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Abstract: Thin-film solar cells (TFSCs) represent a promising frontier in renewable energy
technologies due to their potential for cost reduction, material efficiency, and adaptabil-
ity. This literature review examines the key materials and advancements that make up
TFSC technologies, with a focus on Cu(In,Ga)Se; (CIGS), cadmium telluride (CdTe), and
CupZnSnS, (CZTS) and its sulfo-selenide counterpart CuyZnSn(S,Se)s (CZTSSe). Each
material’s unique properties—including tuneable bandgaps, high absorption coefficients,
and low-cost scalability—make them viable candidates for a wide range of applications,
from building-integrated photovoltaics (BIPV) to portable energy solutions. This review
explores recent progress in the enhancement of power conversion efficiency (PCE), particu-
larly through bandgap engineering, alkali metal doping, and interface optimization. Key
innovations such as silver (Ag) alloying in CIGS, selenium (Se) alloying in CdTe, and sulfur
(S) to Se ratio optimization in CZTSSe have driven PCE improvements and expanded the
range of practical uses. Additionally, the adaptability of TFSCs for roll-to-roll manufactur-
ing on flexible substrates has further cemented their role in advancing renewable energy
adoption. Challenges remain, including environmental concerns, but ongoing research
addresses these limitations, paving the way for TFSCs to become a crucial technology for
transitioning to sustainable energy systems.

Keywords: thin-film solar cells; photovoltaics; CIGS; CdTe; CZTS; bandgap engineering

1. Introduction

TFSCs have attracted significant interest due to their potential to lower costs, increase
flexibility, and scale up production for a wide range of solar applications. By using far less
material than traditional silicon-based cells, TFSCs reduce both material and production
costs, making them an attractive choice for sustainable energy solutions.

TFSCs use absorber layers only a few micrometres thick, unlike conventional crys-
talline silicon cells that require thick (>100 um), high-purity wafers. This efficient use
of materials, along with versatile deposition methods like sputtering, thermal evapora-
tion, and solution processing, significantly cuts down production costs [1-3]. The use of
earth-abundant and non-toxic materials in some TFSC technologies further enhances their
sustainability by minimizing their environmental footprint [4—6].

Another major advantage of TFSCs is their potential for roll-to-roll manufacturing,
which allows continuous deposition on flexible substrates and enables the large-scale pro-
duction of lightweight, flexible solar modules [7-9]. These modules can be integrated into
various surfaces such as rooftops, facades, and vehicles [3,10,11]. Roll-to-roll processing
reduces production time and labour, supporting the development of lightweight, bendable
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solar panels that are ideal for portable and wearable technologies [9,12]. TFSCs are particu-
larly well-suited for BIPV, where solar panels are embedded directly into multifunctional
construction elements, allowing buildings to generate their own energy [13,14]. This inte-
gration is especially advantageous in urban environments with limited space, promoting
energy self-sufficiency and sustainability.

The lightweight and flexible characteristics of TESCs make them suitable for mo-
bile applications, such as solar-powered vehicles, portable chargers, and aerospace
technologies [7,8,13]. These features are particularly valuable in remote or underdeveloped
regions, where conventional energy infrastructure may be lacking. TFSCs can provide
reliable power sources for communication devices, lighting, and essential equipment in
off-grid areas, significantly improving quality of life. They are also valuable in emergency
scenarios, such as natural disasters, where the rapid deployment of power sources is
critical [7,8,13]. Additionally, their scalability and adaptable deposition techniques, like
sputtering, chemical vapour deposition (CVD), and solution processing, make TFSCs suit-
able for mass production and utility-scale installations [9,12]. Their lower temperature
requirements reduce energy consumption, supporting the use of diverse substrates, in-
cluding heat-sensitive materials, and contributing to the transition to cleaner energy on
a larger scale [15-19]. Furthermore, TFSCs drive innovation in solar technology design,
enabling integration into challenging environments such as electric vehicles and aerospace
technologies. For example, TFSCs can extend the driving range of electric vehicles by
providing supplementary power or reduce the weight of satellites and other high-altitude
technologies, where PCE is critical.

TFSCs represent a major advancement in solar technology, offering a combination
of low cost, flexibility, and scalability. These qualities position them as key players in
the future of renewable energy, suitable for diverse applications ranging from building
materials to portable devices. As research continues to improve their PCE and lower
costs, TFSCs are expected to play an increasingly vital role in achieving global renewable
energy goals and reducing dependence on fossil fuels. By integrating TFSCs into everyday
infrastructure, solar energy can become more accessible and widespread.

In recent years, solar cells based on perovskite materials have emerged as a disruptive
photovoltaic technology, garnering significant research interest due to their impressive
efficiency gains and low-temperature processing capabilities. However, despite their
potential, perovskite solar cells face considerable challenges related to long-term stability;,
environmental concerns linked to lead content, and obstacles in large-scale manufacturing.

Similarly, antimony-based materials like Sb,S3Se;_y and Sb;Se; have emerged as
promising candidates for thin-film photovoltaics due to their earth-abundant composition
and favourable optoelectronic properties. Nonetheless, their current power conversion
efficiencies are modest compared to established technologies, and issues related to material
stability and interface engineering persist.

Other materials under investigation include bismuth-based compounds [5], tin-based
perovskites [20], and various organic photovoltaics. While these materials offer potential
advantages such as reduced toxicity and flexibility, they also face significant hurdles in
terms of efficiency, stability, and large-scale manufacturability. In contrast, TFSCs made
from CIGS, CdTe, and CZTSSe have already established themselves as viable alternatives
to conventional silicon photovoltaics, supported by decades of research that underline their
commercial deployment and ongoing advancements.

Given the fundamental differences in material properties, device physics, and techno-
logical maturity, this review will focus solely on these established thin-film technologies.
We aim to examine the latest strategies for enhancing their efficiency and stability, providing
a detailed perspective on the progress and future prospects of these commercially relevant
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photovoltaics. Our analysis will intentionally exclude perovskite-based solutions, as they
represent an entirely different research trajectory.

The rapid advancement of TFSCs has positioned them as a pivotal technology in the
transition toward sustainable energy. However, the challenge of improving their PCE
while keeping costs competitive remains significant. This review offers a comprehen-
sive analysis of recent advancements in CIGS, CdTe, and CZTSSe, with an emphasis on
successful strategies for performance enhancement. By consolidating recent research find-
ings, we seek to guide future investigations into optimizing bandgap engineering, doping
methods, and interface modifications to elevate TFSC efficiency further. Understanding
these advancements is essential for researchers and industry stakeholders looking to ac-
celerate the commercialization and large-scale deployment of TFSC technologies. The
following sections will explore recent developments, ongoing research, and emerging appli-
cations that are propelling TFSC technology forward and defining its role in the renewable
energy landscape.

2. Key Thin-Film Absorber Materials
2.1. CIGS

CIGS is a quaternary semiconductor material widely used in TFSCs. It has gained
significant attention due to its excellent light-absorbing properties, which contribute to
its high PCE. The general formula for CIGS is Cu(In;_,Gay)Se;, where “x” represents the
gallium (Ga) content. In laboratory conditions, CIGS have achieved a PCE of over 23% [21],
making it one of the highest-performing TFSC technologies [22]. Table 1 lists the progress
of CIGS solar cell PCE over the years. Figure 1 highlights key advancements, such as
CdS chemical bath deposition (CBD), Ga and sodium (Na) doping, and post-deposition
treatments (PDT) with alkali metals, which have been instrumental in achieving these high
PCE results. Recent research has also shown that alloying Ag into CIGS can increase the
PCE to as high as 23.6%, positioning CIGS as a leading candidate in TFSCs [23]. Table 2
lists some of the commercial products available in the market utilizing this technology.
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Figure 1. Efficiency evolution of CIGS solar cells, highlighting key strategies: CdS-CBD, Ga and
Na doping, three-stage co-evaporation, KF PDT and Ag doping/alloying (data from research-cell
efficiency, NREL).

One of the primary advantages of CIGS lies in its tuneable bandgap, which can be
adjusted between approximately 1.0 eV and 1.7 eV by varying the ratio of indium (In) to
Ga within the alloy [14,24,25]. Increasing the Ga content widens the bandgap, shifting the
material’s absorption spectrum from the infrared towards the visible region. This tunability
provides CIGS with a competitive edge in photovoltaic (PV) applications, as it allows
for the optimization of the material for specific requirements, including applications in
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tandem or multijunction solar cells, where materials with different bandgaps are stacked to
improve the overall PCE. The incorporation of Ga not only modifies the bandgap but also
enhances the open circuit voltage (Vc), which is crucial for improving the overall PCE of
the solar cells.

Table 1. Evolution of efficiency in CIGS solar cells using different grading strategies and deposition

techniques.
Year CIGS Grading Strategy Voc (V) (m AI/S(C:mZ) FF (%) 7 (%) Ref.
1993 Physical vapour deposition (PVD) 0.7 - - 12.2 [26]
1994 Co-evaporation of In, Ga, and Se 0.649 31.88 76.6 15.9 [27]
1996 PVD 0.642 31.9 73.7 15.1 [28]
2001 Three-stage process 0.691 33 76 16.7 [29]
2003 Co-evaporation 0.625 29.4 72 14.2 [30]
2003 Co-evaporation 0.66 31.9 76 16.1 [31]
2003 Three-stage process 0.689 35.71 78.12 19.2 [32]
2008 Co-evaporation 0.69 35.5 81.2 19.9 [33]
2011 Co-evaporation 0.74 35.4 77.5 20.3 [34]
2011 Three-stage process 0.665 31.1 73.6 15.5 [35]
2013 Co-evaporation 0.723 33.76 76.09 18.56 [36]
2015 Sequential evaporation 0.674/0.725 33.2/3420  74.8/80.50 16.7/20.0 [37]
2016 Three-stage process 0.6 28 74 12.1 [38]
2017 Co-evaporation 0.718 35.9 76.8 19.9 [39]
2019 Three-stage process 0.498 37 74 13.6 [40]
2019 Three-stage process 0.61 30.53 60.71 11.7 [41]
2019 Co-evaporation 0.731 36.6 75.9 20.3 [42]
2019 Co-evaporation 0.65 28 70 12 [43]
2019 Sequential sputtering with 0.73 419 79 23.35 [44]
sulfurization after selenization
2024 Co-evaporation 0.767 38.3 80.5 23.6 [23]
Table 2. Commercial manufacturers for CIGS solar modules and their module characteristics.
Manufacturer Process Voc V) *  Jsc(A)*  FF (%) * 7 (%) * Country Ref
Solar Frontier Sputtering 112 2.2 68.9 13.8 Japan [45]
MiaSolé Sputtering 37.8 4.58 70.7 17 USA [46]
Ascent Solar Co-evaporation 23 3.55 58 17.55 USA [47]
Sunflare Co-evaporation 36.6 7.5 67 15 USA [48]
Eterbright Solar Corp. ~ Co-evaporation 74.2 2.32 69.6 14.9 Taiwan [49]
DS New Energy Sputtering 40.92 4.52 76.1 18.3 China [50]
AVANCIS Sputtering 24 10.5 79.3 17.7 Germany [51]

* Values mentioned are module parameters.

A typical CIGS solar cell consists of a multilayer structure optimized to achieve high
PCE (Figure 2). Cell preparation starts with a substrate, typically soda lime glass (SLG), but
flexible polymers or metal foils can also be used depending on the intended application.
On top of the substrate, a molybdenum (Mo) back contact layer is deposited, which serves
as the electrical contact and provides good adhesion to the CIGS absorber layer. The
CIGS layer is a p-type semiconductor material responsible for absorbing incident light
and generating electron-hole pairs, which drive the PV process. On top of the absorber, a
cadmium sulfide (CdS) buffer layer is deposited to form a p-n junction and promote charge
carrier separation. A transparent window layer consisting of a transparent conducting
oxide (TCO) layer such as zinc oxide (ZnO), is then applied to allow sunlight to pass
through while facilitating charge carrier collection. An anti-reflective coating can be added
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on top to minimize light loss. Each of these layers plays a crucial role in maximizing the
performance of the solar cell by enhancing light absorption, charge carrier mobility, and
overall PCE.

Metal Contact Grids

N\

Window Layer

C|GS Absorber

SU bStrate

Figure 2. [llustration of the structure of a CIGS solar cell, depicting its key structural layers: the glass
substrate, molybdenum back contact, CIGS absorber layer, buffer layer, window layer, a metal grid,
and an anti-reflective and/or protective coating.

CIGS exhibits a high optical absorption coefficient, which allows for the use of thin
absorber layers, typically around 2 pm thick [22,25]. The thin nature of these absorber layers
reduces the amount of required raw material, leading to lower manufacturing costs while
still retaining high performance. Moreover, the feasibility of utilizing flexible substrates
makes CIGS solar cells highly suitable for lightweight and portable applications.

This combination of tuneable properties, high absorption coefficient, flexibility, and
adaptability to different substrates makes CIGS one of the most promising materials for
advancing TFSC technologies. However, their industrial scalability is hindered by the
reliance on scarce and costly elements such as indium and gallium, which are also in de-
mand by other industries. The deposition processes required to achieve high-performance
CIGS films, such as co-evaporation and three-stage processes, involve precise control over
precursor ratios and reaction conditions, making large-scale manufacturing more complex
compared to other thin-film technologies. Moreover, the efficiency improvements in CIGS
cells heavily depend on post-deposition alkali metal treatments, particularly with elements
such as sodium, potassium, rubidium, and caesium.

