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HIGHLIGHTS

e Perovskite/perovskite/silicon triple-junction solar cells (PSTJSCs) are emerging as a promising strategy to exceed the efficiency limits

of traditional silicon solar cells.

e This review systematically analyses the key principles, recent breakthroughs, and remaining challenges in PSTJISC development,

including current mismatch, open-circuit voltage loss, phase segregation, and stability.

e Strategies to address these issues and future directions toward achieving high efficiency and long-term operational stability are comprehensively

discussed.

ABSTRACT Crystalline silicon (c-Si) solar cells, though dominating

a0 L Perovskite/perovskite/silicon triple junction solar cells
the photovoltaic market, are nearing their theoretical power conversion

Sunlight

efficiencies (PCE) limit of 29.4%, necessitating the adoption of multi-junc-

i . . 35 [
tion technology to achieve higher performance. Among these, perovskite- D EEsah

on-silicon-based multi-junction solar cells have emerged as a promising
alternative, where the perovskite offering tunable bandgaps, superior opto-
electronic properties, and cost-effective manufacturing. Recent announced
double-junction solar cells (PSDJSCs) have achieved the PCE of 34.85%,

surpassing all other double-junction technologies. Encouragingly, the

rapid advancements in PSDJSCs have spurred increased research interest

in perovskite/perovskite/silicon triple-junction solar cells (PSTJISCs) in

2024. This triple-junction solar cell configuration demonstrates immense

potential due to their optimum balance between achieving a high PCE limit S0 * 5816 2651 555 S05E
and managing device complexity. This review provides a comprehensive Year

analysis of PSTISCs, covering fundamental principles, and technological

milestones. Current challenges, including current mismatch, open-circuit voltage deficits, phase segregation, and stability issues, and their cor-
responding strategies are also discussed, alongside future directions to achieve long-term stability and high PCE. This work aims to advance the

understanding of the development in PSTJSCs, paving the way for their practical implementation.
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1 Introduction

In response to global decarbonization policies, the develop-
ment of next-generation sustainable energy technologies has
become critical [1, 2]. Among these, photovoltaics (PV) is a
key technology, providing clean energy solutions to address
the growing demands of an increasingly resource-intensive
and fast-evolving world [3]. Over the past decade, the manu-
facturing costs of mainstream PV modules have significantly
decreased, now accounting for less than half of the total cost
of utility-scale solar PV installations [4]. In contrast, non-
module costs, commonly known as balance of system (BOS)
costs, scale with the area of deployed PV rather than the
power generated. Therefore, enhancing the power conversion
efficiency (PCE) of solar cells to increase the power out-
put per unit area emerges as the most effective strategy for
further reducing the overall cost of PV-generated electric-
ity [5, 6]. To date, crystalline silicon (c-Si) solar cells have
dominated over 97% of the PV market, driving significant
large-scale deployment [4]. The record PCE of c-Si solar
cells has reached 27.3% [7], approaching the theoretical
maximum PCE of 29.4% described by the Shockley—Que-
isser (SQ) limit for single-junction c-Si technology [8, 9],
thereby offering limited headroom for further enhancements.

