Open Access Article. Published on 02 2025. Downloaded on 04/11/25 21:23:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & o

Environmental SC@Y?#ESN?STER
. L

Science

REVIEW View Article Online

View Journal | View Issue

) Check for updates Opportunities and challenges for emerging
inorganic chalcogenide-silicon tandem solar

Cite this: Energy Environ. Sci.,

2025, 18, 6899 cellsT

Vijay C. Karade, (22 Mingrui He,“ Zhaoning Song, {22 Abasi Abudulimu,®
Yeonwoo Park,” Donghoon Song, 2% Yanfa Yan, (2@ Jin Hyeok Kim,
Randy J. Ellingson,? Jae Ho Yun,*® Xiaojing Hao,® Seung Wook Shin*® and
Mahesh P. Suryawanshi (2 *¢

This review highlights the promise of emerging inorganic chalcogenide-silicon (Si) tandem solar cells
(TSCs) to overcome the power conversion efficiency (PCE) and long-term stability limitations of single-
junction solar cells, advancing them toward early commercialization. First, we cover the fundamentals of
TSCs, including basic concepts, design considerations, and key requirements. The unique optoelectronic
properties of proven and emerging chalcogenide absorber materials are then thoroughly examined to
evaluate whether they are suitable candidates for the top cell in tandem configurations. Furthermore, we

Received 2nd October 2024, highlight the critical factors that limit PCE when compared to IlI-V-, Si-, and perovskite-based tandem
Accepted 29th April 2025 and single-junction solar cells. In light of limitations, we discuss the challenges and solutions for the
DOI: 10.1039/d4ee04526b fabrication process, device performance, long-term stability, and outdoor testing of chalcogenide-Si

TSCs. Finally, we provide perspectives on future research directions and potential pathways for the early
rsc.li/ees commercialization of these emerging inorganic chalcogenide-Si tandem technologies.

Broader context

Photovoltaics (PV) offers a promising solution to the challenges of replacing traditional fossil fuel with renewable energy and increasing energy demands in the
near future. Although various single-junction PVs (i.e., Si) are widely installed in the world, their power conversion efficiency (PCE) faces the theoretical
limitation. In this regard, tandem solar cells (TSCs) are attractive for new pathways to overcome these limitations. Unfortunately, the well developed III-V-Si and
perovskite-Si TSCs have critical issues such as elemental scarcity, high costs, instability in an air atmosphere, and toxicity despite their high PCE. On the other
hand, emerging inorganic metal-chalcogenide materials have excellent advantages as the top cell in TSCs, including cost-effectiveness, non- or lower-toxicity,
tunable and excellent optoelectronic properties, and long-term stability in an air atmosphere. However, few investigations of emerging inorganic metal
chalcogenide-Si TSCs have been reported. This review addresses a significant gap in the literature by providing a comprehensive overview of the advancements,
potential, and challenges of using emerging inorganic chalcogenide materials as a top cell in Si-based tandem solar cells.

1. Introduction the photovoltaic (PV) market. Over the years, significant pro-

gress has been made in highly efficient single-junction SCs
The growing global demand for renewable energy necessitates (e.g:, silicon (Si), CdTe, and Cu(In,Ga)Se, (CIGSe)), enabling
continuous advancements in solar cell (SC) technologies and them to convert sunlight into useful energy more effectively."”
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However, these conventional single-junction SCs, have a theo-
retical maximum power conversion efficiency (PCE) limit of
around 33.7% for a band gap energy (E,) of 1.34 eV.? To overcome
this limitation, “tandem SCs (TSCs)” have emerged as a promising
solution, utilizing multiple absorber layers, each optimized for a
specific range of the solar spectrum.”” In tandem configurations,
the top cell has a wider E,, with each subsequent cell having a
progressively narrower E,,° enabling the better utilization of sun-
light and hence higher PCE. In this regard, TSCs offer the potential
to overcome the PCE limits of single-junction SCs and drive solar
energy technology to new heights.”

Currently, commercialized III-V-based TSCs (GaAs-based
compounds) have excellent PCEs of 47.1%.° However, their
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high costs and complex manufacturing processes prevent scale
production.’ In this context, perovskite (PSK)-based TSCs, such
as PSK-Si, PSK-inorganic (i.e., CIGSe or CdTe), and PSK-PSK,
are attracting attention because of their high PCE, low cost,
process compatibility, and tunable E,.'°"'® To date, the highest
reported PCE for two-terminal (2T) and four-terminal (4T) PSK-
CIGSe TSCs are approximately 24.6"° and 29.9%,"” respectively.
In contrast, PSK-Si TSCs have achieved much higher PCEs of
34.6% (2T) and 30.35% (4T)."*?° This demonstrates that Si is
the most suitable bottom absorber material due to its low cost,
reliability (minimum 80% warranty with initial peak perfor-
mance lasting up to 30-35 years), and well-established com-
mercial fabrication process.>'>* However, there are substantial
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(a) Schematic of a TSC consisting of emerging chalcogenide-based wide Eg absorber layer as top cell and narrow E4 bottom cell (i.e., Si), (b)

spectral irradiance under AM 1.5G for narrow E4 top cell and Si bottom cell for tandem configuration and (c) schematic of connection in 2T and 4T

chalcogenide top cell-Si device structure.

concerns about the long-term stability and reliability of PSK-Si-
based TSCs, notably light-induced phase segregation in bro-
mine (Br)-rich PSKs.>>?® More critically, the high PCE PSK SCs
contain lead (Pb), which severely limits their future commer-
cialization. Despite several attempts to address this issue,
effective strategies remain inadequate. Exploring alternative
materials and strategies is crucial for overcoming these con-
straints and realizing the full potential of TSCs.

The inorganic chalcogenide absorber materials offer intrin-
sic long-term stability and durability, making them attractive
candidates for top cells in Si-based TSC development.>”*®
These materials have excellent optoelectronic properties, tun-
able E,, and high thermal, chemical, and environmental stabi-
lity, making them suitable for long-term solar energy harvesting
applications (Fig. 1(a)).>’*° CIGSe and CdTe single-junction
SCs with E, (1.1-1.5 eV) have achieved PCEs of over 23% and are
commercially available."®*' However, the scarcity of indium
(In), gallium (Ga), and tellurium (Te), as well as the toxicity of
cadmium (Cd) necessitates the development of new
chalcogenide-based absorber materials that use low-cost, less
toxic, and earth-abundant elements.”®?°?? Integrating these
emerging absorber materials with Si SCs offers promising
solutions to the limitations of current TSC configurations. To
produce high PCE TSCs, the top cell should have an E; of

This journal is © The Royal Society of Chemistry 2025

1.6-2.0 eV with PCE of >16% to exceed the 25% PCE mark of
single junction Si SCs.** However, the current highest PCEs
reported for emerging inorganic wide E, SCs such as
Cu(In,Ga)S, (CIGS) and CuGaSe (CGSe) are 16.9 and 11.9%,**
respectively, which fall short of the requirements, whilst others
have achieved PCEs of 10% or lower.”®?*3"*> Despite promis-
ing results, there have been few research articles and reviews on
inorganic chalcogenide-Si TSCs published.

This comprehensive review highlights the current state of
the art in emerging inorganic chalcogenide-Si TSCs, with a
focus on fabrication, high PCE, and long-term stability chal-
lenges. We highlight advancements and challenges in III-V,
PSK, CIGSe, and Si-based TSCs, as well as the optoelectronic
properties of proven and emerging chalcogenide absorber
materials. Moreover, we discuss current achievements, chal-
lenges, and opportunities for chalcogenide-Si TSCs. Finally, we
provide perspectives and further research directions for the
early commercialization of these promising emerging inorganic
chalcogenide-Si TSCs technologies.

2. Principles of TSCs

The tandem concept is designed on the principle of maximum
utilization of light, where the carrier losses caused by the

Energy Environ. Sci., 2025, 18, 6899-6933 | 6901
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thermalization process and absorption loss below the E, can be
minimized.*®*” Briefly, it can be achieved by integrating or
stacking two or more absorber layers on top of each other with
different E, values, typically wider at the top and narrower at
the bottom (Fig. 1(b)). In the case of chalcogenide-Si TSCs, the
wide E, chalcogenide absorber layer can absorb high-energy
photons (typically ultraviolet visible (UV) region) from the solar
spectrum, while transmitting low-energy photons (i.e., visible-
infrared) efficiently harvested by the Si bottom cell (Fig. 1(b)).
Generally, TSC configurations are categorized based on term-
inal configuration and integration techniques, such as 2T and
4T.” In 2T configuration, the top cell is directly fabricated over
the bottom cell, which allows a direct series connection of
two sub-cells, whereas in 4T top cell is fabricated independently
and stacked over the bottom cell (Fig. 1(c)). They are optically
coupled but are electrically isolated. In 2T TSCs, the
current matching is required as the same current flows through
the two sub-cells connected in series, while in 4T it is not
required as they are electrically isolated. Theoretically, both 2T
and 4T Si-based TSCs with an E, of 1.1-1.2 eV can achieve
PCEs > 45%.%

For a sustainable future, TSCs must exhibit commercial
viability, scalability, ease of processing, low cost, and use
earth-abundant and non-toxic elements.”*° They must be
robust against environmental conditions such as temperature
and humidity, ensuring long-term performance stability. More-
over, while fabricating the TSC devices, interconnecting tech-
niques, optical design, E,, stacking orders, and fabrication
process must be seriously considered.”*® Particularly,
there must be a suitable recombination layer (RL) to enable
efficient charge transport between the monolithically inte-
grated top and bottom cells, while maintaining light manage-
ment features like anti-reflection (AR), surface texturing, and
plasmonics.*"*? Choosing a suitable E, and device configu-
ration allows for the realization of maximum tandem
efficiency.®?” The low defect density in the top absorber layer
is also crucial, along with achieving maximum current density
and voltage (/-V) output through proper serial electrical inter-
connection between the two cells.*’ Additional details on E,
selection, current matching criteria, and the foundation of
TSCs can be found in earlier reports,””** and a detailed
discussion concerning chalcogenide top cells can be found in
Section 5.
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3. Promising chalcogenide absorber
materials

This section reviews the unique optoelectronic properties and
recent progress of single-junction SCs in proven wide E, chal-
cogenides, including CIGS, CGSe, CulnS,, Cu,ZnSn(S,Se),
(CZTSSe), and Sb,(S,Se);. Additionally, it covers emerging inor-
ganic chalcogenide compounds such as SnS, GeSe, AgBiS,,
CuBi(S,Se),, BaZrS;, SrZrS;, and BaZrS,. A summary of their
optoelectrical properties and device parameters is provided in
Tables 1 and 2.

3.1. Proven shalcogenides

3.1.1. Stibnite: (Sb,(S,Se);). Stibnite-based Sb,(S,Se); exhi-
bits an orthorhombic and highly anisotropic structure that
carries unique optoelectronic properties.>”®* It benefits from
a binary composition that minimizes phase segregation and
defect complexity, contributing to its structural and chemical
stability.®" Structurally, both Sb,S; and Sb,Se; features unique
(Sb,S(e)e) ribbons-like configuration, with 1D ribbons along the
[001] orientation (Fig. 2(a)). This anisotropic property enables
efficient charge carrier transport along the ribbon axis,
while transport among adjacent ribbons occurs via hopping
mechanisms.®>** Consequently, films oriented along non-zero
hkl (hk1 # 0) planes have demonstrated higher PCEs than those
oriented along %kl = 0 planes.®® One of the key advantages of
Sb,S; is the presence of stereochemical active lone-pair elec-
trons, which significantly influence its electronic structure and
lead to a high absorption coefficient >10> cm™" (see Table 1).*”
It exhibits quasi-direct-indirect E, transition between 1.6-1.7 eV
and it occurs with approximately 0.08 eV.®>*® Through Se
incorporation, the E, can be tuned from 0.9-1.0 eV (pure
Sb,Se;) to 1.6-1.7 eV (pure Sb,S3), making it highly suitable
for TSCs applications.”” It can be synthesized using various
deposition techniques, including chemical bath deposition
(CBD), hydrothermal, spin coating, thermal evaporation (TE),
atomic layer deposition (ALD), and spray pyrolysis.®”””* Among
them, the recent report based on a multi-sulfur source-based
CBD technique demonstrated nearly 8% PCE for the Sb,S;
single-junction SCs.®” Utilization of a multi-sulfur source expe-
dited the bath reaction and hydrolysis process and thereby
overall absorber quality including its optoelectronic properties.
Similarly, a modified hydrothermal deposition of Sb,S; in the

Table 1 Summarized fundamental optoelectronic properties of proven and emerging inorganic chalcogenides-based compounds. (Band gap energy:
Eq. indirect Eg: *, Direct Eg: **, absorption coefficient: «, carrier concentration (acceptor): Na, minority carrier lifetime (electron): t, carrier mobility (hole):

up, conductivity (hole): oy,

Materials Crystal structure E, (eV) o (em™) N (em™3) 7 (ns) un (em?> v ts™) on (Sem™)
CIGS(e)*>*° Chalcopyrite 1.0-1.7%* 10%-10° 10'-10"® 20-50 10-100 1-102
CZTS(e)"’ Kesterite 1.0-1.5** 10"-10° 10"*-10"® 5-10 7 10 %-107°
Sb,S(e);*® Orthorhombic 1.0-1.7* 10*-10° 10'7-10"° — 10-42 10°-1077
Ges(e)"* Orthorhombic 1.14-1.7% 10%-10° 10'7-10"° — 128 1-1077
Sns>**! Orthorhombic 1.1%* 10*-10° 10-10" — 10-15 107%-107"
AgBiS,*>>>? Hexagonal Cubic 1.07* 10°-107 10'*-10" — 0.07-1.1 0.2-1