While these treatments enhance carrier collection and passivation, they introduce
additional fabrication steps that must be optimized for industrial-scale production. Another
consideration for commercial implementation is the long-term stability of flexible CIGS
modules. Although flexible and lightweight CIGS panels offer significant advantages for
specific applications, concerns remain regarding the durability of encapsulation materials
and mechanical stability under real-world conditions. Additionally, environmental and
regulatory challenges arise due to the use of selenium and heavy metal alkali doping,
necessitating appropriate waste management and recycling strategies.

2.2. CdTe

CdTe solar cells have emerged as a leading technology in the PV industry due to their
cost-effectiveness, high PCE, and excellent stability. With a direct bandgap of approximately
1.45 eV, CdTe is particularly well-suited for solar energy conversion, as this value closely
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aligns with the ideal range for absorbing sunlight and converting it into electricity [52-54].
This combination of a suitable bandgap and stability has made CdTe one of the most
prominent thin-film technologies, significantly contributing to the global PV market [55].

The development of CdTe solar cells has been driven by continuous research and
innovation, with a particular focus on optimizing fabrication techniques and understanding
the fundamental properties of CdTe [52,56]. Researchers have explored various deposition
methods, such as close-spaced sublimation (CSS) and CBD, to produce high-quality CdTe
thin films with controlled properties [53,54,56]. These methods are crucial for determining
the overall performance of CdTe solar cells.

A critical design feature of CdTe solar cells is the heterojunction (HJT) formed between
CdTe and CdS [52,53,56]. The typical structure of CdTe solar cells employs a superstrate
configuration, unlike the substrate configuration used in CIGS solar cells. As shown in
Figure 3, the CdTe solar cell consists of several layers: the superstrate, a TCO layer, the
CdS buffer layer, the CdTe absorber layer, and the back contact. Each of these layers plays
a key role in determining the PCE and stability of the solar cell. This HJT is essential for
facilitating charge separation and transport, which directly enhances the PCE of the solar
cell [22,52,56]. Moreover, understanding the interdiffusion between the CdS and CdTe
layers has proven to be vital for optimizing the device performance [52,56].

Superstrate

CdTe Absorberr

Cu,T

Figure 3. Illustration of the structure of a CdTe solar cell, depicting its key structural layers: the glass
superstrate, TCO, CdS buffer layer, CdTe absorber layer, and back contact layer.

Bandgap engineering has also emerged as a key strategy for further improving the
PCE of CdTe solar cells [22,52]. This approach involves precisely tuning the bandgap of
the CdTe material to maximize sunlight absorption and improve charge carrier collection.
By tailoring the bandgap, researchers can push the limits of CdTe solar cell PCE towards
higher values [52,54].

Recent advancements in CdTe technology have led to remarkable efficiency gains, with
lab-scale devices achieving over 23% PCE [21,52,56]. Key advancements are listed in Table 3
and further illustrated in Figure 4, highlight the evolution of doping, bandgap engineering,
and back contact optimization, all driven by ongoing research and innovations in material
quality. Companies like First Solar and other as listed in Table 4 have been instrumental in
commercializing CdTe solar cells, capturing a significant share of the thin-film solar cell
market [22,52]. To date, over 25 GW of CdTe-based power-generation modules have been
installed globally, highlighting the growing adoption and success of this technology [52].
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Table 3. Key CdTe world record cells, their cell parameters, and deposition methods.
g ] scC o, o,
Year Deposition Method Voc (V) (mA/cm?) FF (%) 17 (%) Ref
1992 Close-Spaced Sublimation (CSS) 0.843 25.1 74.5 15.8 [57]
2002 Electrodeposition 0.823 3.10 63 10.6 [58]
2012 Close-Spaced Sublimation (CSS) - - - 14.4 [59]
2014 Vapour Transport Deposition (VID) 0.87 30.25 79.4 21.0 [21]
2016 Vapour Transport Deposition (VID) 0.89 31.40 79.3 22.4 [21]
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Figure 4. CdTe solar cell PCE evolution (1980-2024), highlighting key advancements: CdCl, treatment,
Cu/As doping, CdSeTe alloying, MgZnO buffers, and grain boundary passivation (data from research-
cell efficiency, NREL).
Table 4. Commercial manufacturers of CdTe solar modules and their module characteristics.
Manufacturer Process Voc (V) * Jsc (A) * FF (%) * 7 (%) * Country Ref
First Solar Vapour Transport Deposition 228.8 3.08 78 19.7 USA [60]
Solar Motion Electronics Co., Ltd. - 123.5 1.25 714 - Hong Kong [61]
CSG PV Tech - 123.5 3.66 66 13.89 China [62]
Advanced Solar Power - 119.5 1.36 64.6 14.58 China [63]
CTF Solar - 63.6 2.06 64.9 - Germany [64]

* Values mentioned are module parameters.

CdTe solar cells represent the most commercially successful thin-film photovoltaic
technology, with gigawatt-scale production already established. However, CdTe man-
ufacturing still faces challenges that affect its long-term viability. One of the primary
concerns is the availability of tellurium (Te), a rare element predominantly obtained as a
byproduct of copper refining. Fluctuations in Te supply and cost may impose constraints
on future scalability. Additionally, the presence of cadmium (Cd) raises environmental
and health concerns, requiring stringent regulations for handling and module disposal.
While extensive recycling programmes have been developed to mitigate these risks [65,66],
maintaining sustainable production remains a critical challenge. Despite its successes,
CdTe solar cell technology faces ongoing scrutiny regarding the toxicity of Cd, making
environmental considerations a key aspect of its industrial implementation. Addressing
these concerns while continuing to enhance device performance remains a major focus of
ongoing research [52,55].

Another key issue in CdTe solar cell performance is the development of stable, low-
resistance back contacts. Copper-containing back contacts have been used to improve effi-
ciency, but they can lead to device degradation over time due to copper diffusion [56,65,67].
Further advancements in back-contact engineering and passivation strategies are neces-
sary to enhance long-term stability. In terms of large-scale manufacturing, CdTe benefits
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from high-throughput deposition techniques such as close-spaced sublimation and vapour
transport deposition [52,56], which enable rapid module production. However, continued
optimization of these processes is required to further reduce costs while maintaining high
efficiency and module reliability.

Future improvements in CdTe solar technology will depend on innovations in alter-
native materials, new fabrication techniques, and continued advancements in bandgap
engineering. These developments will be essential for improving both the PCE and sustain-
ability of CdTe solar cells. By addressing these challenges, CdTe technology can continue
to thrive in the global photovoltaic market, maintaining its position as a key player in
thin-film solar energy.

2.3. CZTS/CZTSSe

CZTS and CZTSSe are promising thin-film materials for solar cells, known for the
abundance of their constituents in the Earth’s crust and their non-toxic composition, making
them an environmentally friendly alternative to other thin-film technologies such as CIGS
and CdTe. Unlike CIGS, which contains rare elements like In and Ga, or CdTe which
uses toxic Cd, CZTS/CZTSSe are composed of copper (Cu), zinc (Zn), tin (Sn), and S/Se,
offering a more environmentally friendly and sustainable option [22,68-70].

CZTS/CZTSSe shares structural similarities with CIGS, including a tuneable bandgap
that ranges from 1.0 eV for CupZnSnSey to approximately 1.5 eV for CupZnSnSy, which can
be adjusted by varying the S to Se ratio [69-71]. This tuneable bandgap allows optimization
of the light absorption profile, making it suitable for both single- and tandem-junction
solar cells [69,72]. As with CIGS, this flexibility is essential for maximizing PCE [73]. The
kesterite structure of CZTS/CZTSSe, with its tetragonal arrangement and direct bandgap,
is highly effective at absorbing light due to its strong alignment with the solar spectrum.
Its high absorption coefficient ensures that even thin layers can efficiently capture sunlight,
making it well suited for solar energy conversion [69,73,74].

A typical CZTS/CZTSSe solar cell structure consists of multiple layers, each serving
a specific function for enhancing performance. The structure typically includes an SLG
substrate, followed by a Mo back contact, a CZTS/CZTSSe absorber layer, a CdS buffer layer,
a TCO, a metal grid, and an antireflective coating (Figure 5). This layered configuration is
crucial for optimal light absorption, charge separation, and carrier transport, ultimately
contributing to efficient solar energy conversion.

The fabrication of CZTS/CZTSSe thin films has been explored using various tech-
niques, including sputtering, sol-gel processing, and co-evaporation [68,71,72,74,75]. Each
of these methods has its own advantages and drawbacks in terms of cost, scalability,
and material quality. Sputtering, for example, allows for precise control over film thick-
ness and composition but may be less cost-effective than solution-based methods like
sol-gel processing [72,74,76]. Sol-gel methods are generally more cost-effective and scal-
able, though achieving uniform, stoichiometric films can be challenging [74,75,77]. Co-
evaporation, a vacuum-based technique, provides precise control over stoichiometry and
morphology but is more complex and expensive than other methods [71,78].

Since its introduction in 2009 as a potential alternative to CIGS with an initial PCE
of 6.7%, significant progress has been made to enhance the PCE of CZTS/CZTSSe-based
solar cells (Figure 6). Several approaches to the deposition methods have been attempted,
as described in Table 5. In 2011, improved synthesis methods using spin-coating and
hydrazine treatment raised the PCE to 10.1%, followed by co-evaporation techniques in
2013, which pulled PCE to 9.15%. By 2019, further advancements in interface and material
quality improvements brought PCE to 12.6%, and in 2022, defect engineering and advanced
interface strategies helped achieve a record PCE of 13.6%, with the current world record
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standing at 14.9% [21,22]. Despite these advancements, CZTS/CZTSSe solar cells have
not yet reached the PCE levels of CIGS or CdTe solar cells, which typically operate in the
range of 15-20% or higher [21]. Researchers are actively working to optimize fabrication
processes, reduce defect densities, and enhance grain boundary passivation [22].

Metal Contact Grids

Window Layer

EZTNSICZTSSe Absorber

Figure 5. Illustration of the structure of a CZTS/CZTSSe solar cell, depicting its key structural

layers: the glass substrate, Mo back contact, CZTS/CZTSSe absorber layer, CdS buffer layer, window,
anti-reflective coating, and metal grids.
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Figure 6. CZTS/CZTSSe solar cell PCE progression showcasing major advancements in deposition
techniques, PVD techniques and material quality and defect engineering, leading to a peak PCE of
14.9% (data from research-cell efficiency data NREL).

CZTSSe technology faces significant challenges that have hindered its industrial adop-
tion. One of the primary limitations is its relatively lower efficiency compared to CIGS
and CdTe, with record efficiencies still below 15% [21]. High defect densities and complex
recombination mechanisms contribute to voltage losses and reduced carrier collection, lim-
iting overall device performance. The defect chemistry of CZTSSe is particularly complex,
with the presence of antisite defects and deep-level recombination centres leading to sig-
nificant V. deficits [71,79]. Additionally, bandgap fluctuations within the CZTS/CZTSSe
absorber layer contribute to poor charge transport and reduced PCE [71,79]. These issues
are further exacerbated by high V. deficits, often caused by antisite defects such as Snz,

and Cugy, as well as secondary phase formation during synthesis, leading to band tailing
effects that degrade PCE [73,80].
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Achieving optimal band alignment between CZTS/CZTSSe and the buffer layer is
also crucial for effective charge carrier separation and collection, highlighting the need for
advanced bandgap engineering techniques to improve photovoltaic performance [68]. The
fabrication of CZTSSe also presents scalability challenges. The commonly used two-step
sulfurization/selenization process requires precise control over precursor composition and
annealing conditions to prevent secondary phase formation, which can negatively impact
efficiency. While deposition techniques such as sputtering, electrochemical deposition, and
solution processing have been explored for CZTSSe manufacturing (Table 5), achieving
uniform and high-quality absorber layers at a competitive cost remains a major hurdle.

Despite these challenges, CZTSSe remains an attractive candidate for tandem solar
cells due to its bandgap tunability, particularly in applications requiring wide-bandgap
absorbers. Addressing these limitations requires ongoing efforts in defect control, compo-
sitional optimization, and bandgap engineering. Progress in these areas can significantly
improve the performance of CZTS/CZTSSe-based solar cells, paving the way for high-
efficiency, sustainable photovoltaic solutions [22,72,73,79]. Continued research in defect
passivation, interface engineering, and process optimization is essential to bring CZTSSe
closer to industrial viability.