One of the well-established methods for overcoming
the SQ limit is multi-junction technology [11, 12]. In this
approach, multiple solar cells with different bandgaps are
stacked in descending order of bandgap energy, with the
wide-bandgap cell positioned at the top, facing the sun [13].
As illustrated in Fig. 1a (right), the top cell absorbs high-
energy photons up to its bandgap, while the lower-energy
photons pass through and are absorbed by the subcells
beneath, each with progressively narrower bandgaps [9].
Compared to single-junction as demonstrated in Fig. la
(left), multi-junction configuration minimizes thermaliza-
tion losses and enhances the overall capture of the solar
spectrum [14]. As shown in Fig. 1b, the theoretical PCE
limits for multi-junction solar cells increase with the number
of junctions, reaching 45.9% for double-junction structures,
51.8% for triple-junction structures, and up to 59.2% for
six-junction structures [15]. Notably, the PCE gains dimin-
ish with an increasing number of junctions, highlighting
the triple-junction structure as an optimal balance between
achieving a high PCE limit and managing device complexity.
It is important to note that multi-junction solar cells enable
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high PCEs across various architectures, including two-ter-
minal (monolithic), four-terminal, and even multi-terminal
designs, as illustrated in Fig. 1c [16, 17]. Among these, the
monolithic architecture stands out due to its advantages,
such as fewer electrodes and transparent conductive layers,
which contribute to achieving high PCE with low-cost [18].
Furthermore, the monolithic design simplifies wiring and
packaging complexities, ensuring seamless compatibility
with standard encapsulation used in mainstream single-
junction c-Si PV modules. Given these benefits, this review
will primarily focus on monolithic triple-junction structure.

Before 2020, multi-junction solar cells have been most
successfully realized in III-V compound semiconductors
[19, 20]. Remarkable PCEs have been achieved with multi-
junction III-V solar cells, including 32.9% for two-junction
cells [21], 37.9% for three-junction cells [22], 38.8% for
five-junction cells [23], and 39.5% for six-junction cells [24].
However, the high cost of III-V solar cells remains a major
limitation to their widespread application. Obtaining high-
quality III-V absorbers with a high degree of crystallographic
perfection requires expensive and time-consuming epitaxial
growth techniques [11]. As a result, III-V multi-junction solar
cells have predominantly been used in specialized applica-
tions where their advantage in PCE justifies the high BOSs,
such as in space exploration and concentrator systems [25,
26]. Perovskites have recently emerged as a promising class
of photovoltaic materials, which can fulfill the demands of
multi-junction technology, due to their exceptional optoelec-
tronic properties, including tunable bandgaps, high optical
absorption coefficients, long carrier diffusion lengths, and
high defect tolerance [27]. Moreover, perovskite solar cells
(PSCs) offer a cost advantage superior to III-V solar cells,
as they can be fabricated using low-cost manufacturing pro-
cesses [28]. In light of these advancements, perovskite—sili-
con double-junction solar cells (PSDJSCs) have become a
central focus for both academic research and industrial inno-
vation [29, 30]. As shown in Fig. 1d, the PCE of PSDJSCs
has surged from 23.6% in 2016 to 34.85%, surpassing that of
their double-junction III-V counterparts [31]. Similarly, the
PCE of perovskite—perovskite double-junction solar cells has
increased dramatically from 18.1% in 2016 to 30.1% [31].
These significant advancements underscore the substantial
potential of perovskite-based multi-junction architecture.

In light of these, perovskite-based triple-junction solar
cells represent an undoubtedly promising research direction

https://doi.org/10.1007/s40820-025-01836-8
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Fig. 1 a Schematic illustration showing the light absorption in single and multi-junction solar cells. Reproduced with permission from Ref. [9].
Copyright 2017 Springer Nature. b The theoretical efficiency of multi-junction solar cells in the radiative limit is analyzed as a function of the
number of junctions, with optimal bandgap combinations provided for achieving maximum PCE under the AM 1.5g spectrum. Reproduced with
permission from Ref. [10]. Copyright 2024 The Royal Society of Chemistry. ¢ Schematic diagram of two-terminal (monolithic), four-terminal,
and multi-terminal designs in multi-junction solar cells. d PCE progression of double and triple-junction solar cells incorporating III-V, silicon,

