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ARTICLE INFO ABSTRACT

Keywords: Perovskite- based solar cells (PVSK-SCs) are a prospective photovoltaic (PV) technology that has the potential to
2-Terminal provide a higher power conversion efficiency (PCE) at less expense than the current market standard. The
4-Terminal Shockley-Quiesser (S-Q) limit restricts the PCE of single junction cells. Thanks to their ability to surmount this
}S)Ziirv;filiz limit through innovative design, tandem solar cells (TSCs) are broadly regarded as the industry’s next evolution

Tandem solar cell in PVs. In order to absorb light across a broader spectrum of wavelengths, these architectures combine multiple

si types of light absorbers with considerably varying band gaps that complement each other’s absorption charac-
teristics. The development of halide perovskite (PVSK) absorber material has made it feasible to create TSCs that
are more efficient. Perovskites have been applied as a companion in diverse types of TSCs, involving those based
on Si and other thin film cells, including CIGS and other perovskite candidates. This review outlines the primary
scientific and main engineering issues related to TSC based on PVSK as top sub-cells. The characteristics of TSC
technology are discussed, including the potential configurations and device topologies. The advancements in
PVSK/Si tandem technologies are reviewed with a specific focus on the mechanically stacked four-terminal (4-T)
and the monolithic two-terminal (2-T) multi-junction designs. Lastly, the limitations and challenges that are still
limiting the efficiency and commercialization of these PVSK/Si TSC devices are highlighted, along with a
roadmap of strategies and future research directions to further increase their PCE.

1. Introduction

Solar cells developed up to date are typically grouped and catego-
rized into four generations [1,2] based on the nature of inorganic pho-
toactive materials utilized in the solar device; (i) first generation (1GEN)
solar cells built on Si technologies including both Polycrystalline and
Monocrystalline, and on GaAs; (ii) second generation (2GEN) thin-film
solar cells (TFSCs) that includes amorphous Si and microcrystalline Si
thin films, CdTe, CdS and CIGS solar cells; (iii) third generation (3GEN)
solar cells that are based on developing materials and encompasses
technologies depending on novel compounds comprising nanocrystal-
line films, quantum dots (QDs), tandem or multilayers of inorganics
grouped to III-V materials, such as GaAs / gallium indium phosphide
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(GalnP), polymer, DSSCs and perovskite solar cells (PVSK-SCs); and
finally (iv) fourth generation (4GEN) solar cells that merge the lower
cost and flexibility of thin film polymer materials with the stability of
advanced inorganic nanostructures [2]. Due to their efficiency, robust-
ness in manufacturing processes and technologies, remarkable depend-
ability of their materials, and product reliability, single-junction solar
cells of the silicon crystalline material dominate the market and are
employed in the production of commercial solar modules [3]. However,
ongoing research into alternative materials is urging the development of
innovative designs and structures aimed at improving the PCE of the
developed solar cells.

Several solutions have been established to successfully surpass the S-
Q limit and capture the maximum possible number of incident photons
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[4,5]. Incorporating absorber materials with varying Energy band gaps
(Eg) into a multi-junction arrangement to complement the absorption
characteristics of each other is one of these approaches. This multi-
junction design is known as a tandem solar cell (TSC) configuration.
This design involves stacking a front sub-cell of wide bandgap (WBG)
materials that can absorb high-energy photons with a back sub-cell
based on narrow bandgap (NBG) materials that can gather longer
wavelength lower-energy photons traversing via the top cell. This
configuration allows harvesting a wider range of solar irradiation en-
ergy, reducing thermalization losses and maximizing solar spectrum
absorption [6,7]. This arrangement expands the solar spectrum
coverage, causing an increase in overall efficiency. According to
research, compound semiconductor materials like GaInP and GaAs are
employed in the manufacturing of III-V multi-junction TSCs showing
promising efficient performance [8]. Lately, regarding 3GEN, the metal
halide PVSKs (MH-PVSKs) based PV cells have presented a remarkable
performance and potential future revolution in PV technology to opti-
mize and yield cost-effective solar electricity and champion power
conversion efficiency in TSCs thanks to their extraordinary optical and
electrical characteristics, featuring wide carrier diffusion distances,
strong light absorption coefficients, heightened charge mobility, and
their direct and tunable energy gap [9-11]. These perovskite TSCs
generally comprise a front PVSK sub-cell combined with a rear sub-cell,
which is often made of Si or another PVSK alternatives having narrower
bandgaps. Furthermore, great work has been performed in enhancing
the stability of these PV devices, with noticeable advances in encapsu-
lation methods and PVSK composition changes that considerably mini-
mize deterioration in the long run [12]. Regardless of these advances,
obstacles remain in research areas. These include, for instance, large-
scale production, regularity in thin-film manufacture, and long-term
stability [13]. Nonetheless, the potential of PVSK TSCs continues to
pique significant interest, both in research and commercial sectors as
presented in Fig. 1, which demonstrates the main trends of PVSK-SCs
and PVSK-based TSCs over years from 2009 to 2024.
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Therefore, in this review, we emphasize recent and topical
advancement besides crucial challenges for TSC designs, utilizing PVSK
solar cells as the top sub-cell. In this review paper, we present PVSK/Si
TSCs, tackling challenges such as fabrication constraints, large-area
module fabrication and device stability. As PCEs for laboratory-scale
cells steadily improve, there is strong optimism for the progress of
highly efficient, low-cost TSCs suitable for commercial usage. Referring
to Fig. 2, the review is consolidated as follows: Following the intro-
duction, in section 2, we introduce the background of MH-PVSK mate-
rials and the single-junction device structures. Subsequently, the
characteristics of TSC technology are discussed, including the potential
configurations and device topologies. Next, we explore the advance-
ments in PVSK/Si TSCs with a detailed focus on the mechanically
stacked 4-T and the monolithic 2-T multi-junction configurations. Then,
the limitations and challenges that are still limiting the efficiency and
commercialization of these tandems are highlighted, along with a
roadmap of strategies and future research directions to further enhance
their output efficiency. Finally, the conclusions of our review paper are
presented.

2. Background of halide perovskite materials and single-
junction devices

2.1. Crystalline structure of halide perovskite

Perovskite materials typically have the structure of the generic form
ABX3 with varying compositions and a similar crystalline structure,
where A and B represent a mixture of various organic and inorganic
cations, while X is a smaller halide anion (commonly oxide) that bonds
to A and B. As shown in Fig. 3, the molecular structure of the organic
halide PVSK follows the ABX3 configuration. To form a cuboctahedron,
the A cation (methylammonium, CH3NH3, MA™, or formamidinium,
CH3(NH)3, FA") in a PVSK’s unit cell is bordered by 12 X anions
(Chlorine (C17), Bromine (Br™), or Iodide (I7), or existence of multiple
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Fig. 1. Main trends of PVSK-SCs and PVSK-based TSCs over years from 2009 to 2024.
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Fig. 2. Arrangement of sections included in this review paper.

Fig. 3. Crystal lattice structure of the ABX3 PVSK structure [14].

halogens). The B cation (Pb3, Sn3, etc.) is bordered by six X anions
creating [BX6]4’ octahedral. The octahedra formed by B and X are
interconnected, creating a stable 3D network configuration.

One of the primary grants of the PVSK structure is its capability to
incorporate elements that exhibit a great variation of probable amend-
ments and variants of the configuration [15]. For example, A and B will
be divalent and trivalent if X is oxygen (027). While, if X is a halogen
anion (Cl, Br, I"), A and B can be monovalent and divalent, respec-
tively [16], which offers an excellent prospect to readily adjust the
material’s characteristics, like its bandgap energy. The ion sizes utilized
in PVSKs have a strong role in shaping the final structure and its stability
[17]. A dimensionless value termed the Goldsmith tolerance factor (t)
defined by:

Ta +Tx

- X 1
‘ 2(rg +1x) W

It is a successful and widely utilized ratio [18] applied to guess the
formability of several forms of PVSKs where, r4, r3 and rx are the radii of
monovalent cation, divalent metal cation, and monovalent halide anion.
It measures the stability of the crystal and its deformability.

Further, PVSK structure formation limit ranges from t equals 0.8 to 1.
With upper limit 1, the perovskite projecting an ideal cubic structure fit
[17]. Additionally, in case of tolerance factor less than 1 approaching
the 0.8 lower limit, symmetry is lost, and the configuration will be
deformed because of the tilting of the BXg octahedra which in turn will
impact the electrical characteristics. While tolerance factors greater than
one imply that the cation is too big to suit into the site, preventing the
production of perovskite. This shows the importance of taking care of
this factor when designing and developing novel materials for PVSK-SCs.
Deviations from the indicated range may lead to other alternative and
various structures with different characteristics not as same as the pe-
rovskite’s properties.
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Moreover, the stability and distortion of PVSK can be evaluated using
the factor (u), as defined by Equation (2), which is another key factor
influencing PVSK formation.

s

. @

Ix

The tolerance factor (ranging from 0.81 to 1) and octahedral factor
(from 0.44 to 0.89) are projected to contribute to the formation and
development of a robust PVSK structure for halide perovskites [19].

Because the semiconducting lead metal halides with adjustable
bandgaps are the most efficient perovskites, their crystal family has
considerable potential for usage in a broad range of nanotechnology
applications, incorporating nanostructured PV cells. Indeed, due to its
exceptional photon absorption efficiency, interest in PVSK-SCs has
surged recently [2]. It was quickly obvious that PVSKs are exceptionally
versatile materials that can achieve high conversion efficiencies at low
prices due to their comparatively simple production and manufacturing
techniques. Furthermore, as mentioned before, the extended carrier
separation lifetime, strong absorption spectrum, greater mean free path
of charge carriers, and other properties make perovskite materials
suitable for the construction of PV devices [15]. The initial experimental
endeavor of a PV cell based on the organic-inorganic lead halide PVSK
chemicals CH3NH3PbI3 and CH3NH3PbBr3 was reported in the literature
by Akihiro Kojima and coworkers in 2009 [20] with an efficiency of
3.81 % and an open-circuit voltage (Voc) of 0.96 V. In comparison to
crystalline Si solar cells, metal halide PVSK-SCs have undergone
remarkable progress over the past ten years, achieving a verified PCE of
over 25 % because of composition engineering, PVSK film growth con-
trol and PVSK/transport layer interface engineering as summarized in
Table 1 [21-27].