Table 5. Trends in CZTS solar cell efficiencies with various grading strategies and deposition

techniques.
Year CZTS Grading Strategy Voc (V) Jsc mA/ecm?)  FF (%) 5(%)  Ref.
2010 Hot injection 0.43 31.2 53.9 7.23 [81]
2010  Spin coating (hydrazine solution-based precursor) 0.516 28.6 65 9.66 [82]
2010 Thermal evaporation 0.499 29.55 64.3 9.5 [83]
2011  Spin coating (hydrazine solution-based precursor) 0.517 30.8 63.7 10.1 [84]
2012  Spin coating (hydrazine solution-based precursor) 0.459 34.5 69.8 11.1 [85]
2013 Solution process 0.505 24.5 57.83 7.17 [86]
2014  Spin coating (hydrazine solution-based precursor) 0.513 352 69.8 12.6 [87]
2014 Spin coating 0.52 23.28 49.6 6 [88]
2014 Annealing of metal precursor 0.516 34.1 62.5 11 [89]
2016 Sequential sputtering 0.521 34.98 67.2 12.3 [90]
2016 Compound sputtering 0.61 17.5 - 6 [91]
2016 Doctor-blade pasting 0.621 16.3 50.7 51 [92]
2017 Two-step process 0.444 30.9 47.5 6.4 [93]
2017 Two-step process 0.39 33.1 59 7.5 [94]
2017 Doctor-blade pasting 0.617 13.2 49.9 6 [95]
2017 Two-step process 0.615 16.3 50.7 51 [96]
2017 Electron beam evaporation 0.744 16 46 5.5 [97]
2018 Two-step sputtering 0.588 22.15 46.9 6.11 [98]
2018 Thermal evaporation 0.655 18.7 57.6 7 [99]
2019 Two-step process 0.621 16.3 50.7 51 [100]
2019 Solution process 0.417 36.7 52.27 8.01 [101]
2020 Two-step process 0.617 18 54.1 6 [102]
2021 Two-step process 0.69 17.12 37.15 4.4 [103]

2.4. Economic and Environmental Impacts of TFSCs

2.4.1. Comparison of Production Costs and Economic Returns

The production costs of TESCs and crystalline silicon solar cells vary significantly
due to differences in material usage and manufacturing processes. Crystalline silicon
(c-Si) modules require high-purity silicon wafers, which contribute to their higher ma-
terial and energy costs. The cost of silicon wafers, historically dominant in overall PV
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costs, has dropped significantly, but the capital expenditure required for wafer-based PV
manufacturing remains high [104].

In contrast, TFSCs use direct deposition techniques, allowing for lower material
costs and reduced processing temperatures. CdTe, for instance, requires 98% less
semiconductor material than silicon PV and benefits from low-cost, high-throughput
manufacturing [65,105]. CIGS manufacturing, however, remains relatively expensive due
to the scarcity of indium and gallium [106]. CZTSSe, made from earth-abundant ele-
ments, offers the lowest material cost but suffers from lower efficiencies and stability
concerns [107,108].

Economic viability is often assessed using the levelized cost of electricity (LCOE).
CdTe has one of the lowest LCOEs due to its high efficiency, low material cost, and rapid
production scalability, while CIGS LCOE remains higher due to complex deposition and
material scarcity [105]. Silicon PV, despite higher manufacturing costs, benefits from
economies of scale and longer operational lifetimes, making it the dominant technology in
large-scale installations [104].

2.4.2. Environmental Impact and Sustainability

TFSCs generally have a lower environmental footprint than c-Si due to reduced
material usage and lower processing temperatures. CdTe modules have the shortest energy
payback time (EPBT), at 0.4-1.0 years, followed by CIGS (~1.5 years) and c-5i (2.5-3.5 years),
reflecting the higher energy demands of silicon wafer production [65,109].

Recycling strategies vary across technologies. Concerns about Cd toxicity have neces-
sitated stringent recycling programmes. CdTe appears to have well-established industrial
recycling programmes [110-114]. First Solar claims that their high-value recycling ser-
vices recover over 90% of both semi-conductor and glass materials, which helps mitigate
environmental risks associated with Cd content [110,111]. First Solar states that they cur-
rently operate high-capacity recycling facilities in the USA, Germany, India, Malaysia,
and Vietnam, with a combined annual recycling capacity of 88,000 metric tons [110,111].
This infrastructure supports a circular economy by enabling PV technology to be recycled
multiple times.

CIGS recycling remains costly though worthwhile due to the high-value scarce ele-
ments like indium and gallium [115]. Silicon PV recycling is improving, but silver and
other key materials remain difficult to recover economically [66]. In terms of material
toxicity, CdTe has raised concerns due to Cd content, though controlled recycling mini-
mizes risks. CIGS presents selenium leaching issues, while CZTSSe is considered the most
environmentally benign option [106,107].

2.4.3. Large-Scale Applications and Commercial Deployment

TESCs have successfully transitioned from research to commercial-scale deployment,
with CdTe leading in utility-scale solar farms, accounting for a significant portion of large-
scale PV installations. First Solar has achieved >22% efficiency in CdTe modules, making it
the most commercially successful TFSC [105].

CIGS excels in flexible and lightweight applications, such as BIPV, aerospace, and
portable solar solutions, due to its high efficiency and superior low-light performance. How-
ever, high production costs and reliance on scarce materials limit its large-scale use [106].
CZTSSe, though promising due to its earth-abundant composition, remains in early-stage
commercialization due to lower efficiency and stability [107].

Recent advancements in perovskite-silicon tandem cells have surpassed 28% efficiency,
with Qcells reporting 28.6% for commercial-sized modules, highlighting a promising
pathway for next-generation photovoltaics [65].
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3. Strategies to Improve TFSC PCE

3.1. CIGS
3.1.1. Bandgap Engineering

Bandgap engineering plays a crucial role in optimizing the performance of TFSCs by
tailoring the material’s electronic properties to enhance light absorption, improve PCE,
and increase device stability. Adjusting the bandgap of the absorber layer directly impacts
how much of the solar spectrum the cell can absorb. CIGS allows for tuneable bandgaps
by varying the ratio of In to Ga, which improves the absorption of light over a broader
range of the spectrum [1,22]. This approach also improves charge carrier transport by
reducing recombination losses at grain boundaries and interfaces. Alkali metal treatments
(e.g., using Cs or Rb) have further optimized this by passivating defects and enhancing
stability [16,116].

Tailoring Bandgaps for Better Spectral Utilization

Tailoring the bandgap of thin-film materials ensures that the solar cell can effectively
capture photons from different regions of the solar spectrum. A material with a wide
bandgap can absorb high-energy photons, while a lower bandgap material is better suited
for capturing photons from the red or infrared regions (Figure 7). By adjusting the bandgap,
solar cells can be optimized to maximize power conversion efficiency (PCE) by capturing
more photons across a range of wavelengths while maintaining the compromise between
efficient photon absorption and effective photogenerated carrier collection [25,117]. For
instance, bandgap grading in CIGS cells creates a more favourable energy profile for photon
absorption and carrier collection [25].

Approaching the Shockley—Queisser Limit

The Shockley-Queisser limit defines the theoretical maximum PCE of a single-junction
solar cell based on its bandgap. By modifying the bandgap through techniques like
compositional tuning or PDT, TFSCs can approach this PCE limit [25,116]. While no solar
cell can exceed the Shockley—Queisser limit for a single-junction configuration, bandgap
engineering enables cells to come closer to this maximum by optimizing photon absorption
and minimizing recombination losses [24,118].

Tuning the bandgap is critical for enhancing the PCE of CIGS solar cells. The optimal
bandgap for single-junction solar cells is around 1.4-1.5 eV, which closely aligns with the
maximum power point predicted by the Shockley—Queisser limit [118]. By adjusting the
Ga/In ratio, the CIGS bandgap can be fine-tuned to this optimal range, ensuring maximum
photon absorption while minimizing thermalization losses (energy lost as heat) [22,118,119].

For example, for CIGS, increasing the Ga content increases its bandgap, thereby im-
proving its ability to absorb shorter wavelengths, which contributes to higher V. and im-
proved PCE. This bandgap engineering also enhances charge carrier separation and reduces
recombination at grain boundaries, leading to better overall device performance [119,120].

Additionally, graded bandgap profiles, where the bandgap is gradually varied through-
out the thickness of the CIGS layer, further optimize the collection of charge carriers. This
approach improves the PCE of the device by allowing better charge transport and reducing
recombination at the back interface [14,25,117,120].
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Figure 7. Spectral distribution of solar irradiance under AM 1.5. (a) Breakdown of UV (280—400 nm,
4.5%), visible (400-700 nm, 43.0%), and IR (7004000 nm, 52.5%) contributions. (b) Energy ranges for UV,
Vis, and NIR regions. Figure reproduced with permission from [119]. Licence number: 5950090939672.

The bandgap E¢ of CIGS can be expressed as a function of the Ga content (denoted as
x). The empirical relationship is given by

Eg = EgCIS + xE¢cgs — bx 1)

where E,c/s represents the bandgap energy of CIS, and Egcgs corresponds to the bandgap
energy of CGS. The parameter b, which ranges from 0.15 to 0.24, accounts for a bending
coefficient [24,121]. This empirical formula can be further simplified, allowing the bandgap
to be directly calculated from the elemental composition of the pentenary alloy:

E§1G55€ = 1.00 + 0.13x? 4 0.08xy -+ 0.13x + 0.55x + 0.54y )

where Eglese is the bandgap of the Culny_,Gay (Se1_ySy)2 compound, and x and y are
the contents of Ga and S in the alloy, respectively [121]. Maximizing the absorption of
solar energy requires careful alignment of the bandgap with the solar spectrum. If the
bandgap is too low, it can lead to significant thermalization losses, while a bandgap that
is too high results in transparency to critical portions of the spectrum [119]. The ability to
adjust the bandgap offers the potential for optimization based on environmental factors,
such as geographic location and expected irradiance.

In addition to maximizing absorption, there is a critical relationship between V. and
the bandgap. As the bandgap increases, V. typically rises due to reduced recombination
losses, contributing to an overall increase in solar cell PCE [119]. However, this increase
must be carefully balanced against short-circuit current density (Jsc), which often declines
with a higher bandgap because less light is absorbed, particularly in the lower-energy
portions of the spectrum [120,122].

Employing bandgap grading, which consists of the variations in the bandgap through-
out the thickness of the absorber layer, can lead to an enhanced depletion region within the
solar cell [25,123]. These improved depletion regions facilitate the collection of photogener-
ated carriers. A bandgap gradient can mitigate recombination losses near the surface while
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improving photon absorption across a broader wavelength range [25]. By optimizing the
bandgap grading, defect states that act as recombination centres are minimized, reducing
recombination losses and enhancing solar cell performance [120]. This optimization is
critical for improving the PCE of solar cells.

The flexibility of adjusting the bandgap in CIGS solar cells opens up new possibilities
for high-performance tandem solar cells. In these configurations, different materials with
tailored bandgaps can be stacked to capture a broader spectrum of light. A widened
bandgap in CIGS enables effective integration with sub-cells optimized for absorbing
lower-energy photons, enhancing the overall PCE of the solar cell system. Similarly, using
a narrow bandgap CIGS layer as the bottom sub-cell in a tandem solar cell configuration
allows for the capture of longer wavelength photons that pass through the top sub-cell.
This approach improves the light-harvesting capability of the tandem device and further
boosts its PCE.

Ga Grading and Its Effect on Bandgap Profile

Ga grading in CIGS solar cells is a pivotal method to tailor the bandgap profile, tar-
geting enhancements in both V. and overall cell PCE. By adjusting the Ga/(Ga + In)
ratio, the bandgap of the absorber can be tuned to optimize carrier collection and recom-
bination dynamics [37,124]. However, while higher Ga content increases the bandgap
and enhances V., excessive Ga incorporation can lead to several challenges. A higher
bandgap reduces the absorption coefficient in the near-infrared region, leading to a de-
cline in Js [25,37,43,124]. Additionally, increased Ga content alters the conduction band
position, potentially weakening the built-in electric field, which reduces carrier separation
efficiency [25,37,55,123]. Studies have also shown that excessive Ga can introduce defect
states and deep-level recombination centres, further limiting overall efficiency [25,43]. To
balance V. gains against Js. losses while minimizing recombination, Ga grading strategies
have been developed to optimize the bandgap profile within the CIGS absorber.

By creating a gradient of Ga content within the absorber layer, researchers can ma-
nipulate the bandgap to form a “notch” near the CIGS/CdS interface, which reduces
recombination losses and facilitates better charge separation and collection. This gradation
in Ga concentration effectively increases the energy difference between the conduction band
(CB) and valence band (VB), translating to a higher V. without significantly compromising
Jsc [125]. Figure 8 illustrates these band diagrams, providing a visual representation of
different Ga grading profiles in CIGS absorber layers. It highlights various approaches such
as increased Ga concentration at the back contact (Figure 8a), decreased Ga concentration
at the back contact (Figure 8b), and more complex double or V-shaped grading structures
(Figure 8c,e,f). These profiles illustrate the various possibilities for bandgap grading en-
abled by bandgap engineering, showcasing how the VB and CB can be tailored to enhance
device performance.

Back Grading: In a normal grading profile, the Ga content increases gradually toward
the back contact (Mo interface), resulting in a bandgap widening at the rear of the absorber
(Figure 8a). This configuration has been widely employed to mitigate back-contact recom-
bination losses and enhance charge collection efficiency. Studies have shown that normal
grading creates an electric field that repels photogenerated electrons from the back interface,
thereby reducing recombination and improving carrier transport [126]. This effect becomes
particularly significant in ultra-thin absorbers (<1 um), where back-surface recombination
is a dominant loss mechanism [124].