and perovskite in their architecture

for next-generation energy solutions. Since the first report
of a perovskite-based triple-junction tandem solar cell in
2018 [32], various configurations, including perovskite/
perovskite/silicon, perovskite/perovskite/organic, and all-
perovskite structures, have achieved PCEs of 27.6% [33],
19.4% [34], and 28.4% [35], respectively. Notably, the
all-perovskite triple-junction tandem solar cell recently
developed by Hu et al. achieved a PCE of 28.4% [35], the
highest reported among all-perovskite-based triple-junction
configurations. Compared to similar devices reported the
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previous year [36], this reflects a significant net efficiency
increase of 3.3%, highlighting the promising efficiency
potential of all-perovskite triple-junction tandems. Among
these configurations, the perovskite/perovskite/silicon struc-
ture remains particularly attractive due to its superior PCE
potential and seamless integration with mainstream c-Si PV
technologies. Although the efficiency of PSTISCs achieved
so far is still lower than PSDJSC in the last two years. Typi-
cally, more work reported PSDJSC with over 30% in recent
years [37—-42]. Encouragingly, the rapid advancements in
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PSDJSCs have spurred increased research interest in perovs-
kite/perovskite/silicon triple-junction solar cells (PSTISCs)
in 2024. The PCE of the PSTJSCs has exhibited a remark-
able upward trend, as highlighted by the red dashed line in
Fig. 1d. It is foreseeable that, with continued and sustained
research efforts, PSTISCs also have the potential to achieve
further breakthroughs in efficiency to over 30% and higher.
Given this context, an analytical review that examines the
development and discusses the current challenges facing
PSTJSCs would be highly beneficial for the continued pro-
gress of this technology, with the aim of achieving high PCE
and long-term stability.

This work presents a comprehensive analysis of advance-
ments in PSTISCs. Section 2 focuses on the fundamental
principles, including power loss mechanism, bandgap tun-
ability of perovskite materials, and theoretical approaches
to PSTJSCs. Section 3 provides an overview of the pro-
gress achieved in the development of this technology. Sec-
tion 4 highlights critical challenges, such as photocurrent
limitation, open-circuit voltage (V) deficits, and stability
issues. Additionally, we outline corresponding strategies
to address these issues. Finally, we propose future direc-
tions aimed at further enhancing the PCE and stability of
PSTISCs. We believe this work will contribute signifi-
cantly to advancing PSTJISCs to a new level of performance
and maturity.

2 Fundamentals
2.1 Power Losses

The PV process in solar cells involves the absorption of
sunlight with energy exceeding the semiconductor band-
gap, while excess energy is dissipated as thermalization
loss. Photons with energy below the bandgap are not
absorbed and pass through the cell. Radiative recombina-
tion occurs due to photogenerated carriers, and at forward
operating voltages, the carrier energy is defined by the
quasi-Fermi level (QFL) separation, which determines the
solar cell voltage at the electrical contacts [11].

Figure 2a outlines the distribution of power generation
and losses in solar cells. In single-junction cells, the domi-
nant losses are due to thermalization and unabsorbed sub-
bandgap photons. Multi-junction solar cells reduce these

© The authors

losses by employing multiple semiconductors with different
bandgaps, allowing for more efficient spectral absorption.
However, other fundamental losses increase with additional
junctions [43]. Boltzmann loss is an entropic loss linked
to the re-emission of light, resulting in voltage loss due to
increased optical mode occupancy. This loss can be reduced
through solar concentration or by limiting radiative emis-
sion. In multi-junction cells, dividing the solar spectrum
across multiple junctions leads to emission at various wave-
lengths, increasing Boltzmann loss. Carnot loss arises from
the thermal excitation of carriers within bands and increases
as additional junctions create more photogenerated carrier
bands. This loss is generally unavoidable, except in rare
cases where the solar cell operates at very low tempera-
tures. Emission loss is intrinsic to solar cells due to the reci-
procity between absorption and emission, as described by
Kirchhoff’s law of radiation [46]. In optimized ideal multi-
junction cells, emissive losses are minimal. However, in
series-connected monolithic tandem configurations, where
the current is mismatched, significant energy transfer may
occur through radiative coupling.