0.8**
NaBiS,”* Hexagonal Cubic 1.2-1.5% 10°-10* 10'*-10" — 0.03-0.29 10°°-107°
BaZrS;>>%° Hexagonal Cubic 1.3-2.2% 10*-10° 10"7-10%° — 30-40 2.9
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Table 2 Device parameters of champion cells from emerging chalcogenide
and established PV technologies along with their E,. Note: The tabulated data is
collected from the reported recent efficiency tables for different PV3-57-%°

g Absorber  E, (eV) Vo, (mV) Ji (mAcm™®) FF (%) PCE (%)
g AgBiS, 1.30 518 27.2 72.4 10.2
5 AgBiS, 1.39 495 27.1 68.4 9.2
3 CGSe 1.62 1017 17.5 67.0 11.9**
5 CIGS 1.60 954 24.8 71.5 16.9
g CIS 1.60 729 21.8 71.7 11.4
2 CZGS 1.45 625 24.4 55.7 8.5
] CZTS 1.55 749 23.4 68.9 13.2
o CZTSSe 1.09 530 38.4 74.0 15.1
g CZTSSe-Ag  1.10 565 35.4 70.3 14.1
£ CZTSSe-Ge  1.12 527 32.3 72.3 12.3
. 5 GeS 1.70 530 8.30 31.0 1.3
ﬁ Q SnS 1.25 339 25.8 55.0 4.8%°
N2 Sb,(S,Se); 1.35 551 26.0 70.1 10.1
g Sb,(S,Se)s 1.44 631 25.3 67.4 10.8
Q= Sb,(S,Se); 1.54 673 23.7 66.8 10.7
a8 Sb,S; 1.73 757 17.4 60.5 8.0
3 = Sb,S3 1.80 711 16.1 65.0 7.5
c 0 Sb,Se; 1.23 467 33.5 67.6 10.6
% 5 Sb,Se, 1.38 474 27.7 62.2 8.1
-l E c-Si 1.11 745 42.3 86.7 27.4
S § GaAs 142 1127 29.8 86.7 29.1
% o Perovskite ~ 1.53 1193 26.5 84.5 26.7
8% CdTe — 904 31.6 80.6 23.1
g 5 CIGSe 1.13 767 38.3 80.5 23.6
N
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delivered 8.26% PCE.”” Despite these advancements, Sb,S; still
faces challenges related to its relatively high carrier concentra-
tions and defect density which can negatively impact device
performance. It has relatively low carrier mobility (0.1-
1 em® V' 7' in Table 1), limiting efficient charge transport,
while deep-level defects such as sulfur (S)/ selenium (Se)
vacancies or Sb-S/Se antistites which act as non-radiative
recombination centers, reducing carrier lifetime. The highest
reported PCE to date stands at 10.81% for Sb,(S,Se); (E; = 1.44 eV),
highlighting the potential of E, engineering in optimizing
performance.”® Further efforts in passivation strategies, interface
engineering, and composition tuning are necessary for advancing
Sb,S5"TSCs.

3.1.2. Chalcopyrite: CIGS and CGSe. Chalcopyrite-based
compounds (i.e., CIGSe with E, of 1.1-1.2 eV) are well-known
and commercialized absorber materials for SCs due to their
outstanding optoelectronic properties, long-term stability, and
remarkable PCE of 23.6%.>””* Chalcopyrite-based compounds
have a high absorption coefficient >10° cm ™" in visible to near-
infrared regions, allowing them to efficiently convert sunlight
into electrical energy. Chalcopyrites possess a long minority
carrier lifetime greater than 20-30 ns and a high carrier
mobility of 10-100 cm® V~' s™" (Table 1), allowing efficient
carrier transport across the absorber layer. The E, of the Cu-III-
VI, materials system with chalcopyrite crystal structure
(Fig. 2(b)) can be tuned from 1.04 to 1.68 eV by replacing ‘In’

SO 8 WA
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Fig. 2 Atomic crystal structures for the different chalcogenide-based absorber layers, (a) Sb,Sz (Pnma), (b) CulnS,, (c) CuZnSnSy, (d) SNS/GeS (Pnma),
(e) AgBiS, (P3m1), (f) AgBiS, (F3m1), (g) BaZrSs, and (h) SbSI chalcohalaide, respectively. All crystal structures were created with VESTA software based on
crystallographic information file from the inorganic crystal structure database (ICSD).
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with ‘Ga’ in CulnSe, to CGSe.”” With the addition of ‘S’, it can
be further increased to 2.5 eV for CuGasS,. Alternatively, sub-
stituting silver (Ag) for copper (Cu) and aluminum (Al) for
‘In’ opens new pathways for increasing E,. Nevertheless,
chalcopyrite-based single-junction SCs have been extensively
studied and well developed; yet the PCE of CIGS and CGSe
single-junction SCs with wider E, is significantly lower than
that of others (see Table 2). Shukla and co-workers have
reported PCE over 15% with an E; of 1.6 eV for CIGS single-
junction SCs by engineering Cu-composition, using a Zn(O,S)
buffer with a higher conduction band (CB) edge, and Ga
grading.”® By benefiting from all these strategies, rare interface
recombination gets reduced and the activation energy of
recombination gets closer to E,. It results in much lower inter-
face carrier recombination and open circuit voltage (V) loss,
delivering over 900 mV of V,,. Ishizuka and co-workers reported
CGSe single-junction SCs with >10% PCE by a three-stage co-
evaporation process with various metal flux ratios.”” It was
found that Se/Ga flux ratio is critical in determining the proper-
ties of the absorber layer, alkali distribution profiles, and device
performance.

3.1.3. Kesterite: (CXT(S,Se),)-based compounds. The
chalcopyrite-based compounds with wide E, have outstanding
optoelectronic properties and show high PCE, but the high cost
of the rare earth In and Ga elements remains a concern. In this
regard, earth-abundant elements-based kesterite compounds
have gained enormous attention as promising the next genera-
tion light absorber materials. The poplar kesterite-based
CZTS(e) compound is derived by replacing group III elements
in the CIGS(e) structure with zinc (Zn) and tin (Sn) (see
Fig. 2(c)).”® It exhibits intrinsic p-type conductivity, tunable
direct E, ranging from 1.0 eV for pure Se-based CZTSe to 1.5 eV
for pure S-based CZTS, high absorption coefficient >10°> cm™"
in the UV region, carrier mobility of 50 cm® V™" s™" as well as
three-dimensional symmetry of carrier transport (see Table 1).
Unlike CIGSe compounds, CZTS has a relatively higher defect
density and related defect clusters owing to the nearly similar
ionic radii of Cu' and Zn®*' and its multi-element nature,
leading to a shorter minority carrier lifetime (Table 1).”° In this
regard, the current PCE of CZTSSe single-junction SCs with
narrow E, reached only 15.1% using the solution process,
which is inferior to that of CIGSe and CdTe single-junction
SCs.*" A recent study utilizing machine learning techniques
screened over 1800 compounds and identified around 200
compounds with optical E, ranging from 1.2 to 2.7 eV.*
Despite numerous first-principal calculation studies proposing
the development of emerging kesterite-based compounds,
only a few have been successfully fabricated. Successful fabri-
cation in CXTS involved manganese (Mn), magnesium (Mg),
iron (Fe), nickel (Ni), cobalt (Co), barium (Ba), and strontium
(Sr) substituted at X = Zn in CZTS giving new absorbers
such as Cu,CdSnS,, Cu,MnSnS,, Cu,FeSnS,, Cu,CoSnS,, and
Cu,NiSnS,, and replacing ‘Sn’ with germanium (Ge) and ‘Si’ in
Cu,ZnGeS, and Cu,ZnSiS,. Hao’s group has demonstrated over
11% PCE for the Cu,ZnSnS, (CZTS) single-junction SCs with

E;, = 1.5 eV and V,. of 730 mV with heterojunction heat
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treatment.®" It was found that the heat treatment accelerated
the elemental inter-diffusion (Cd atoms in CdS buffer occupy
Zn or Cu lattice and Na in Kesterite), resulting in a favorable
band alignment and thereby, reduced non-radiative recombi-
nation. Recently, this PCE was further boosted to 13.2%
with V,. of 749 mV and a short circuit current density ( Js.) of
23.40 mA cm~>.*! Furthermore, the successfully developed wide
E, kesterite with partially and/or full substitutions such as
Ag,ZnSnS, (6.28%),** Cu,CdSnS,; (10%),*> and Cu,BaSnS,
(2%) have been extensively reported; however, their PCEs are
still lower.

3.2. Emerging chalcogenides

3.2.1. Group IV metal binary chalcogenides. In recent
years, significant efforts have been made in the development
of group IV metal chalcogenides (metal = Ge and Sn, and
chalcogen = S and Se) as important candidates for absorbers
due to their optimal Eg high absorption coefficient, earth
abundance of constituent elements, and the lack of competing
phases.®® These materials exhibit different crystal phases,
including hexagonal and orthorhombic structures due to the
diverse oxidation states of the constituent metals and chalco-
gen elements. For instance, Sn-based chalcogenides can man-
ifest as native p-type SnS in an orthorhombic lattice owing to
the favorable enthalpy associated with the formation of Sn
vacancies, thereby generating shallow acceptors.”® In this
configuration, Sn atoms with an oxidation state of +2 are
bonded to three S ions, forming puckered Sn-S layers inter-
connected by weak van der Waals forces, characterized by the
space group Pnma (see Fig. 2(d)).*>?** Conversely, Sn-chalco-
genides also adopt two-dimensional hexagonal unit cells with
Sn in an oxidation state of +4, resulting in a native n-type
semiconductor. Each layer in this arrangement comprises a Sn
atom monolayer sandwiched between two layers of S atoms,
represented by the space group P3m1.°° Furthermore, Ge-
chalcogenides, except for GeSe,, exhibit orthorhombic crystal
structures (Pnma) with a predominant p-type semiconductor
behavior.”® GeSe and SnS, members of the group IV metal
chalcogenides family, are considered highly suitable absorbers
for TFSCs due to their favorable optoelectronic and structural
properties, as well as their simple binary chemical composi-
tion, which can be readily controlled during synthesis.
Although considerable efficiencies have been achieved for their
single junction SCs, namely 4.82% for SnS** and ~5.2%
for GeSe,”” there are still numerous challenges that need to
be addressed to see their potential as promising absorbers
for TFSCs.

3.2.2. I-V-VI, ternary chalcogenides. I-V-VI, ternary chal-
cogenides such as AgBiS, and NaBiS, are potential perovskite-
inspired compounds that have attracted tremendous interest
recently.”®°* One of the widely investigated materials, AgBiS,
has shown its promise as an absorber in TFSCs due to its
outstanding optoelectronic properties, including an optimal E,
of 1-1.3 €V, a high absorption coefficient of 10° cm™" and a
high mobility of 2.7 em® V' 7119719 AgBiS, exhibits hex-
agonal and cubic phases, with respective indirect and direct E,

This journal is © The Royal Society of Chemistry 2025
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of approximately 1.07 and 0.8 eV, respectively.'*>'°® Among
these phases, the hexagonal structure, known as matildite, is
particularly promising due to its semiconducting nature and
high stability, even at lower temperatures ranging from 25 to
120 °C. Matildite adopts a P3ml1 with combining macron
space group structure and demonstrating notable stability
(Fig. 2(e)).>* Conversely, the cubic phase, referred to as schap-
bachite, exhibits metallic behavior and possesses a face-
centered cubic structure in the F3m1 (Fig. 2(f)) with a combined
macron m space group, akin to the rock salt metallic structure.
Schapbachite remains stable at higher temperatures, while it is
metastable at room temperature.'®”"*°® The cationic and anio-
nic distribution in these materials, explained by Glatz et al.’*
reveals distinct structural characteristics. Matildite exhibits a
narrow indirect E;, making it suitable for PV applications,
whereas schapbachite lacks an E,, rendering it inadequate for
such applications. The cationic disorder in AgBiS, influences
its optical properties, particularly the E,, which can be ther-
mally controlled. The E, reduction induced by cationic disorder
enables tunability in the photoactivity of AgBiS,, making it a
promising PV candidate.’®"'%'"! Additionally, AgBiS, exhibits
ordered-disordered transitions at the nanoscale under different
temperatures, leading to enhanced thermal stability. Addition-
ally, proper tuning of the crystal structure alters the E, and
absorption coefficient, making AgBiS, an excellent PV
absorber."'>'" The hexagonal structure of AgBiS, demon-
strates superior PV performance over the cubic structure,
indicating its potential for achieving high PCE. Recently, Li
et al."™* reported a promising record PCE of 10.2% for AgBiS,-
based TFSCs with vapor-assisted sub-micron grain-based thin
film. Though further research is needed to explore the electro-
nic and structural properties of AgBiS, to enhance its PV
performance.

Another promising material in this class is NaBiS,, which
comprises earth-abundant, cost-effective, and non-toxic ele-
ments. NaBiS, exhibits a high absorption coefficient exceeding
10° em ™' at and beyond its pseudo-direct Eg of 1.4 eV.>!>71Y
This leads to a calculated spectroscopic limited maximum
efficiency of 26% under 1 Sun illumination conditions."®
NaBiS, shares a cation-disordered phase (space group: Fm3m)
similar to AgBiS,,""® where Na* and Bi’** cations can randomly
occupy the same crystallographic lattice site due to their similar
ionic radii. It has been shown that free electrons and holes
generated after photoexcitation could be localized to varying
degrees at Bi*"- and Na'-rich clusters, respectively.'*®'** Na*
clusters induce S-3p states just above the valence band max-
imum (VBM), leading to strong hole localization and the
formation of small polarons. Consequently, the sum mobility
of NaBiS, nanocrystal films significantly decreases from 0.29 to
0.03 cm® V' 57" within 1 ps after photoexcitation.”® These
favorable optoelectronic properties of NaBiS, stem from its
high density of states (DOS) in the upper VB and the pseudo-
direct nature of the E,. However, the spectator character of Na*
also results in the formation of localized s-p states above the
VBM, particularly at Na'-rich clusters due to an inhomogeneous
cation distribution.’® These localized states cause strong hole

This journal is © The Royal Society of Chemistry 2025
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self-trapping, resulting in a slow relaxation process lasting
several microseconds, unaffected by post-annealing treatment.
Despite the reduction in sum mobility by almost an order of
magnitude within a few picoseconds due to charge-carrier
localization, the strong absorption and long-lived photogener-
ated charge carriers suggest the potential use of NaBiS, in
ultrathin single-junction SCs and possibly as top cell absorber
materials in Si TSCs.

