier collection and fill factor in numerical models.

Taken together, these assumptions result in a cumulative overestimation of PCE in high-efficiency
simulations. Notably, the study with the most realistic parameter set (Kakade et al. [23]) yields the
lowest simulated efficiency among the reviewed works and is closest to the certified experimental
value of 23.35% [40]. This trend indicates that simulated efficiency decreases as modeling
assumptions approach physical realism.

Therefore, reported efficiencies exceeding 30% should be interpreted as theoretical upper limits.
Bridging the gap between simulation and experiment requires incorporating realistic defect
densities, non-ideal interfaces, optical losses, and experimentally validated transport parameters
into future modeling studies.

3. Advanced 2D/3D Device Characterization and Design Optimization in TCAD

This section addresses multidimensional device modeling using TCAD tools such as Silvaco Atlas
and Synopsys Sentaurus. Unlike SCAPS-1D, TCAD enables 2D and 3D simulations of spatially resolved
physical processes, including band-alignment variations, grain-boundary recombination, and
module-level effects such as interconnect scribing. This makes TCAD essential for capturing complex
device physics beyond the limitations of one-dimensional models.

Advanced Technology Computer-Aided Design (TCAD) tools, such as Silvaco Atlas and Synopsys
Sentaurus, provide multi-dimensional insight into device physics that go beyond 1D modeling [1, 16,
21]. These simulators are essential for modeling conduction-band offsets (CBO), interface states,
and spatial inhomogeneities [21, 33]. The optimal CBO of +0.5 eV is found to be significant for
heterojunction performance [1]. This optimal value corresponds to a spike-like conduction band
alignment at the CIGS/CdS interface. This band alignment is illustrated schematically in Figure 4. A
small positive (spike) CBO suppresses interface recombination by introducing a barrier for minority
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carriers (holes), while still allowing efficient electron transport across the junction. In contrast, a
negative (cliff-like) CBO enhances interface recombination, leading to reduced open-circuit voltage
and overall device performance.

ZnO Cds CIGS Mo

window buffer e e e S NSO TP , back contact

depletion region

E A ;
CBO=+0.5¢eV
. 7= (spike-like)
> 2
> > '
= (] ?
£ @ <+ 3
50 ™ o~ 0
= i " :
E & e
w
. Ef -----------------------------------------------------
EV
Conductionband (E,) == Valence band (Ev) ———- Fermilevel (E; )

Figure 4 Energy band diagram of the ZnO/CdS/CIGS/Mo solar cell structure, showing the
conduction band edge (E.), valence band edge (Ey), and Fermi level alignment. The
diagram illustrates the spike-like conduction band offset (CBO) at the CdS/CIGS interface
and the band bending in the depletion region.

Therefore, precise control of band alignment at the buffer/absorber interface is critical for
minimizing recombination losses and maximizing device efficiency.

The band alignment illustrated in Figure 4 governs the primary recombination pathway at the
buffer/absorber interface and forms the physical basis for CBO optimization studies reviewed
throughout this section.

Multi-junction designs simulated in Silvaco TCAD demonstrate significant PCE enhancements:
from 18.11% for single-junction CIGS to 21% for double CZO/CIGS, and further to 24.5% for triple
CZO/CIGS/CZTS configurations (Table 3) [33]. This multi-layered approach employs the structures
shown in Figure 5 to optimize light absorption and charge dynamics. In parallel, the combination of
CZTSe and CIGS double absorbers can improve efficiency up to 29.22% while minimizing the cost of
expensive indium [42].
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Table 3 Comparative CIGS simulation performance data used for model validation [32].

Structure Voc (V) lsc (mA/cm?) FF (%) Efficiency (%)
CdS/CIGS 0.74 35.0 81 16.8
ZnO/CdS/CIGS 0.82 34.8 83 17.6
ZnMg0/Zn0/CdS/CIGS 0.83 37.0 85 19.0
AZO/Zn0O/CdS/CIGS 0.80 36.5 83.5 18.2
i-Zn0/Zn0O/CdS/CIGS 0.8 36.0 82 18.11

ATLAS

Data from h.str

Microns

Materials
Zno
Cds

culnGaSe (CIGS)
Molybdenum

Microns

Figure 5 Device architectures simulated in Silvaco TCAD by Hajji et al.: single-junction
CIGS (PCE = 18.11%), double-junction CZO/CIGS (PCE = 21%), and triple-junction
CZO/CIGS/CZTS (PCE = 24.5%) configurations. Each architecture incorporates an
additional absorber layer with a complementary bandgap, enabling sequential photon
harvesting across a broader spectral range and yielding progressive PCE enhancement.
The ZnO/CdS/CIGS/Mo baseline layer stack is shown for reference. Adapted from Ref.
[32].

2D simulations are critical for understanding the behavior of interconnected modules,
particularly the impact of laser-patterning scribes (P1, P2, P3) [43]. The P1 scribe separates back
electrodes and can introduce a shunt resembling a junction field-effect transistor, in which
expanding the space charge region (SCR) into the P1 trench reduces shunt conductance. This
behavior is detailed in Figure 6 [44].
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zvo [
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ClGS

wor I

Figure 6 Schematic representation of a CIGS solar module with monolithic
interconnection (P1, P2, P3 scribes), illustrating current flow paths and potential shunt
formation mechanisms. Adapted from Ref. [44].