2.2. Main PVSK-SC structure

Efficient PVSK-SCs have the potential to be an interesting and
desirable approach for commercial solar technology manufacturing. It is
vital to note that the structure of the device, as well as the kind and
crystalline structure of PVSK and charge transporting materials, all play
significant responsibilities in determining the functioning and durability
of the device. Basically, the cell structure of PVSK-SCs consists of a
photoactive film inserted between an electron transport layer (ETL)
(which is accountable for transferring the electrons produced in the
PVSK absorber to the corresponding electrode) and a hole transport
layer (HTL) (which is accountable for transferring the holes created
within the PVSK to the other electrode), a transparent conductive oxide
(TCO) (which may be materials like FTO, or ITO as an anode and a metal
contact (cathode)). PVSK-SCs are separated into two groups, the normal
n-i-p and inverted p-i-n structures [28]. These types are presented in the
schematic construction of the device demonstrated in Fig. 4. For both
configurations, the incident solar radiation penetrates the PVSK photo-
active layer via the transparent conductive oxide. Then, the light
generated carriers coexist in the PVSK absorber and transported through

Table 1
Variations in the structure and composition of single-junction PVSK-SCs as
indicated by the conversion power efficiency record.

Perovskite cell based PCE (%) Year Reference
CH3NH3PbI3 3.81 2009 [20]
CH;3NH;3I-PbI,*~-DMSO* 16.5/16.2° 2014 [21]
MAPbDBr; + FAPbI3 18.0/17.9° 2015 [22]
HTAB* o 3(FAPbI3)0.05(MAPbBr3)0.05 22.8/22.7° 2019 [23]
FAI + FABr + Pbl, 23.32" 2019 [24]
FAPbI3; + MAPbBr3 + Pbl, + MACI 25.2° 2021 [25]

* DMSO: y-butyrolactone and dimethylsulphoxide.
* Pbl,: Lead Iodide.
* HTAB: n-hexyl trimethyl ammonium bromide.

? Certified power conversion efficiency.
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the ETL and HTL layers, respectively, towards the selective electrodes.
By varying the material composition, PVSKs may be adjusted to react to
different spectrum hues. To ensure adequate carrier collection, the
materials managed in ETL and HTL should have the appropriate band
alignment [29].

Both organic and inorganic materials can be utilized in the trans-
porting layers. In general, organic HTLs have high cost. The most
commonly used HTL, Spiro-OMeTAD [30] is 10 times more expensive
than Platinum and Gold. Some research implies that organic HTLs
actively assist in the degradation process, leading to the low stability of
PVSK-SCs [31]; so, the future growth of PVSK-SCs necessitates careful
choice of the HTL. Inorganic HTLs appear to be a viable prospective
substitute because of their lower price and ease of synthesize with better
stability [31]. Inorganic p-type semiconductors such as QDs and nano-
crystals contribute to the improvement of PVSK-SCs performance.

Before choosing any material, an acceptable and appropriate energy
level matching with the perovskite is essential. Two main factors must
be taken in consideration when selecting appropriate HTL materials
[32], first, adjustment of the highest occupied molecular orbital
(HOMO) energy level in the inorganic p-type semiconductors to a proper
position and hole collection to obtain optimum current density [33].
Secondly, a less particular contact between PVSK and HTL must be taken
in consideration aiming to decrease the carrier recombination, as it
impacts the Voc of the cell by disturbing the splitting of the quasi Fermi-
energy levels of the PVSK absorber material [30]. Graphene oxide (GO),
CuSCN, Cul, Cuy0, NiOy and more are considered to be different po-
tential materials that can be employed as inorganic HTLs [31].

Also, the ETL makes a significant contribution to efficiency and
stability. In order to satisfy effective charge extraction, the conduction
band (CB) of the ETL must be less than that of the absorber, whereas the
valence band (VB) of the absorbing material should be higher than that
of the ETL [34]. In addition, the ETL/PVSK interface is critical to cell
performance, as inadequate band alignment between the ETL and the
PVSK layer can strengthen carrier recombination and negatively affect
series and shunt resistances. To overcome these disputes, high carrier
mobilities and good band alignment materials ought to be carefully
selected in order to enhance electron injection and hole blockage ca-
pabilities at the ETL/PVSK interface, leading to high short circuit current
density (Jsc) and boost cell performance [35]. Although TiO; is the most
widely employed ETL due to its better stability, the fact that it aids the
ion immigration process and their needs for high annealing temperature,
that leads to the cell damage and performance degradation, prompts the
researchers to seek an alternative such as ZnO, CdS, PCBM, and SnO,
[36]. SnOy is considered now the most preferred ETL material because of
its wider bandgap of 3.6-4.1 eV and deeper CB than TiO2. Moreover,
SnO,, has a greater mobility of 240 cm?/V, and higher optical trans-
mittance and conductivity besides its low temperature production utility
[36]. This improves the collection and transport of charge carriers.
Properties and features of different potential materials for ideal ETLs
and HTLs to construct more efficient PVSK-SCs devices can be found in
[13].

Another critical component in the operation of a PV cell is the
transparent conductive electrode (TCE) with proper transparency and
conductivity features [37]. As a good balance between conductivity and
transparency is required for an effective TCE, the choice of an adequate
TCE is influential [38]. It was found that even with heterojunction to-
pologies, the improvement in PCE is significantly restrained by carrier
recombination procedures in the perovskite itself or interfaces between
films. Hence, it is imperative to reduce the rates of carrier recombination
within the PVSK layer to enhance the PCE of the cell. So, improvements
and enhancements in the fabrication processes is a strategy to decrease
and reduce defect sites in the perovskite layer [39,40]. Compositional
engineering [22,41] and alternative architecture design [42], are other
approaches that have been investigated to lower the recombination
losses.
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Fig. 4. Demonstration of the two fundamental types of PVSK-SC structure: (a) n-i-p structure (normal type), (b) p-i-n structure (inverted type) [10].

3. Tandem solar cells

Due to the inherent limitation in the maximum PCE attainable by
single-junction cells according to the Shockley-Queisser’s constraint,
alternative approaches and different routes are being explored to
augment the output power of PV cell devices for exceeding the S-Q limit
for the single p-n junction. TSC architectures, also known as ‘Multi-
junction devices’, are considered one of the approaches that have
attracted significant interest for developing cost-effective and efficient
PVs owing to their efficient aptitude to absorb a wide range of light
spectrum, hence, achieving superior output PCE and better stability
among the time [13]. As mentioned before, this topology entails the
blend of several materials that complement absorption properties of
each other [8].

A TSC can be constructed in distinct ways, with each approach
depending on how the junctions that connect the front and back cells are
electrically linked. Based on the physical integration of the sub-cells,
TSCs can be classified as either monolithic Two-terminal (2-T), Three-
terminal (3-T) or Four-terminal (4-T) tandems [43]. Among these clas-
sifications, the two famous widely used designs are the monolithic 2-T
and mechanically stacked 4-T structures. These arrangements differ
significantly from both electrical and construction perspectives, as
illustrated in Fig. 5.

In two-terminal configuration, a second sub-cell is built in mono-
lithic design and stacked on top of the first sub-cell. This necessitates
precise manufacturing compatibility and current matching through both
cells, which are coupled in series and joined monolithically via tunnel

2T tandem
Top ) W
electrode —— Rear sub-cell
I Recombination
Selective - laver Top Cell (PVK) L 3
contacts - Front sub-cell ‘ - = 3¢
| - Bottom Cell
ITO glasg (SVCIGS/Organic/PVK)
.Wide-bandgap material
N 4T tandem  |[ll Narrow-bandgap material
N =W
Low energy Rear sub-cell L
photons  High energy 3
photons ITO glass

> 0
s 8e

a

———— Airgap -
Front sub-cell
Bottom Cell
o SUCIGS/Organic/PVK)

ITO glass

junctions [44] or thin recombination layers, such as ITO or ultra-thin
metal [45,46]. Two external electrical contacts are required for the 2-
T tandem configuration, and one of them must be semitransparent to
ease the light passing through the device. For the 2-T TSCs, both sub-
cells are electrically connected, and the two-terminal tandem voltage
(Voc,2-1) established is the sum of the voltages acquired by top and rear
cells as shown in Equation (3). By similarity, the two-terminal tandem
current (Jsco.r) and the two-terminal tandem fill factor (FFa.r)
controlled by Equations (4) and (5) respectively, are limited by the
minimal value established between front and rear sub-cells.

Voca2-1 = Voc,rop + Voc ottom 3
Jsca-r = min[Jsc rop, Jsc Bottom) @
FF, r = min[FFTopy FFBotmm] 5)

where Voc2.1, Voc,Tops Voc,Bottom indicates for the tandem, front and
rear voltage, respectively. In addition, Jsc2.1, Jsc,Tops JscBottom are
regarded as tandem, front and rear currents, respectively. FFo.1, FFrop,
FFpottom represents tandem, front and rear FFs.

In Four-terminal configuration, a mechanical stacking optically links
the two electrically isolated cell devices that are made on distinct sub-
strates. Under this tandem design, each sub-cell is attached to an
external circuit and works individually. Thus, this enables independent
optimization for each cell as the output powers are separately extracted
to efficiently merge their corresponding output power. According to the
4-T TSCs, as the current matching criterion is not compulsory, where the

Fig. 5. Two-terminal and Four-terminal TSCs strictures with their equivalent electrical circuit diagram [19].
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two cells are stacked mechanically as two isolated units, the total 4-T
tandem PCE (PCE4.7) is the sum of the front and rear cells as declared
in Equation (6).

