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ABSTRACT: The development of high-efficiency copper indium gallium diselenide (CIGS) solar cells is 
currently driven by a dual strategy of internal structural refinement and integration into multi-junction tandem 
architectures. This study aims to systematically analyze the key design and optimization strategies required 
to overcome the 33.7% Shockley–Queisser limit of single-junction devices. The results demonstrate that 
bandgap engineering, particularly through double-graded “notch” profiles, significantly enhances charge 
carrier collection and improves overall device performance, while alkali metal post-deposition treatments 
effectively reduce interface recombination losses. Furthermore, integrating CIGS with perovskite top cells in 
two-terminal (2T) and four-terminal (4T) configurations is a promising pathway to achieving efficiencies 
exceeding 30%. By combining advanced vacuum-based fabrication techniques, such as the three-stage co-
evaporation process, with precise optical management, CIGS technology is positioned as a versatile candidate 
for both high-performance terrestrial and radiation-tolerant space applications. 

Keywords: CIGS solar cells; Bandgap engineering; Buffer layer optimization; Tandem solar cells; CIGS 
photovoltaics; Interface engineering 
 

1. Introduction 

The pursuit of sustainable energy resources has led to the exponential development of solar cell 
technologies, with a focus on achieving high power conversion efficiency (PCE) [1]. Within this landscape, 
copper indium gallium diselenide (CIGS) is highlighted as being one of the most promising semiconductors 
owing to low price, high absorption coefficient, tunable band gap, low radiation damage, and long-term 
stability [2,3]. CIGS is a p-type quaternary compound semiconductor and a solid-solution material 
belonging to the I–III–VI₂ family. It exhibits a chalcopyrite crystal framework with tetrahedrally 
coordinated atomic bonding, as schematically illustrated in Figure 1 [4]. The performance of CIGS solar 
cells is strongly influenced by Ga and In composition, which enables bandgap tuning and efficiency 
enhancement [5,6]. In particular, gallium content plays a crucial role in improving open-circuit voltage, 
while numerical modeling approaches provide further insight into device optimization [7–9]. The material 
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is characterized by a direct bandgap with a high absorption coefficient of 10ହ cmିଵ [10], which allows the 
absorber layer to absorb a significant portion of solar radiation with only 2–4 µm thick film [11]. This 
thickness is roughly 100 times less than the thickness of a c-Si wafer-based Pv cell, which is in the range 
of 150–200 µm [12]. 

The architecture of a state-of-the-art high-performance device is critical for optimizing optoelectronic 
properties. A typical CIGS-based TFSC is a heterojunction solar cell composed of a conventional multilayer 
stack consisting of soda-lime glass (SLG), Mo back contact, CIGS absorber, buffer layer, window layer, 
and top metal contact, as illustrated in Figure 2 [13]. In the substrate configuration, incident light enters the 
cell through the transparent conducting oxide (TCO) front side, while the back contact is deposited on the 
supporting substrate, as illustrated in Figure 3 [14]. To reach the laboratory record efficiency of 23.6% 
achieved in early 2023 [10], structural engineering of the interfaces is paramount. This approach relates to 
the deposition of n-type buffer layers on the CIGS layer, elemental inter-diffusion at CIGS/buffer layer 
interfaces, presence of ordered vacancy defects, compositional deviation, and the formation of a 
concomitant 𝑝 െ 𝑛 junction [15–18]. 

 

Figure 1. Schematic atomic coordination environment of chalcopyrite Cu(In,Ga)Se₂ showing Cu/In(Ga)–Se tetrahedral bonding 
network [4]. 

  

Figure 2. Simplified layer architecture of a typical CIGS thin-film heterojunction solar cell (SLG/Mo/CIGS/buffer/window/metal 
contact) [13]. 

Specifically, the implementation of a double profiling structure, known as a notch structure, utilizes 
higher 𝐺𝑎 content towards the front and the back of the CIGS absorber layer and low 𝐺𝑎 content in between 
them Figure 4 [14]. As illustrated in Figure 5, front-side grading enhances the open-circuit voltage (𝑉௢௖), 
whereas back-side grading improves the short-circuit current (𝐼௦௖) [14]. 
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Figure 3. Schematic 3D cross-section of a CIGS thin-film solar cell in substrate configuration under illumination [14]. 