3.2.3. Chalcogenide PSK. The exploration of lead-free PSK-
inspired materials has extended beyond halides to include
chalcogenide PSKs such as BaZrS;, SrZrS;, BaHfS;, and SrHfS;,
along with Ti-, Zr-, and Hf-based counterparts.”®>'*'">* These
materials have garnered attention due to their low disorder,
with Urbach energies of 18-34 meV,'** high thermal and
environmental stability, and high absorption coefficients
(>10° em ™ ")."*® Moreover, chalcogenide PSKs offer promising
defect tolerance and E, typically in the range between 1.6 to
2 eV, making them suitable as top cells in Si-based tandem
PVs.'?® Structural variations in chalcogenide PSKs influence
BX, octahedral connectivity, where corner-sharing BX¢ octahe-
dra define PSK structures.'” These typically adopt GdFeO;-type
(space group Pnma) and YScS;-type (space group Pna21) struc-
tures, alongside non-PSK configurations with an edge- or face-
sharing BX; octahedra (Fig. 2(g))."*®*'*° While the ABX;
chemical formula is commonly associated with PSKs, not all
such compounds exhibit true PSK crystal structures.

Chalcogenide PSKs also exhibit remarkable light absorption.
Their band edges, dominated by sulfur 3p valence and transi-
tion metal d conduction states, result in a high joint DOS,>*"**
leading to a rapid absorption coefficient rise (>10° cm ™)
within 0.3-0.5 eV above the onset."**'*' Comparison with
established PV materials shows absorption coefficients up to
an order of magnitude higher.”**'*> While charge transport
studies remain limited, computational results suggest low
effective masses for electrons and holes due to dispersive band
edges.'®! Experimentally, electron and hole mobilities of 13.7
and 9.4 ecm” V' s7', respectively, are comparable to other
direct E, inorganic semiconductors,"”*'*® indicating their
potential for TFSCs, including single-junction and Si-tandem
configurations.

3.2.4. Metal chalcohalides. Inspired by the chalcogenide’s
stability and halide perovskite’s excellent optoelectronic prop-
erties, a new class of inorganic semiconductors, chalcohalides,
has emerged. These materials follow the general formula
M,XpY., where M represents metal cations and/or their combi-
nations, X and Y are the chalcogenide and halide anions, and a,
b, and c define their composition.*”"**®* Common metal cations
(M) include Ag, Cu, Sn, Sb, and Pb, while X=S, Se, Te, and Y =
Cl, Br, and I. Ag;SI and Ag;SBr, among the first reported
chalcohalides, were developed as solid electrolytes, though
their potential in TFSCs remains unexplored.’*® Theoretically
predicated structures such as Pb,S;Br,, SnsS;Cl,, CdsS,Cl,,
Sn,SFs, and Cd,SFs, exhibit tunable E, through halide and
chalcogenide composition similar to PSK."*%'4°

Additionally, V-VI-VII pnictogen chalcohalides such
as SbSI and BiSI have been investigated for optoelectronic
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applications."*" These materials crystallize in an orthorhombic
Pnma space group, forming a 1D ribbon-like structure along the
c-axis (Fig. 2(h)). Covalent bonding along the ribbons and weak
van der Waals interactions between them yield electronic and
carrier transport properties comparable to binary Sb,S;."*"!*?
BiSY- and SbSY-based chalcohalides exhibit theoretically pre-
dicted E, values of 1.6-1.87 eV and 2.1-2.3 eV, with experi-
mental values of 1.9 and 2.1 eV, except for the iodide
variant,'?%140:143:144 ghgl demonstrates high carrier mobility
ranging from 50-100 V™' s™' and electrical conductivity
1077 Q" em~'."*>™ These properties, along with their tunable
compositions and structural diversity, position chalcohalides
as promising candidates for next-generation optoelectronic and
PV applications, including single-junction and tandem SCs.

4. Opportunities and challenges

4.1. Silicon as suitable bottom cells

Si SCs stand as a mature, commercially developed PV technol-
ogy, and with crystalline Si (c-Si) it dominates the PV market
with a substantial share."*” Homojunction SCs (HJS), Si hetero-
junction SCs (SHJ), and c-Si based tandems are gaining market
momentum, according to the latest report by the International
Technology Roadmap for Photovoltaics (ITRPV) (Fig. 3)."*®
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Recently, LONGi has set a new world record with 27.3% for
heterojunction back contact cells and 22.7% for passivation
emitter rear contact (PERC) modules.'****® It shows PCE of
single-junction Si SCs is approaching the theoretical limit of
51 Despite facing
challenges in module PCE and capital expenditure, Si remains

~29.4% along with growing production.

a preferred TSC material choice due to its long-term operational
stability, developed and scalable processing techniques, the
second most abundant element in the Earth’s crust, and non-
toxicity.'>> Though, some inherent limitations come from
spectral losses due to the inability to absorb infrared photons
with energy < E, and thermalization losses of high energy
photons, restraining their PCE."** The successful integration of
Si with wide E, materials as a top cell offers an opportunity for
efficient light harvesting and exceptional performance.

The present section gives a brief overview of technological
development in Si-based single-junction SCs. Based on device
technology it can be classified into diffusion-based HJS and
SHJ. An HJS includes Al back surface field (Al-BSF) cells, PERC,
Tunnel Oxide Passivated Contact (TOPCon) and integrated
back contact (IBC) as shown in Fig. 4.

Al-BSF. The Al-BSF-based Si-SCs are the first to dominate the
Si market in the 21st century. The typical Al-BSF fabrication
involves initial cleaning and chemical texturing of the Si wafer,
high-temperature diffusion of phosphorous (P) from the

100 TIT T T T T[T T T [TTTTIT]

EAT L T CEL TTT T[T T T T T [TTTTT]T

— [ [ 4 —60FL 3
3 . Al-BSF 1% 80: PERC ] = 50E_TOPCon E
o °F 1 2eof T E
< 50: 1 = r ] 2405_ E
o 1 2a0f 4 4 D00 P
g 25i E g L ] gzoi 4 E
g - 32w g
Obloiini Ih T ! 0 Lt b b 14 (0= =
Y Q o Y Q © g Y Q © )
20> 48P 487 107 20> 48P Q7 10> PRI N

Year Year Year
20_I|IIII\|l\|l|||||||;l_ 25:I|IIIII[III|I|II!II‘|: 8_||IIIII|I|III|IIIII|I_
< [SH 4/ '°\_°|205 IBC_: s Tandems
— 15F / o] =eYE 1 =6r . 7
o F 4 ] @ E = o r rygare
@© r /A 1 © 15 7 © S & :
G 10F e 4 % _E / . | R0 'd / ]
¢ F ; 1 % 10 o . = e / ]
X 5L /g0 1 ¥ _E// ’ i X2 [ //} ]
L :"‘;”/ ] & 5t %67 1 &t /A / .
O—|||||\||\|||||||||||: :||||||| ||||||||\||\|: Omllllllllllr
Y Q © ¢ B Q © ¢ D Q © L
10\' 10’2' ’LQ’)’ 103 10\' 107' 10’1’ 103 fLQ'\' 'L()’Z’ 10’1’ 'LQ%

Year Year Year

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Report year

Fig. 3 Predicted market capture of different c-Si SCs technologies based on the annual report produced by the International Technology Roadmap for
Photovoltaics (ITRPV).2*® Reproduced with permission, Copyright 2023, Cell press.
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Fig. 4 Different c-Si SCs architectures for Al-BSF, PERC, TOPCon, SHJ and IBC.

emitter, application of hydrogenated silicon nitride (SiN,:H) as
passivation and the AR coating layer, and then finally making
Ag fingers at the top and fully covered Al back contacts via
screen printing contact process.’> The top Al back contact
firing process at elevated temperatures (700-800 °C) causes the
diffusion of Al" which acts as a p-type dopant. It creates a p*
surface, which is also referred to as AI-BSF that provides field-
effect passivation. During the contact firing process, the Hydro-
gen (H) gets released from the SiN,:H front region and passi-
vates the bulk as well as surface defects. However, due to the
unpassivated back interface and dominant recombination
losses, it failed to achieve further higher PCE. The simplicity
of the process caused them to dominate the market with a
competitive PCE of 20% and V,. about 650 mV reported
in 2017.

PERC. PERC technology came with an application of a
dielectric passivation layer to overcome the recombination at
the rear interface."”” The divided strip cell and localized contact
along with different dielectric passivation layers such as Silicon
oxide (SiO,), SiN,, and aluminum oxide (AlO,) provided a
further boost in development and PCE. A major breakthrough
in PERC came when SiO, was replaced with AlO,. It creates
strong BSF for electrons and strongly repels them to suppress
recombination at the back surface. The localized contacts with
laser processing, internal reflections, reduced Ag finger size

This journal is © The Royal Society of Chemistry 2025

with low series resistance (R;), and application of AlO, BSF layer
with plasma enhanced CVD provided PERC technology mass
production capacity like Al-BSF while maintaining higher PCE.
The major gain in V,. >700 mV and J,. due to reduced
recombination at the back with passivation and internal reflec-
tion, respectively, delivered a promising PCE of 23% for PERC
at the production level. This small technological development
in PERC caused a dramatic decline in the recent market share
of AI-BSF and a gain for PERC as shown in Fig. 3. However, the
PERC SCs suffered V, loss and stagnated at 700-720 mV. The
dominant recombination at the junction, caused by high
phosphorus diffusion near the emitter, the direct contact
between the metal and Si, and the presence of unpassivated
dangling bonds, limits the PCE and V..

TOPCon. TOPCon SCs have been developed to overcome the
abovementioned challenges through technological advance-
ments in tunneling oxide and passivated back contact. Various
thin oxide and metal oxide tunneling layers in combination
with polycrystalline Si (poly-Si) efficiently passivate the surface,
extract the charge carriers, and remove the need for heavy
doping at the rear side. The tunneling layer allows only one
type of carrier to pass through it, whereas the poly-Si layer,
which is in contact with the metal, pins the Fermi level and
effectively reduces the recombination at the rear interface. The
TOPCon cells can be fabricated with both p- and n-type wafers,

Energy Environ. Sci., 2025, 18, 6899-6933 | 6907
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but majorly they are available on n-type which has a tunneling
oxide layer and n* doped poly-Si."*® The junction is formed by
boron (B) doping at the front to create a p* region, while it is
also coated with a dielectric hydrogenated SiN, layer that acts
as an AR coating. The use of c-Si/SiO, with a well-controlled
tunneling oxide layer provides the chemical as well as efficient
field effect passivation, delivering ~26% of PCE. Higher min-
ority carrier lifetime enables to achieve >720 mV of V,. with a
boost in the fill factor (FF). The TOPCon currently faces
challenges with the front recombination coming from the low
base doping of B over P.

SHJ. SHJ SCs also possess simple fabrication technology
where the hydrogenated amorphous silicon (a-Si:H) provides
excellent passivation of dangling bonds at the c-Si/a-Si:H inter-
face. The major technological difference between the SH] and
other HJS is that it does not involve doping in c-Si via a thermal
diffusion process that forms junctions. So, the carrier separa-
tion or selectivity in SHJ is driven by a-Si layers. Consequently,
SHJ does not include the metal contact firing process, instead,
it has screen-printed contact, putting the overall fabrication
well below 250 °C. Furthermore, it exhibits a hydrogenated
intrinsic Silicon (i-Si:H) with a-Si:H which passivates the dan-
gling bond and interfacial defects. Since the doped amorphous
nature of a-Si comes with poor conductivity, owing to low
carrier mobility the transparent conducting oxide (TCO) needs
to be integrated to achieve an effective collection of carriers
across the metal contact. SH] SCs, which are also referred to as
HIT cells, have two additional advantages i.e., (i) they can act as
a bifacial module giving additional PCE benefit to the whole
cell and (ii) exhibit a thin wafer size. With this SC architecture,
the SHJ achieved an impressive PCE of 27%, with an excellent
FF of 86% and more than 750 mV of V.. However, due to the
expensive fabrication tool, incompatibility in transferring the
production line of PERC/TOPCon to SH]J, and an additional gas
safety facility hindering SHJ from achieving a large market
share. In addition, the multiple doped a-Si and i-Si:H layers
and dual TCO contact with indium tin oxide (ITO) cause a lot of
parasitic absorption losses limiting J,. in the SHJ.">”"*®

IBC. Compared to conventional Si SCs, the IBC technology
integrates p- or n-type contacts at the back interface region.
Consequently, it does not provide a shadowing effect or any
reflection losses coming with front metal contact, which lowers
the Js. It also has relatively low overall R; in the cell due to the
absence of front contact, thus it provides higher J,. and FF in
the SCs. The front region can be made with an analogous device
stack as SHJ or TOPCon having a front passivation layer and AR
coating. In contrast, the p- or n-type contact can be made using
laser ablation or wet chemical methods at the back. As most of
the carriers get collected across the rare interface region, high-
quality c-Si with a longer bulk carrier lifetime is required, to
achieve a high PCE. It can be fabricated with both p- and n-type
absorber layers.**®

4.2. Tandem configuration and best Si bottom cell selection

In terms of device stacking, the typical chalcogenide absorber
layers can be fabricated in both n-p and p-n device
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configurations, defined by the fabrication sequence of the
semiconductor thin films, (i.e., whether the n-type emitter is
deposited before or after the p-type chalcogenide absorber).
Materials such as Sb,S;, GeS, and AgBiS, have demonstrated
higher PCE in the supertartrate (n-p) configuration, while
materials like CXTS, CTS, and CGS have shown better
performance in the substrate (p-n) configuration. Therefore,
similar to PSK-Si TSCs, one should be cautious while deciding
on the absorber polarity, Si polarity, and p-n junction
location.”®'®® In the bottom Si SCs, the choice of Si wafer type
mainly determines the junction location (p-type wafer: front
junction and n-type wafer: rear junction) and studies in PSK-Si
TSCs have shown that this switching of junction location can
affect the overall tandem PCE.'®*'®' Materials like Sb,Ss,
chalcogenide PSK, and AgBiS, sometimes utilize 2,2/,7,7'-
tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene
(Spiro-OMeTAD) as the hole transport layer (HTL), which can be
a concern due to their parasitic absorption losses in n—-p device
stacking in 2T and 4T TSCs. Further, the bare Si wafer exhibits
higher reflection; thus in SCs their reflection is generally
minimized by texturing the front surface with the alkaline/
acidic solution and applying the SiN, ARC layer. However, it’s a
fact that on such nano to micron-sized pyramids rough surface
fabrication of a continuous and thin top wide-E, chalcogenide
absorber layer with good adhesion is quite challenging. More-
over, the chalcogenide absorber layer also comes with different
surface roughness based on the fabrication process (Table S1
and Note 1, ESIt) can cause a large leakage current in TSCs.
Thus, it is necessary to apply suitable deposition processes
like solution, vacuum, or hybrid techniques that can provide
high surface coverage, better adhesion, and minimal leakage
current. Moreover, the use of suitable RLs, seed layer for
chalcogenide growth, and ALD passivation strategies can
also be applied which can passivate interface defects and
minimize leakage current. A detailed discussion of these stra-
tegies can be found in Sections 5.1 to 5.4. Herein, we provided a
possible 2T TSCs design architecture for emerging absorber
materials considering different Si-based technologies as shown
in Fig. 5.