PCE4_1 = PCEry + PCEpouom Q)

where PCEr,, and PCEgottom, represent the PCEs of front and rear sub-
cells respectively.

The fewer number of semitransparent electrical contacts needed in
the 2-T design results in a slight improvement in overall efficiency. This
is due to reduced reflection and parasitic absorption compared to the 4-T
design, which requires 4 contacts per TSC, with 3 of them ought to be
semi-transparent to let light to traverse through the sub-cell. However,
despite the arrangement of series-connected 2-T TSCs considered the
most required [47], processing of these tandem cells is complex and
more challenging in realizing a well-matched combination of front and
rear devices, producing a recombination interlayer with minimum losses
between the corresponding sub-cells, and guaranteeing efficient optical
assessing within the TSC construction. The introduction of ser-
ies—parallel tandem configurations [48,49] offers a practical method to
unite the output power of two cells while preserving performance levels
similar to 4-T schemes in terms of overall energy yield. This is accom-
plished by individually linking the front and rear cell strings and sub-
sequently attaching the voltage-matched strings in parallel. The features
and differences between 2-T and 4-T TSC designs are reviewed in
Table 2.

4. PVSK/Si TSCs

Over recent years, PVSK-SC performance has surpassed 25 % effi-
ciency due to advancements in low-temperature synthesis of perovskite
films and improved interface and electrode materials [50]. Organic-
inorganic halide perovskites are excellent candidates for TSC applica-
tions, thanks to their tunable bandgaps, strong absorption edge, and
solution processability. These properties make them ideal for combining
with low-bandgap absorber materials like Si, as discussed in the
following subsections. Fig. 6 schematically illustrates the recent PCE
advancements for 2-T and 4-T tandem configurations employing PVSK/
Si TSCs and the prospective for Si and PVSK single junctions.

Notably, silicon arrays and modules dominate over 90 % of the solar
PV market owing to their high PCE, superb stability, optimal bandgap
energy (Eg = 1.12 eV) [54], and low industrial production cost at scale
[55]. Cost-effective TSCs combine the inexpensive production of PVSK
with the stability of commercial Si cells, which absorb light across
300-1200 nm. Si cells, frequently used as rear sub-cells in TSCs, capture
lower-energy photons transmitted through the front cell, enabling

Table 2
Characteristics of 2-T and 4-T TSCs.

2-T Configuration

4-T Configuration

The necessity for current matching
between the two dissimilar bandgaps
series-connected cells.

Front and bottom cells are directly
integrated.

Optical coupling is needed.

Difficulties in manufacturing owing to
issues of recombination interlayers
with minimum losses between the sub-
cell and optical organization.

Fewer processing phases are needed.

Less parasitic absorption from the glass
substrate.

TSC’s longevity depends on the
performance of the front PVSK-SC.

The potential for commercialization due
to the low-cost manufacturing.

Not limited by matching current and
series connection between both sub-
cells.

Fabrication of front and bottom cells is
independent.

Optical coupling is required.

It is relatively easy to fabricate because
the sub-cells are electrically independent
and work individually to obtain the
maximum power.

Easier in the maintenance process than
2-T TSCs.

More optical losses owing to parasitic
absorption.

The device’s overall efficiency is
insensitive to the solar spectrum.
High-cost fabrication makes
commercialization not feasible.
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broader light spectrum utilization [56]. Pairing a rear Si cell with a top
PVSK-SC offers a promising approach for low-cost tandem multijunction
designs, as their complementary absorption properties span a wider
wavelength range. The combination of 2-T and 4-T PVSK/Si-based TSCs
is a hopeful strategy to enhance efficiency and solar spectrum use,
leading to superior performance. However, successful integration re-
quires careful material compatibility and device configuration optimi-
zation. In this section, we will review the advancements of both 4-T and
2-T PVSK/Si-based TSCs.

4.1. 4-T configuration

4.1.1. Transparent electrodes

The development of transparent electrodes plays a central role in
improving the performance and efficiency of PVSK/Si TSCs, particularly
in a 4-T configuration. However, achieving high transparency while
maintaining electrical conductivity and stability poses significant chal-
lenges, as the deposition processes can damage the delicate absorber
layers. To address these challenges, researchers have explored several
transparent conductive oxides (TCOs), buffer layers, and alternative
electrode materials, optimizing their integration into TSCs.

Sputter-deposited TCOs with buffer layers like molybdenum oxide
(MoOy) can be utilized to protect the PVSK layer from damage occurred
while depositing the TCO film [57]. For example, Loper et al. [58]
employed ITO with a MoOs buffer to shield against sputtering damage,
marking an early attempt at MH-PVSK/c-Si TSCs. The first 4-T PVSK/Si
TSC device, featuring MAPDI3 as the front sub-cell and a Si hetero-
junction (SHJ) as the rear sub-cell, is displayed in Fig. 7(a). Given a
transparent MoOy/ITO contact, the 4-T TSC achieved a combined effi-
ciency of 13.4 %. The external quantum efficiency (EQE) spectrum of
this tandem system is illustrated in Fig. 7(b).

To prevent damage to underlying layers, Bailie et al. [59] employed
a solvent-free approach, mechanically transferring transparent silver
(Ag) nanowires (NWs) from flexible polyethylene terephthalate (PET)
onto Spiro-OMeTAD surfaces. The AgNWs film achieved over 90 %
transmission between 530-730 nm, with the semitransparent top sub-
cell exhibiting a PCE of 13 % and peak transmittance of 77 % at 800
nm. A 4-T tandem cell combining CH3NH3PbIs (top) and multi-
crystalline Si (mc-Si) (bottom) reached a PCE of 17 % (top: 12.7 %,
bottom: 4.3 %). Nevertheless, Ag diffusion into charge transport layers
(CTLs) and PVSK results in silver iodides, degrading the device [60].
Thus, selecting stable electrodes like Cu or Au is critical. Chen et al. [61]
demonstrated superior performance using an Au (7 nm)/Cu (1 nm)
bilayer electrode (Fig. 8(a)). A 4-T tandem with this configuration
reached a combined PCE of 23 % using an infrared-enhanced SHJ cell.

Buffer layers like MoOy and V20s, deposited by low-temperature
thermal evaporation, without post-annealing, protect CTLs during
sputtering. In contrast, ETLs like ZnO and TiO; need post-annealing at
high temperatures [62-64]. Bush et al. [62] utilized a solution-
processed amorphous aluminum-doped zinc oxide (AZO) nanoparticle
film as a sputtering buffer, as seen in Fig. 8(b), enabling a semi-
transparent PVSK-SC with a conversion efficiency of 12.3 %. When
paired with a monocrystalline Si cell (PCE: 17 %), the 4-T tandem
achieved 18 % efficiency. Further, Duong et al. [63] introduced PVSK-
SCs with ITO directly sputtered onto the Spiro-OMeTAD HTL in an n-i-
p design, eliminating the buffer layer. Their methylammonium PVSK
(MAPDI3) device achieved 12 % PCE and over 80 % transmittance in the
800-1000 nm range. Using a 105 nm ITO film with 44 sq~! sheet
resistance removed the need for grid fingers, improving current density.
Jaysankar et al. [65] optimized 4-T PVSK/Si tandem modules for light
management. They textured the top glass of PVSK-SCs with inverted
pyramids to reduce reflection losses, a major issue in planar PVSK/Si
TSCs. Replacing the airgap between the CsFAPbIBr PVSK and IBC Si cells
with a refractive index matching layer (IML), as shown in Fig. 8(c),
improved NIR light transmission.

To minimize optoelectronic losses relevant to tandem structures,
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CuSCN was chosen as the HTL and antireflective layer between the TCO
electrode and the photoactive PVSK layer as addressed in [66]. This
approach reduced optical losses to a minimum due to low parasitic ab-
sorption and better matched refractive index of CuSCN compared to

PVSK materials in the NIR region. Also, by utilizing a transparent MoO3/
Au/MoOs electrode, a high-performance 4-T PVSK/c-Si tandem device
was developed, achieving transmittance at extended wavelengths [67].
Using biomimicking elastomeric petals (BEP) (Fig. 9) as a light-trapping
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Fig. 9. Device schematic of the four-terminal PVSK/c-Si TSC [67].

film, a PCE of 22.4 % was achieved. In another attempt, which was based
on thermally evaporated MoOs/Au/MoOs electrode, a total efficiency of
27 % was recorded in a 4-T tandem with an SHJ cell [68].

4.1.2. Bandgap engineering

To develop 4-T TSCs with silicon, PVSKs must have an optimized
bandgap to maximize efficiency. Since MAPbI3, with Eg = 1.55 eV, is not
the best choice for PVSK/Si multi-junctions, researchers have explored
alternative materials with higher bandgaps. Werner et al. [69] devel-
oped semitransparent PVSKs with bandgaps tuned for tandem applica-
tions, achieving 14.5 % efficiency for 1 cm? and 16.4 % for 0.25 cm?
using a two-step deposition method. After mechanical stacking with SHJ
cells, they obtained PCEs of 23 % and 25.2 %, with a 20.5 % efficient
large-area PVSK/SHJ tandem. To further address the bandgap
mismatch, researchers have investigated bromide substitution for iodide
to increase Eg, but phase segregation under light exposure remains a
challenge, leading to efficiency losses [70-74]. Other alternatives have
also been proposed to achieve stable higher-bandgap materials suitable
for tandem integration. For instance, rubidium was introduced into a
FA/MA/Cesium perovskite (CsSFAMA) system to achieve a 1.73 eV
bandgap perovskite [75]. The semitransparent cell demonstrated 84 %
transparency and a PCE of 16 %. When combined with a 23.9 % IBC
silicon cell, the four-terminal multijunction yielded 26.4 % PCE.