However, while normal grading effectively increases V. by reducing recombination
at the Mo/CIGS interface, it can also introduce transport barriers for holes, leading to a
reduction in FF if not carefully optimized [37]. Additionally, the bandgap widening at the
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back contact reduces absorption in that region, which may slightly limit Js, especially in
cases where light absorption in the near-infrared spectrum is critical [124].
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Figure 8. Bandgap engineering strategies for chalcopyrite TFSC: (a,b) uniform Ga grading, increasing
or decreasing towards the back contact; (¢,d) double grading with high Ga concentration at both
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CulnGa(Se,S),; with VB graded at the front, CB at the back, and a non-graded Se-S transition; and
(f) Culn(S,Se), absorber with a S-rich surface and Se-rich back for optimal Voc and band alignment.
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Front Grading: Front grading involves increasing the Ga concentration toward the
front interface (CIGS/bulffer interface), leading to a higher bandgap near the junction
(Figure 8b). This profile has been shown to reduce interface recombination, thereby enhanc-
ing Vo [127]. The resulting built-in electric field can also facilitate charge separation, pro-
moting carrier drift toward the junction and potentially improving charge extraction [128].
Furthermore, reverse grading enhances blue light absorption, which can be beneficial for
optimizing the EQE in the shorter wavelength range [37].

Despite these advantages, excessive Ga incorporation at the front interface can create
a potential barrier for photogenerated electrons, impeding charge collection and reducing
efficiency [128]. Moreover, an excessively high front-surface bandgap can decrease optical
absorption in the upper region of the absorber, thereby leading to a lower Js. [127].

Double Grading: A double grading profile is characterized by an increase in Ga
content at both the front and back interfaces, with a minimum bandgap located in the
middle of the absorber (Figure 8c,d). This configuration aims to combine the advantages of
both normal and reverse grading, reducing back-surface recombination while improving
interface passivation [126]. The resulting bandgap profile generates two internal electric
fields—one near the junction and another at the back contact—which enhance carrier
collection and transport efficiency [124].

Device simulations and experimental studies indicate that double grading leads to
higher efficiencies compared to single grading strategies, as it offers a balance between
Voc and Jsc [128]. However, the complexity of precisely controlling the Ga gradient during
deposition presents a key fabrication challenge. Furthermore, a stronger bandgap gradient
can increase series resistance, potentially impacting FF and overall device performance [22].

Multi-Grading: Multi-grading refers to a more complex Ga distribution, incorporat-
ing multiple gradient transitions throughout the absorber (Figure 8e,f). This approach
provides greater flexibility in optimizing bandgap tailoring, allowing for enhanced spectral
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utilization and charge transport efficiency [124]. By minimizing abrupt bandgap variations,
multi-grading can also reduce bandgap fluctuations, which helps to minimize potential
barriers for carrier transport and improve overall device stability [22]. Despite its potential
advantages, multi-grading further increases fabrication complexity and requires precise
process control to ensure the desired Ga distribution is achieved during deposition [37].

Studies by Namnuan and Chatraphorn illustrate the application of Ga grading in
a three-stage co-evaporation process. By modulating the Ga content across deposition
stages, they achieved a pronounced bandgap profile notch (Figure 8d) that enhanced V.
to 698.4 mV and increased the cell PCE to 17.61%. This controlled profile minimized
recombination at the junction, maintaining Js. by enhancing charge collection, critical in
maximizing PCE [2]. Similarly, Gohri et al. analyzed the impact of multiple Ga grading
profiles and found that a double grading structure, with a lower Ga concentration near the
surface and a higher Ga concentration near the back contact (modified version of Figure 8c),
yielded the best results in minimizing recombination while retaining strong absorption
characteristics, thus optimizing both V. and Js [123].

Yan et al. explored an alternative method by modifying the Cu deposition pattern in
the three-stage co-evaporation, extending the GGI (Ga/(Ga + In)) notch profile near the
surface (Figure 8d). This broader GGI notch led to an approximately 10% increase in Js.
and an improvement of 32.6% over their initial efficiency of 13.8%, reaching 18.3% PCE
in flexible CIGS devices. This approach is particularly valuable for the low-temperature
manufacturing of flexible CIGS, as it allows for substantial PCE improvements without
requiring the high temperatures that rigid substrates can tolerate [129]. Moreover, Xin
et al. employed a grain boundary migration-driven diffusion mechanism for Ga within
CIGS films prepared using magnetron sputtering from a quaternary target, achieving a
V-shaped bandgap that elevated V. from 405 mV to 515 mV. This configuration leveraged
Ga’s controlled diffusion to optimize carrier transport, highlighting the importance of
maintaining precise Ga control during annealing to enhance device performance [130].

In the study by Wang et al., a pulsed optic-thermal annealing method was used to
address Ga aggregation at grain boundaries, a common issue in CIGS films deposited by
the electrodeposition method, which contributes to recombination and diminishes V.
Their pulsed annealing approach facilitated better Ga distribution and crystallinity, leading
to a PCE increase to 9.14%. This method highlights how advanced thermal processing
techniques can complement Ga grading to optimize the bandgap profile and improve cell
PCE [131].

Furthermore, advanced computational models have supported these empirical find-
ings by providing predictive insights into the optimal Ga distribution for enhancing both
Voc and Jsc. Deo et al. used simulations to investigate the effects of varying Ga gradients in
CIGS absorber layers, demonstrating that an optimized Ga gradient, with a composition
range of 0.32-0.28 (Ga/(Ga + In)), effectively reduces recombination losses by grading the
bandgap (Eg: 1.19-1.17 eV) and electron affinity (x: 4.24-4.28 eV). This optimization is
critical for enhancing device performance, particularly under variable light conditions [132].

Al Alloying

Al alloying in CIGS solar cells is a promising approach to increase the bandgap of the
absorber layer while maintaining desirable efficiency characteristics, offering an alternative
to simply adjusting the Ga and In ratio. Increasing the Ga content in CIGS beyond a
certain point (typically Ga/(In + Ga) > 0.3) leads to efficiency losses due to higher defect
density and increased interface recombination, which negatively impacts the Vo and
PCE. Al doping, on the other hand, allows for a more effective increase in the bandgap
while mitigating some of these issues. Al atoms are smaller than Ga and can substitute
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In more easily, leading to improved lattice stability and fewer defects, thereby avoiding
the recombination issues typically observed with high Ga content. With a higher intrinsic
bandgap of 2.7 eV for CuAlSe,, Al allows more flexibility in bandgap tuning for better
matching with the solar spectrum, which is critical for enhancing PCE [133-135].

However, incorporating Al into CIGS also presents certain challenges that must be
addressed to optimize device performance. One of the primary issues with Al doping is
achieving a uniform distribution of Al throughout the CIGAS films. Al tends to accumulate
in specific regions, such as near the middle or at the surface, leading to compositional
inhomogeneity. PDT is often required to redistribute Al more uniformly, which increases
fabrication complexity and time. Furthermore, the presence of Al tends to reduce the
grain size of the films, which can elevate the recombination rates at grain boundaries and
negatively affect the efficiency of charge carrier transport. This effect of reduced grain size
also contributes to increased surface roughness, potentially impacting light absorption and
thereby limiting efficiency. Al’s high reactivity can also make it challenging to prevent
the formation of undesirable secondary phases, such as Al,Ses, which can negatively
affect the device properties if deposition conditions are not strictly controlled [133,134,136].
Effective implementation requires the careful optimization of deposition conditions to
achieve a uniform distribution of Al, maintain larger grain sizes, and prevent unwanted
secondary phases, ensuring that the potential benefits of Al doping are fully realized
without introducing new inefficiencies.

3.1.2. Alkali Doping

Recent advances in CIGS solar cells have increasingly focused on bandgap tuning and
PCE improvements through selective doping with alkali metals. Traditional enhancements
achieved by Na diffusion from SLG substrates have led to significant improvements in
Voc and fill factor (FF) through grain boundary passivation and conductivity increases
within the CIGS absorber. However, in recent years, research has expanded to investigate
additional elements, including heavy alkaline elements like Caesium (Cs) and Rubidium
(Rb), which show potential to further optimize these properties by fine-tuning the electronic,
structural, and optical characteristics of CIGS solar cells.

Na as a Foundational Dopant

Na has been a cornerstone of CIGS solar cell enhancement due to its unique interactions
at grain boundaries and within the bulk CIGS matrix. Na incorporation is associated with
the passivation of defects, such as vacancies and antisite defects, which form during film
growth. Na also plays a crucial role at the grain boundaries of CIGS absorbers. Studies have
shown that Na preferentially segregates at grain boundaries (Figure 9), where it effectively
passivates defect states that would otherwise act as recombination centres [137,138]. This
passivation effect increases the hole concentration, thereby enhancing p-type conductivity,
and reducing the density of nonradiative recombination centres [139]. Notably, Na doping
forms Na-In and Na-Ga defects within the CIGS lattice, which have been shown to increase
the electronic potential at grain boundaries, repelling electrons and thereby mitigating
recombination pathways. Studies indicate that controlled Na doping can improve V. by
approximately 20% and enhance overall PCE by nearly 50% [3,11,116].
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Figure 9. Schematic showing Na segregation at the grain boundaries of CIGS, leading to defect passi-
vation. Na atoms (green) accumulate at grain boundaries, reducing recombination and enhancing the
efficiency of the CIGS absorber.

Potassium (K) as a Complementary Dopant

Following Na, K has been a critical dopant for CIGS, often applied through PDT with
KF. The larger ionic radius of K compared to Na leads to its preferential incorporation at
grain boundaries rather than within grains (Figure 10). This selective placement promotes
anisotropic charge transport, improving in-plane resistance and decreasing cell-to-module
(CTM) efficiency losses in monolithic modules [11].
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Figure 10. Schematic showing K (red) distribution in CIGS, predominantly at grain boundaries due

to its larger ionic radius compared to Na (green).

Furthermore, K doping can widen the depletion region, which improves charge
separation efficiency and enhances V.. As indicated in Figure 10, the increased grain
boundary concentration of K contributes to higher grain boundary potential barriers, which
are effective in reducing electron-hole recombination. Empirical studies have documented
that the KF-PDT can raise the FF and J,, particularly in large-area devices where current
shunting at laser-scribed boundaries is a concern [116,140,141]. This effect is also reflected
in the decreased recombination pathways, visible in the diagram as fewer direct paths
between carriers, emphasizing how K helps mitigate shunting losses.

Cs Doping
Cs, as a heavy alkali metal, has gained attention due to its impact on bandgap widening.
As illustrated in Figure 11b,c, Cs incorporation, particularly through CsF PDT, leads to
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notable changes in the grain boundary and grain interior of CIGS thin films. Studies
demonstrate that Cs can raise the surface bandgap by forming Cs-compound layers, which
mitigate carrier recombination near the surface. This is visible in the new phase formation
and ion exchange processes highlighted in Figure 11. Cs incorporation, especially through
CsF-PDT, has led to PCE improvements above 18% in CIGS modules, as it forms a more
significant injection-blocking layer that suppresses recombination at the front junction and
enhances electron transport properties [10,142]. Additionally, Cs also contributes to grain
structure refinement, as depicted by the changes in grain boundary and grain interior,
reducing the tendency for shunt paths and enhancing the mechanical integrity of thin films
under varied operating conditions [142-144].
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Figure 11. Illustrations of a CIGS thin film showing a 3-stage process: (a) without CsF deposition,
where Na accumulates at the grain boundary and interface; (b,c) with CsF deposition at 350 °C,
leading to Cs migration, Na depletion, and new Cs-containing phases. Figure reproduced with
permission from [143]. Licence number: 5950100035421.

Rb Doping

Rb doping in CIGS solar cells has been explored primarily for its role in reducing grain
boundary recombination and stabilizing the absorber structure against radiation-induced
damage, making it suitable for space applications. RbF PDT significantly impacts the
distribution of alkali elements within the CIGS films, particularly by forming beneficial
Rb-Cu complexes that passivate grain boundaries.

RbF-PDT lowers defect densities and enhances V. through the effective passivation
of deep traps within the CIGS absorber, a phenomenon that has been extensively noted
in the literature for its contributions to improved PV performance [16,116,145]. Rb is
introduced through RbF-PDT, forming Rb-Cu complexes that effectively reduce grain
boundary recombination. The subsequent ammonia treatment facilitates a redistribution
of both Na and Rb, enhancing the uniformity and passivation at grain boundaries, which
ultimately benefits the electrical properties of the absorber by mitigating recombination
pathways that affect V. and FF [116].

Rb doping is especially impactful in Cu-rich CIGS configurations, as it increases the
minority carrier lifetime by mitigating non-radiative recombination [16,116,145]. The ion-
exchange process during RbF-PDT results in Rb replacing Na at the grain boundaries,
pushing Na towards the grain interior. This redistribution reduces defect states, increases
carrier concentration, and significantly enhances PV performance [116]. Additionally, it has
been found that the presence of heavier alkali metals such as Rb and Cs in the PDT leads to
improved device performance compared to lighter alkali metals, attributed to their superior
ability to passivate defects and modify surface and grain boundary properties [16,116,145].
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The dual role of Rb, passivating grain boundary defects while enhancing carrier con-
centration in the grain interior, makes RbF-PDT a highly effective method for boosting both
the PCE and stability of CIGS solar cells. This is especially advantageous for applications
requiring resilience against radiation, such as in space technology. Furthermore, recent
research points to the added benefit of reduced Urbach energy and improved microstruc-
tural properties of the CIGS absorber when treated with RbF, indicating a reduction in bulk
recombination near crystallographic defects [116]. These improvements make RbE-PDT an
essential process in advancing CIGS solar cell technology.