Efficient operation in multi-junction solar cells requires
closely matched photogeneration rates among subcells. This
balance can be achieved by tuning the thickness and band-
gap of absorbers, allowing overperforming subcells to trans-
mit excess light to lower layers [47]. In radiatively efficient
materials, excess photogeneration in subcells may radiate
energy to lower junctions, with minimal escape from the top.
It is worth mentioning that radiative coupling, observed in
some perovskite materials, can mitigate spectral mismatches
under blue-rich conditions and offers flexibility in bandgap
configurations [48]. This flexibility enables the efficient
operation of wide-bandgap perovskite top cells in silicon-
based tandems [49].

2.2 Bandgap Tunability of Perovskite

The ABX; crystal structure of perovskite materials features
an A-site cation (e.g., cesium (Cs*), methylammonium
(MAY"), or formamidinium (FA")) within a cuboctahedral
void, a B-site divalent metal (lead (Pb>*) or tin (Sn*)) in a
BX octahedron, and an X-site halide anion (chloride (CI"),
bromide (Br"), or iodide (I")), superhalide, or pseudohalide
(as shown in Fig. 2b, inset) [50]. A significant advantage
of perovskites in multi-junction solar cells is their tunable

https://doi.org/10.1007/s40820-025-01836-8
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bandgap, ranging from 1.2 to 3.0 eV, achieved by modifying
the composition of the ‘A’ , ‘B’ and ‘X’ ions, as illustrated
in Fig. 2b [44]. The bandgap of perovskites is primarily
determined by the B- and X-site ions that form the [BX(]
octahedral framework. The valence band maximum (VBM)
arises from the coupling of B-site s orbitals and X-site p
orbitals, while the conduction band minimum (CBM) is
predominantly influenced by contributions from B-site p
orbitals. The ‘A’ cations influence the bandgap by distort-
ing the perovskite lattice, which alters the B-X bond length
and angle [51-53]. Common ‘B’ cations, such as Sn**, Pb**,
and germanium (Ge>"), exhibit bridging angles of 155.2°,
159.6°, and 166.3°, respectively, with larger angles corre-
sponding to smaller bandgaps (APbX;> ASnX; > AGeX;)
[54-57]. Similarly, increasing the electronegativity of
the halogen ‘X’ anions (CI, Br, I") raises the bandgap
(ABCl; > ABBr; > ABI;) [58]. Among these, halide tunabil-
ity between Br and I offers a simple and effective method for
adjusting the bandgap. For instance, methylammonium lead
tri-halide (MAPbX;) can have its bandgap adjusted from
1.6 to 2.3 eV by altering the iodine-to-bromine ratio, while
formamidinium lead tri-halide (FAPbX3) can be tuned from
1.48 to 2.23 eV using the same approach [59, 60].

However, a wider bandgap in perovskite materials does
not necessarily translate to higher cell photovoltages. Wide-
bandgap perovskites are susceptible to phase segregation,
leading to I-rich domains that act as recombination traps
and cause significant voltage deficits [59]. Conversely, tun-
ing perovskites to bandgaps below 1.5 eV poses challenges,
particularly when substituting Sn®* for Pb**, due to conflicts
between spin—orbit coupling and steric effects [61-63]. Tin-
based perovskite also introduces stability concerns, as Sn**
is prone to oxidation to Sn**, which undermines both stabil-
ity and solar cell performance [57, 64]. These issues will be
discussed in detail in a later section.

2.3 Theoretical Approaches

In recent years, computational studies using optical models
have been driven by the need to predict achievable PCEs
before undertaking the complex fabrication of multi-junction
devices. For monolithic devices, achieving current-match-
ing conditions is crucial for maximizing energy conversion.
Predicting optimized layer thicknesses can significantly
enhance performance. The transfer matrix method (TMM)
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is particularly effective for modeling electromagnetic wave
propagation through device layers, utilizing interface matri-
ces with Fresnel coefficients and dissipation matrices incor-
porating Beer—Lambert absorption [65, 66].