In bottom cell fabrication, the PERC SCs are mostly fabri-
cated with p-type wafers, while TOPCon SCs use n-type wafers;
thus the junction/emitter can be formed by thermal diffusion of
B or P, respectively. Due to higher costs, and high B thermal
diffusion temperature, the n-type wafer remains costly, though
theoretical PCE limits are the same for Si SCs. So, having n-type
or p-type of PERC or TOPCon does not technically limit the
theoretically achievable TSCs PCE. Recently, Messmer et al.>*
proposed four different bottom cell designs with TCO as RLs
and a poly-Si tunneling layer of around 20-30 nm for PERC and
TOPCon. Their simulation study also revealed that the TOPCon
tandem PCE is better than PERC but lower than SHJ for PVSK-Si
TSCs. These PCEs are mainly driven by higher V,. and FF.
Wright et al.™® clearly pointed out the design flaws in PERC
tandem design and claimed that lowering strict design require-
ments for PERC like single junction SCs could narrow down the
PCE gap with SHJ. It also raises hopes for the design
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Fig. 5 Possible 2T TSC design architecture for chalcogenide absorber layer with different Si-bottom cell technology.

consideration of PERC cells for emerging inorganic chalcogen-
ide absorber-based Si TSCs.

The technological challenges in selecting suitable Si
bottom cells for chalcogenide absorbers, considering their
monolithic integration and the high-temperature processing
of the top cell, have remained a significant concern. Popular
HJS cells such as PERC and TOPCon exhibit high-temperature
tolerance and can maintain thermal stability, while SH]
cells have a relatively lower temperature tolerance (<250 °C)
due to a-Si:H layer."®*"'® Given the low-temperature fabrication
feasibility of PSK materials, studies indicate that using
SHJ devices in tandems leads to a remarkable PCE compared
to HJS devices.'®® However, it is important to note that the
limited temperature tolerance of SHJ cells due to the
degradation of a-Si:H restricts subsequent processing of chal-
cogenide. In addition to temperature, solvent selection,
solution processing, and passivation layers achieving high
PCE is also a challenge. It makes a top absorber with a
low-temperature process (e.g., solution-processed absorber)
feasible only for SHJ cells."® In contrast, during the fabrica-
tion of 2T TSCs, TOPCon and PERC are more suitable due to
their compatibility with high-temperature processes. These
high-temperature fabrication processes may also benefit the
Si bottom cell by improving the bulk quality of the
absorber layer.

While fabricating 4T TSCs, all Si architectures remain viable
options. SHJ cells, however, are particularly attractive due to
their higher efficiency and bifacial capability. SHJ cells exhibit
lower recombination losses compared to PERC and Al-BSF cells.
Moreover, careful optimization of TCO layers can reduce para-
sitic optical absorption losses from both the front and back
sides, further enhancing their bifacial performance. This

This journal is © The Royal Society of Chemistry 2025

feature makes SHJ cells especially advantageous for bifacial
4T tandem configurations.

4.3. Challenges in existing Si-based TSC technologies

The inorganic III-V-Si TSCs are among the most successful and
proven technologies to date and have shown outstanding PCE
and long-term stability compared to other technologies such as
the recent most efficient PSK-Si TSCs.?> However, growing I1I-V
materials over Si faces challenges due to the expensive fabrica-
tion process and epitaxial growth issue.'®®'®” These include
lattice, thermal coefficient mismatches, and high interface
density defects. For instance, GaAs and Si have lattice constants
of ~0.56 and 0.54 nm, respectively, resulting in a ~4% lattice
mismatch and high dislocation density.>'®® Nearly 2 orders of
difference in thermal expansion coefficient add strain and lead
to inferior crystallite quality.'®®'®® To address these challenges,
a combination of low and high-temperature growth modes in
metal-organic chemical vapor deposition (MOCVD) is often
used for effective epitaxial growth with a conformal deposition
process."®*'7° The wafer bonding strategy is another approach,
involving plasma or solution treatment, mechanical compres-
sion, and post-annealing steps to achieve strong wafer bonding,
resulting in up to a 10% absolute enhancement in PCE of III-V-
Si TSCs.'®®71172 The inclusion of SiGe or GaAsP buffer layer
for heteroepitaxial growth which provides a bridge between III-
V and Si due to low lattice mismatch demonstrated promising
pathways.’”® Record PCEs of 32.8 and 35.9% have been
achieved with GaAsP-Si double junction and GalnP/GaAs/Si
triplejunction grown with MOCVD and the above
methods."”* Mechanically stacked 4T GaInP/GaAs on Si triple
junction with epoxy achieved PCE of ~36%,'”> However, this
method has a high-cost issue and a critical challenge due to
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adhesive epoxy materials.'”® Yet, it still exhibits challenges in
the interface layer, surface roughness, and high interface Ry in
III-V-Si TSCs.”'%°

PSK-Si TSCs have recently gathered significant attention due
to their unprecedentedly high PCEs over 34%.**® Though,
even with high PCE PSK-Si TSCs face widely recognized long-
term stability issues.'*****'”” The standard test conditions
defined by the International Electrotechnical Commission
61215 standards remain a significant concern and need to be
redefined for PSK SCs.>*"”®'7° It includes standard test condi-
tions (under 1000 W m™>, 25 °C, and 1 Sun condition), the
insulation tested under high applied voltage + 1000 V, with
85 °C temperature and 85% humidity (damp heat test), field
test, and light soaking conditions. They are sensitive to envir-
onmental factors such as light, temperature, humidity, and
oxygen. To make an ideal E, for tandems, the mixed halide
cation ratios such as Br, iodine (I), and chlorine (Cl) are
precisely tuned."®**'®" Among them, the Br and I are sensitive
to light and are easily affected by light-induced degradation of
the absorber layer with segregation of halide elements.'®*'?
The Br segregation creates abundant vacancies in PSK. Multiple
reports have claimed that at room temperature, the phases and
shunting paths reduce long-term stability.>® Large-scale fabri-
cation and toxicity of Pb in high PCE devices are additional
concerns, despite relatively low concentration in terms of a
commercial perspective.'®* % The degradation in J. of PSK-Si
TSC is closely linked to the current mismatch.'®”*®® The total
Jsc in TSC is determined by the wide E, top cell to achieve a
high maximum power point. Therefore, the rapid degradation
in wide E, PSK SCs also leads to overall PCE degradation
in TSCs.'®'*° Some wide E, PVK SCs exhibit significant Vo,
loss due to band alignment mismatches with the HTL and
electron transport layer (ETL), as well as abundant defect
densities.""* Therefore, proper band alignment among the
charge transport layers is crucial to avoid the V,. loss. Addi-
tionally, the textured surfaces can cause local compositional
inhomogeneities and affect quasi-Fermi level splitting.>
Uncoated textured Si pyramids, non-uniform thickness, and
high-density shunting paths are common in PSK-Si
TSCs.'7719%19 pegpite the promising PCE of PSK-based TSCs,
major challenges such as long-term stability and process com-
patibility with high-temperature annealing-based absorbers
hinder their commercial viability.

4.4. Current progress in emerging chalcogenide-Si TSCs

So far, different types of Si-based TSCs have been extensively
explored, but they are still far away from widespread commer-
cial applications because of the limit of PCE in the top cells. An
efficient top cell is crucial for improving the PCE of the total
TSC system.’” Beyond optimizing each sub-cell, there are
several unique challenges to developing efficient monolithic
multi-junction SCs. The present section summarizes the cur-
rent progress in the fabrication of chalcogenide-Si TSCs and
their PCE progress (Table S2, ESIT).

(a) Chalcopyrite compounds. Ironically, most Se-based
compound photo-absorbers have narrow E, characteristics.
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The only Se-based absorber layer with a suitable wide E, for
TSC is CGSe with an ideal E; of ~1.7 eV. Initial attempts by the
National Renewable Energy Laboratory (NREL) achieved a
promising device PCE of 5.1% for 2T CGSe-Si TSCs.'®® The
absorber was fabricated at 550 °C on an ITO-covered Si sub-
strate, with the device completed using sequential deposition
of CdS/ZnO/Al layers. The device achieved a promising V. of
1.32 V with J,. of ~9.0 mA cm™ 2 and FF of 43%. Jeong et al.*®
reported the fabrication of CGSe/ITO/Si structured 2T TSCs,
achieving PCE of ~10%. Their study concluded that using the
ITO as an RL between Si and CGSe in TSCs mitigates resistive
losses without sacrificing electrical properties.” Both studies
used CGSe and Si with Eg values of 1.7 and 1.12 eV, respectively.
Furthermore, Kim et al.?*° simulated the CIGS E, from 1.4 to
1.7 eV with respect to the absorber thickness ranging from 0.2
to 2.0 um. They found that achieving current matching in CIGS
top cell with E, of 1.5 eV is difficult until a 200 nm thick
absorber layer for ~19% Si bottom cell. Conversely, with a
relatively wider Eg of 1.6-1.7 eV, it is achievable with higher PCE
in TSCs. Since the CIGS top cell with E, of 1.7 €V has a low PCE
of ~12%, the overall PCE of TSCs is limited to that of the Si
bottom cell (19.0-19.8%). Further, it has been reported that the
high-temperature rapid thermal annealing (RTA) process dur-
ing CIGS fabrication can degrade the Si bottom cell. The
formation of GaO, near the ITO layer during the deposition
of CIGS contributes to the resistive loss.>°’ Therefore, a 4T
device configuration can be a more suitable alternative for
constructing the most efficient CIGS-Si TSCs.

(b) Kesterite-related compounds. Kesterite-based Cu,-II-
IV-V1, chalcogenide semiconductors, where II can be Zn, Cd,
or Ba; IV can be Si, Ge, or Sn; and VI can be S and Se, have
demonstrated potential PV applications due to their outstand-
ing optical and electronic properties as discussed earlier. How-
ever, quaternary kesterite-based CZTSSe compounds have
shown the highest PCE of >15.1% for 1.1 eV.>°> For Si-based
TSCs, progress is limited due to the high-temperature
(>500 °C) step in chalcogenide material synthesis, which can
degrade the Si bottom cell. To address this issue, various
intermediate barrier layers such as MoS,>** or TiN,?***°*> have
been explored. Valentini et al.>® applied the triple barrier
layers of MoS,/FTO/ZnO to prevent the degradation of Si
bottom cells and elements interdiffusion, accomplishing a
PCE of 3.5% with V. of 950 mV, and FF of 58.3%. Marthino
et al.”® reported effective control over elemental interdiffusion
using ultrathin TiN and TiO,N, interfacial layers (<10 nm) at
the Si/CZTS interface. Additionally, the Al sandwiched TiN/Al/
TiN layer showed a PCE of 3.9% with V,. up to 1.06 V, indicating
diffusion barrier layers can also serve as RLs in 2T Si-based
TSCs. Cu has relatively high diffusivity, potentially forming
abundant defects on Si surfaces or CusSi precipitates that
create mid-gap defects.>® To overcome this, a thin TiN barrier
on a double-sided TOPCon Si cell was found effective against
the high-temperature RTA process and Cu-diffusion
phenomenon.>®®> Using TiN/Al/TiN triple barrier layers, CZTS
was grown using pulsed laser deposition with oxide- and S-
based precursors.’”” The study showed that oxide-based

This journal is © The Royal Society of Chemistry 2025
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(d) EQE spectra for the 2T CZTS-Si TSCs.2%® Reproduced with permission, Copyright 2022, American Chemical Society (e) J-V curves and (f) EQE spectra
for the 4T Sba(S,Se)s-Si TSCs.2%° Reproduced with permission, Copyright 2023, Wiley-VcH.

precursors (i.e., Cu, ,O,, ZnO, and SnO,) exhibit higher Cu
diffusivity than S-based precursors (i.e., CuS, ZnS, and SnS).
The oxide precursor also modified the barrier layer properties
and transparency. The partial oxidation of the barrier layer
improved transmittance, enhancing Ji. in Si bottom cells,
though it decreased FF due to electrical property degradation.
This approach achieved a PCE of 4.8% for 2T CZTS-Si TSCs. To
further improve the Si bottom cell’s thermal stability during top
cell fabrication, poly-Si/SiO, passivating contacts with varying
thicknesses were applied, which improved carrier lifetime
above 500 ps.”°® The barrier layer significantly decreased
impurity diffusion in c¢-Si bulk during the RTA process, result-
ing in improved lifetime. In comparative studies with CGSe
and (Ag,Cu)(In,Ga)Se, (AIGSe) layers, the barrier layer
provided different Cu diffusion gradients for the absorber layer

This journal is © The Royal Society of Chemistry 2025

(Fig. 6(a)). It indicated that AIGSe is less prone to Si degrada-
tion, while CGSe and CZTS are more susceptible during the RTA
process, affecting Si carrier lifetime (Fig. 6(b)). Finally integrat-
ing a thinner TiN layer with poly-Si improved transmittance
resulting in one of the highest reported PCEs of ~7% 2T CZTS-
Si TSCs (Fig. 6(c and d)).