Additionally, Snaith et al. [76] developed efficient 4-T TSCs by
integrating SHJ cells with a mixed cation (FA/Cs) MH-PVSK solar cell,
FA0.83Cs0.17Pb(I.6Bro.4)3, having an Eg of 1.74 eV. They fabricated
PVSK-SCs with Voc of 1.2 V and PCEs of 17.1 % and 14.7 % utilizing
small and large areas, respectively. Integrating these PVSK-SCs with a
19 % efficient Si cell, the TSC achieved a PCE >25 %. A triple cation
CS0.06(MAO.17FAO_83)0.94Pb(10.83Br0_17)3 PVSK was integrated into a TSC
with an industrial-grade n-type monocrystalline PERT Si solar cell [77].
The produced 4-T TSC showed high visible light absorption and 80 %
transmittance from 800 to 1100 nm, while the total achieved efficiency
of 26.6 % is among the highest reported for 4-T PVSK/Si TSCs.

4.1.3. PVSK film morphology

Notably, achieving high-efficiency PVSK/Si TSCs requires opti-
mizing perovskite film morphology in order to reduce defects thereby
reducing recombination losses. In this context, advanced fabrication
procedures have been developed to advance film quality to enhance
overall device performance. Sargent’s group [78] improved PVSK films
using solvent extraction, resulting in a dense, smooth morphology and
increased electron diffusion length. A 1.63 eV semitransparent PVSK-SC
achieved a PCE of 19 % with 85 % transparency in the NIR. In a 4-T
PVSK-SHJ structure, the device reached 28.2 % stabilized PCE at
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0.049 cm? and 25.7 % at 1 cm?.

To accomplish efficient and stable PVSK/silicon tandems, it is highly
desirable to mitigate the electronic defects at the grain boundary. In
[79], the authors applied a synergistic passivation strategy for
Csg.05sFA.8o0MA( 13Pb(Ip g6Bro.14) PVSK material. The crystallization
process was modulated by the incorporation of a small quantity of NaF
into PVSK precursor solution, resulting in large crystal grains. In the
interim, a thin 2D PVSK film was fabricated on the surface of the 3D
PVSK layer through the solution coating of PEAI. This approach pas-
sivates the surface defects and enhances the stability of perovskite films.
For further boosting the performance of WBG-PVSK solar cells,
designing surface engineering strategies were considered, as the method
developed by Xipeng et al. [80]. The recent research focused on devel-
oping a surface reconstruction technique of the 1.67 eV wide bandgap
PVSK films which involved wet nano-polishing to remove the defect-rich
crystal surfaces followed by the passivation of the newly exposed high-
crystallinity surface. This methodology has the potential to enhance the
charge collection and impede the ion migration of WBG perovskites by
refreshing the PVSK/electron-transporter interface and releasing the
residual lattice strain of the bulk perovskite film.

4.1.4. PVSK/Si modules

Scaling up while maintaining efficiency is challenging due to
increasing sheet resistance and short circuits in large-area devices.
Numerous efforts have been dedicated to developing PVSK/Si modules
[65,81-84]. Jaysankar et al. [81] described a scalable 4-T PVSK/c-Si
tandem module, stacking a 4 cm? semitransparent CH3NH3Pbl3 PVSK
solar module on an IBC c-Si cell, as illustrated in Fig. 10(a). Optimized
transparent contacts and module design resulted in PCEs of 22.6 %
(0.13 cm?) and 20.2 % (4 cm?). Upscaling of PVSK/Si TSCs was also
investigated by using a hybrid processing method to deposit mixed
cation mixed halide PVSKs [85,86] (see Fig. 10(b)). In this experimental
endeavour, the top cell uniformly covered the micrometer-sized pyra-
mid texture of the rear cell (Fig. 10(c)). The bottom cell used 250 pm
thick p-type wafers with 1 O cm resistance and a-Si heterojunction
surfaces [87]. The back electrode had evaporated Ag, while the front
was coated with 20 nm ITO. Initial results for a 1 cm? area showed 25.2
% infiltration of the inorganic scaffold via spin coating. Screen-printing
of low-temperature Ag paste for front metallization in large areas (102
x 102 mm?) yielded 22.5 % efficiency and a Voc of 1771 mV for cells
with a total area of 104 cm?. Spin coating proved effective for growing
PVSK on planar surfaces, though inhomogeneities were identified via
photoluminescence. To address this, inkjet printing and spray coating
showed promising results, with potential efficiencies up to 28 % for
large-area textured PVSK/Si tandems with printed metallization [85].
Recent progress and properties of four-terminal perovskite/Si TSC de-
vices are provided in Table 3.

4.2. 2-T Configuration

Unlike 4-T configurations, where each sub-cell operates indepen-
dently, 2-T tandems necessitate current matching between the sub-cells,
making absorber optimization a critical design factor. Recent advance-
ments in material engineering, transparent electrode integration, and
interface optimization have substantially improved the performance and
stability of 2-T PVSK/Si TSCs. The following discussion explores key
developments, including absorber tuning, interface engineering, and
innovative recombination interlayers, to enhance efficiency and long-
term durability.

4.2.1. Recombination layer and tunnel junction

The first 2-T PVSK/Si multi-junction TSC with n**/p™™" Si tunnel
junction was constructed in 2015 [44]. It was formed by plasma-
enhanced chemical vapor deposition (PECVD) of n™" a-Si:H on n-type
Si. The tandem cell used an MAPbI3 absorber layer and TiO, as the ETL.
This 1 em? TSC achieved 13.7 % PCE at 1.65 V, but performance was
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Fig. 10. (a) Module on cell architecture for the four-terminal PVSK/Si TSC [81], (b) Hybrid deposition route used for PVSK-SCs [86], and (c) PVSK/Si TSC with
textured structure [85].

Table 3
Summary of Four-terminal configuration PVSK/Si based TSCs progress in recent years.
Top cell Bottom cell Filtered Bottom cell 4-T TSC
Jse Voe FF PCE Jse Voc FF PCE Jse Voc FF PCE PCE year  Ref.
(mA/ (%) (%) (%) (mA/ (W2} (%) (%) (mA/ (%] (%) (%) (%)
cm?) em?) cm?)
17.5 1.025 71.0 12.7 29.3 0.582 66.7 11.4 11.1 0.547 70.4 4.3 17.0 2015 [59]
20.6 1.08 74.1 16.5 39.0 0.716 75.9 21.2 12.3 0.679 77.9 6.5 23.0 2016 [61]
16.5 0.652 77.4 12.3 38.3 0.587 75.4 17.0 13.3 0.562 76.2 5.7 18.0 2016 [62]
18.8 0.95 69.0 12.4/ 39.1 0.66 76.0 19.6 16.9 0.64 73.0 7.9 20.1 2016 [63]
12.2%
19.3 1.057 71.6 14.5" 38.7 0.718 79.4 22.05 15.5 0.692 79.4 8.5" 23.0" 2016 [69]
20.1 1.069 76.1 16.4" 25.98 0.693 79.5 8.8" 25.2"
21.5 1.1 73.5 16.6 41.0 0.72 81.3 24.0 14.2 0.69 81.0 7.9 24.5 2017 [56]
19.4 1.13 70.0 15.4/ 41.6 0.71 81.0 23.9 18.8 0.69 80.0 10.4 26.4 2017 [75]
16.0"
20.0 £ 7.1+ 73.4 £ 15.3 £ 41.3 + 0.691 + 80.6 + 23.0 + 15.6 £ 0.674 + 81.7 + 8.6 + 239 + 2018 [65]
0.2 0.06 1.5 0.3 0.04 0.001 0.1 0.01 0.03 0.002 0.1 0.04 0.3
21.0 1.098 74.1 17.1 41.5 0.680 79.5 22.4 17.7 0.674 80.1 9.6 26.7 2018 [66]
23.7 1.06 71.0 17.9 40.2 0.63 75.0 19.1 13.0 0.59 75.0 5.8 22.4 2018 [671
21.1 1.07 72.3 16.7 - - - - 16.9 0.675 81.3 9.3 26.0 2019 [84]
19.8 1.156 79.9 18.3 41.1 0.708 80.3 23.3 15.6 0.698 80.1 8.7 27.0 2020 [68]
17.5 1.205 76.3 16.1 40.1 0.699 80.1 22.4 18.6 0.675 80.4 10.1 26.2 2020 [88]
19.7 1.16 78.7 18/ 41.4 0.69 81.2 23.2 15.6 0.66 80.2 8.2 25.7 2020 [89]
17.5%
22.3 1.12 77.7 19.0° — — — — 17.2 0.7 76.6 9.2 28.2" 2020 [78]
22.4 1.12 66.9 16.5" 25.7"
21.9 1.137 79.7 19.8 40.1 0.708 82.5 23.4 14.5 0.698 83.5 8.5 28.3 2021 [90]
23.6 1.11 74.0 19.4 40.0 0.67 72.0 19.3 15.8 0.64 71.0 7.2 26.6 2022 [771
18.5 1.17 81.1 17.7 38.6 0.66 70.3 18 15.5 0.65 73.7 7.4 25.1 2022 [91]
23.71 1.26 84.78 25.41 19.34 0.59 82.76 20.25 - - - - 34.88 2023 [92]
23.74 1.139 80.1 21.68" 38.61 0.74 81.0 22.99 17.12 0.72 80.0 9.82 31.5 2023 [93]
21.40 1.16 81.1 20.13 41.61 0.72 75.1 22.50 20.63 0.70 74.7 10.78 30.91 2023 [94]
24.0 1.131 84.2 22.6° 41.7 0.698 81.9 23.8 13.7 0.678 82.5 7.7 30.3 2023 [95]
20.29 1.217 77.56 19.15% 40.74 0.716 82.15 23.95 17.5 0.701 78.91 9.68 28.83 2023 [96]
18.43 1.26 76.36 17.76 42.88 0.67 77.90 22.53 17.78 0.65 77.98 9.00 26.76 2023 [971
19.98 1.15 77.51 17.80 39.52 0.68 75.77 20.38 18.38 0.66 72.97 8.79 26.59 2023 [98]

@ Certified power conversion efficiency.
b Aperture Area in cm?

hindered by the lack of surface texturing and passivation on the Si cell.
2-T tandem cell designs often use TCOs as recombination layers, but this
can result in optical losses. These recombination interlayers play a
crucial role in minimizing optical losses and enhancing charge extrac-
tion. Sahli et al. [99] exchanged the TCO layer with nanocrystalline Si,
achieving a PCE of 18 % for cells having an active area of 12.96 cm?. In
addition, to reduce reflection loss, they created a fully textured 2-T TSC
with a nanocrystalline Si recombination interlayer (Fig. 11(a)) [100].