Process development remains a primary focus for commercializing high-performance cells, prioritizing 
stoichiometry, efficiency, high-throughput, and reproducibility [14]. For the preparation of the CIGS film, 
vacuum-based techniques such as co-evaporation and sputtering are more preferable due to the formation 
of smooth and pinholes-free morphology with controllable thickness over a large area [10]. The three-stage 
process (NREL process), Figure 6, which involves depositing In and Ga in the first stage, Cu in the second 
stage, and finishing with In and Ga to provide a graded profile, has currently given the highest efficiency 
[11]. Furthermore, doping with alkali metals, such as 𝐿𝑖, 𝑁𝑎, 𝐾, 𝑅𝑏, and 𝐶𝑠, can effectively modify the 
bandgap and optimize the PCE of the absorber layer [1]. In addition to terrestrial applications, these high-
performance engineered cells are suitable candidates for space applications due to their high radiation 
tolerance [19]. 

The corresponding energy band diagram of the CIGS solar cell is illustrated in Figure 4. The diagram 
illustrates band alignment, carrier transport mechanisms, and heterojunction behavior within the device. 

 

Figure 4. Schematic structure and energy band diagram of the CIGS solar cell showing the conduction band (Ec), valence band 
(Ev), and Fermi level (Ef) across ZnO:Al/ZnO/CdS/CIGS/Mo layers, illustrating band alignment, heterojunction formation, and 
charge transport mechanisms. 

The energy band diagram provides a clear physical interpretation of band alignment and carrier 
transport across the device. The heterojunction formed at the CdS/CIGS interface facilitates efficient 
separation of photogenerated carriers, while band bending enhances carrier collection and minimizes 
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recombination losses. The band alignment between different layers plays a crucial role in determining the 
overall device performance. 

 

Figure 5. Double-graded notch bandgap profile across the p-type CIGS absorber [14]. 

Furthermore, the continuous development of thin-film photovoltaic technologies requires a deeper 
understanding of material properties and device optimization strategies. 

CIGS solar cells represent a high-efficiency thin-film photovoltaic technology, whose optoelectronic 
properties can be effectively tuned through compositional engineering [6,20–22]. Advanced strategies such 
as absorber thickness optimization and deposition techniques, including magnetron sputtering, have been 
shown to significantly enhance device performance [5,23–25]. Furthermore, the incorporation of novel 
buffer layers and back surface field (BSF) structures plays a crucial role in improving charge carrier 
collection and overall energy conversion efficiency [23,26]. 

This report details the structural design paradigms and fabrication advancements essential for the next 
generation of power-efficient CIGS solar cells. 

 

Figure 6. Three-stage co-evaporation route for graded CIGS absorber fabrication with sequential elemental deposition [14,27]. 
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2. Integrated Optimization of CIGS: Synthesis, Doping, and Advanced Device Architectures 

Advanced Bandgap Engineering via Double Grading. To mitigate the efficiency constraints inherent 
in single-junction devices, a primary structural optimization involves the implementation of a double 
profiling structure of the absorber composition, known as a notch structure Figure 4. This architecture 
utilizes a higher Ga content towards the front and the back of the CIGS absorber layer and low Ga content 
in between them Figure 5 [14]. The resulting “V” type band structure boosts light absorption, accelerates 
charge transport, reduces recombination, and increases 𝑉௢௖ [4]. Specifically, front side grading improves 
𝑉௢௖, while back grading improves 𝐽௦௖ Figure 5 [14]. 

The back surface field (BSF) created by this Ga gradient reflects electrons towards the p–n junction to be 
finally collected by the n-type electrode, thereby reducing minority carrier recombination at the rear CIGS/Mo 
interface [14]. This precise modulation of the Ga/In ratio through the absorber depth creates a graded bandgap 
composition (typically 1.04 eV to 1.7 eV) that provides a better match to the solar spectrum [4]. 

Interface Engineering and Surface Passivation. A critical solution for reducing open-circuit voltage 
deficits is the engineering of the absorber/buffer interface. Recombination at the heterogeneous 
𝐶𝐼ሺ𝐺ሻ𝑆/𝐶𝑑𝑆 interface is effectively reduced by the formation of an ordered vacancy compound (OVC or 
ordered defect compound, ODC), which acts as a buried pn junction [12]. Furthermore, doping with alkali 
metals—𝐿𝑖, 𝑁𝑎, 𝐾, 𝑅𝑏, and 𝐶𝑠—is proposed to modify the bandgap and optimize the PCE [1]. 