(c) Binary chalcogenides. The V,VI; chalcogenides family
includes compounds where V = As, Sb, Bi, and VI = S, Se, with
very few reports on Te-based fabrication of the absorber
layer.>'® Recently, widely researched and reported compounds
in this family are Ag,S, Bi,S;, SnS, Sb,X;, and GeS.>” Among
them, Sb,S; is particularly suitable for use as a top cell in Si-
based TSCs due to its nearly ideal E,. Both Sb and S are earth-
abundant, nontoxic, and low-cost elements, making them
economically and environmentally viable for TSC applications
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as discussed earlier. The planner device configuration is more
suitable for TSC fabrication with a low-temperature solution-
based approach. Based on its strong candidacy, Gao et al.*'!
reported the successful fabrication of an Sb,S; absorber layer
over an n-type Si substrate via a sputtering process at different
substrate temperatures. Interestingly, the sputtered Sb,S;
absorber layer showed a direct E, transition from 2.52 to
1.49 eV as the substrate temperatures increased from room
temperature to 400 °C. The complete device, fabricated with Ag/
ITO/i-ZnO/CdS/Sb,S;/Si based on an optimal deposition tem-
perature of 350 °C, resulted in a V,. of 367 mV, a J,. of
0.01 mA cm ™2, and an FF of 28%, respectively. Xiao et al.>* recently
reported 4T TSCs with semi-transparent Sb,(S,Se); SCs with an E, of
1.5 V. The Sby(S,Se); top cell achieved a PCE of around 7.05%, while
the top cell filtered Si bottom cell had a PCE of 4.61%. As a result,
the 4T Sb,(S,Se)s-Si TSCs demonstrated an excellent PCE of 11%
(Fig. 6(e and f)). In addition to the fabrication of 2T and 4T TSCs, a
simulation report is available on the design and analysis of Sb,S;-Si
TSCs, summarizing that based on top cell optimization, PCE can
reach up to 24-30% with top and bottom absorber thicknesses of
300-700 nm.**?

4.5. Key challenges for emerging inorganic chalcogenide-Si
TSCs
Emerging inorganic chalcogenide-Si TSCs have shown

potential for significantly improved device performance than
single-junction SCs.>” Despite the promising optoelectronic
properties and advancements in single-junction SCs as dis-
cussed in previous sections, inorganic chalcogenide-Si TSCs
still exhibit inferior PCE compared to III-V-Si and PSK-Si TSCs.
Previous studies have demonstrated that emerging inorganic
chalcogenide-Si TSCs present several challenges in achieving
competitive device performances.”®” These challenges include
device fabrication processes, E, tuning, stability, reducing non-
radiative recombination losses, and maximizing light capture.
The two largest challenges and design criteria are: (1) proper
sub-cell selection for current matching with suitable E,, and (2)
multilayered process compatibility during TSC’s fabrication
process. In monolithically integrated 2T TSCs, the two sub-
cells are connected in series, and Ji. in TSCs is limited by the
cell having low J, thus it becomes necessary to consider the
current matching conditions in a 2T device’s design. In another
case, not all Si SCs are compatible with the thermal annealing
process at high temperatures. In this regard, it should make
sure that in the fabrication of the 2T tandem, the subsequent
layers should be fabricated in such a way that the bottom Si cell
does not degrade. The present section briefly discusses the
above issues.

(a) Device fabrication process. In the case of monolithic 2T
Si-based TSCs, critical issues in the fabrication process persist.
The synthesis mechanism and/or systematic experimental
results for chalcogenide absorber layers on Si bottom cells have
not been established yet; thus, fabricating high-quality absor-
ber layers with outstanding optoelectronic properties while
suppressing defects and related defect clusters is of prime
importance. Generally, the high quality of ternary and

6912 | Energy Environ. Sci., 2025, 18, 6899-6933

View Article Online

Energy & Environmental Science

quaternary chalcogenide-based absorbers requires a high-
temperature annealing process above 300-500 °C for the
crystallization. It can damage interconnecting layers and/or Si
bottom cells in TSCs.>**'3 Different strategies have been made
to suppress the annealing temperature and modify the anneal-
ing process through doping and others, but they result in the
formation of secondary phases, voids, and pinholes.****'?
Further, the use of non-stochiometric composition in the
fabrication of the quaternary absorber layer such as CZTS and
CIGS also results in the formation of defects and defect
clusters.”'®*'” This deep defect and defect cluster significantly
contribute to the non-radiative losses via the defect-associated
recombination mechanism. As discussed earlier, the Cu-based
chalcogenide absorber layer presented high Cu diffusivity dur-
ing the annealing process hampers the interface besides cre-
ates a compositional fluctuation in the absorber layer. On the
contrary, the low-temperature processed binary chalcogenide
absorber materials such as Sb,S; or SnS demonstrated elemen-
tal loss at <450 °C annealing temperature.>*®*!° The poor
crystal quality of chalcogenides on Si bottom cells may lead
to sub-E, absorption and abundant defects, resulting in dra-
matically reduced carrier diffusion lengths due to the highly
reactive chalcogen vapors (S and/or Se)."”® This issue necessi-
tates the introduction of diffusion barriers or the development
of lower-temperature synthesis methods for chalcogenides.
Reduced transmittance and additional Ry from the diffusion
barrier layer are believed to be the main causes of poor PCE in
chalcogenide-Si TSCs.

(b) Unoptimized transport layer and interfaces. The
chalcogenide-based TFSCs, as well as the TSCs carries multiple
layers including the TCO and buffer layer. These charge trans-
port layers and different interfaces must have optimal band
alignment, lower lattice mismatch, smooth surface, and low
interface defect density for efficient carrier transport.>**?*! The
conventionally used CdS buffer layer exhibits cliff-like band
offset issues with materials such as CZTS. The interdiffusion of
elements from the buffer or absorber layer may provide lattice
mismatch, uneven interface, and carrier recombination
pathways.**" Following the success of CdS layer, it is also used
as ETL in binary and ternary absorber materials; however apart
from the CdS layer only a few oxides-based TiO, or SnO, have
shown some promising results in single junction SCs.*® It
shows the need for a promising ETL that provides optimal
band offset and high-temperature stability for efficient carrier
transport properties without sacrificing device PCE. Inspired by
PSK SCs, different HTL layers employed such as poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS),
Spiro-OMeTAD, and ploy[bis(4-phenyl)(2,4,5-trimethylphenyl)
amine used in absorber materials such as Sb,S; and
AgBiS,.%**** They still face challenges with band alignment
and long-term stability issues. The Spiro-OMeTAD layer, also
known for its parasitic absorption, may also hamper the
tandem performance due to its thickness and absorption of
high-energy photons.>”® The segregation of secondary phases
and the formation of interface defects are usually observed in
most of the chalcogenide-based absorber layers.”***** The

This journal is © The Royal Society of Chemistry 2025
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unpassivated grain boundary and interface defect significantly
contribute to the non-radiative recombination losses. Another
critical issue in the fabrication process of 2T chalcogenide-Si
TSCs is poor adhesion between chalcogenides and Si bottom
cells. The significantly different lattice constants and thermal
expansion coefficients between chalcogenides and Si can easily
cause thermally induced stress during the upright growth from
Si, leading to poor adhesion.”’® Commonly, chalcogenide
single-junction SCs are prepared on molybdenum (Mo) rear
contacts, with interfacial Mo(S,Se), layers forming irreversibly
during the synthesis process. This interfacial layer aids adhe-
sion between chalcogenides and Mo rear contact as well as the
formation of ohmic contact.*>*?® A promising solution can be
developing a suitable interconnection layer with diffusion
barrier capabilities (i.e., buffer role) in 2T TSCs, however
detailed studies have not yet been reported. In a mechanically
stacked 4T TSC, each cell’s PCE is individually collected. This
results in complex interconnections for module-level cells,
increasing fabrication costs and limiting large-scale produc-
tion. The difference in refractive index between top and bottom
cells at the air gap in 4T TSCs causes optical losses (ie.,
parasitic absorption at both cell surfaces), significantly redu-
cing PCE compared to theoretical values."> Developing func-
tional layers (i.e., interfacial layer) to minimize optical loss
could replace the air gap in 4T TSCs, however, this technology
has not yet been addressed. Additionally, there are some
technical challenges for 4T TSCs, such as simultaneous
measurement of both cells for coupling effects and measuring
PCE in the same area for both cells.*> Deep insights and
understanding of device structures and characterization pro-
cesses in 4T TSCs are crucial for developing higher PCE than
single-junction SCs.

(c) E; Tuning in chalcogenide. As explained earlier, TSCs
consist of a top cell with a wide E; and a bottom cell with a
narrow E, to achieve high device PCEs beyond the limits of
single-junction SCs.”*” Fully sharing the solar spectrum
requires matching E, for each cell, which is crucial for high
performance in TSCs. Fig. 7 shows the theoretical device
performances for TSCs with various E, in the bottom and top
cells in both (a) monolithic 2T and (b) mechanically stacked 4T
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configurations. Theoretically, the best-calculated performance
is about 47% for TSCs with a combination of E; ~1.63 eV in the
top cells and E; ~0.96 eV in the bottom cells.®>?*® For the well-
established c-Si bottom cell with an E, of 1.1 eV, the ideal top
cell absorber E, for 2T TSCs is about 1.65 eV, while 4T TSCs is
1.6 to 2.0 eV, achieving PECs over 44%.

In the case of the chalcogenide absorber family due to their
narrow E, of Se-based compounds such as CISe, CIGSe, AIGSe,
and Cu(In,Al)Se,, with E, < 1.2 eV, are not well suited as top
cells even if they have high PCE. However, pure ‘S’ based
absorber layers such as CIS, CIGS, and CGS can be used as
top cells. CIS (E; = 1.5 eV) and CIGS (E, = 1.57 €V) have a
compatible E, but still can achieve the PCE ~30% for 2T
devices. In contrast, CGS has a wide E; of 2.5 €V, suitable for
use as a top cell in triple junction TSCs. The ‘Se’ based
chalcopyrite CGSe has the most favorable E, and can be tuned
with a Ga/Se ratio from 1.65 to 1.85 eV, making it a promising
top cell for Si TSCs.”*® In the case of the kesterite family, Eq
values for Cu,MgSnS,, Cu,FeSnS,, Cu,CoSnS,, CBTS, and
Cu,SrSnS, are estimated to be approximately 1.6, 1.2, 1.11,
2.11, and 1.8 eV, respectively. Zn-substituted CXTS-inspired
absorbers, such as those substituted by Mn, Mg, Fe, Ba, and
Sr, appear promising as top cells with E, close to 1.6 eV. The
highest PCE pure ‘S’ based CZTS absorber has E, around
1.55 eV, while the most efficient CZTSSe absorber with >15%
PCE exhibits E, around 1.1 eV.”’ Thus, pure S-based CXTS absor-
bers with tunable E, via partial or complete cation substitution in
CXTS have a strong potential to make in Si-based TSCs
with predicted PCE ~35%. Followingly, in binary chalcogen-
ides, such as GeS, Sb,S; has an experimentally reported E,
ranging from 1.6-1.9 eV. GeSe, Sb,Se;, and SnS have an E; of
1.1-1.3 eV, eliminating them from top cell competition. The
experimentally reported values for SnS lie between 1.1-1.7 eV,
possibly due to the co-existence of a secondary phase
like SnS,, which has an E, of 2.2-2.4 eV. Thus, for binary
chalcogenides, like GeS and Sb,S; with an E; of around 1.7-
1.8 eV, perfectly withstanding the ideal tandem top cell, though
for high PCE Si-based TSCs, their E; can be tuned with Se to
match well with 1.65 eV required for bottom cell. They can also
potentially deliver theoretically predicted PCE over 35-40%
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Fig. 7 Theoretical performance for (a) 2T and (b) 4T TSCs, calculated with different Eq for top and bottom cells. Grey shading regions show lower device
performance of TSCs than that of Shockly—Queisser limit of 32% for single junction with E4 of 1.1 eV. The open symbols represent the E5 combination for
the best performance of 2T and 4T PSK-Si TSCs.™® Reproduced with permission, Copyright 2018, Nature Publishing Group.
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with a well-developed single-junction SCs device fabrication
strategy.

Over the years perovskite-based absorbers in Si tandem
technology present ease of fining tuning of E, with the help
of halide ions to achieve current matching in 2T TSCs.>***%!
Matter of fact in the chalcogenide community a well-
established fine E, tuning strategy is strongly needed to achieve
the desired E,. Different E, grading strategies such as V-shape
grading, grading in space charge region (front interface), or at
the rear interface are reported to maximize PCE.>** In the case
of CIGS and CIGSe TFSCs different E, grading strategies during
absorber growth have shown some success with modification in
In, Ga, and S ratios. But the elements such as S and Se which
dominantly affect the band position and modify the E, proper-
ties, haven’t been proposed. Thus, GeS, Sb,S;, CXTS, and CGSe
are the most promising absorber materials and are in line to be
part of Si tandem technology with their E, values. And it would
be interesting to see their progress in single junction alongside
Si-based TSCs technology.