3.1.3. Ag Alloying in CIGS

Ag alloying in CIGS solar cells has recently emerged as a promising strategy to enhance
both material properties and PV performance. By substituting Cu with Ag, the formation
of (Ag,Cu)(In,Ga)Se; (ACIGS) introduces key advantages, including improved crystallinity,
reduced defect density, and better charge carrier mobility. Ag incorporation has been
shown to lower the melting point during film deposition, facilitating the formation of larger
grains and reducing grain boundary defects, which act as recombination centres [146].
These effects are particularly beneficial for TEFSC, where recombination losses and material
quality are critical to achieving high PCE. The resulting ACIGS has demonstrated PCEs
exceeding 20%, comparable to conventional silicon solar cells [147,148].

ACIGS technology is well suited for flexible and tandem solar applications due to
its tuneable bandgap and improved thermal stability. The lower vapour pressure of Ag
compared to Cu allows for more precise control during deposition, reducing unwanted
evaporation and enhancing the stability of the material [147,148].

Bandgap Tuning Through Ag Incorporation

Ag alloying in CIGS not only improves crystallinity but also enables precise bandgap
tuning. Ag incorporation modifies the electronic structure of the material, leading to
slight shifts in the CB and VB edges. This allows for fine-tuning of the bandgap, typically
within the range of 1.1 eV to 1.5 eV, making ACIGS suitable for single-junction and tandem
applications [148,149].

Experimental evidence shows that Ag incorporation leads to significant improvements
in PV performance. For example, solution-processed CIGS solar cells with Ag doping have
achieved PCEs of 16.48%, with a V. of 662 mV and an FF of 75.8% (Figure 12), which
is a notable improvement over undoped CIGS cells [150]. The enhancement in external
quantum efficiency (EQE) across the visible spectrum and the reduction in Urbach energy
from 30.3 meV to 27.3 meV due to Ag incorporation show the reduced band tailing and
improved optical quality of the absorber [150].
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Figure 12. Comparison of the reference and Ag-containing (Ag-30) solution-processed CIGS solar
cells. (a) J-V curves illustrating the improved performance for Ag-30, achieving higher Jsc and V..
(b) EQE curves showing an enhancement in photoresponse across the visible spectrum for Ag-30.
(c) Extraction of the Urbach energy (E,) from the EQE spectra indicates a reduction in band tailing
for Ag-30. Figure reproduced with permission from [150]. Licence number: 5950100503678.
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Similarly, vacuum-based deposition methods have delivered PCEs exceeding 20%
when Ag is introduced [23,147,148]. Notably, the current record-holding device, as reported
by Keller et al., achieved a certified PCE of 23.64% through high-concentration Ag alloying
and a tailored “hockey stick” Ga profile (Figure 13). This device, with a Vo of 767 mV and
an FF of 80.5%, also showed significant improvement in its EQE, particularly in the near-
infrared region, reflecting effective light absorption and carrier collection. Additionally, the
photoluminescence (PL) signal was stronger for the Ag-alloyed device, indicating reduced
non-radiative recombination and better crystallinity [23]. These gains in PCE are mainly
due to the enhancement of film quality induced by Ag, which reduces recombination losses

and improves charge transport properties [23,150].
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Figure 13. (a) ]-V characteristics of the record ACIGS solar cell, showing in-house and Fraunhofer
Institute for Solar Energy Systems-certified measurements. Key parameters are listed in the inset. (b) EQE
spectra of the device with normalized dEQE/dA and PL signals. (c—f) Device metrics, including FF, Js,
Voc, and PCE, were compared with the literature data and a silicon HJT cell. The dashed line in (e) shows
the predicted V. trend for an external radiative efficiency of 1.6%. Figure reproduced from [23].
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Bandgap tuning through controlled Ag and Ga distribution is particularly important
in multi-junction solar cells. A graded bandgap structure, achieved by modulating the
Ag-Ga ratio, allows for optimized photon absorption across the solar spectrum. This
graded structure can be used in tandem cells, where the top cell must have a wider
bandgap (1.4-1.7 eV) to efficiently absorb high-energy photons, while the bottom cell
captures lower-energy photons (1.0-1.2 eV) [148,151,152]. By carefully controlling the Ag
content, the bandgap of ACIGS can be adjusted to achieve an ideal match between the top
and bottom cells in a tandem configuration. This enables each sub-cell to operate at its
optimal efficiency, reducing thermalization losses and ensuring better utilization of the
solar spectrum, ultimately leading to higher overall PCE.

Enhancement in Solar Cell V. and FF

Ag incorporation has been consistently shown to enhance key performance parameters
in CIGS solar cells, notably V. and FE. These two parameters directly influence the overall
PCE of the solar cell. The improvements in V. and FF are attributed to the beneficial
effects of Ag on both bulk material quality and interface properties, leading to enhanced
electronic characteristics.

Yao et al. [149] reported that ACIGS solar cells exhibited a higher V. of 806 mV,
compared to 772 mV for Ag-free cells (Figure 14a,b). This significant improvement is
primarily due to the reduction in bulk and interface recombination, facilitated by Ag
passivation. Ag helps reduce deep-level defects, improving the quality of the material and
reducing recombination losses. As a result, Ag-alloyed devices often achieve V. values
exceeding 600 mV, as reported by other studies [23,148].
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Figure 14. Device performance of CIGS with and without Ag doping: (a) current density—voltage
(J-V) characteristics under AM 1.5G spectrum, (b) statistical distribution of -V parameters (Voc, Jsc,
FF, and PCE), indicating improved device performance metrics with Ag incorporation, and (c) EQE
spectra and integrated Jsc, highlighting increased carrier collection efficiency in Ag-containing devices.
Figure reproduced with permission from [149]. Licence ID: 1567082-1.

Similarly, the incorporation of Ag also benefits the FF. In the study by Yao et al. [149],
the FF increased from 69.9% in the Ag-free device to 74.1% in the Ag-containing device
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(Figure 14b). This enhancement indicates improved charge collection efficiency and a
reduction in recombination losses, both of which are direct effects of the improvements in
material quality and interface properties induced by Ag alloying. In fact, the enhanced
crystallinity and reduction in defects of Ag-incorporated materials have led to FF values
surpassing 75% in some cases [23,148].

The widening of the space charge region (SCR) due to Ag doping also contributes
to these performance enhancements. By extending the SCR, Ag facilitates more effective
charge carrier collection, thereby reducing recombination losses. This improvement ensures
that a greater proportion of photogenerated carriers contribute to the overall current output,
further boosting the FF and overall PCE of Ag-alloyed CIGS solar cells [146].

Impact of Ag on Crystallinity, Defect Reduction, and Grain Growth

Ag alloying significantly improves the crystallinity and grain growth of CIGS films,
which is crucial for device performance. Ag incorporation lowers the melting point of
the compound, thereby increasing atomic mobility during deposition. This facilitates the
growth of larger grains, resulting in fewer grain boundaries and a corresponding reduction
in charge carrier recombination [146]. As reported by Yao et al,, this effect is further
validated by the X-ray diffraction (XRD) analysis, which shows that Ag incorporation
results in a distinct preferential growth along the (112) plane, attributed to enhanced
crystallization dynamics facilitated by the reduced lattice energy (Figure 15a—c,g,k) [149].
The preferential orientation along the (112) plane is favourable as it minimizes surface
energy, ultimately enhancing the film quality and reducing recombination losses.

Grain boundaries are known to act as recombination sites, and their reduction through
larger grain formation enhances carrier mobility and reduces recombination losses [146].
The scanning electron microscopy (SEM) images demonstrate that Ag-alloyed CIGS
films exhibit fewer grain boundaries and larger grains compared to films without Ag
(Figure 15d—f,h—j), which correlates with improved carrier collection efficiency and reduced
recombination losses, as indicated by the transient photovoltage (TPV) and transient pho-
tocurrent (TPC) decay spectra (Figure 16d,e) [149]. Specifically, the Ag-containing device
shows an increased carrier lifetime (522 s versus 314 ps for the sample not containing any
Ag) and more efficient carrier extraction due to the larger grains formed (Figure 16d) [149].

In addition to promoting grain growth, Ag doping significantly reduces nonradiative
recombination losses caused by vacancies and energetically deeper antisite defects (e.g.,
Gacy, Incy), which are common challenges in high-Ga content absorbers. By passivating
these defects, particularly at grain boundaries, Ag improves the microstructure of the
chalcopyrite films and minimizes electronic and structural disorders, thereby enhancing
the overall film quality and device performance [149,151]. PL and time-resolved pho-
toluminescence (TRPL) results corroborate this, with Ag-containing samples exhibiting
a higher PL intensity and longer carrier lifetime compared to samples without any Ag
(Figure 16a,b) [149]. The increased PL intensity is indicative of a reduction in non-radiative
recombination due to fewer defect states, which aligns with Urbach energy measurements
showing a decrease from 33.3 meV to 28.6 meV for samples containing Ag, indicating
reduced band tailing and defect density (Figure 16c) [149].

This defect passivation improves both the Js. and the FF, contributing to higher overall
device PCE [149,151]. Enhanced electrical performance is also illustrated by the EQE
spectra, which show an increased response for the Ag-containing sample in the wavelength
range of 500-900 nm (Figure 14c) [149].

Recombination losses, which occur when photogenerated charge carriers recombine
before reaching the electrodes, are a major challenge in CIGS solar cells. Ag has been
shown to mitigate these losses through two key mechanisms: defect reduction and the
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widening of the SCR [23,149,151]. By reducing the grain boundaries and the density of
deep-level defects, Ag minimizes the number of recombination sites, thus extending carrier
lifetimes and improving PCE. This is demonstrated by Yao et al., with the V. versus
light intensity plot, where Ag incorporation led to a lower slope of 1.67 kT/q (where k is
the Boltzmann constant, T is the temperature in Kelvin, and q is the elementary charge)
compared to 1.92 kT/q for the sample not containing any Ag, indicating reduced defect-
assisted recombination (Figure 16f) [149].
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Figure 15. XRD analysis and SEM images showing the impact of Ag doping on the crystallization
dynamics of wide-bandgap CIGS films. (a) XRD patterns show enhanced preferential growth along
the (112) plane for samples containing Ag. (b) Texture coefficients of selected (hkl) planes and (c) Full
Width at Half Maximum (FWHM) values demonstrate improved film quality and reduced defect
density with Ag. (d—f,h—j) SEM images showing grain growth progression in CIGS samples without
and with Ag during different deposition stages, where larger grain sizes are observed in films with
Ag. (g k) XRD results at different evaporation stages confirming preferential growth orientation.
Figure reproduced with permission from [149]. Licence ID: 1567082-1.
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Figure 16. Comparative analysis of wide-bandgap CIGS solar cells with and without Ag pre-
deposition. (a) PL spectra indicating enhanced carrier recombination in samples containing Ag.
(b) TRPL highlighting improved minority carrier lifetime with Ag. (c) Urbach energy derived from
EQE spectra, demonstrating reduced defect states with Ag. (d) TPV measurements show increased
carrier lifetime. (e) TPC indicates faster carrier extraction in Ag-containing cells. (f) Dependence
of Vo on the light intensity, illustrating reduced defect-assisted recombination with Ag. (g) C-V
profiling revealed increased depletion width. (h) The 1/ C2vs. voltage analysis for determining built-
in potential. (i) Dark current measurements highlight reduced recombination losses in Ag-containing
cells, contributing to enhanced device performance. Figure reproduced with permission from [149].
Licence ID: 1567082-1.

Additionally, Ag alloying reduces the carrier concentration, which in turn increases
the width of the SCR, which improves the separation of photogenerated electron-hole
pairs and enhances carrier collection efficiency [146,149,150]. Capacitance-voltage (C-V)
measurements by Yao et al. showed a reduction in the charge carrier concentration from
2.29 x 10'® t0 9.89 x 10'5, which further indicates that the depletion width increased from
160 nm to 406 nm in Ag-alloyed films, which directly contributes to improved carrier
separation and collection efficiency (Figure 16g) [149]. This results in higher V. and im-
proved FF, both of which contribute to the overall performance enhancement of ACIGS
solar cells [23,148,150]. The reduced saturation current density and ideality factor (A), as
observed from the dark current characteristics, further confirm the reduction in recombina-
tion losses and enhancement of overall carrier transport properties in Ag-alloyed devices
(Figure 16i) [149].

Trade-Offs in Lattice Mismatch and Defect Formation

Despite its advantages, Ag incorporation in CIGS solar cells presents several chal-
lenges, particularly in managing lattice mismatch and defect formation. The atomic size
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difference between Ag and Cu can introduce strain within the crystal lattice, leading to lat-
tice distortions or dislocations, which can increase recombination rates and reduce overall
PCE [149,151]. Furthermore, excessive Ag incorporation can result in phase segregation
and secondary phase formation, such as of Ag,Se, which degrade the properties of the
absorber layer [148,151].