Using the TMM, the theoretical PCE potential of perovs-
kite-based triple-junction solar cells is assessed [44, 45]. As
shown in Fig. 2c¢, d, detailed balance limits are plotted for
varying bandgaps in the middle and top absorbers, focusing
on two configurations: an all-perovskite triple-junction cell
with a 1.22-eV perovskite as the rear absorber and a PSTISC
with a 1.1-eV silicon rear absorber. The all-perovskite tri-
ple junction demonstrates a theoretical PCE of 46.9% when
absorber layers with bandgaps of ~2.1,~ 1.6, and 1.22 eV are
combined. This represents only a slight improvement over
the SQ limit for all-perovskite double-junction solar cells
(46.0%). In contrast, incorporating a silicon rear absorber
with a lower bandgap enhances the PCE to 49.4% when
combined with~ 1.5 and~2.0 eV bandgaps, delivering a
significant PCE boost. Practical PCEs often fall below theo-
retical limits. Using TMM and device modeling, Hérantner
et al. estimated more realistic PCEs [45]. Optimizing band-
gap alignment and layer thicknesses yielded modest gains
for all-perovskite triple-junction cells (32.2 to 33.0%), sug-
gesting limited practicality. Conversely, as shown in Fig. 2e,
f, an optimized PSTJSC achieved a PCE of 38.8% when
absorber layers with bandgaps of 1.95, 1.44, and 1.12 €V,
respectively. In addition to optical simulations, the authors
conducted energy yield (EY) simulations under real-world
climatic conditions representative of the Mohave Desert and
Seattle, following a methodology similar to that reported
by Horantner and Snaith [67]. Their findings demonstrate
that monolithically integrated tandem devices exhibit higher
energy yields compared to both single-junction perovskite
solar cells and previously modeled single-junction cells
under the same environmental conditions. Notably, the tan-
dem devices do not incur substantial additional losses from
current-matching limitations, underscoring the potential per-
formance advantage of PSTISCs over other types of solar
cells.

Furthermore, the modeling and simulation landscape
for perovskite-based solar cells is progressively maturing,
especially in the domains of numerical methodology, optical
management, and energy yield prediction. A range of com-
putational techniques have been widely adopted to solve the
underlying electromagnetic problems, including the finite
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element method (FEM) [68, 69], finite-difference time-
domain (FDTD) method [70, 71], and time-domain integral
equation (TDIE) approach [72]. Integration of these comple-
mentary numerical techniques is increasingly recommended
to enhance simulation accuracy and comprehensiveness for
PSTJSC optimization.

3 Roadmaps

Since the first device for PSTISCs was reported in 2018, this
field has attracted growing research interest. Particularly in
2024, significant advancements in PSDJSCs have catalyzed
rapid progress in developing PSTJSCs. These progresses,
which focus on optimizing current matching in the triple-
junction and wide-bandgap perovskite top cells, have led
to notable PCE milestones, positioning these devices as a
remarkable step in solar energy technology.

Figure 3a illustrates a timeline highlighting the pro-
gress in PSTISCs, with their respective device structures
and photovoltaic performance detailed in Table 1. In 2018,
Werner et al. presented the first proof-of-concept device for
PSTISCs, achieving a PCE of 14% and an Vc of 2.69 V
[32]. This device utilized a double-side textured hetero-
junction (HJT) silicon bottom cell with micrometer-scale
pyramidal structures to optimize light management. To
ensure compatibility with the textured silicon substrate,
both the mid-bandgap and wide-bandgap perovskite layers
were fabricated using a hybrid vacuum and solution-based
two-step deposition method. However, the device exhibited
a low short-circuit current density (J.) of 7.7 mA cm™ and
a low fill factor (FF) of 0.68. These are mainly attributed
to the unoptimized current matching and the low quality
of perovskite layers. While the hybrid two-step deposi-
tion method ensures the conformality of perovskite films
on textured surfaces, it often results in relatively low film
quality with small grains [78]. These defects are typically
associated with reduced V¢ and FF in PSCs [79]. In 2022,
Zheng et al. reported the second PSTISC, achieving a PCE
exceeding 20% and a V) of 2.74 V [73]. Unlike the earlier
work, this study utilized a front-polished, rear-textured HIT
silicon bottom cell. Both the mid-bandgap and wide-band-
gap perovskite layers were deposited using a well-optimized
one-step solution process. Additionally, an ultra-thin gold
layer was introduced as part of the interconnection layer
between the middle and top cells. These modifications