(d) Achieving targeted J,. V,., and PCE for the top cell. J,.:
The current matching is one of the key criteria in the design
principle of 2T TSCs. In 2T TSCs, the maximum tandem PCE
can only be achieved if the photocurrent generated by the top
cell is consistent with that by the bottom cell. For 2T Si-based
TSCs, under the best-case scenario, the top cell should absorb
half of the available photons with energy higher than 1.1 eV and
generate nearly half of the photocurrent of a single-junction Si
bottom cell, while allowing the other half unabsorbed photons
to enter the Si cell and generate the same amount of photo-
current density. Therefore, the top cell for Si-based TSCs should
generate a photocurrent density of ~20-22 mA cm > and
meanwhile be sufficiently transparent to allow the equivalent
amount of low-energy photons to be harvested by the Si with an
E, of 1.1 eV. For 4T tandems, the current match limitation does
not exist because each sub-cell operates independently. For the
same Si bottom cell, the better (higher efficiency and transpar-
ency) the top cell, the better the 4T tandem PCE.

We now consider the emerging chalcogenide single junction
SCs and their theoretically achievable J.s-q) that can fulfill the
current matching criteria. Interestingly, most chalcogenide-
based absorbers have already achieved more than 75% of their
Jsce(s-q), however, it is inferior to those of high-performance
absorbers such as c-Si, PSK, GaAs, CIGS, and CdTe, which are
well above 90%. Emerging absorber materials such as GeS, SnS,
AgBiS,, CGSe, and Sb,(S,Se); with relatively wider E, (>1.5 eV)
have their Js_q) nearly 70-80% range and still need further
improvement. Nonetheless, the most efficient chalcogenide-
based TFSCs generate enough J,. that can be considered as the
top cell for 2T and 4T Si-based TSCs. Materials with wider E,
like GeS, CGSe, or Sb,S; currently have relatively lower J,. than
the 2T current matching criteria shown in Fig. 8(a), Table 3, and
Table S3 in ESL,{ but it can be tweaked further with fine E, and
thickness tuning and absorber properties improvement.

Voe: 2T and 4T TSCs require all sub-cells to achieve their best
Voe to maximize tandem PCE. Some chalcogenides have out-
standing optoelectronic properties for the required top-cell
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absorber materials; however, their current PCEs lag the value
needed for the top cell of efficient 2T TSCs (see Fig. 8(b)). The
main reason for this inferior PCE is the high V,-deficit (defined
as Ey/q-Vo) characteristics.”” Fig. 8(b) shows the V,, of different
chalcogenide TFSCs placed at a theoretically achievable Vi (s_q)
for their corresponding E,. The overall scenario shows that only
GaAs and PSK with recent PCE development have achieved
more than 94% of their V,.s_q), while ¢-Si has achieved about
88% of its Vi(s-q). A recent development from ‘EMPA’ and the
‘First Solar’ pushed the CIGSe and CdTe to Vics-q) >75%,
while the rest of the chalcogenide, except CIGSe lies in the 50-
75% limit. The chalcogenides with narrow E, show lower V.
loss, while wide E, suffers higher V. loss. Among the emerging
chalcogenide absorber layers like Sb,(S,Se);, AgBiS,, and CZTS
remains near 50%, which needs concentrated development in
the absorber layer to boost the V,. and PCE.

PCE: The high PEC of the top cell is another critical factor
because the top cell can provide a large fraction (~2/3) of the
energy of the total tandem system.*** Fig. 8(c) shows the
required efficiency of the top cell in 2T Si-based TSCs to yield
25, 27.5, and 30% PCE, respectively, based on top cell para-
meters like Eg, diffusion length, absorption coefficient, and
FF.*>' Studies indicate that the top cell with a wide E, only
absorbs a small fraction of the incident photons, maximizing
the PCE of the Si bottom cell. As a result, a top cell having E, in
the range of 1.5-1.7 eV must exhibit more than 15% to achieve
25% Si-based TSCs PCE. While reaching beyond 27.5 and 30%
tandem efficiency, 17.5 and 20% top cell PCE are required in a
similar E, range. The gray shaded area shows that the current
PCE of some chalcogenide TFSCs was reviewed by White et al.>*
has been upgraded further and is approaching the theoretical
value required beyond 25% PCE of single junction Si SCs.
Another factor to consider for TSC design is light management
for the sub-cells. The bottom cell in the TSCs only receives the
illumination transmitted through the top cell. A chalcogenide-
based absorber layer typically has absorption coefficients above
its E, on the order of 10" to 10° cm™',**>?*® and has discernible
parasitic absorption below E; due to defects and impurity
phases. Consequently, the trade-off between sufficient absorp-
tion of high-energy photons and transmission of low-energy
photons in the top cell needs to be tailored. Fig. 8(d) shows the
transmittance of the top cell vs. the device PCEs of 4T Si-based
TSCs under various top cell PCEs. Over 80% transmittances are
required for the top cell with an E, of 1.5 eV having PCE of 8%,
to achieve a higher PCE in TSCs than in single-junction Si SCs.
Ultimately, relaxed transmittance in the top cell achieves over
25% PCE in tandem configurations if the top cell exceeds
22% PCE.

The above situation gives an idea about the required top cell
PCE while controlling transmittance. However, the current
situation of single junction emerging chalcogenide-based SCs
is well below the criteria. We have plotted the device para-
meters of some of the champion emerging chalcogenide-based
SCs and well-established PV systems with respect to S-Q limit
and categorized them into the different PV technologies,
which are (i) high-performance 5s.q >75%, (ii) moderate

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Reported champion cell parameters compared to the detailed-balance limit of single-junction SCs as a function of Eg (a) Short-circuit current
(Jso), (b) open-circuit voltage (Voo), () required top cell efficiency in Si-based TSCs to achieve 25, 27.5, and 30% efficiencies, respectively.?! The filled
symbol shows the previous chalcogenide PCE and the hollow symbol shows the recent PCE. Reproduced with permission, Copyright 2014, IEEE, (d)
transmittances of top cell vs. the device performance of 4T Si-based TSCs under different efficiencies of top cell.>** Reproduced with permission,
Copyright 2019, Royal Society of Chemistry. Detailed-balance limit of single-junction SCs as a function of band gap for (e) PCE and (f) j vs. v x f.

Table 3 Possible chalcogenide absorbers and their predicted PCE based on their Eg4

Top cell material (example) Top cell E, (eV) Voe (V) Jse (MA cm™?) Predicted tandem PCE
CGSe, BaZrS;, 1.6-1.8 eV 1.1-13V 15-20 mA cm 2 30-33%

Sb,S; 1.7-1.8 eV 1.3-1.6 V 15-18 mA cm 2 35-40%

CdTe, CZTS 1.5eV ~1.0V ~18-20 mA cm 2 ~30%

performance #s_q 75-50% and (iii) low-performance 75 q <50%.
Fig. 8(e) shows that only PSK, c-Si, and GaAs have achieved more
than ys_q >75%. On the other hand, the rest of the chalcogenide
community struggles with PCE and resides below 50% of 75 q,
except CIGSe, and CdTe. As explained earlier, the PCE of the
emerging chalcogenide-based absorber layer must be improved to
withstand competition in Si-based TSCs technology for top cell
competition. We have calculated the S-Q limit for the

This journal is © The Royal Society of Chemistry 2025

corresponding device for each device parameter based on their
reported E, value (see Table S3). The lower PCE compared with the
S-Q limit can be clearly identified as a large V. loss. To further
identify key issues in the poor performance reason and give ideas
about further improvement, we plotted the j{ Jsc/Jis-q)) versus v x f
(Voe % FF/Voe(s-q) X FFs_q)) for all the reported champion emer-
ging absorber materials along with ultra-high PCE PV materials
(Fig. 8(f)). It provides insight into whether the PCE is limited by
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light management or charge carrier management. The ratio j{ Js./
Js-q) reveals the Ji. losses coming from the light coupling,
absorption, and trapping in the active layers from the top cell,
followed by its carrier collection efficiency. The voltage ratio v =
Voe/Vs-q shows the dominance of the carrier’s recombination
losses from the bulk, surfaces, and interfaces. Altogether (v x f),
the voltage ratio and fill factor ratio f = FF/FFs_q indicate the total
electrical limitations of a cell. As expected, the j and v x fratio
approach unity for ¢-Si, GaAs, and PSK PVs and have good light
and carrier management. In contrast, some chalcopyrites like
CIGSe and CdTe are in moderate regions (0.5-0.75) situated in the
upper regime, indicating these absorber materials have well-light
management but need focused research on carrier management.
This can be achieved through improved interface passivation,
enhanced carrier extraction, and effective bulk defect suppression
strategies to further boost V. and reach the theoretical maximum
PCE limited by non-radiative losses. Interestingly, the rest of the
chalcogenide absorber materials exhibit j well beyond 0.7, ranging
from 0.7-0.9, but scattered across the v x f far below 0.6,
indicating the poor PCE is mainly limited by the bulk and
interfaces as shown in Fig. §(f). In other words, the high concen-
tration of intrinsic defects, related defect clusters, band tailing
(especially kesterite-based compounds), inherent deep-level
defects, and high interface-assisted recombination rates (ie.,
lattice mismatch, contamination of impurities, and dangling
bonds at the interface) are believed to be the main causes of
Voe loss and poor absorber quality for chalcogenide-based top
cells.®®?3”*38 In particular, the abundant intrinsic defects and
defect clusters can cause a significant downward shift of CB edge
and non-radiative recombination, resulting in a large V.
loss.>”**” Moving forward, the typical minority carrier lifetime
reported for high PCE devices remains in the range of 1-10 ps to
100-200 ns, while those for emerging chalcogenide absorber
materials come several orders lower ~1-10 ns or less due to
dominant defect assisted non-radiative carrier recombination.
The high carrier density, resulting from a large concentration of
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shallow acceptor-like defects, along with low hole mobility, limits
efficient charge transport in the absorber layer. This leads to
increased non-radiative recombination, reducing carrier lifetime
and extraction. In addition, the low hole mobility also lowers the
carrier collection probability, which is very high in the emerging
absorber layer. These factors show that better carrier management
is needed for emerging chalcogenide absorber materials com-
pared to light management.

5. Strategies to improve the PCE of
emerging chalcogenide—Si TSCs

5.1. Low-temperature fabrication techniques to produce high-
quality top cell

To produce high-quality 2T TSCs with high PCE, a key require-
ment is to produce a well-crystallized chalcogenide absorber
layer with pure phase and low defect density. Despite the
challenges in fabrication shown in Fig. 9, recent advancements
in low-temperature processing of chalcogenide absorbers make
it possible to develop efficient devices. These materials can be
fabricated using both physical and chemical deposition meth-
ods, besides hybrid methods combining both techniques for
optimized results, as explained below.

(a) ALD. ALD technique is known for its precision, which
gives better control over material thickness and composition.
By adjusting the number of precursor cycles and pulse
sequence, one can control the film thickness composition
meticulously.>**>*> Moreover, by controlling factors such as
precursor pulse rates and substrate temperatures and others,
high-quality thin films of binary and ternary chalcogenides can
be produced. This method is particularly efficient for forming
uniform layers with controlled stoichiometry. Similarly, this
technique can also be employed in the fabrication of ETL and
HTL layers that can prevent bottom cell degradation.**?
Further, the quality of the ALD-grown absorber can be

Fig. 9 Different challenges associated with emerging chalcogenide absorber top cell and Si bottom cell during TSC fabrication.
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improved through post-treatment processes such as sul-
furization in an S-rich environment or passivation with Cl
and S which improves carrier transport and reduces defect
density.2432%

(b) TE. TE is another effective physical technique that can
grow a chalcogenide absorber layer with better uniformity and
surface coverage, especially for materials with lower melting
points. It is particularly suitable for materials such as Sb,X; and
GeS, as their melting points are relatively low (Sb,Sez: 611 °C,
Sb,S3: 550 °C and GeS: 660 °C).>***" It provides options for
single or multi-source evaporation of chalcogenide precursors,
where the thickness of the thin film can be easily controlled
with evaporation flux or applied current with the help of an in-
built quartz crystal thickness monitor. TE can lead to high-
quality absorber films with fewer secondary phases, pure
phases, and low defect densities based on absorber type. These
factors can be controlled via various process parameters such
as substrate temperature, evaporation sequence, evaporation
temperature, and time,>%214:248:249

(c) Vvapor transport deposition (VID). VID involves the
transport of chalcogenide vapors through a carrier gas to a
substrate.”>*>>? This method enables the controlled deposition
of high-quality, uniform films, even at temperatures below
500 °C making it compatible with large-area fabrication. In
this technique, the thickness and stoichiometry of thin films
can be tuned through deposition temperature and time. The
studies have demonstrated the successful fabrication of Sb,Xj,
GeS, SnS, and chalcogenides PSK at low temperatures (e.g.,
BaZrS; at 400-500 °C).>*?

(d) Spin coating and post-annealing. The spin coating is an
efficient lab-scale method for fabricating chalcogenide absor-
ber layers. This technique involves depositing precursor solu-
tions onto substrates and then annealing at
temperatures. The initial annealing of ~100 °C is used for
solvent removal, while the post-annealing of the films ~300 to
500 °C is for crystallization and stoichiometry control.>>*
Recently, various approaches have been demonstrated for
phase, morphology, and stoichiometry control via engineering
solvent systems with thiol-amine, dimethyl sulfoxide, and
hydrazine, alongside precursors and additives.*****>*" The
addition of dopants in solution has also been found to assist
in low-temperature crystallization, improving film quality and
grain growth.*®?**?! In this method, the crystallization pro-
cess and thickness can be precisely controlled during spin
coating by adjusting parameters such as rotation speed, deposi-
tion cycles, and precursor coating sequence.