In addition, high levels of Ag can increase the risk of ordered vacancy compounds
being formed, which act as recombination centres and negatively impact Js. [153,154].
Careful control of the Ag concentration is, therefore, necessary to balance the benefits of Ag
alloying with the risks of defect formation and phase separation.

3.1.4. Computational Models Predicting Optimal Doping Profiles

Computational modelling has played an essential role in guiding experimental efforts,
particularly for multi-element doping strategies in CIGS cells. Using a Silvaco—Atlas 2D
simulator, Zouache et al. compared single- and triple-junction CGS/CIGS structures,
finding that carefully controlled Ga and Na distributions optimize current matching across
junctions. Their simulations showed a theoretical PCE of up to 33.27% at current-matching
points for triple-junction CGS/CIGS cells, highlighting the impact of precisely controlled
doping profiles on PCE [155].

Further computational studies by Mabvuer et al. predicted that K and Na dopants
could improve grain boundary passivation and band alignment when integrated into
specific layers of CIGS multi-junction cells. Their models indicated that Na optimizes the
CB, while K enhances electron mobility within the grain boundaries, collectively improving
both Jsc and Vo without incurring additional fabrication costs [122].

Boukortt et al. used density functional theory (DFT) calculations to simulate how
doping with trace amounts of Na and K could reduce interface defects in ultrathin CIGS
cells. Their findings revealed that Na and K create a slight bandgap widening that mitigates
recombination at the buffer/absorber interface, resulting in significant improvements in
quantum efficiency and cell longevity [120].

3.2. CdTe
3.2.1. Bandgap Engineering

CdTe is a prominent thin-film material widely recognized for its near-ideal bandgap of
approximately 1.5 eV, which is well aligned with the solar spectrum and conducive to high
PCE. This bandgap of CdTe brings it closer to the peak of the Shockley—Queisser efficiency
limit, making it highly suitable for solar energy applications. In recent years, considerable
progress has been made in CdTe solar cell technology, yielding a PCE over 22%, a notable
achievement attributed to advances in materials engineering, interface optimization, and
alloying techniques [156,157].

Despite its inherent advantages, CdTe’s performance is still below the theoretical max-
imum, partly due to the limitations imposed by intrinsic material properties and interface
recombination losses. Recent research has focused on enhancing CdTe’s properties through
alloying and doping to achieve higher V., reducing sub-bandgap losses, and improving
carrier collection, which could further boost PCE towards the 30% threshold [52,54,158].

Using Se for Bandgap Tuning

The alloying of CdTe with Se to form CdTe(;_y)Se(,) has proven to be a versatile
and effective strategy for tuning the material’s bandgap, thereby extending its absorption
capabilities deeper into the infrared spectrum. Zheng et al. showed that the EQE of the
CdSeTe/CdTe device is significantly higher across a broader wavelength range compared
to the CdTe-only device (Figure 17b), indicating the advantage of this alloying strategy
in enhancing infrared absorption. CdSe, with its lower bandgap (1.1 eV compared to
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1.5 eV for CdTe), allows for a graded bandgap profile across the CdTe absorber layer when
alloyed. This bandgap grading is highly beneficial for increasing the Js, as it enables
the solar cell to capture a broader range of the solar spectrum, particularly in the near-
infrared range, where CdTe absorption is otherwise limited [159,160]. This effect is further
evidenced by the light J-V characteristics in Figure 17a, where the CdSeTe/CdTe device
shows higher current density compared to the CdTe-only device. Additionally, the PL decay
data (Figure 17c) reveal a longer carrier lifetime for the CdSeTe/CdTe device, suggesting
reduced recombination losses and enhanced carrier collection, contributing to improved
overall device performance [159,160].
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Figure 17. Performance comparison between CdSeTe/CdTe and CdTe devices. (a) J-V curves show
higher current density for CdSeTe/CdTe, (b) EQE spectra indicate broader photo response for
CdSeTe/CdTe, and (c) PL decay shows longer carrier lifetime for CdSeTe/CdTe, implying reduced
recombination. Figure reproduced from [159].

Se incorporation in CdTe is typically implemented through co-evaporation or vapour
transport deposition, where controlled amounts of Se are introduced at the early stages of
deposition. This allows for a concentration gradient, with higher Se content at the front
surface and a gradual decrease towards the back contact. This front-side Se enrichment
creates a quasi-electric field that helps to separate photogenerated electron-hole pairs more
efficiently, reducing recombination rates and facilitating carrier collection. This bandgap
grading is also believed to enhance the carrier lifetime by minimizing recombination losses
at grain boundaries, particularly where Se can diffuse and occupy Te vacancies, which are
known to be major recombination centres [159].

While the incorporation of Se into CdTe significantly boosts the Js. through improved
infrared absorption, there is a corresponding challenge in maintaining high V,.. The
reduction in bandgap associated with higher Se concentrations inherently reduces the
energy difference between the CB and VB, which can lead to lower V. values. To counter
this, researchers are exploring graded Se profiles that optimize Se concentration near the
front interface while limiting it to deeper regions to balance the trade-offs between Jsc
and Vq.. Studies by Bowman et al. show that an optimal Se concentration, typically
between 10 and 15% near the front, achieves the benefits of enhanced J.. without excessive
compromise in V., thereby improving PCE [160].

Se incorporation in CdTe solar cells also plays a critical role in grain boundary passi-
vation, significantly enhancing device performance. The diffusion of Se into CdTe grain
boundaries reduces defect densities by passivating vacancy sites, particularly those associ-
ated with Te. This leads to a decrease in the density of deep-level traps, which are highly
recombination-active and can severely limit the PCE of polycrystalline films, where grain
boundaries often constitute a large fraction of the total defect population. This mechanism
is supported by recent findings utilizing advanced cathodoluminescence imaging in a
scanning transmission electron microscope (STEM-CL), which reveal that Se-graded CdTe,
Cd(Sex,Te1_x), (CST) exhibits up to an order of magnitude reduction in recombination
activity at grain boundaries compared to CdTe-only systems (Figure 18d) [161].
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1.64 x 108

Figure 18. Cross-sectional analysis of CdCl,-treated CST/CdTe bilayer solar cell. (a) TEM micrograph
showing the structural characteristics of the bilayer, (b) EDX map illustrating Se distribution with
notable segregation at grain boundaries. The circled region shows a boundary with an intermediated
concentration of Se. (c) EDX map from (b) superimposed on (a). (d) low-temperature STEM-CL map
(—170.6 °C) of panchromatic CL intensity across the cross-section, highlighting reduced grain boundary
contrast in the Se-passivated CST regions compared to CdTe grain boundaries. The dashed arrow
indicates thinner grain boundary contrast in the interdiffused region, while the solid arrow indicates
the CST region. The intensity scale bar represents background-subtracted counts, with the background
taken from the platinum region above CdTe. The reduced contrast at CST boundaries demonstrates
effective Se passivation, enhancing carrier lifetime and reducing non-radiative recombination. (e) EDX
map showing the ClI distribution. An “edge on” grain boundary in the CdTe is depicted by the arrow.
Figure reproduced with permission from [161]. Licence number: 5950101435895.

DFT studies have further elucidated Se’s role in reducing mid-gap states. Se ap-
pears to preferentially segregate to Te-rich grain boundaries, substituting Te atoms and
mitigating mid-gap defect states, which are primarily responsible for non-radiative
recombination [161]. This behaviour is consistent with studies indicating that Se incor-
poration leads to the elimination of deep Te-Te dangling bonds that would otherwise
form defect states detrimental to carrier lifetime [22,162]. Moreover, the passivation effects
achieved by Se are found to complement those from chlorine (Cl), which is introduced
during the commonly used cadmium chloride (CdCl,) activation treatment. Together, Se
and Cl are effective in mitigating the impact of grain boundary defects that would otherwise
create deep-level traps detrimental to device performance [163].

Spatially resolved PL and CL mapping of CST films indicate that Se-rich regions
exhibit substantially lower non-radiative recombination rates, particularly at the grain
boundaries (Figure 18b,d) [161]. However, careful control over Se distribution is necessary,
as high concentrations of Se within the grain interiors can introduce sub-bandgap states,
leading to below-bandgap luminescence and thus detracting from the desired radiative
efficiency [161]. This suggests a nuanced trade-off in Se doping—while beneficial at grain
boundaries, excessive Se in the bulk grain interiors can have adverse effects on performance,
particularly by introducing new defect states.
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Tong and McKenna used DFT to show that among the different types of grain bound-
aries in CdTe, such as the low-X value symmetric tilt boundaries (X3 (111), 3 (112), and
5 (310)), the X3 (111) boundary is the most stable and least detrimental to electronic
properties as it does not introduce new defect states. In contrast, 23 (112) and 25 (310)
grain boundaries, characterized by Te-Te and Cd-Cd dangling bonds, respectively, are
prone to introducing deep-level traps [163]. Se’s incorporation preferentially reduces the
formation of such dangling bonds at these boundaries, thus mitigating the formation of
harmful deep gap states.

Furthermore, experimental work conducted on CdCl,-treated CST/CdTe bilayer de-
vices using high-resolution TEM-CL has provided direct evidence of reduced recombination
at Se-passivated grain boundaries. Specifically, the data indicate that the passivation effect
induced by Se is “extra”, i.e., additional to what can be achieved with CI alone. This is
clearly visualized in the Energy Dispersive X-ray Spectroscopy (EDX) maps (Figure 18),
where thinner grain boundary contrasts indicate reduced recombination activity in CST
compared to CdTe. This points to the synergistic effect of dual dopants in effectively
reducing grain boundary recombination and enhancing carrier lifetimes, which is a critical
determinant of PCE [161].

Se’s role in CdTe solar cells is multifaceted. It is instrumental in passivating grain
boundaries and reducing recombination losses, while also requiring precise distribution
to prevent the formation of new sub-bandgap states within grain interiors. The interplay
between Se’s beneficial grain boundary passivation and its potential to introduce bulk
defects necessitates careful optimization of doping concentrations and spatial distribution
to fully leverage the advantages of CST absorber layers [160].

3.2.2. Doping

Doping strategies in CdTe solar cells are centred on improving carrier concentration,
controlling defect states, and enhancing interface stability. Dopants such as Cu, Cl, and
antimony (Sb) are critical for fine-tuning the electrical properties of CdTe, each with a
unique impact on the carrier dynamics, recombination properties, and ultimately the
performance of the solar cell.

Cu Doping: Enhancing P-Type Conductivity with Constraints

Cu is one of the most commonly used dopants in CdTe solar cells, primarily to increase
p-type conductivity. Cu acts as a shallow acceptor in CdTe due to the formation of Cucg,
raising hole concentrations and improving the material’s conductivity [164]. This effect can
be visualized in the energy band diagram shown in Figure 19a, which illustrates the energy
levels of CdTe when Cuy_yTe is used at the back contact. Here, the favourable alignment of
energy bands facilitates p-type doping, improving the performance of the back contact.

However, Cu is highly mobile within the CdTe lattice, which can lead to issues with
long-term stability and the degradation of V. over time due to Cu diffusion. The influence
of Cu diffusion is also depicted in Figure 19b, where direct contact with metallic Cu is
shown. The figure highlights how Cu, with its higher work function (4.77 eV), can lead to
unfavourable band alignments and increased recombination if not carefully managed [164].

To mitigate these issues, advanced doping profiles limit Cu incorporation to localized
regions near the back contact, where it helps form a back-surface field (BSF). This BSF is
essential for reflecting minority carriers (electrons) back into the CdTe absorber, reducing
recombination losses at the rear contact, as depicted in Figure 19 [165,166]. The energy
barriers shown in these diagrams emphasize the importance of precise control over Cu
placement to optimize the solar cell’s performance.
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The migration of Cu has also been observed to influence the activation of secondary
phases, particularly copper telluride (CuyTe), at the back contact (Figure 19). This secondary
phase can improve contact properties if carefully managed but may provide recombination
centres if allowed to diffuse uncontrollably. Advanced passivation strategies and diffusion
barriers, currently being explored to limit Cu migration, ensure it contributes positively to
p-type conductivity without compromising device stability [165,167].

E
EUEC
AEya:=0.05

CdTe
454 (cs9) Cuz«Te
= 4.14

E iy
CEM y ] $G.34 ‘o

Er 1.49 :
2 i‘lﬁﬁ 0.80| (a)
VEM T""‘\

E
E\'E.C—
AE 5c=0.34

Cu 477

Ecam - |
EF_' B A e e e | Pl ar iy sty
1.49 A
0.88 100 [ s
Evem »/ﬁ,;////j.///j/////
‘;_ﬁ'\/ ////// ////.’////i
(b)

Figure 19. Energy band diagrams of CdTe with different back contact configurations. (a) CdTe with
Cuy_4Te back contact, showing favourable energy alignment that supports p-type conductivity and
reduces recombination. (b) CdTe with Cu metal contact, illustrating potential issues with energy
band alignment and recombination if Cu diffusion is not carefully managed. Figure adapted with
permission from [167]. Licence number: 5950110334549.