Heavy alkali metals like 𝑅𝑏 and 𝐶𝑠 contribute to phase formation with 𝑆𝑒 and In at the surface, which 
improves band alignment at the interface and enhances electrical properties [1]. The implementation of 
alkali doping via post-deposition treatment (PDT) is a primary strategy to enhance the p–n junction interface 
[1]. For instance, 𝐾  doping facilitates the diffusion of 𝐶𝑑  into the 𝐶𝑢-depleted surface, improving the 
quality of the 𝐶𝐼𝐺𝑆/𝐶𝑑𝑆 interface [28]. 

Buffer Layer and Window Layer Optimization. To address the parasitic absorption of high-energy 
photons caused by conventional 𝐶𝑑𝑆, structural optimization favors the use of wide-bandgap, 𝐶𝑑-free 
buffer layers. Atomic Layer Deposition (ALD) is identified as a superior technique for producing uniform 
and conformal films like 𝑍𝑛ሺ𝑂, 𝑆ሻ, 𝑍𝑛𝑀𝑔𝑂, and 𝑍𝑛𝑆𝑛𝑂 [13]. These materials provide a higher bandgap 
than 𝐶𝑑𝑆, which leads to lower absorption losses [11]. 

Proper formation of the conduction band offset (𝐶𝐵𝑂) is essential; a moderate spike (positive 𝐶𝐵𝑂) 
within the range of 0–0.4 eV at the CIGS/buffer interface is favorable as it does not harm current collection 
[29,30]. Conversely, a cliff (negative CBO) decreases the barrier at the interface and increases 
recombination, leading to voltage losses [31]. Window layer optimization involves the use of 𝑖 െ 𝑍𝑛𝑂 to 
act as a blocking layer for shunt paths between the front contact and absorber layer [11]. 

Technological Pathways for Implementation. The most effective fabrication pathway to achieve these 
optimized structures is the vacuum-based three-stage co-evaporation process (NREL process) Figure 6 [14]. 
This sequence involves [27]: 

 Stage 1: Depositing 𝐼𝑛 and 𝐺𝑎 at a lower substrate temperature to form an ሺ𝐼𝑛,𝐺𝑎ሻଶ𝑆𝑒ଷ precursor layer. 
 Stage 2: Introducing 𝐶𝑢 and 𝑆𝑒 at a higher temperature to form a 𝐶𝑢-rich phase, which promotes the 

growth of large grain sizes through recrystallization. 
 Stage 3: Finishing with 𝐼𝑛 and 𝐺𝑎 evaporation to return to a slightly 𝐶𝑢-poor composition, which is 

necessary for high efficiency. 

Alternatively, sequential processing involving sputtering followed by sulfurization-after-selenization 
(SAS) provides the highest device performance for large-area production [10]. For flexible applications, 
low-temperature co-evaporation on polyimide (PI) substrates is essential, often requiring ex situ alkali-PDT 
to achieve efficiencies exceeding 20% [32]. 
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3. Beyond Single-Junction Limits: Tandem Architectures and Optical Management in CIGS 
Photovoltaics 

Theoretical Imperative for Tandem Architectures. Single-junction CIGS photovoltaics, while 
demonstrating high efficiency, are fundamentally capped by the 33.7% Shockley–Queisser limit [3,32]. 
This thermodynamic constraint mainly originates from two dominant losses: the transmission of sub-
bandgap photons and the thermal relaxation of photogenerated hot carriers, as illustrated in Figure 7a [10]. 
Reducing the bandgap increases light absorption and enhances short-circuit current density (𝐽௦௖), but the 
open-circuit voltage (𝑉௢௖) remains constrained by carrier thermalization losses [10]. Tandem configurations 
overcome this limitation by combining a wide-bandgap top subcell with a narrow-bandgap bottom subcell, 
thereby broadening solar spectrum utilization, as shown in Figure 7b. This approach provides a pathway to 
exceed the SQ limit [4]. Theoretical calculations indicate that a two-junction device could boost efficiency 
up to 46% [10]. 

 
Figure 7. (a) Photon transmission and thermalization loss mechanisms in a semiconductor absorber. (b) Tandem 
CIGS/perovskite device architecture [10].  

Structural Paradigms: Two-Terminal (2T) vs. Four-Terminal (4T) Systems. Realizing these 
efficiencies requires precise structural integration. Perovskite/CIGS tandem cells hold great promise (Table 
1) because the bandgaps of both absorbers can be easily tailored for current matching conditions [19]. 