(e) Spray pyrolysis. Spray pyrolysis is a non-vacuum,
solution-based method in which a precursor solution is sprayed
onto heated substrates (300-400 °C).>°> This technique has
shown promise for various binary, ternary, and quaternary
chalcogenides, such as Sb,X;, CTS, and CZTS. During the
process, the precursor undergoes chemical decomposition,
while the solution is transferred through a pressurized
262,263 The composition and phase purity in this techni-
que can be controlled through careful selection of precursors,
additives, and solvents. As a low-cost and scalable method,

lower

nozzle.
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spray pyrolysis is ideal for producing high-quality absorber
layers with improved surface coverage and uniform thickness.

Overall, physical deposition methods are essential for the
precise and controlled fabrication of high-quality chalcogenide
absorber layers. The vapor-phase growth of chalcogenide-based
absorbers involves crucial stages like sublimation, decomposi-
tion, evaporation, and nucleation growth.>®* During each of
these steps, thermal energy is used to suppress energy barriers,
and various techniques can modify these critical stages to
optimize film quality. The melting temperature and vapor
pressure of precursor materials significantly influence the
deposition process. Materials like Sb,X; and some chalcogen-
ide PSK have lower melting points and higher vapor pressures
compared to other absorbers like CIGS, CdTe, and Si. It makes
them suitable for deposit via physical deposition techniques.
Along with physical techniques, chemical methods can play a
significant role in the fabrication of chalcogenide absorber
layers. Solution-based approaches such as hydrothermal, spray
pyrolysis, spin coating, and CBD have been shown to produce
phase-pure, less-defective absorber films with promising PCEs
(e.g., Sb,X;, and Cu-based chalcogenide).”*®*** Hybrid
approaches, where molecular inks are spin-coated followed by
post-sulfurization, have also been demonstrated to yield high-
quality absorber layers. These methods can further reduce the
defect density, improve grain growth, and enhance the overall
PCE of the device. Techniques such as spin coating and
hydrothermal are suitable for lab-scale production and demon-
stration of 2T TSC, while other physical techniques like TE,
ALD, CVD, and VTD are scalable industrial processes.>®

5.2. Passivation of interface defects

There are several critical factors for determining PCE in SCs.
One effective strategy for improving V,.-deficit characteristics
in top cells is surface defect passivation. Passivation layers with
favorable lattice constants and dielectric properties can signifi-
cantly suppress non-radiative recombination at the heterojunc-
tion interface, thereby reducing V,.deficit characteristics.>®”">%°
Several materials, such as Al,O;, HfO,, TiO,, Al(OH);, SnO,,
(Zn,Sn)O, (Cd,Zn)S, CdO, Sb,0s;, Sb,Cl;, (Zn,Ti)O,, and
Zn(0,S) have been investigated as passivation layers at the
heterojunction.””°?”> Some dielectric passivation layers provide
both chemical as well as field effect passivation. Normally, the
high densities of dangling bonds from the surface of
chalcogenide-based thin films and lattice mismatch easily form
defects. These defects mainly deteriorate the photogenerated
charge transport characteristics and result in high carrier recom-
bination near the interface between chalcogenides/buffer and
chalcogenide/transparent conductive electrode (TCEs) layers.
These high interface defects assisted carrier recombination
significantly affect the overall PEC of chalcogenide-based SCs. It
can be investigated through transient absorption, photolumines-
cence (PL), Raman, admittance, and deep-level transient spectro-
scopy techniques.”®"*6>?*7>27¢ geveral research articles have
emphasized different interface defect passivation strategies and
their mechanisms for chalcogenide-based SCs. Strategies such as
the application of a dielectric passivation layer via ALD, solution
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sulfurization, heterojunction heat treatment, re-crystallization,
and others, have been reported.>””2* The previous reports suggest
defects such as (i) CIGS; Cu-, Ga-vacancies and related defect
clusters (ii) CZTSSe; Cu-vacancy, Cuz, and Zng, anti-sites and
related defect clusters, and (iii) Sb,(S,Se)s; Sb-, S- or Se- vacancies
and Sbg anti-sites are detrimental defects.?”>?7>276:281,282

Upon applying a passivation layer or treatment, it interacts
differently or follows distinct mechanisms. For example, ALD-
deposited dielectric passivation layers provide both chemical
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and field-effect passivation. During the process, the oppositely
charged species from ALD precursor cycles (half ALD cycles)
may absorb onto the chalcogenide absorber surface, passivat-
ing dangling bonds. The fixed negative charge neutralizes
positively charged defects, while positive precursor ions coun-
teract negatively charged defects at the interface. Additionally,
the fixed negative charge repels electrons from the interface,
suppressing recombination near positively charged defects.
This dual effect enhances both chemical and field-effect
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Reproduced with permission, Copyright 2019, Royal Society of Chemistry, (b) photoluminescence spectra of ALD-passivated CZTS absorber layers with
varying thicknesses and combinations with air annealing,?®* Reproduced with permission, Copyright 2016, Wiley-VCH, (c) atomic-scale TEM image of the
CdS/CZTS interface after heterojunction heat treatment,® Reproduced with permission, Copyright 2018, Springer nature, (d) Sb and Cl iso-surface
charge distribution around the (130) surface of Sb,Ss along with UPS spectra after Sb,Cls treatment, 2% Reproduced with permission, Copyright 2020,
American Chemical Society, and (e) schematic of solution sulfurization treatment with thioacetamide on Sb,Ss absorber layer, with corresponding XPS
spectra before and after treatment.?*> Reproduced with permission, Copyright 2019, Wiley-VCH.
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passivation.>”>*%%?837285 por example, applying an Al,O; layer
using the ALD process provides chemical passivation through
the ‘H’ generated during the ALD cycles. Additionally, excess ‘O’
during the initial growth of non-stoichiometric Al,O; creates a
negative charge, contributing to field-effect passivation. In
kesterite, ‘Al’ precursor half cycles with trimethylaluminum
facilitate the formation of a Cu-depleted nanolayer with a high
density of ‘O’ and ‘Na’ accumulation at the surface (Fig. 10(a)).
Similarly, ALD passivation combined with the air annealing
process showed passivation of interface defects and pinholes in
the absorber layer, reducing interface defect-assisted recombi-
nation, as verified by enhanced PL (Fig. 10(b)). Processes like
heterojunction heat treatment demonstrate elemental interdif-
fusion mechanisms near the junction region, where the atoms
from the buffer get diffused in the absorber layer passivating
the defects. The well-known example of CdS/CZTS heat treat-
ment shows ‘Cd’ occupies the ‘Zn’ site and passivates Zn-
related anti-site defects (Fig. 10(c)).®' The solution-based treat-
ment involves the spin coating of a passivation solution (cation
or anion dissolved in aqueous or organic solvent) over the
absorber layer followed by post-annealing steps. In Sb,Ss, the
coating of the SbCl; layer on the Sb,S; absorber layer showed
the accumulation of ‘Sb’ and ‘Cl’ ions near the (130) Sb,S; plane
and defects. It modifies the work function and VBM of the
absorber layer favoring efficient carrier transport near the
Sb,Ss/HTL interface (Fig. 10(d)). Whereas thioacetamide (TA)
treatment drove the ‘S’ ions from the TA solution to occupy the
chalcogenide absorber passivating ‘S’ vacancy or ‘O’ site
(Fig. 10(e)).””® These strategies suppress the surface recombi-
nation velocity and improve the V,. and FF values in the
device.>85729

Fig. 11 shows V,. improvements for proven and emerging
chalcogenide top cells by introducing various passivation
layers. Notably, the combination of a sputtered Cd(O,S) passi-

vation layer with a CBTS absorber resulted in a V.
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improvement of over 40%.7°° In the case of the Sb,S;-based
top cells, V,. improvements ranging from 9.3 to 24% were
achieved by introducing Sb,0;,*” (Zn,Ti)0,(ZTO),°***° or
Sb,Cl;*° as passivation layers. Additionally, the combinations
of (i) Zn(0O,S) with Cu(In,Ga)S, and (ii) ZTO with CGSe demon-
strated V,. improvements of 5.6 and 21.7%, respectively.”®>°!
However, the V,.-deficit values are still too large to achieve PCE
over 16%. Previous reports suggest that complex deep-level
defects in chalcogenides are the main reason for the V.
deficit.>°%293%2 Therefore, substantial efforts are needed to
minimize defect-assisted recombination losses by developing
and introducing novel and suitable passivation materials on
chalcogenides.

5.3. Application of novel and excellent TCEs

TCEs are crucial components of TSCs. High optical transmit-
tance (>90% in the visible wavelength) and low sheet resis-
tance (10-25 Q sq ') are essential factors, always presenting a
trade-off. Excellent electrical properties usually come
with increased light absorption, leading to lower light
transmission.?*® In terms of device structure, the optoelectro-
nic properties of top TCEs have a decisive influence on the PCE
in 2T TSCs as both cells are electrically and mechanically
connected.®® Experimentally, parasitic absorption loss from
TCEs contributed to a photocurrent density loss of ~1 mA cm >
in 2T and 4-5 mA cm > in 4T*® TSCs. The parasitic
absorption losses at the front TCE in 2T TSCs occur below
550 nm, while in 4T TSCs, they mainly occur in the near-
infrared region (>800 nm) due to free carrier intra-band
absorption.?*® ZnO-based compounds such as i-ZnO/Al-doped
ZnO (AZO) bi-layered TCEs, are typically used as top TCEs in
chalcogenide single-junction SCs due to their low cost, excel-
lent optoelectronic properties, and superior chemical and
thermal stability. However, the preparation methods for ZnO-
based top TCEs usually involve vacuum-based techniques (par-
ticularly the sputtering method), which can easily damage the
thin buffer layer (typically less than 50-60 nm) during the
deposition process.*®® Locally formed damages for CBD-CdS
were observed after the sputtering process, which is shown in
Fig. 12(a-d). This indicates that the sputtering-induced damage
to the CBD-CdS buffer is unavoidable and can be critical,
particularly for thin layers. Therefore, less or no damage pre-
paration techniques, such as vacuum- and solution-based
approaches, have been widely established.****°* These techni-
ques should be deposited at low temperatures below 100 °C to
avoid damaging the underlying layer. Another promising
approach for minimizing damage during the preparation pro-
cess involves two steps: (i) solution-based seed layer growth
followed by (ii) vapor-based vacuum deposition growth."* These
approaches minimize unfavorable defects at interfaces in 2T
TSCs. Unfortunately, the widely used AZO has limitations, such
as a relatively narrow E, (3.3 eV) and poor electrical resistivity
(~107? Qcm), which restrict further improvements in PCE for
chalcogenide-based single-junction SCs.****% To address these
drawbacks, several high-performance TECs have been devel-
oped, including conductive polymers (i.e., PEDOT:PSS),*°¢ 3
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metal (wire or mesh),>**'" metal oxides (ZnO, TiO,, or SnO,
etc.),’°>*"? carbon-based materials (carbon nanotube (CNT))
and graphene),***'* and dielectric/metal/dielectric structured
materials.?>**7317 Excellent reviews covering the fundamen-
tals, benefits, challenges, and their applications of each mate-
rial have been reported.**>3%3187324 gjg. 12(e) shows the optical
transmittance vs. sheet resistance of previously reported and
representative TCE materials. Despite the development of TCEs
with excellent optoelectronic properties, several challenges
remain to be addressed for their use in TSCs:

(i) Metal-based TCEs. Vulnerability of oxygen, moisture,
heat, light, and rough surfaces; rapid degradation of properties;
poor long-term stability at high temperatures; and unclear
degradation mechanism.?%32°

(i) Metal oxide-based TCEs. Challenges in achieving
highly infrared-transparent conductive mechanisms; develop-
ing new metal-oxide TCE materials with controllable phase and
morphology, high-crystalline quality over large areas, excellent
adhesion, and flexibility in n- and p-type conductivity.*>'**>

(iif) Dielectric/metal/dielectric-based TCEs. Trade-off
between optical transmittance and electrical conductivity;
degradation of optoelectronic properties from mechanical
stress; formation of interfacial layers at the dielectric and metal
interface; chemical corrosion or oxidation.**”

(iv) Carbon-based TCEs. Poor long-term stability of electro-
nic properties; relatively poor conductivity; high sheet resis-
tance; and sensitivity to water and/or oxygen.'””-30232>

One promising approach to overcome these drawbacks is
combining the outstanding conductivity of metallic nanostruc-
tures with conducting polymers or carbon-based materials to
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create hybrid TCEs. This combination can lead to improved
electronic properties as well as mechanical stability.

5.4. Application of suitable RL

In 2T-TSCs, the RL acts as the interconnection between the top
and bottom cells, it plays a crucial role in achieving high
PCEs."® As both sub-cells are connected in series through their
respective charge-collecting layers, efficient charge recombina-
tion is required for optimal performance. However, this 2T TSC
configuration often leads to significant electrical losses due to
interfacial resistance, which can reduce photocurrent collection
and the V,. of the device. To mitigate such losses, designing
suitable RLs with excellent optoelectronic properties is essen-
tial. One can consider the following factors to design a suitable
RL (intermediate) in highly efficient TSCs.

(i) Band alignment. Ideally, the optimal RLs should have an
Ohmic contact between the emerging chalcogenide absorber-
based top cell and the Si bottom cell. The proper band align-
ment with minimal band offset provides paths for efficient
charge carrier transport and electron-hole recombination with-
out compromising V..

(i) High carrier mobility and low sheet resistance. The
best RLs are the ones that possess high carrier mobility, high
carrier concentration, and minimal Rs. RLs with these proper-
ties provide minimal R, and higher power output in TSCs. TCOs
such as ITO or ZnO-based compounds are proven to be suitable
for RLs.

(iii) Optimal thickness, transparency, and morphology.
The RLs should have an optimal thickness to minimize absorp-
tion losses while maintaining high electrical conductivity. They
should exhibit minimal refractive index mismatch with bottom
cells, high optical transmittance, and minimal absorption at
the desired thickness, as thicker RLs typically result in greater
parasitic absorption losses. Additionally, RLs should have
smooth morphology and maintain structural integrity to pre-
vent shunting paths and leakage currents.