Cl Doping: Grain Boundary Passivation and Recombination Reduction

Cl treatment, often introduced through annealing with CdCl,, is a well established
process in CdTe solar cell fabrication for passivating grain boundaries and promoting grain
growth. Cl diffuses into the CdTe lattice and preferentially localizes at grain boundaries,
where it passivates defects and helps eliminate deep-level trap states [52]. This passivation
significantly reduces non-radiative recombination at the boundaries, leading to longer
carrier lifetimes and improved V. values [157]. Additionally, Cl treatment enhances grain
growth, leading to larger grains and fewer grain boundaries, which are beneficial for carrier
transport [52,157]. Dharmadasa et al. provides clear experimental evidence of these effects,
showing XRD patterns (Figure 20) with improved crystallinity and increased (111) peak
intensity after CdCl, treatment, which illustrates the structural enhancement due to Cl
doping [157].
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Figure 20. XRD patterns of CdTe layers before (a) and after (b) CdCl, treatment, showing increased
(111) peak intensity and improved crystallinity (* represents a low-intensity peak attributed to
Cd3TeOg, indicating surface oxidation of electroplated CdTe layers exposed to the atmosphere).
Figure reproduced from [157].

The introduction of Cl during CdCl, annealing effectively mitigates the detrimental
effects of dangling bonds, such as Te-Te bonds, which commonly occur at certain grain
boundaries in CdTe, like the ¥3 (112) and X5 (310) boundaries. Studies have highlighted
that Cl, often co-doped with Na, can passivate these gap states induced by dangling
bonds, significantly enhancing material quality and reducing recombination losses at grain
boundaries [163]. Recent studies have also focused on optimizing CI concentrations to
achieve maximum passivation without introducing new defect states, as excess Cl can lead
to the formation of Cl-rich phases, which may degrade device performance [52,157].

TEM images (Figure 21) by Dharmadasa et al. further support this discussion as they
clearly show the increase in grain size and the reduction in grain boundary density after
CdCl, treatment [157]. The formation of large grains, extending from the CdS layer to the
top surface, is a key property needed for high PCE solar cells, reinforcing the role of Cl

treatment in enhancing grain structure.

Figure 21. TEM images illustrating the effects of CdCl, treatment. (a) As-deposited glass/FTO/
CdS/CdTe, (b) heat-treated with 0.01% CdCl,, and (c) heat-treated with 1.0% CdCl,. The treatment
results in larger grains, reduced grain boundary density, and complete absorption of the CdS layer
into the CdTe layer, with grain sizes comparable to the CdTe layer thickness. Figure reproduced
from [157].

These combined Cl and Se treatments allowed CdTe solar cells to reach a PCE of over
22%, with optimized V. values due to improved bulk passivation, larger grain sizes, and
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reduced recombination losses at grain boundaries [52]. The interplay between Cl and Se,
as well as innovations in CdTe microstructure control, remain crucial for advancing CdTe
solar technology towards the next milestones in device performance.

Group V Dopants: Arsenic, Phosphorus, and Sb Doping in CdTe

Arsenic (As), phosphorus (P), and antimony (Sb) are effective group-V p-type dopants
for CdTe, each contributing distinct benefits to enhancing hole concentration, conductivity,
and V., which collectively improve the PCE of CdTe solar cells. These dopants stabilize
p-type properties and boost overall cell performance, although their stability, toxicity, and
compatibility with processing conditions vary.

As, P, and Sb substitute for Te in the CdTe lattice, creating shallow acceptor states that
improve p-type conductivity, particularly when doping occurs under Cd-rich conditions,
which reduces the formation of compensating defects [158]. As has been found to enhance
bulk recombination properties by reducing deep-level defects, leading to longer carrier
lifetimes and improved V.. Compared to Cu, As has lower mobility, providing enhanced
long-term stability [158]. P similarly substitutes for Te, resulting in stable p-type conductiv-
ity and improved hole density. It is particularly beneficial in polycrystalline films, reducing
grain boundary recombination and enhancing Vo due to improved carrier lifetimes. Addi-
tionally, P-doped CdTe is compatible with high-temperature processing, making it suitable
for scalable manufacturing [158]. Sb enhances band alignment at interfaces, especially with
the back contact, facilitating efficient hole transport and minimizing recombination losses.
It also modifies grain boundary properties, minimizing recombination and supporting the
effects of Cu and Cl in complex device structures [55,168,169].

Figure 22 shows the correlation between Group-V dopant concentration and hole
concentration for As, P, and Sb, demonstrating their ability to achieve high p-type conduc-
tivity. The data reveal that both bulk and film samples of these dopants display a strong
correlation between atomic concentration and hole concentration, with Sb performing
comparably to As and P, especially at elevated dopant levels.

Although effective, each dopant has its challenges. As is prone to forming AX
centres—defect complexes that trap holes, reducing carrier concentration. To mitigate
this, rapid thermal quenching is used to maintain As in its acceptor state, minimizing defect
formation [158]. Techniques such as molecular beam epitaxy (MBE) also allow precise
control over As incorporation, reducing the likelihood of self-compensation. P, on the
other hand, can form recombination-inducing defect complexes with Cd vacancies. To
overcome this, doping under Cd-rich conditions is employed, complemented by rapid
thermal processing to enhance P activation, which increases hole density and reduces
recombination at interfaces [158]. Sb forms deeper acceptor states than Cu, yielding stable
p-type conductivity with reduced migration and improved long-term stability [55,156,158].

Toxicity and environmental impact are also important considerations. As is highly
toxic, requiring careful handling during manufacturing and disposal. P is a less toxic
alternative, making it more environmentally friendly. Sb, besides being less toxic than As,
also provides significant improvements in stability and carrier transport, positioning it as a
promising dopant for scalable solar cell production [55,156,158].

Overall, while As, P, and Sb each serve as effective p-type dopants for CdTe, they offer
different advantages. As provides superior stability and reduced deep-level defects but
carries toxicity concerns. P is safer and compatible with high-temperature processing, but
requires careful control to avoid self-compensation. Sb provides stable p-type properties,
enhances band alignment, and improves grain boundary characteristics, making it a strong
candidate for long-term applications and a useful complement to other dopants. The
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choice between these dopants depends on the desired balance between device performance,
stability, and environmental impact.
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Figure 22. Hole concentration as a function of Group-V atomic concentration for different dopants (P,
As, Sb) in CdTe. Data points for bulk and film samples indicate doping efficiency and demonstrate
the effectiveness of P, As, and Sb in achieving high p-type conductivity. Reconstructed image based
on data from [158].

Interplay of Multiple Dopants in Advanced CdTe Devices

The combined effects of Cu, Cl, and Sb dopants in CdTe solar cells reveal a complex
interplay that affects multiple aspects of device performance. While Cu enhances conductivity,
Cl promotes passivation, and group V elements provides stability, their interactions must be
carefully managed to avoid unwanted phase formation or degradation. For example, excessive
Cu in the presence of Cl can lead to the formation of CuCl clusters, which introduce deep
traps and negatively impact carrier lifetimes. Similarly, high concentrations of Sb can alter the
doping profile, potentially shifting the Fermi level and impacting the p-n junction properties.

Advanced doping profiles that use spatial control over each dopant’s incorporation are
now being developed to achieve a balanced, synergistic effect. Techniques such as atomic
layer deposition (ALD) and MBE allow for atomic-level precision in doping, enabling
researchers to tailor the dopant distribution within the CdTe layer for optimized band
alignment, reduced recombination, and improved stability [159,160].

3.2.3. Interface and Buffer Layer Optimization
Using Buffer Layers for Junction Optimization

Interface engineering has been a pivotal area of research to address the recombination
and band alignment challenges at the CdTe/CdS junction. The inclusion of buffer layers
like magnesium zinc oxide (MgZnO) has been shown to be beneficial in tailoring the band
structure at the CdTe/CdS interface, enhancing both V. and Js..

MgZnO, with its high bandgap, serves as an effective buffer layer that improves
the electron affinity mismatch between CdTe and typical TCO layers. This alignment
reduces the energy barrier for electron transport, enhancing charge collection and reducing
interface recombination. By adjusting the Mg content in MgZnO, researchers can fine-tune
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the CB position to better align with CdTe, thereby optimizing the overall PCE of the solar
cell. MgZnO also exhibits better stability compared to traditional CdS layers, making it a
promising choice for enhancing long-term device performance [160].

In cases where CdS alone is employed, the thickness and stoichiometry of the CdS layer
are critical factors. A thinner CdS layer increases light transmission to the CdTe absorber,
improving the Js., but can also increase the likelihood of pinholes, leading to shunting
issues. Advances in ALD, CBD and other deposition techniques have allowed for better
control over CdS thickness and composition, resulting in improved device performance
without sacrificing stability [55].

Impact of Passivation and Carrier Transport on Efficiency

The role of passivation in CdTe solar cells is paramount, as it directly affects the carrier
lifetime and reduces defect-assisted recombination, thereby influencing V. and FE. Pas-
sivation techniques primarily involve the use of Cl and other halides, which diffuse into
grain boundaries during PDT. This treatment passivates surface states and fills defect levels,
allowing for more effective carrier transport and reduced recombination at critical interfaces.

Carrier transport at the CdTe/CdS junction is sensitive to interface quality, which can
be significantly enhanced through passivation. The introduction of controlled passivation
layers, such as MgZnO, along with halide treatments, has allowed CdTe cells to achieve
higher V. and FF by reducing recombination at both grain boundaries and interfaces. This
strategy has enabled CdTe solar cells to reach PCE at approaching the 22% mark [22,53].

Moreover, advanced passivation techniques have helped in stabilizing CdTe devices
under various operational conditions. By improving the quality of interfaces through both
chemical and physical passivation, CdTe solar cells can achieve enhanced performance consis-
tency and longevity. Research continues to focus on refining these techniques, with recent
studies exploring the use of novel materials for passivation layers, aiming to achieve further
reductions in recombination and improved carrier transport across all interfaces [165].

3.3. CZTS/CZTSSe
3.3.1. Bandgap Engineering

Bandgap engineering in CZTS/CZTSSe solar cells aims to address the inherent limita-
tions in PCE and stability by optimizing key parameters such as sulfurization conditions,
doping strategies, and interface engineering. These approaches enhance the light absorp-
tion, reduce defect densities, and improve the PV properties of CZTS/CZTSSe-based de-
vices. The following sections detail recent advances in each of these areas, highlighting their
contributions to achieving higher PCE and mitigating common performance bottlenecks.

Sulfurization and S/Se Ratio Optimization

Sulfurization is a critical process in CZTSSe fabrication, enabling precise control over
the composition and bandgap of the absorber layer by modulating the S/Se ratio. The choice
between S-rich and Se-rich configurations has profound implications for the optical and
electronic properties of the CZTSSe layer. In recent studies, S-rich CZTS (so termed when
S content is dominant) has been favoured for applications targeting the visible spectrum,
owing to its bandgap of around 1.5 eV, which aligns with peak solar irradiance [77,170].
Conversely, Se-rich CZTSSe (termed CZTSe when Se content is dominant) presents a lower
bandgap near 1.0 eV, which enhances absorption in the near-infrared region and is beneficial
in tandem cell configurations.

Recent work has focused on optimizing sulfurization parameters, including tempera-
ture, time, and gas flow, to stabilize the CZTS phase and prevent the formation of secondary
phases like CuyS and SnS,, which adversely affect PCE [72,80]. Studies have shown that the
presence of H,S gas in the sulfurization atmosphere can significantly impact film morphol-
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ogy, grain size, and composition. For example, Hajara et al. demonstrated that controlling
the HjS flow rate during the sulfurization process can tune the bandgap of CZTS films
from 1.28 to 1.74 eV, with high S flow rates reducing the Zn/5n ratio and introducing S-rich
surface aggregates that affect the electrical characteristics [80].

Furthermore, the S/Se ratio has been extensively studied in mixed-phase CZTSSe
materials, where intermediate compositions are formed by partially replacing S with Se.
This approach enables fine bandgap modulation, balancing the benefits of both elements.
Se incorporation during high-temperature annealing has been shown to enhance the crys-
tallinity and grain size of CZTSSe, reducing boundary recombination and improving charge
carrier mobility [76,77]. Jiang et al. highlighted that the Se content could be tailored by
introducing Se vapour during annealing, effectively reducing the optical bandgap and
producing more compact and crystalline CZTSSe films [77]. This enhanced structural
quality has resulted in devices with improved Js. due to increased light absorption and
reduced recombination losses, thus pushing device performance closer to theoretical limits.

Challenges in Bandgap Engineering for CZTSSe

Despite these advances, challenges remain in achieving consistent control over de-
fect formation during bandgap tuning in CZTSSe. The complex chemistry of CZTSSe
compounds inherently leads to a high density of intrinsic defects and secondary phases,
which complicates the process of defect mitigation and control. Recent studies have high-
lighted the importance of defect passivation techniques, such as MAPDA and PDT, to
reduce deep-level defects and suppress defect clusters like [CuZn + SnZn], which are
major contributors to band tailing and recombination losses [73,79]. These innovations
have shown potential in stabilizing the bandgap and enhancing device performance, but
further research is needed to refine these techniques for industrial scalability. Thus, while
advances in sulfurization, doping, and interface engineering have contributed significantly
to the progress of CZTS/CZTSSe-based solar cells, precise control over defect formation
and passivation remains a critical challenge in realizing the full efficiency potential of
CZTS/CZTSSe materials.