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

significantly enhanced the FF of the device to an impres-
sive value of 0.86. Nevertheless, the current matching in this
work remained suboptimal, as indicated by the relatively low
J,. of 8.5 mA cm~2 limited by the middle-bandgap subcell
(Fig. 3b).

Building upon Zheng’s device structure, Choi et al. made
significant advancements in 2023 [74]. They found that one-
step solution deposition of the wide-bandgap perovskite top
layer could damage the underlying mid-bandgap perovskite
cell, as the polar solvent might penetrate the interconnec-
tion layer and disturb the mid-bandgap perovskite film. To
address this issue, they developed a novel solvent system
comprising acetonitrile (ACN) and methylamine (MA) to
deposit the wide-bandgap perovskite layer, successfully
preventing such damage. Additionally, they increased the
bandgap of the top perovskite layer to 1.96 eV, improving
current matching within the device, as shown in Fig. 3c. As
a result, their device achieved a PCE of 22.23%, a V) of
2.78 V, an FF of 0.79, and a J4. exceeding 10 mA cm~2 In
2024, Hu et al. modified the mid-bandgap cell in PSTISCs
to achieve improved current matching [75]. They intro-
duced a vacuum-growth method to enhance the quality of
the medium-bandgap perovskite film, resulting in a stable,
high-quality FAPbIs perovskite thin film, free of wrinkles,
cracks, and pinholes, with a bandgap of 1.52 eV. As a result,
their fabricated device demonstrated a PCE of 24.4%, with
an improved Jg. of 11.6 mA cm™2 (Fig. 3d). In the mean-
time, Li et al. further improved the light management of their
PSTJSCs by utilizing a double-side textured HIT silicon
bottom cell with reduced pyramid sizes of less than 1 pm
[76]. Unlike Werner ‘s work, this type of bottom cell with
reduced texture size is compatible with the one-step solu-
tion process, ensuring the deposition of high-quality per-
ovskite films. Additionally, they improved the composition
of the 1.96 eV wide-bandgap perovskite by alloying with
Rb* and Cl ions, which have small ionic radii. As a result,
their device achieved a V- exceeding 3 V and a remark-
able Jg- of 11.76 mA cm™2, leading to a PCE of 25%. In
this study, the optimized wide-bandgap perovskite top cell
demonstrates a PCE of 13.4%, a V. of 1.33 V, and an FF
of 0.77, as shown in Fig. 3e, which remains relatively low
in performance. According to the SQ limit, the maximum
Voc for a 1.96 eV perovskite is theoretically up to 1.6 V,
indicating a significant V¢ deficit of 0.63 eV in their cur-
rent device [8, 80].
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Recently, Xu et al. proposed modifying the wide-bandgap
perovskite by incorporating potassium thiocyanate (KSCN)
and methylammonium iodide (MAI) co-additives to improve
the film quality and reduce the V¢ deficit [77]. They dem-
onstrated that SCN™ enhances the perovskite grain size,
thereby reducing the grain boundary defect density; K* sta-
bilizes the halide, preventing halide vacancy formation; and
MA* removes residual light-destabilizing SCN™ from the
perovskite films through double displacement reactions. As
a result, their wide-bandgap perovskite top cell achieved a
significantly enhanced V- of 1.38 V and a PCE of 15.0%,
as shown in Fig. 3f. These improvements contributed to a
Voc of 3.04 V and a PCE of 26.4% in their PSTJSC. More
recently, Liu et al. introduced cyanate (OCN"), a previously
unexplored pseudohalide, as an alternative to bromide in
perovskite compositions [33]. With an effective ionic radius
of 1.97 A, closely matching that of bromide (1.95 A), OCN-
incorporation into the perovskite lattice was shown to cre-
ate a uniform halide distribution and minimize microstrain.
These improvements significantly enhanced the quality of
wide-bandgap perovskite films. As a result, their 1.93 eV
wide-bandgap perovskite top cell achieved a notable Ve
of 1.42 V, as shown in Fig. 3g. Consequently, their PSTJSC
demonstrated a V- surpassing 3.1 V and achieved a record
PCE of 27.62% (certified 27.10% on 1 cm?) as shown in
Fig. 4.