(iv) Chemical and thermal stability. The RLs should also
have high thermal and chemical stability at elevated tempera-
tures (~ 500 °C). As top cells like chalcogenide absorbers have
relatively higher processing temperatures, the RLs must pre-
vent oxidation, sulfurization/selenization of themselves as well
as the bottom cell. Moreover, it should also prevent the inter-
diffusion of other elements from the top and bottom cells.

Fig. 13(a) shows the scheme, band alignment, and band
position for CGSe-Si TSCs with a TCE interlayer as an RL
(Intermediate). It shows a TCE interlayer with high conductivity
that connects the top and bottom cells electrically, providing a
high recombination site for charge carriers extracted from both
cells. The introduction of reflective back contacts helps miti-
gate losses caused by differences in refractive index among the
materials.”® Bush et al.'' successfully reported an extra Js. of
~1.5 mA cm > by introducing Si nanoparticles between a-Si
and Ag reflector layers. In terms of band structure, photogen-
erated charge carriers move across each cell and then recom-
bine at the TCE interlayer. The significant work function
difference between the emitter material of the bottom Si cell

This journal is © The Royal Society of Chemistry 2025
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and the TCE can create a high Schottky barrier, hindering
electron flow from the emitter to the TCE and leading to poor
device PCE. Minimizing the Schottky barrier by reducing the
work function gap between the emitter in Si bottom cells and
the TCE interlayer is essential. Unfortunately, the detailed
studies on the band structure and alignments between recently
developed TCEs as RL (intermediate) and emerging chalcogen-
ide or buffer materials have not yet been sufficiently investi-
gated. The excellent approaches for interconnecting layers as a
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recombination junction in all PSK and PSK-Si TSCs have been
reported.’®'773267328 practically, oxide-based TCEs (ITO-, ZnO-
based compounds, TiO,, and SnO,), metallic arrays (meshes,
nanowire, and ultrathin layer), conductive composite (metal-
coated polymethyl methacrylate (PMMA) and oxide-metal-
oxide/organic-metal-organic frameworks), and conducting
polymers (poly-3-hexylthiophene, polythermide, PEDOT:PSS,
phenyl-Cq,-butyric acid methyl ester, Spiro-OMeTAD, carbon
nanotubes, and graphene) have been utilized as RLs. Adaptable
strategies for the intermediate layer as a recombination junc-
tion in chalcogenide-Si TSCs are as follows.

The oxide-based TCEs with reduced reflection loss on the
bottom Si should be developed. Typically, oxide-based TCEs
have <10% reflections, resulting in a J,. loss of approximately
~2.2 mA cm™ 2.**%**° In this regard, hydrogen-doped ITO with
reduced reflectance has been developed and applied to PSK-Si
TSC by Knipp and co-workers.**° The authors also supported
the optical simulation process to determine a realistic descrip-
tion of TSCs and achieved a high J,. of over 20 mA cm 2.
Normally, the preparation process of RLs includes vacuum-
based techniques and they can mainly damage the Si bottom
cells during the deposition process, resulting in poor perfor-
mance in TSCs. Thus, promising strategies are introduced
through low energy-based deposition processes such as
solution-based approaches, ALD, soft sputtering, and CVD.
The related research on outstanding performance has been
investigated in TSCs.*'*** Secondly, metal-based alloys can be
considered as RL’s materials to realize the 2T TSCs owing to
their excellent conductivity. Metal-based RL has been intro-
duced mainly in II-V-Si TSC.'***3¢33% Hidenori and co-
workers reported the first meaningful demonstration by intro-
ducing Pd nanoparticles (less than 50 nm) between III-V and Si
cells.*® Similarly, other metal nanoparticles have been
employed in between III-V and Si cells as RLs, and it sup-
pressed the reflectance loss and exhibited low transmittance
loss (~2%).>*>**! However, the light loss from contact shading
is still challenging. Conductive polymers, which include either
long conjugated polymer chains or large macromolecules with
many conjugated carbon rings, have been studied at all PSK
and PSK-Si TSCs. They can easily form mechanical bonding
between top and bottom cells, provide efficient transmission of
sub-E, photons, and good carrier collection and conduction.
Brabec and co-worker introduced PEDOT:PSS layer as RL
between PSK and Si cells and they achieved an excellent FF
value of over 80%, PCE of 21.0% as well as negligible V. loss
compared to that of SC.>**> Similarly, conductive composites
(i.e., normally a combination of polymers and metal alloys) can
also be considered as promising RL materials owing to their
strong bonding ability and excellent conductivity in TSCs, and
they have good mechanical strength, easy processing, and a
minimal requirement on the bonding surface. For example,
Tamboli and co-workers introduced an Ag-PMMA conductive
composite as RL between GaInP and Si cells and they achieved
a PCE of 26.4%.%** Here, Ag-PMMA conductive composite
supported excellent carrier transport to each cell, high optical
transmission, and good mechanical bonding. However, precise
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optical and electrical property controls are essential to optimize
the PCE of TSCs.

The tunnel junction approach is well developed and pro-
vides an alternative to the recombination junction, effectively
suppressing the optoelectronic loss originating from the TCE
interlayer in Si-based TSCs.***** The low lateral conductivity of
tunnel junction materials can effectively reduce the shunt path
in TSC, which is a critical factor for the upscaling process. The
high doping concentration in the P™-Si layer as a tunnel
junction, as shown in Fig. 13(b), creates a relatively narrow
depletion region, effectively promoting charge carriers to tun-
nel through the junction to recombine. Furthermore, the work
function of tunnel junction materials should be investigated to
ensure effective ohmic contact, which suggests the formation of
adjacent n-type and p-type layers simultaneously in the TSCs.**
However, the recombination current density originating from
the tunnel junction layer significantly suppresses the overall
photocurrent density of tandems, which is a thorny challenge
for improving PCE.

5.5. Maximizing light capture in TSCs

Light management, including reducing parasitic absorption
losses and optimizing light incidence, is critical for further
improving the overall PCE of TSCs. Firstly, parasitic absorption
losses occur due to thick absorber layers and the absorbing
characteristics of contact or interfacial layers and TCEs
with high charge carrier absorption in near-infrared
radiation.**® The design involving optical modeling can mini-
mize the reflection peaks, allowing infrared radiation and
visible light to be effectively absorbed by the bottom and top
cells, respectively.**”**® However, challenges remain in the
optical modeling, simulation, and practical experimental stu-
dies on suitable interfacial materials with various refractive
indices to further improve PCE performance in emerging
inorganic chalcogenide-Si TSCs.

Secondly, improving light incidence can be achieved by
introducing wide E, interfacial materials (ie., buffer, hole
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transfer layers, and TCEs), increasing the transmittance of
top cells, and surface texture in bottom Si cells. Commonly,
CBD-CdS has been widely used as a buffer layer due to its
suitable E, (~2.4 eV) and favorable band alignment with a
conduction band offset (CBO) value of +0.1-0.3 eV.*?33:300,305
However, the high absorption coefficient of CdS buffer results
in a J, loss of about 1-2 mA ecm ™ 2.2*? Simulations for kesterite-
Si TSCs suggest a 4-14% relative reduction in the theoretical
Jse value. To improve light incidence in TSCs, extensive research
and development of buffer materials with lower absorp-
tion coefficients, and wider and adjustable E, are highly desir-
able. Wider E, buffer materials show higher transmittance in
the 350-500 nm wavelength range, leading to higher EQE
(Fig. 14(a)), enhanced V,. value, and improved PCE perfor-
mance. Although several investigations into wider E, buffer
materials have been conducted for emerging inorganic chalco-
genide single-junction SCs, their PCE performance has not yet
matched that of CdS buffer due to improper band alignments
(i.e., large CBO value).

The incidence of light on the bottom Si cell is primarily
limited by the E, of the top cell, as only photons with energy
greater than E, can reach the bottom cell. The PCE of TSCs is
determined by adjusting the E;, CBO, and transmittance in the
top cell, as shown in Fig. 14(b). The PCE for TSCs decreases
with increasing E, in the top cell. Top cells with PCE ranging
from 13 to 15%, E, from 1.55 to 1.7 €V, and high transmittance
over 85% have already been achieved, increasing the PCE of
TSCs from 0.4 to 1.5% compared to the bottom Si cell alone.>*?
However, a wider E, and over 80% of transmittance in the top
cell are still insufficient to achieve PCE performance for TSCs
over 26%.

5.6. Long-terms stability, large-scale production, and outdoor
test

The PCE degradation of TSCs is a critical factor in producing
low-cost electricity.*****! It is essential to have a deep under-
standing and insight into degradation mechanisms to achieve
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Fig. 14 (a) EQE spectra of kesterite-based single-junction SCs with different buffer layers.2*> Reproduced with permission, Copyright 2019, Royal
Society of Chemistry, (b) device performances of TSCs as a function of £4 and transmittance of top cells.>*° Reproduced with permission, Copyright 2021,

Elsevier.
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Fig. 15 (a) Photograph of snail trails,*>’ Reproduced with permission, Copyright 2021, Elsevier. (b) Thermal infrared photograph on Si module.

352

Reproduced with permission, Copyright 2022, Willey-VCH (c) Photograph of CdTe module after voltage stress of —1000 V during 1043 h under damp
heat test conditions, reproduced with permission, copyright 2021, SPIE.**® (d) Damp heat test results for CIGS SCs without and with encapsulation and
passivation of Al,Os.3%° Reproduced with permission, Copyright 2018, Elsevier, (e) Long-term device performance of Si SCs under indoor and outdoor

conditions.**° Reproduced with permission, Copyright 2021, Elsevier.

long-term stability. For Si-based single-junction SCs, degrada-
tion mechanisms have been extensively investigated, with the
main causes being mechanical stress, cracked cells, snail trails,
hot spots, and high voltage damage (Fig. 15(a-c)), potential
induced degradation, light-induced degradation, and light and
elevated temperature induced degradation.**>73%¢

Most of these degradation issues have been resolved, and
commercialized Si-based single-junction SCs can secure a PCE
of over 80% with a warranted lifetime of over 25 years.*>°
However, emerging inorganic chalcogenide-based single-
junction SCs remain less extensively studied and have not
achieved long-term stability like Si SCs. The stability failure

This journal is © The Royal Society of Chemistry 2025

summary of chalcogenide absorbers, including CIGS, CZTSSe,
and Sb,(S,Se);, is shown in Table S4 and Note 2, ESL.¥ For
kesterite and Sb,(S,Se); the instability of the charge transport
layer (HTL/ETL) or the degradation of the TCO layer is reported
as the main cause of stability failure. Among inorganic chalco-
genides, the CIGSe-based single-junction SCs have been rela-
tively well investigated.*****® Their common failure mode
includes alkali elements migration and buffer, and TCO layer
degradation. One promising approach for improving long-term
stability involves introducing H,O-resistant inorganic thin
layers (ie., Al,O3, TiO,, and SnO,) between polymeric front
and back sheets as encapsulation materials (Fig. 15(d)).**"*¢
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The CIGS-based module without encapsulation shows a con-
siderable loss in FF during the first 100 h of damp heat testing,
primarily due to shunt paths from the degradation of AZO. In
contrast, the ALD-Al,O; encapsulated CIGSe-based module
showed better long-term stability over 2000 h of damp heat
testing due to reduced humidity penetration.

All PV devices are installed outdoors, making long-term
stability investigations crucial for achieving cost-effective elec-
tricity. Carigiet et al.*®* reported an interesting review of long-
term stability for Si-based modules under indoor and outdoor
conditions. The annual degradation rate was estimated to be
0.29 £ 0.06% for a string in indoor conditions, while that of
outdoor conditions (0.18 + 0.06%) was lower, as shown in
Fig. 15(e). However, the difference between indoor and outdoor
conditions is negligible and represents only one site result.
Therefore, more comparative research is needed to analyze
various conditions comprehensively. Unfortunately, higher
annual PCE degradation rates per year for single-junction SCs
(i.e., HIT cells) have been reported, highlighting the need for in-
depth investigation and insight into long-term stability for
emerging inorganic chalcogenides.

6. Summary and perspective

This review discusses emerging inorganic chalcogenide-based
Si TSCs as a promising solution to the PCE and long-term
stability limitations faced by single-junction SCs. We began by
outlining the current status and issues with single-junction SCs
and existing TSC technologies needed for the development of
emerging inorganic chalcogenide-Si TSCs. Subsequently, we
briefly summarized the principles of TSCs (i.e., maximum light
utilization of light, suitable interconnecting layers, optical
design, E,, and stacking orders) and current challenges for
previously reported III-V-Si and PSK-Si TSCs. In Section 3, we
focused on the optoelectronic properties (Table 1) and current
PCE status (Fig. 2) of proven chalcogenides (i.e., chalcopyrite,
kesterite, and Sb,S;3), emerging chalcogenides (i.e., group IV
metal binary and I-V-VI, ternary compounds), and chalcogen-
ide PSKs. The different optoelectronic properties and single-
junction SCs PCE progress give brief ideas and research direc-
tions for chalcogenide-based absorber materials suitable for
TSCs. We then explored the opportunities for Si as a suitable
bottom cell and potential top candidates in emerging chalco-
genide-Si TSC. In addition to highlighting some promising
progress in CZTS-Si, CGSe-Si, and Sb,S;-Si tandems, the Eg-
based evaluation of different chalcogenide absorbers showed
absorbers such as CGSe and Sb,S; can be promising materials
with close match E, values of 1.65-1.75 eV. Finally, following
the recent progress, we discussed the key challenges and
potential solutions for emerging inorganic chalcogenide-Si
TSCs including fabrication complexity, achieving well-
matched E, in each cell, improving top cell efficiency, reducing
recombination losses, maximizing light capture, ensuring long-
term stability, and the need for outdoor performance testing.
This review not only provides new insights into promising
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inorganic material systems as top cells in the Si-based TSCs
but also outlines further research direction for early-stage
development and commercialization of these promising emer-
ging inorganic chalcogenide-Si TSCs.
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