Combining thermal evaporation and solution processing, a conformal
PVSK layer was created. The certified PCE was 25.2 %, with superb
current matching at 20.1 and 20.3 mA/cm? for the top and rear cells,
respectively, as confirmed in Fig. 11(b). Furthermore, nanocrystalline Si
oxide (nc-SiOx:H) was proposed as an intermediate layer between Si and
PVSK cells, reducing infrared reflection losses [101]. This led to a 1.4
mA/cm? current density gain in the Si rear-cell with a 110 nm thick
interlayer. The stabilized PCE was 25.2 %, with a total Jgc of 38.7 mA/
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textured 2-T PVSK/Si TSC [100].

cm? under AM1.5G illumination (for the champion 1 cm? monolithic
TSC).

4.2.2. Electron transport layer

The Si rear cell commonly uses a heterojunction configuration for
better Voc, ease of fabrication, and higher efficiency [102,103]. How-
ever, a key constraint is the thermal instability of a-Si:H, which cannot
withstand temperatures above 200 °C, making it unsuitable for high-
temperature sintered TiOy deposition. To overcome the thermal limi-
tations of a-Si:H, an alternative approach, suggested by Albrecht et al.
[104], involves a planar PVSK sub-cell with a compact ETL. The semi-
transparent PVSK sub-cell was synthesized at 120 °C using atomic layer
deposition (ALD) (Fig. 12) for SnO2 and high-temperature mesoporous
TiOs. The multilayer transparent top contact consisted of sputtered ITO,
spiro-OMeTAD, and MoOs. The SnO; and ITO acted as the recombina-
tion layer, with a lithium fluoride (LiF) antireflective coating on the top
contact. They successfully constructed a monolithic 2-T TSC with SHJ
and PVSK, achieving a stabilized efficiency of 18.1 %. This approach
ensures optimal temperature conditions and could be further enhanced
with an organic polymeric thin film.

Recent studies have investigated various strategies for modifying
ETLs and identifying potential ETL materials to improve charge
extraction efficiency in PVSK-SCs. In this regard, reduced graphene
oxide (rGO) has been incorporated into PCBM ETL of planer inverted
PVSK-SCs by utilizing both the CH3NHsPbl3 4Cly PVSK deposited
through a one-step methodology and the CH3NH3Pbls deposited
through a two-step spin coating process. By increasing the PCBM con-
ductivity with rGO as an additive, the Jsc and FF were enhanced,
whereas the surface traps were decreased, leading to an increase in the
Voc and a hysteresis-free 14.5 % PVSK-solar cell [105]. Furthermore,
Werner et al. [106] employed a PEIE/PCBM bilayer as dual ETLs to
fabricate a planar semitransparent PVSK cell via low-temperature pro-
cessing. The integrated low-temperature monolithic 2-T PVSK/SHJ
tandem achieved a PCE of 21.2 % for 0.17 cm? and 19.2 % for an area of
1.22 cm?, respectively with optimized HTL thickness.

4.2.3. Material properties and processing requirements

While SHJ cells offer high V¢ and efficiency, homojunction c-Si cells
provide superior high-temperature tolerance, making them suitable for
2-T tandem integration. Wu et al. [107] introduced a 2-T TSC with
homojunction c-Si as the back cell and mesoscopic PVSK as the front cell
(Fig. 13(a)). The rear c-Si cell’s enhanced temperature tolerance pro-
vides greater flexibility in PVSK-SC design and fabrication. Surface
passivation and texturing led to 22.5 % steady-state efficiency after
1200 s of illumination and a Voc of 1.75 V for a tandem with 1 cm?.
Zheng et al. [108] created a 2-T MAPbIs/homojunction Si TSC without
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Fig. 12. 2-T PVSK/Si TSC with ALD deposited SnO, as the ETL [104].

an interface layer, using SnO; as an ETL and recombination interlayer.
The champion cell accomplished a PCE of 21.0 % on 4 cm? with a Voc of
1.67 V and PCE of 20.5 %. Shen et al. [109] developed interlayer-free 2-
T tandems with ALD-TiO;, as both the ETL and recombination interlayer,
achieving PCEs of 24.1 % and 22.9 % for passivating contact hetero-
junction and homojunction tandems, respectively.

Most high-performance PVSK/Si tandem devices use an n-type SHJ
rear cell. However, Nogay et al. [110] presented a 2-T TSC with a p-type
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Fig. 13. (a) PVSK/Si TSC using homojunction Si [107], (b) Schematic and SEM of a monolithic PVSK/Si TSC (Ag/Al back-field (Al-BSF)/p- -Si/ n + -Si/ITO/PTAA/

(FAPDI3)o s(MAPbBr3)o »/PCBM/Zn0O/1ZO/ILiF) [111].

wafer, achieving an efficiency of 25.1 %. This approach required an
annealing temperature above 800 °C to create a passivation layer and
reduce contact resistivity and parasitic absorption. Also, Kimetal. [111]
fabricated a 2-T PVSK/Si TSC with a p-type Si rear cell. They determined
that a 310 nm PVSK layer was ideal for achieving perfect current
matching. Experimenting HTLs like PEDOT:PSS, PTAA, and NiOy to
reduce Vo losses, they optimized the device with PTAA as the HTL, as
realized from Fig. 13(b), causing a Voc of 1.645 V and peak PCE of
21.19 %. This was higher than the individual PVSK (13.4 %) and Si
(12.8 %) sub-cells, with a Js¢ rise from 14.91 mA/cm? to 16.12 mA/cm?
due to heightened light absorption by the Si rear cell.

4.2.4. Optical Enhancement in PVSK-SCs

To further improve TSC performance, the optoelectronic properties
of ETLs and the PVSK absorber’s optical density must be considered. Qiu
et al. [112] compared four PVSK materials to optimize 2-T PVSK/Si
tandem cells (Fig. 14(a)). They adjusted the PVSK absorber’s band gap
and thickness to accomplish current matching between the corre-
sponding cells (Fig. 14(b)). The PVSK film FAgsMAg 35Cso.12P-
bl 04Bro.9s (Eg = 1.69 eV) had a lower trap concentration of 1.13 x 10'®
cm’3, in comparison to FAq57MAg 43Pbls 04Broos (5.7 X 1016 cm’g),
with a similar band gap. The champion tandem device with
FA045MA0_38CS()_12Pb12.04BI'0_96 accomplished a JSC of 16.5 Il‘lA/Cl'l‘l2 and
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PVSK-textured Si cell [116], (d) Schematic of the 2-T monolithic TSC [115], and (e) J-V characteristics of the champion TSC [115].
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an efficiency of 22.22 %. The PCE output at 1.42 V, after 200 s of
continuous illumination, exceeded 20.6 %.

Fine-tuning layers are crucial for improving optical performance
[101,113]. To optimize efficiency, contact layers [114], perovskite
composition [115], deposition [87], and additives must be optimized, as
demonstrated by Chen et al. [55]. They used MACI and MAH,PO, ad-
ditives in the PVSK precursor, improving the grain morphology of WDB
PVSK films and increasing photocurrent. MACI increased grain size,
whereas MAH,PO, reduced non-radiative recombination by passivating
grain boundaries. By fine-tuning the top PVSK bandgap, they fabricated
a TSC with a 1.64-eV WBG PSVK-SC on a rear SHJ cell, achieving a high
overall TSC Voc of 1.80 V and an efficiency of 25.4 %. Solution-
processed PVSKs have enabled single-junction PCEs exceeding 20 %.
Hou et al. [116] demonstrated a 2-T TSC linking a solution-processed
micrometer-thick PVSK-SC with a textured SHJ cell (Fig. 14(c)).

In the 2-T design, cell efficiency is restricted by the bottom sub-cell.
Enhancing its infrared sensitivity could improve overall performance.
SHJ solar cells, with efficiencies around 26 %, high Vpc, and low-
temperature manufacturing, have gained significant attention
[117-119]. Tandem devices using top-side flat Si wafers, while poten-
tially inferior optically compared to textured wafers, hold great promise
for PCE because of their compatibility with solution processing and
minimal adjustments to perovskite processing conditions. Deniz et al.
[120] introduced two key advancements to enhance PCE in tandem
devices with spin-coated PVSK layers on top-side flat Si wafers. First, the
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phosphonic acid-based additive pFBPA in the PVSK precursor removed
lead-related defects and reduced non-radiative recombination at the
PVSK/Cg interface, improving FF and Vgc. Second, SiO; nanoparticles
were used as an interlayer beneath the PVSK film to reduce pinholes and
shunts caused by pFBPA, while improving surface wettability for Me-
4PACz as an HTL. Combining these advancements, the TSC device
accomplished a conversion efficiency of 30 + 1 % and a peak of 30.9 %
for a 1.17 cm? active area. The device’s operational stability was tested
under 1-sun light illumination without encapsulation, retaining 85 % to
95 % of its peak PCE after 84 h of testing.