 Two-Terminal (2T) Monolithic Tandems: These devices are processed on a single substrate and 
connected in series via an interconnecting layer [10]. This architecture is industry-preferred as it 
requires fewer deposition steps, minimizes optical and series resistance losses, and offers significant 
cost savings in manufacturing [10]. However, the device short-circuit current (𝐽௧௢௧௔௟) is limited by the 
subcell with the lower current, necessitating meticulous current matching [33]. 

 Four-Terminal (4T) Mechanical Stacks: In this configuration, subcells are processed separately on 
different substrates and stacked, as shown in Figure 7b [10]. This avoids current-matching constraints 
and allows for wider selections of bandgap combinations [10]. Despite this flexibility, 4T systems incur 
higher costs due to additional cabling and inverters, as well as optical losses from the airgap between 
subcells [10]. 
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Table 1. Comparison of perovskite-based tandem solar cell configurations. 

Subcell Pairing Bandgap Range (eV) Development Status Technology Readiness Level (TRL) 
Perovskite/c-Si 1.7–1.8/1.1 Approaching 30% efficiency 6–7 

Perovskite/CIGS 1.6–2.3/1.04–1.68 High flexibility, space potential 6–7 
Perovskite/Perovskite 1.7–1.9/1.2 High-cost potential, stability issues Early stage (Nascent) 

Advanced Optical Management and Bandgap Engineering. Optical management is considered a crucial 
factor for boosting the tandem efficiency [10]. To achieve maximum performance, the subcell bandgaps 
must be optimized for spectral splitting. 

 Bandgap Tunability: CIGS can achieve a tunable bandgap between 0.9 and 1.0 eV, which is favorable 
for the realization of the highest theoretical efficiency, whereas silicon (𝑐 െ 𝑆𝑖) has a fixed bandgap of 
1.1 eV. This tunability enables reduced parasitic light absorption and suppressed photocurrent loss [4]. 

 Anti-Reflective Coatings (ARC): Reflection losses originate from multiple interfaces in the device 
stack. Depositing a 150 nm thick 𝑀𝑔𝐹ଶ  anti-reflective coating on the rear sides of perovskite top 
subcells can improve NIR transmittance by up to 8.6% [10]. 

 Interconnecting Layers: The transparent conductive oxide (TCO) used as an interconnecting layer must 
be optimized. Reducing the AZO layer thickness to approximately 35 nm can significantly reduce 
series resistance while increasing light transmittance to the bottom subcell [10]. 

Performance Comparison. The following Table 2 highlights the efficiency benchmarks for single-
junction and tandem CIGS-based architectures. 

Table 2. Comparison of Device Efficiencies across Architectures. 

Technology Architecture Champion Cell PCE (%) Theoretical Limit (%) Key Advantage 

CIGS (Single) 
Substrate (Single-
junction) 

23.6% [10] ~33.7% [32] 
Mature, high stability, 
flexible [10] 

Perovskite/CIGS (2T) 
Monolithic (Double-
junction) 

24.2% [4] ~46% [10] 
Simplified integration, lower 
parasitic loss [10] 

Perovskite/CIGS (4T) Mechanical Stack 29.0% [10] ~46% [10] 
No current matching 
required, spectral tolerance 
[10] 

All-CIGS (Simulated) 
2T Tandem (WS2 
Buffer) 

41.10% [33] >40% [33] 
Ultra-high performance, 𝐶𝑑-
free [33] 

4. Conclusions 

The evolution of CIGS photovoltaics from single-junction films to sophisticated tandem systems 
represents a significant shift toward the next generation of power-efficient energy resources. Research 
indicates that the synergy between bandgap tunability (1.04 to 1.7 eV) and interfacial engineering–
specifically through Cd-free buffer layers and alkali doping—has already pushed laboratory efficiencies to 
23.6%. Transitioning to tandem structures further unlocks the theoretical potential to 46%, with current 
perovskite/CIGS mechanical stacks already reaching 29.0%. While 2T monolithic designs offer the most 
streamlined industrial pathway, success remains contingent on meticulous current matching and the 
optimization of transparent interconnecting layers. Ultimately, the continued refinement of co-evaporation 
and sequential processing ensures that CIGS remains a cornerstone of flexible, stable, and ultra-high-
efficiency solar technology. 

The findings of this study highlight the critical role of compositional engineering and interface 
optimization in achieving high-performance CIGS solar cells. Furthermore, these results provide valuable 
guidance for the development and large-scale implementation of next-generation photovoltaic systems in 
both industrial and sustainable energy applications. 
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