It is worth noting that the PSTJSC involves two differ-
ent interconnection layers between the subcells: a top—mid-
dle subcell (perovskite—perovskite) interlayer and a mid-
dle-bottom subcell (perovskite—Si) interlayer. Table 1 also
summarizes the interconnection layers used in reported
PSTIJSCs. For the middle-bottom subcell interlayer, with
the exception of the first demonstration of PSTISCs that
employed a stacked nc-Si:H (p*)/nc-Si:H (n*) structure [32],
all subsequent demonstrations have utilized a transparent
conductive oxide (TCO) layer, typically either indium tin
oxide (ITO) [33, 73-76, 81-84] or indium zinc oxide (IZO)
[77]. This approach follows a similar optimization trend as
that observed in PSDJSCs, with commonly adopted TCO
thicknesses ranging from 10 to 20 nm for high performance
PSDJSCs [12, 37, 85-89]. For the top—middle interlayer
(perovskite—perovskite), Zheng et al. employed an ultra-
thin 1 nm gold (Au) layer as the interconnection layer [73].
Other demonstrations used a TCO interlayer, either ITO or
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1Z0. The use of the ultra-thin Au interlayer led to a high
FF but a lower Jg- compared to TCO-based tandem solar
cells [73]. This reduction in Jg- may be also attributed to
the parasitic absorption introduced by the thin metal layer.
However, there is potential for further improvement if the
metal thickness can be further optimized, as reported in
studies on high performance perovskite—perovskite double-
junction solar cells [90]. Among the TCO-based interlayers
for the top—middle subcell, the record PSTJSC employed an
8 nm thin ITO layer [33]. Compared with other PSTJSCs,
this demonstration achieved both higher FF and Jg, indi-
cating a promising strategy. Future interlayer optimizations
may devote to further optimize the thickness of TCO lay-
ers [91] or exploring ultra-thin metal layers [90], typically
for top—middle interlayer, to achieve enhanced optical and
electrical performance for better performance of PSTJSCs.

In summary, since the initial report of the proof-of-con-
cept device, research efforts from 2018 to 2023 primarily
contributed to efficiency improvements by optimizing the
photocurrent for higher Jg. in triple-junction configurations.
These efforts included tuning the bandgap of the perovskite
top cell, enhancing the film quality of the perovskite middle
cell, and modifying the surface structure of the silicon bot-
tom cell. As a result, the Jg- of PSTISCs increased signifi-
cantly, from an initial 7.7 to over 11.5 mA cm 2. However,
aJgcof 12 mA cm™ appears to represent an upper limit for
the current device architecture. All studies reported in 2024
show Jg values below this threshold, largely constrained
by the current-limiting medium-bandgap perovskite mid-
dle cell, as indicated by the EQE curves shown in Fig. 3b-
d. To further enhance the Jg. of PSTJSCs, strategies such
as further lowering the bandgap of the medium-bandgap
perovskite need to be explored, which will be discussed in
detail in the following sections. In 2024, research primar-
ily focused on optimizing the wide-bandgap perovskite top
cell to reduce the V. deficit. Notably, Liu’s work achieved
a V deficit of 0.51 eV for wide-bandgap perovskite solar
cells, which is the lowest reported for bandgaps exceeding
1.9 eV [33]. However, compared to medium-bandgap per-
ovskite solar cells, with bandgaps between 1.5 and 1.6 eV,
which typically exhibit a V- deficit below 0.4 eV, there
remains significant room for improvement [92]. These chal-
lenges and their corresponding strategies will be detailed in
the later section.
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Table 1 Summary of the device structure and photovoltaic performance for reported perovskite/perovskite/silicon triple-junction cells