Finally, adjusting the perovskite bandgap and optimizing interface
layers are essential strategies for enhancing light absorption and sta-
bility. Xu et al. [115] applied triple-halide alloys (Cl, Br, I) to adjust
bandgap energy and stabilize the cell during light exposure. By replacing
I with Br, they improved carrier lifetime and mobility in a 1.67 eV WBG
p-i-n heterostructure top PVSK-SC. Incorporating an NiOx layer (20 nm)
between the ITO and HTL interface, as seen in Fig. 14(d) lowered
shunting and enhanced yield in the 1 em? TSC compared to poly-TPD-
only HTLs. The stabilized PCE of the 1 cm? 2T multijunction was
27.04 % with a Voc of 1.886 V, as shown in Fig. 14(e). Kim et al. [121]
showed a stable and efficient PVSK/Si TSC by incorporating phenethy-
lammonium (PEA)-based two-dimensional additive (Ip25SCNg 7s5) into
the PVSK precursor. SCN™ promoted grain growth, leading to a PVSK-SC
with a WBG of 1.68 eV and an efficiency of 20.7 %. The PEA
(Ip.25SCNy.75) additive formed a 2D lead iodide framework at the surface

Table 4
Summary of Two-terminal configuration PVSK/Si based TSCs progress in recent years.
Top cell Bottom cell 2-T TSC
Jse Voe FF PCE Jse Voe FF PCE Jse Voe FF PCE year  Ref.
(mA/ w) (%) (%) (mA/ w) (%) (%) (mA/cm?) W) (%) (%)
cm?) cm?)
18.7 0.98 78.8 14.5 - - - - 18.1 1.65 79.0 23.6 2017 [122]
13.7 1.583 75.0 16.3 22.45 0.634 78.0 11.1 16.1 1.676 78.0 21.0/20.5° 2018 [108]
- — - — - — - — 16.2 1.74 78.0 21.9/21.8° 2018 [123]
21.5 1.16 76.0 18.9 36.2 0.665 72.7 17.5 17.8 1.763 78.1 24.5/24.1° 2018 [109]
19.6 1.05 77.0 15.8 - - — - 18.4 1.77 77.0 25.0 2018 [124]
17.94 1.019 75.3 13.75 31.8 0.693 76.6 16.45 16.8 1.751 77.5 22.8/22.0° 2018 [99]
16.7 1.039 65.6 11.35 39.1 0.723 79.7 22.57 19.5 1.788 73.1 25.52/ 2018 [100]
25.24%
16.17 1.162 69.64 13.09 41.44 0.641 67.85 18.03 16.5 1.655 81.1 22.22 2018 [112]
21.6 1.1 77.9 18.4 35.7 0.7191 79.7 20.5 19.02 1.7919 74.60 25.43/25.2% 2019 [101]
— — — — — — — 22.6 19.5 1.741 74.7 25.41/25.1" 2019 [110]
15.96 1.13 74.57 13.45 28.56 0.575 78.06 12.82 16.12 1.645 79.92 21.19 2019 [111]
20.9 1.15 80.4 19.3 - — - - 17.8 1.8 79.4 25.4 2019 [55]
19.3 1.16 79.1 17.7 — — — — 19.2 1.82 75.3 26.2 2020 [125]
19.3 1.214 80.2 18.59/ - - - - 19.12 1.886 57.3 27.13/ 2020 [115]
18.52% 27.04"
— - - 20.7 35.11 0.644 76.0 17.28 19.2 1.756 79.2 26.7 2020 [121]
20.3 1.15 84.0 20.0 36.16 0.729 78.3 20.66 19.26 1.90 79.52 29.05/ 2020 [114]
29.15%
25.7 1.05 75.91 20.4 - - - - 18.57 1.69 78.87 24.72/ 2021 [126]
24.58"
22.1 1.22 76.0 20.5 35.4 0.711 75.5 19.0 19.6 1.84 76.0 27.4 2021 [127]
23.2 1.13 78.1 20.4 36.5 0.713 77.5 20.2 19.2 1.78 76.8 26.2 2021 [128]
19.78 - — - - - — - 19.3 1.85 80.1 28.7 2022 [129]
20.31 — — — 19.7 — — — 19.48 1.92 79.4 29.75/29.8" 2022 [130]
23.74 1.139 80.1 21.68" 38.61 0.74 81.0 22.99 18.81 1.79 78.0 26.34" 2023 [93]
- - - - - - - - 20.87 2.09 82.0 35.9 2023 [131]
— — — — — — — — 18.1 1.819 82.4 27.2/27.0% 2023 [132]
22.40 1.21 82.30 22.31 - — - — 19.48 1.9 76.42 28.35 2023 [133]
229 1.17 81.3 21.8/21.0% — - — - 19.4 1.85 81.8 29.3/29.0% 2023 [134]
— — — — 35.85 0.719 77.53 20.0 20.47 1.91 79.8 31.25 2023 [135]
— - — - 35.5 0.672 79.7 19.0 19.7 1.83 81.0 29.2/28.76" 2023 [136]
20.5 1.26 82.6 21.3 — — - — 19.1 1.91 79.1 28.9/29.0° 2023 [137]
20.9 1.207 80.8 20.3 38.8 0.714 77.7 21.5 20.1 1.849 77.6 28.8/28.3° 2023 [138]
— - — - - - - - 19.812 £+ 0.86 1.9528 + 0.48 79.9 £+ 1.07 30.93 + 2024 [120]
% % % 30.9°
22.27 1.15 85.48 22.74/21.2° — — — 20.01 1.81 82.91 30.05 2024 [139]

b Aperture Area in cm?
? Certified power conversion efficiency.
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and grain boundaries, enhancing passivation. The champion monolithic
tandem accomplished a PCE of 26.7 %. Al-Ashouri et al. [114] devel-
Oped a 2-T TSC with a CSo.05(FAO.77MA0.23)0.95Pb(10.77Br0.23)3 PVSK
absorber (Eg = 1.68 eV) and a 260-pm-thick n-type SHJ cell. A certified
efficiency of 29.15 % was achieved at the 1 cm? device scale, with an FF
of 77.8 % and a V¢ of 1.897 V. The progress of 2-T PVSK/Si TSC devices
is listed in Table 4.

5. Challenges and future prospects

PVSK-SCs continue to be investigated with respect to their sustain-
ability and scalability. Performance parameters are enhanced by inte-
grating PVSK-SCs with other advanced PV technologies. Perovskite-
based TSCs exhibit significant potential in terms of their efficiency,
which is a highly promising advancement. In light of the demonstrated
validity of Si PV cells in the present market, the metrics that enable a soft
transition from laboratory investigations to industrial-scale manufacture
are of considerable attention.

The top PVSK-SC must meet the same field confidence guidelines as
the rear Si cell in order to be commercially viable in a Si-based TSC
panel. Additionally, wafers intended for industrial manufacturing
should be employed to fabricate TSCs, and only materials and technol-
ogies that are of minimal cost must be employed. One of the numerous
challenges to commercializing this technology is the scaling up of cells
to module size. Additionally, the operating lifetime that extended to
twenty-five years is another significant obstacle. Also, additional pro-
cessing and design challenges summarized in Fig. 15 must be considered
to achieve current matching at the highest photocurrents. To address
these concerns, it is imperative to thoroughly consider the following

Transparency
Sputter damage to perovskite
and contact layers
Conformality
Protective buffer layer
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strategies and obstacles for future advancements.

5.1. Comparison between PVSK/Si and other candidates

Perovskite/silicon TSCs represent a significant advancement in PV
technology, distinguished by their remarkable efficiency and stability
compared to perovskite/CIGS tandems. As of December 2021, perov-
skite/Si tandems achieved a record PCE of 29.8 %, leveraging the
established performance of Si alongside the high absorption capabilities
of PVSK materials [140]. On the other hand, perovskite/CIGS tandems
generally show lower efficiencies (typically below 26 %) [141]. The
notable superiority of perovskite/Si TSCs extends beyond mere effi-
ciency; they exhibit enhanced stability against environmental degrada-
tion, outperforming CIGS cells in tests involving moisture, UV exposure,
and thermal conditions. Innovative architectural designs, including
inverted structures that protect sensitive materials, have contributed to
this durability, further establishing perovskite Si tandems as a viable
long-term energy solution. [140]. In contrast, CIGS cells face inherent
material limitations and more complex production processes that hinder
their commercial viability and overall performance [140].

Furthermore, Si solar cells are the industry standard, making
perovskite/Si tandems easier to integrate into existing manufacturing
lines. Silicon wafer production is highly mature, with low-cost fabrica-
tion and well-established infrastructure. CIGS technology, while prom-
ising, has a smaller market share and less developed large-scale
production capabilities. In addition, cost-effectiveness is another area
where perovskite/Si tandem technology shines. The ongoing develop-
ment of low-cost manufacturing methods, such as inkjet printing and
roll-to-roll processing, positions these cells favorably within a

Top Contact
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Improved Voc
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Perovskite Top

\ Cell
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Fig. 15. Engineering and scientific challenges for advancing each tandem architecture, along with a schematic representation of monolithic perovskite TSCs

featuring silicon-based bottom cell.
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competitive market, potentially reducing production costs below €0.40/
Wp [140]. Despite their advantages, the adoption of perovskite/Si tan-
dems is not without challenges. Issues such as the long-term stability of
perovskite materials, regulatory scrutiny concerning sustainability, and
the need for responsible material sourcing remain critical considerations
for future development and market acceptance [142]. Nevertheless, as
the urgency for efficient and sustainable energy sources escalates,
PVSK/Si tandem solar cells are poised to show a pivotal role in the
evolution of renewable energy technologies, aligning both corporate
sustainability goals and regulatory frameworks aimed at reducing car-
bon emissions [142,143]. Apart from this, there is a significant amount
of research and development focused on PVSK/Si tandem cells, driven
by the potential for high efficiencies and the compatibility with existing
silicon technology. This has led to rapid advancements in this area.
While there is research on perovskite/CIGS tandems, it is less extensive
compared to PVSK/Si, partly due to the lower efficiency potential and
higher complexity.