3.3.2. Doping Strategies

Doping CZTS/CZTSSe with elements such as Germanium (Ge), Ag, Na, and Cobalt
(Co) has proven effective in reducing defect density, passivating surface states, and optimiz-
ing the material’s optoelectronic properties. Recent advances in this area have introduced
innovative doping methods to address specific defects that contribute to V. deficits and
charge carrier recombination.

Ag Doping

Ag doping in CZTS is an effective strategy to enhance PCE by reducing defect concen-
tration, improving crystallinity, and altering optical properties. Ag incorporation substi-
tutes Cu in the kesterite lattice, reducing Cuyz, antisite defects, which create recombination
centres that hinder performance.

Nguyen et al. showed that Ag incorporation up to a Ag/(Ag + Cu) ratio of 0.02
improved grain size and morphology and reduced pinholes in CZTS films, enhancing PCE
due to better band alignment at the CdS/CZTS interface and fewer Cuy;, defects [171]. The
SEM image (Figure 23) of the CZTS films after Ag incorporation illustrates the improvement
in grain size and reduced pinholes. Gour et al. also found that Ag doping improved
structural quality, resulting in a rice-like morphology, increased grain size, and higher
optical absorption. Ag’s monovalent state helps stabilize the structure and reduce secondary
phase formation compared to Cu [172].
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Figure 23. SEM images of (a) undoped CZTS, (b) A(2%)CZTS, (c) A(5%)CZTS, and (d) A(10%)CZTS
thin films, showing the enhanced grain size and void reduction in Ag-incorporated CZTS compared to
undoped CZTS. Reprinted with permission from [171]. Copyright (2024) American Chemical Society.

Saha et al. observed that Ag-doped CZTSSe films exhibited reduced V. deficits and
improved FF, attributed to Ag’s role in modifying the grain boundary passivation and
increasing the built-in electric field across the absorber layer [173]. Atasoy et al. and Nazari
and Dhakal highlighted the role of Ag in enhancing grain quality and reducing defects in
Ag-doped CZTSe (ACZTSe) and CZTS cells. Ag contributed to significant grain growth and
reduced defect concentrations, increasing PCE from 5% to over 8%. In CZTS, Ag-doping
improved grain size and electrical properties, reducing series resistance and increasing
shunt resistance, which improved the PCE from 5.84% to 6.66% [174,175].

Ibrahim et al. introduced a double-layer solution-processed CZTS solar cell doped
with Ag and K. Combining Ag and K in a double-layer absorber structure (ACZTS-KCZTS)
reduced the V. deficit and increased Js, leading to better carrier collection and fewer
voids, resulting in an optimized PCE of 8.24% [176]. Figure 24 shows the J-V characteristics
and EQE of the ACZTS-KCZTS device, illustrating the improved electrical performance
due to the incorporation of Ag and K.
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Figure 24. (a) J-V characteristics of CZTS, single-layer Ag-alloyed and K-doped CZTS (KACZTS),

and ACZTS-KCZTS solar cells, illustrating the current density versus voltage behaviour. (b) EQE

curves for CZTS, KACZTS, and ACZTS-KCZTS devices, showing PCE across different wavelengths.

ACZTS-KCZTS exhibits enhanced performance in both current density and EQE compared to other

compositions. Reprinted with permission from [176]. Copyright (2024) American Chemical Society.
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Ge Doping

Ge doping in CZTS and CZTSSe has been extensively investigated to enhance the
performance of these kesterite-based solar cells. Ge incorporation has been shown to
significantly improve the crystallinity, reduce defect concentration, and enhance the Voc,
leading to higher conversion efficiency.

The primary advantage of Ge doping lies in mitigating Sn-related defects, particularly
Snz;, antisite defects, which introduce mid-bandgap states that facilitate charge carrier
recombination. Studies have demonstrated that Ge incorporation leads to the suppression
of these defects, resulting in an improved electronic landscape and enhanced Voc. Naylor
et al. reported that Ge doping during the selenization process improves crystallinity,
grain morphology, and overall efficiency in CZTSSe solar cells. By doping with Ge, they
observed that the average crystallite size increased from 40 nm to 88 nm, and the lateral
grain sizes exceeded 1 um in thickness. The improved structural and electronic properties
enabled a V. increase of up to 25 mV and a PCE improvement of more than 1%, with a
maximum of 6.45% in their samples. These enhancements were attributed to the Ge-Se
growth mechanism, which facilitated recrystallization and reduced Sn-related disorder at
the CZTSSe/CdS interface [177].

Li et al. demonstrated that Ge doping promotes grain growth, resulting in a compact
film morphology with fewer pinholes and increased surface roughness, which rose from
75 nm in undoped films to 96 nm in films doped with Ge. This effect is attributed to Ge
preferentially interacting with Se during selenization, forming GeSe and GeSe; phases that
enhance crystallization. The formation of tensile stress, caused by lattice shrinkage due to
Ge’s smaller atomic radius compared to Sn, further suppresses secondary phase formation.
The study also reported a significant improvement in device performance, with a Ge-doped
CZTSSe solar cell achieving a PCE of 5.38%, an increase of 25.4% compared to undoped
cells, which had a PCE of 4.29%, alongside a V. of 403 mV and a Js. of 28.51 mA/ cm?. Ge
doping also resulted in better charge carrier collection by reducing bulk recombination and
improving the CZTSSe/CdS interface properties [178].

Further studies by Atasoy et al. revealed that co-doping CZTSe with Ag and Ge
significantly improves the crystalline quality, reduces defect concentration, and leads to
larger grain sizes, thereby enhancing overall solar cell efficiency. The synergistic effect
of Ag and Ge during high-temperature annealing at 550 °C effectively suppresses defect
formation and enhances crystallization. Notably, the incorporation of 10% Ag and 7% Ge
into CZTSe resulted in a PCE of 8.46%, compared to 7.53% for samples with 10% Ag alone
and 5.20% for samples with 7% Ag. This improvement is attributed to the formation of a Ge-
back gradient, which acts as a BSF, and an Ag-front gradient, which mitigates recombination
losses near the p-n junction. Additionally, the optical bandgap was observed to increase to
approximately 1.10 eV, contributing to improved device performance [174,179].

Overall, Ge doping in CZTS and CZTSSe effectively enhances device performance by
improving crystallinity, reducing defect concentrations, and promoting grain growth. In
CZTSSe, the presence of Se further amplifies these effects, resulting in greater efficiency
gains compared to CZTS.

Co Doping

Co doping is a more recent approach that introduces magnetic properties to CZTS
while modifying the optoelectronic characteristics. Co-doped CZTS has shown promise
in enhancing light absorption (Figure 25) due to its magnetic interactions, which may
influence the electronic structure of CZTS, although this area remains in the early research
stages [180]. Co doping also appears to increase grain size, similar to Ag, contributing to
reduced recombination at grain boundaries and enhanced carrier lifetimes.
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Figure 25. (a) Absorbance spectra of samples with varying Co amounts (x), showing a shift in the
absorption edge as the composition changes. (b) Tauc plot analysis to estimate the optical bandgap
energies for each sample, highlighting a decrease in bandgap energy as the amount of Co increases.
(c) Urbach energy analysis using the logarithm of the absorption coefficient, indicating variations
in Urbach energy and slopes for different compositions, illustrating the influence of disorder in the
materials as x varies. Figure reproduced with permission from [180]. Licence ID: 1567181-1.

Alkali Metal Doping

Alkali metals such as Na and K have shown substantial benefits in improving carrier
concentrations and mobilities in CZTS/CZTSSe. Na doping, specifically, has been effective
in increasing grain size and improving crystal quality, often resulting in enhanced Jsc
and V,.. Nugroho et al. demonstrated that Na-doped CZTS films prepared via non-
vacuum processes had fewer surface defects, lower resistivity, and more stable photoactive
phases [75]. Na-PDT have also been shown to aid in shallow defect passivation, which is
crucial for reducing non-radiative recombination and increasing V..

3.3.3. Buffer Layer Advancements and Interface Engineering

One of the significant advances in recent CZTS/CZTSSe research has been in interface
engineering to reduce recombination losses at the p-n junction interface. Bandgap engi-
neering at the HJT interfaces has been essential for minimizing interface recombination,
which is a critical factor limiting V. in CZTS/CZTSSe devices.

Buffer Layer Innovations

Traditional CdS buffer layers, while effective, present environmental and cost concerns
due to Cd’s toxicity. Novel buffer materials have been explored as potential replacements
for CdS. WOs3 has shown promising results, offering a wider bandgap that better aligns
with CZTS, resulting in improved V. and reduced band tailing effects at the interface. Fur-
thermore, WOj3; buffer layers, when combined with CZTSe BSF layers, have demonstrated
significant PCE gains by enhancing carrier collection and reducing rear-side recombination
losses [181]. Meanwhile, materials like WSy, ZrS,, MoS,, and transitional metal oxynitrides
have been evaluated through numerical simulations, revealing their potential benefits for
CZTS solar cells.

For instance, the study by Riyad et al. introduces WS, as a buffer layer for CZTS solar
cells to replace CdS. Simulations showed that WS; forms a spike-like band structure at the
CZTS/WS; interface, which reduces non-radiative recombination losses, contributing to
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improved device efficiency. They reported a significant simulated PCE of 30.63% under
optimized conditions. Additionally, Sb,S3 was used as a hole transport layer (HTL) in the
simulations to further enhance efficiency by minimizing back surface recombination [182].

Moustafa et al. explored the use of ZrS, as a novel, nontoxic buffer layer for CZTS-
based solar cells. Their numerical simulations indicated that ZrS, provides favourable
band alignment at the interface with CZTS, yielding a PCE of approximately 17.61%. The
ZxS, layer also benefits from being earth-abundant and environmentally friendly, which
makes it a promising replacement for CdS [183].

Another approach explored by Ghosh et al. involves using MoS, as a buffer layer in
conjunction with graphene as a TCO layer. Simulations demonstrated that MoS, offers a
suitable bandgap and high carrier mobility, which leads to enhanced quantum efficiency
and a simulated PCE of 18.27%. This combination aims to improve both the electrical and
optical properties of the solar cell, and the use of graphene further enhances transparency
and stability [184].

Chen et al. investigated the potential of transitional metal oxynitrides, specifically
TiNxOy and CrNyOy, as buffer layers in CZTS solar cells. Simulations revealed that both
materials could improve efficiency, with TiNxOy showing better band offset compatibility
compared to CrNxOy. This optimization resulted in a simulated PCE of around 22%, which
makes TiNxOy a compelling candidate for buffer layer replacement in CZTS devices [185].

Defect Passivation at the Interface

Recent innovations include passivation treatments such as moisture-assisted post-
deposition annealing (MAPDA), which reduce the concentration of Na and mitigate deep-
level defects in the CZTS absorber. Sun et al. reported that MAPDA in a moist Np
environment allowed for Na extraction from the CZTS bulk and the diffusion of favourable
Cd atoms into the CZTS grain boundaries during CBD of the CdS layer. This effectively
suppresses deep-level recombination centres, such as the [Cuz, + Snz,] defect cluster,
thereby enhancing V. and minimizing interface-related losses [79].

Interface Layering

Studies demonstrate that tailoring the bandgap of interface layers can create a “graded”
bandgap structure that facilitates smoother energy transitions and reduces potential barriers
for carrier transport. For instance, incorporating multi-layered configurations, such as
CZTSe as a BSF in CZTS cells (WO3/CZTS/CZTSe), improves charge separation and
reduces recombination at interfaces. This is achieved through optimized conduction band
alignment, minimizing defects and recombination losses. Interface grading is particularly
valuable in tandem solar cells, where precise bandgap engineering enables the effective
integration of low-bandgap CZTSe with high-bandgap top cells, thereby enhancing power
conversion efficiency (PCE) [71,181].

These combined strategies in bandgap engineering—through sulfurization optimiza-
tion, selective doping, and advanced interface engineering—represent substantial progress
in addressing the inherent challenges of CZTSSe solar cells. By reducing recombination
losses, improving charge transport, and stabilizing the bandgap properties, these tech-
niques bring CZTSSe technology closer to achieving PCE results that are competitive with
other thin-film solar cell technologies, such as CIGS and CdTe. The implementation of these
techniques, however, requires precise process control and optimization to ensure scalability
and reproducibility for industrial applications.
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4. Conclusions

The advancements in TFSC, particularly in materials like CIGS, CdTe, and CZTSSe,
have undergone considerable improvements in PCE through targeted innovations such
as bandgap engineering, alkali metal doping, and interface optimization. Specifically, the
adaptability of CIGS through Ga and Ag alloying, the successful Se incorporation in CdTe
for enhanced light absorption, and S/Se ratio optimization in CZTSSe have collectively
addressed key performance barriers. Each material exhibits unique advantages that con-
tribute to their versatility in applications ranging from BIPV to portable devices. However,
challenges related to stability and scalability remain, motivating ongoing research to further
enhance performance and environmental sustainability. Overall, the continued develop-
ment of these technologies is crucial for TFSCs to reach their full potential in contributing
to the global transition towards renewable energy.
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