The P1-P3 interconnect analysis illustrated in Figure 6 underscores that module-level efficiency
losses are intrinsically linked to process precision and shunt geometry, motivating the need for fully
calibrated device models. For high-efficiency record cells, such updated baseline models must
incorporate post-deposition treatment (PDT) with alkali fluorides, which passivate grain boundaries
(GBs) and increase the net free-carrier concentration [22]. The progression of these model updates
is depicted in Figure 7, which shows how successive calibration steps — from a basic absorber model
to one incorporating SDL, PDT, and electromagnetic optics — progressively close the gap between
simulated and certified experimental performance [22]. The N1 signal observed in thermal
admittance spectroscopy (TAS) of CIGS devices — historically attributed to deep bulk defects — has
been reinterpreted through TCAD back-contact modeling as arising from a transport barrier at the
rear Mo/CIGS interface [45].

22.3 %

CIGS THIN SOLAR CELL
contacts update by FDTD simulations

Figure 7 Progressive refinement of the SCAPS-1D baseline model for ultrathin CIGS solar
cells (Violas et al. [22]), illustrating successive calibration steps from a basic single-layer
absorber to an advanced structure incorporating: (i) a surface defect layer (SDL) at the
CdS/CIGS interface, (ii) post-deposition treatment (PDT) effects of alkali fluoride (KF, RbF,
CsF) passivation, and (iii) optical boundary conditions from electromagnetic modeling.
Each update narrows the gap between simulated and experimentally certified device
parameters (Voc, Jsc, FF, PCE), thereby establishing a calibration framework that is
transferable to multidimensional TCAD environments. Adapted from Ref. [22].
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In the realm of path-finding, co-optimization of composition gradients and buffer layers is critical.
Simulations show that thin CdS (10 nm) is preferred for accumulated Ga-profiles, while thicker CdS
enhances collection in flatter profiles [46]. Furthermore, the introduction of ITO as a front contact
can lead to efficiencies of 23.074% [24].

Bifacial CIGS architectures require transparent rear contacts such as ITO, though these often
present an electrical barrier that limits rear-side efficiency [47]. Novel designs like the PMoSe—P
architecture-alternating lines of MoSe; and dielectric-allow for conversion efficiencies surpassing
20% and 15% for front and rear side illumination, respectively [47].

Comprehensive models must also reproduce thermal admittance spectra (TAS) and illumination-
dependent I-V-T curves to be considered reliable [48]. As summarized in the following table,
experimental and simulated data must align to validate the multi-physics approach.

Finally, the inclusion of time-resolved photoluminescence (TRPL) simulations, as applied to a 1D
CIGSe absorber model with linear bandgap grading and shallow defects, enhances the assessment
of material quality during production [49].

4. Modeling Challenges and Limitations

Despite significant progress in numerical modeling of CIGS solar cells, several limitations remain
that constrain the predictive accuracy of simulation results. First, the polycrystalline nature of CIGS
introduces complex grain-boundary (GB) effects that act as both recombination centers and carrier
transport pathways. These effects cannot be accurately captured in one-dimensional SCAPS models
and require computationally intensive multidimensional approaches.

Second, defect distributions in real devices are inherently non-uniform, whereas most
simulations assume spatially homogeneous defect densities. This simplification can lead to
discrepancies between simulated and experimental performance. Third, advanced TCAD
simulations, particularly in 3D, require substantial computational resources, often limiting the
feasibility of large-scale parametric studies.

Furthermore, current models generally neglect coupled thermal and mechanical stress effects,
which can influence long-term device stability and degradation. Finally, accurate experimental
validation remains challenging due to uncertainties in key input parameters, including defect
densities, interface recombination velocities, and material properties. These limitations highlight
the need for more physically realistic and experimentally validated modeling frameworks.

5. Conclusions

This study consolidates recent advances in the numerical modeling and structural optimization
of CIGS thin-film solar cells. One-dimensional SCAPS-1D simulations effectively capture the influence
of absorber thickness, doping density, defect states, and bandgap grading on key photovoltaic
parameters. At the same time, multidimensional TCAD analyses provide deeper insights into band
alignment, conduction band offsets, grain-boundary effects, and module-level phenomena.

Performance improvements are primarily driven by three coordinated strategies: (i) absorber
engineering through compositional grading and defect control, (ii) interface optimization via buffer
selection, conduction band alignment, and passivation treatments, and (iii) carrier-selective contact
design including advanced window layers and BSF structures. These approaches collectively
suppress recombination losses and enhance device performance.
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Emerging architectures—including double absorber layers, tandem configurations, and bifacial
designs—demonstrate the potential of CIGS technology to surpass conventional single-junction
limits. However, efficiencies exceeding 30% are currently achieved only in numerical simulations
under idealized conditions, while experimentally certified values remain around ~23.35%,
highlighting a significant gap between theoretical predictions and practical realization.

Future progress will likely rely on integrating perovskite/CIGS tandem structures, bifacial thin-
film architectures, and Al-assisted multi-parameter optimization frameworks. In parallel, advances
in grain-boundary passivation, alkali-treatment strategies, and scalable fabrication of carrier-
selective contacts will be essential for translating simulation insights into experimentally viable
devices.

Key open challenges remain in accurately modeling defect physics, grain boundary behavior, and
interface recombination, as well as in achieving reliable experimental validation of model
parameters. Addressing these challenges is critical for bridging the gap between simulation and
experiment and for enabling the next generation of high-efficiency, scalable CIGS solar technologies.

Overall, this review highlights that the primary bottleneck in CIGS performance is not optical
absorption. Still, the control of recombination mechanisms at interfaces and defects underscores
the central role of physically realistic modeling in future device design.
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