5.2. Device structure

Although both sub-cells are unrelated, electrically, in 4-T tandems,
the device can remain to function, albeit with a reduced power, if one of
the sub-cells is not operational or malfunctioning. While the collapse of
one sub-cell or the recombination interlayer in 2-T tandems configura-
tion will result in the destruction of all devices, as both sub-cells are
directly coupled. The enhancement of high-performance semi-
transparent front PVSK-SCs is a critical challenge for the four terminal
tandem devices. In the interim, it is imperative to consider the optimi-
zation of transparent electrodes to minimize parasitic absorption and the
incorporation of appropriate ARC layers to reduce reflection. In contrast
to 2-T structures, 4-T tandems are susceptible to parasitic absorption and
reflection due to the existence of supplementary transparent contacts
and interfaces, which could eventually reduce their efficacy. This ex-
plains why the majority of TSCs discussed in literature are in two ter-
minal topologies. It is anticipated that the 2-T architecture will continue
to be the dominant trend in the future. In addition to optimizing each
sub-cell, decent current matching between both sub-cells and minimal
energy loss are essential for constructing and developing effective 2-T
tandem devices. Therefore, the interfaces and the bandgap of the
perovskite that is in accordance with the current produced by each sub-
cell should be optimized.

It is approved theoretically that Si is deemed to have an optimal Eg of
1.73 eV for the front cell. However, considering a front Eg of 1.65 to
1.85 eV, it is still theoretically possible to achieve higher efficiencies
above 40 % [71,144]. From a practical point of view, even with the
optimum Eg is met, optimizing high-quality Si with a 2-T tandem
connection is a daunting task. Producing efficiencies that surpass that of
the single junction Si cells has been a difficult task due to the absence of
promptly available, exceedingly efficient WBG top cells (beyond the
III-V growth). Additionally, the recombination interlayers in 2-T TSCs
should effectively avoid halide ion migration. Notably, Si surfaces are
notoriously sensitive to impurities and may be poisoned by halide ions.
Another substantial obstacle to the efficient design and optimization of
TSCs is the guarantee of process compatibility during the multilayer
fabrication process. The maximal processing temperature of the top sub-
cell must be able to withstand the back sub-cell and p-n junction of a
substrate device, while the reverse is true for a superstrate cell. By
connecting two completely functional devices, it is possible to decouple
the challenges correlated with temperature compatibility [6,71].

5.3. Lead toxicity and related environmental issues

The acceptance and adoption of new technologies are significantly
influenced by the environmental and public health consequences [145].
When contemplating commercialization. lead toxicity because of the
existence of Pb in the absorber layer of PVSK for Pb-based based TSCs is
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a significant cause for worry. When perovskite, for example, MAPDIs, is
exposed to water, it rapidly decomposes into MAI and PbI, [146,147].
The relatively high solubility of Pbl, in water increases the probability of
Pb being released into the atmosphere in the occurrence of disastrous
events such as fire or flooding [147]. Neurological disorders can be
caused by Pb exposure in humans, animals, and plants [148]. Protective
measures must be implemented throughout the non-vacuum deposition
of PSVK-SCs in TSCs to prevent Pb release in the fabrication process of
PSVK-SCs. In order to mitigate the environmental and human conse-
quences of lead, it is necessary to implement solution recycling methods.
In comparison to non-vacuum deposition processes, the vacuum depo-
sition of PSVK-SCs conclusively reduces Pb hazards because of the
removal of chemical solutions, restraining Pb. Further, the vacuum
deposition technique prevents the liberation of Pb into the environment.
Strategies for addressing environmental issues related to Pb can be
derived from CdTe industrial lines [149].

Encapsulation is a viable approach that can effectively mitigate the
issue of lead leakage. If suitable encapsulation is implemented, the PVSK
tandems can be utilized with minimal lead leakage. As previously re-
ported, the lead leakage rate is lowered by a factor of 375 when using an
epoxy resin, as opposed to the encapsulation procedure that involves a
glass cover with a UV-cured resin at module edges [150]. It is encour-
aging to note that a variety of encapsulating materials and methodolo-
gies have been engineered for PVSK-SCs, which significantly reduce the
potential for Pb-leakage [151,152]. The effect of Pb on the atmosphere
and humans can be completely eliminated by replacing Pb-free perov-
skites with Pb-based perovskites. This is an additional approach to
resolving the environmental issue associated with lead. Numerous
research groups are engaged in the development of lead-free PVSK-SCs
that contain Sn, Ag, Sb, Br, and other elements [153-157]. Sn-based
PVSK-SCs demonstrate the utmost efficiency among them. Despite the
abundant attempts to boost the PCE of Sn-based PVSK-SCs, the PCE
remains considerably inferior to that of Pb-based cells [158]. This is
primarily on account of the straightforward oxidation of Sn?>* to Sn** so
it is imperative to create Sn-based PVSK-SCs that are highly efficient by
moderating crystallization and diminishing Sn** oxidation.

Recycling PVSK-based tandem modules is another encouraging
approach to mitigate the negative impacts of Pb on the environment and
human health. Developing an efficient encapsulation technique that
effectively prevents any harmful substances from PVSK-SCs from flow-
ing into the environment is essential for the commercialization of Pb-
based PVSK. Prior to the commercialization of PVSK-SCs, defining and
implementing reliable processes for module recycling after the PVSK-
SCs are decommissioned is crucial. In the future, it is necessary to
stem more advanced encapsulation techniques and conduct extensive
outdoor experiments to evaluate their effectiveness in reducing Pb
leakage. Furthermore, additional life cycle assessments (LCAs) and real
field evaluations are still necessary before any definitive conclusions
regarding the impact of Pb on the environment, particularly in the
context of PVSK-based TSCs, can be reached. Finally, it is also crucial to
integrate theoretical calculations and experiments in order to investi-
gate innovative, environmentally favorable, and energy-efficient
photovoltaic devices.

5.4. Scalability of PVSK-based TSCs

For the industrialization of PVSK-based TSCs, high-PCE large-scale
tandem modules fabrication utilizing perovskite layers with good ho-
mogeneity is an essential technology. At present, the majority of high-
performance PVSK-based TSCs and PSVK-SCs are yet at the lab cell
level, with active areas that are less than 1 cm?. The decline in PCE as
module size increases has been identified as a key factor to deliberate
when assessing the scalability of PV technology [159]. The large-scale
fabrication of PVSK-based tandems in conjunction with develop in-
dustry modules is primarily dependent on the improvement of equip-
ment and fabrication processes for homogeneous PVSK layers and other
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thin films in PVSK modules, specifically on textured Si modules, through
blade coating or vacuum deposition procedures to achieve conformal
coating of PVSK-SCs on an industrial level [160].

One of the challenges is making PVSK that is free of any pinholes and
has a low defect density that fits perfectly on Si. To boost the perfor-
mance of TSC modules, it is imperative to implement CTLs and trans-
parent contacts having high transmittance, as well as to incorporate
appropriate ARC layers to further mitigate optical losses. Creating tun-
nel junctions or recombination layers using a solution-based approach
on rough surfaces poses a greater difficulty compared to producing
perovskite thin films, mostly due to their reduced thickness. Also, on an
industrial scale, the production of uniformly thick perovskite films of
exceptional quality necessitates rigorous process control and solution
quality via solution-processing methods [161].

To prevent processing impairment in the bottom cell, it is crucial to
carefully select the solvents used in these operations. By employing
vapor-processing techniques, these challenges can be avoided. The
vapor-based processing strategy is a widely recognized practice in the
PV industry [162] and offers a variety of advantages, such as the ability
to develop a compact and even film over a vast area, the ability to
manage the thickness, the ease of deposition on a coarse substrate, the
aptitude to process without solvents, and the capability to operate at a
reduced temperature. Thus, it is an exceptional option for the develop-
ment of tandem modules that are perovskite-based. The vapor deposi-
tion method was employed by Oxford PV company to fabricate 2-T
PVSK/Si tandems with a champion efficiency of 28 % on a large scale
[163]. The simplicity of fabricating conformal films and the compara-
tively high manufacture cost of vacuum deposition methodologies
should be taken into consideration in comparison to solution methods.
Vacuum deposition methods continue to pose a challenge in the pro-
duction of perovskites with complex compositions and optimal band
gaps, and the uniformity of composition must be precisely controlled.
Nevertheless, the large-scale fabrication of PVSK/QD, PVSK/DSSC, and
all-PVSK-TSCs is contingent upon the perovskite modules and other
layers in all subcells. Metal and TCO layers are included in the trans-
parent electrodes of PVSK-based TSCs. Thermal evaporation is used to
deposit the ultra-thin Ag, Au, and Cu layers, which can be used to create
semitransparent PVSK-SCs [58,59,61]. In addition, these metal layers
are employed as recombination layers in the majority of 2-T PVSK/
Organic tandem cells [164-166]. An essential concern for perovskite
TSCs is the deposition of TCOs in the upper cells, RLs, and subcells
without causing damage to the existing subcells beneath. In addition to
sputtering and plasma enhanced chemical vapor deposition methods,
rapid plasma deposition is highly promising for the preparation of TCOs
for both semitransparent PVSK-SCs and recombination layers. Strategies
to prevent the destruction of preexisting sub-cells in tandem configu-
rations include the use of innovative, environmentally friendly orthog-
onal solvent systems, the application of a solvent-free methodology to
deposit the second sub-cell, and the innovation of a barrier layer that is
sufficiently effective [167]. Sputtering is a common method for depos-
iting TCOs, including ITO and IZO, which can serve as recombination
interlayers in 2-T PVSK/Si and PVSK/CIGS TSCs
[89,106-109,122-124,141,168-171].

In order to safeguard the CTLs and PVSK from damage during
sputtering, buffer layers are frequently used when they are employed as
transparent contacts in PVSK cells. In general, these buffers consist of
thermally deposited MoOs layers or ALD-deposited AZO and SnO; films
[62,122]. Traditional TCO recombination layers in large area 2-T PVSK/
Si tandems exhibit high lateral conductivity, which leads to shunt paths
through pinholes and defects of the PVSK-SC. The TCO recombination
interlayers are to be replaced with high-shunt-resistance materials
[99-101] may serve as an efficacious solution. In previous research,
solution-processed organic materials have been employed as recombi-
nation interlayers in 2-T all-PVSK and PVSK/Organic TSCs. It is also
essential for large-scale fabrication to optimize interconnection design
to obtain a competent assessment between resistive losses, leakage
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current paths, and losses from dead areas.

The development of high-quality PVSK layers with large areas is
central to producing highly efficient large-area TSCs. Slot-die coating
and roll-to-roll printing, blade coating, and inkjet printing are fabrica-
tion techniques that are used to create PVSK solar cell modules, and they
have the prospect of being used in large-area PVSK-based TSCs and
require further progress [160]. Furthermore, thermal evaporation may
also be a viable option for the deposition of high-quality perovskite
films. The development of high-performance flexible tandem devices is
an optimistic direction, as PVSK, CIGS, and organic PV cells can be
manufactured on flexible substrates. Also, a prospective and viable
strategy for reducing material costs and concurrently reducing elec-
tronic and optical losses is the fabrication of large-scale TSCs that are
free of recombination layers or tunnel junctions.

In conjunction with efficiency development, efficient approaches for
significantly reducing the levelized cost of electricity of PVSK-based
tandems include the development of Indium-free TCOs and recombi-
nation interlayers, equipment cost reduction, capacity enhancement,
and repeatability improvement as it is the primary problem to their
commercialization. Presently, government and industrial financial
support are currently instrumental in the commercialization of perov-
skite TSCs.

5.5. Long term stability

In contrast to well-established solar mechanisms such as Si-based and
some TFSC technologies, including CdTe, which have exhibited excep-
tional endurance following a quarter century of field exposure and
practical application, PVSK-based tandems, in general, encounter diffi-
culties in satisfying the same durability parameters [53,172,173]. Sta-
bility has been a challenge for PVSK-SCs since their inception. The
commercialization of PVSK-SCs has been hindered by instability issues
of PVSK material has raised significant skepticism about promising
technology. Regarding PVSK-based tandems, the primary cause of sta-
bility problems is the degradation of the most prevalent MAPbI3
absorber upon exposure to water, oxygen, its poor ability to tolerate
heat, moisture, and light because of its soft-matter nature [174]. The
intrinsic instability of these crystals may be attributed to ion diffusion
and migration and to the presence of organic components in the crystal
lattice [175-177]. Ion migration is an inherent characteristic of perov-
skite materials, as they are ionic conductors and possess weak crystal
structures, as well as the existence of vacancies and other defects.

Fig. 16(a) demonstrates the ion migration process in organometal
halide PVSKs [178]. This behavior was initially identified by Mizusaki
et al. in 1983 [179]. The authors hypothesized that ionic conduction in
halide PVSKs was the result of the transfer of halide-ion vacancies within
the PVSK lattice. Upon the occurrence of ion migration, the PVSK film
composition and morphology may be altered because of the accelerated
loss of PVSK ions under light illumination [180-182]. Perovskite films
are susceptible to phase segregation, interfacial interactions, and un-
desirable band bending because of ion migration during device opera-
tion. The possibility to impede the passage of ions exists due to the
passivation of defects. The hysteresis and instability of PVSK-SCs would
be the consequence of ion movement within PVSKs when they are
exposed to an electric field [183,184]. Notably, hysteresis is also
perceived as a hindrance to developing robust PVSK-SCs. Snaith et al.
[185] were the first to describe the J-V hysteric properties of PVSK-SCs.
Hysteresis is the term used to describe the deviation in the J-V curves of
the forward and reversed scans. During the reverse scan, the photocur-
rent decreases before attaining a steady state value. The opposite is true
for the forward scan. Hysteresis is a significant factor because it is
associated with the performance metrics and durability of PVSK-SCs
over time. The hysteresis effects caused by various factors, like scan
rate, PVSK composition, particle size, and device configuration, have
been shown to influence PVSK-SCs in numerous studies [22,186-190].
In addition, McGehee et al. discovered that the hysteresis in PVSK cells
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Fig. 16. (a) Diagram depicting ion migration within the perovskite lattice [178], (b) Kano model for proposing the successful commercialization strategy of PVSK-

SCs [215].

was highly responsive to J-V measurement factors, including pre-bias,
scan rate, and scan direction [191].

Furthermore, normal thermal instability is typically triggered by the
loss of organic components (MA™), which leads to numerous defects at
the grain boundaries [192]. The passivation of grain boundary defects
and the optimization of the “A” cation with proper materials are desir-
able solutions to this issue. To improve the thermal stability of PVSK
films, numerous studies have concentrated on incorporating Cs*
[76,193,194]. Usually, the addition of Cs can partly substitute the vol-
atile A-site organic cations (i.e., MA", FA") with stable WBG PVSKs
[193,195]. The stability of materials was significantly enhanced utiliz-
ing inorganic cations, including cesium, potassium, and, successively,
rubidium that could maintain up to 95 % of their initial efficiency after
operation at MPP for several hours [75,193,196-200]. The thermal
stability of inorganic PVSK has been shown to be preferable to that of
organic perovskite in numerous studies [165,197,200-202].

The intrinsic resistance of hybrid PVSKs to water, heat, light, and
oxygen poses a significant challenge for PVSK-based TSCs at the material
level. Preparing high-quality PVSK films with fewer defects and grain
boundaries is the most fundamental method of enhancing device sta-
bility, thereby reducing water and oxygen destruction. It has been
shown that the processes of passivating grain boundaries and surfaces
and enhancing crystallinity and grain size of PVSK films are effective in
suppressing halide segregation and enhancing long-term stability
[73,203-205]. CsPbls perovskite is an optimal top sub-cell material for
TSCs due to its 1.73 eV bandgap [206-208]. Nevertheless, the primary
obstacle is the phase stability. The total PCE of CsPbls solar cells is
nonetheless poorer than that of hybrid PVSKs with the same Eg, despite
their potential value for tandem structures. The CsPbl; perovskite would
be able to effectively participate in TSCs by enhancing its phase stability
[206,207,209,210].

Besides the deterioration of PVSK films, the stability of the CTLs is
additionally essential. It has been reported that dopants, including Li-
TFSI, in the HTLs of spiro-OMeTAD and PTAA have the potential to
damage PVSK films [211]. The development of novel dopant-free HTLs
with raised mobilities has emerged as a research focus. Furthermore, the
degradation of devices can be induced by the reaction between halides
in perovskites and metal layers (Au, Ag, Al) [212,213]. In order to
prevent these detrimental interactions, it may be beneficial to incorpo-
rate buffer layers or employ electrodes that are chemically stable. For
tandem devices in general, encapsulation is an effective method to
prevent the leakage of water-soluble toxic Pb compounds, as well as
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water and oxygen permeation. Concurrently, it is imperative to establish
standardized stability tests, such as thermal stability, air stability, and
photostability, to guarantee that the solar cells can withstand the out-
door environments for an extended period. As mixed-halide hybrid
PVSKs are the primary photoactive material in most high-efficiency 2-T
PVSK/Si tandems [214], PVSK-based TSCs will be prepared for
commercialization once the stability of PVSK-SCs and encapsulation can
be successfully resolved because solar cells must operate in light con-
ditions that are sustained for extended periods.

Apart from this, the stability data presented by different researchers
cannot be accurately compared due to the fact that the testing conditions
used in each experiment, including humidity, temperature, and encap-
sulation technique, are varied. Remarkably, efficiency is a well-defined
factor that can be justified in compliance with existing standards, while
stability-related characteristics such as lifetime and deterioration rates
are not. Consequently, it is imperative to establish a standardized test
condition for the stability testing of PVSK cells, with a particular stress
on the stability of the device under hysteresis, thermal stability, me-
chanical stability, and stability in light illumination, along with the
presence of moisture and oxygen, regarding different fabrication pro-
cesses. The Kano model, as seen in Fig. 16(b), is a valuable resource for
comprehending the prioritization of the features of PVSK-SCs in order to
meet the current market demand and achieve effective commercializa-
tion [215].

6. Conclusions

This review summarizes the advancements of PVSK/Si TSCs. The
discussion included a variety of TSC categories and their subsequent
mechanisms, including the 2-T monolithic and 4-T stacked arrange-
ments. PVSK/Si tandem cells have garnered the most attention among
these devices as a result of their advanced fabrication technology and
exceptional performance. It is likely that PVSK/Si tandem devices will
be at the forefront of this field for a period of time. It is foreseeable that
PVSK-based TSCs will become a research frontier, garnering an
increasing number of interests. Performance enhancement, the intrinsic
instability of perovskite materials, fabrication costs, lead toxicity, and
scaling-up manufacturing are among the numerous critical obstacles
that continue to impede the advancement of tandem devices. More
commercialization-related issues will emerge as the conversion effi-
ciencies for these PVSK-based TSCs are anticipated to continue
increasing in the near future. It is imperative to enhance the testing and
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evaluation systems for devices. Additionally, the long-term stability of
TSCs must be taken into account to survive in severe environments, such
as the ocean, desert, or space. Therefore, the development of TSCs
through commercialization will be significantly influenced by the use of
appropriate packaging, as well as high-efficient materials and PV cell
manufacturing. Consequently, it is imperative to conduct interdisci-
plinary research to address a variety of obstacles in the commerciali-
zation of TSCs based perovskite materials in order to achieve positive
results. PVSK-based tandem device technology offers a vast amount of
space and an enormous number of prospects for the development of
high-performance PV cells.

We are confident that the performance of PVSK-based TSCs will
continue to astound us, specifically PVSK/Si tandems, given the signif-
icant and rapid advances that have been made in recent years. This will
be accomplished via collaborative efforts involving device engineering
and interface enhancements, advancements in material and cell stabil-
ity, and the improvement of large-scale manufacturing technologies.
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