Year

Top/Middle/Bottom Absorber

Top—Middle
Interconnection
layer

Middle—
Bottom
Interconnec-
tion layer

Voc
M

Jsc
(mA/cm?)

FF

PCE
(%)

Area (cm?) Refs

2018

2022

2023

2023

2024

2024

2024

2024

2024

2025

Cs,FA,_Pb(IBr); (1.80 ¢V)
Cs.FA, Pb(IBr); (1.53 ¢V)

Double-side micro-textured HIT
Si cells

Cs2FA sPb(T 45B1g 55)5 (1.90 eV)
Csy FA, oPbI, (1.5 V)

Polished HJT Si cells
MAPb(I, sBry 35Cly 15); (1.96 €V)
Csy FA( gsMA sPbl, (1.56 eV)
n/a

Cs0.05(FA¢ 55MA.45)9.95PDT
0.55BT045)3 (1.83 €V)

Cs0,05(FAg eMA 1) .95Pb 95Bg 5
); (1.56 eV)

Polished textured HJT Si cells
Rb 15Csy 1,FA( 53PbIBr, (1.96 €V)

Cs0,05(FAg 9gMA 12).95Pb(
0.98Br0.02)3 (1.53 V)

Double-side nano-textured HIT Si
cells

Csy.1FA(¢PbBr, 1154 (2.0 €V)

Rby (sCs |FA( 3sPbl; (1.52 eV)

Double-side nano-textured HJT Si
cells

Csy,FA, gPb(l; sBr; 5); (1.84 V)

FAPbI; (1.52 eV)

Double-side polished POLO (poly-
siliconon—

Passivating—oxide) Si cells

Csp.25FA) sMA 15Pb(I 45Br
050CN 05)3 (1.93 eV)

Csy1FA(¢PbI; (1.55 V)

Double-side nano-textured HIT Si
cells

C80.05(FA gsMA 15).0sPb(I
045BTo55)3 (1.95 V)

Cs0.05(FA¢.98M A 2)p 9sPb(I
0.98BT0.02)3 (1.55 V)

Rear-side textured tunnel oxide
passivating contact (TOPCON)
Si cells

Cs0,05(FAg 55MA 45)9.95PbT
055BTo45)3 (1.83 eV)

(FAg9oMAg 10)0.95PbU9 95Brg,05)3
(1.56 eV)

Rear-side textured HJT Si cells

1ZO (150 nm)

Au (1 nm)

ITO (20 nm)

ITO (15 nm)

1ZO (60 nm)

170 (35 nm)

ITO (15 nm)

ITO (8 nm)

170 (60 nm)

ITO (5 nm)

nc-Si:H
(p+)/nc-
Si:H (n+)

ITO (20 nm)

ITO (20 nm)

ITO (20 nm)

ITO (10 nm)

1ZO (20 nm)

ITO (20 nm)

ITO (15 nm)

ITO (20 nm)

ITO (80 nm)

2.69

2.74

2.78

2.87

3.00

3.04

2.84

3.13

3.07

3.00

7.7

8.5

10.2

8.9

11.9

11.6

11.6

11.4

9.0

0.68

0.86

0.79

0.78

0.71

0.73

0.74

0.76

0.72

0.80

14.00

20.10

22.23

20.10

25.00 (24.19
certi-
fied, reverse
scan)

26.40

24.40

27.62 (27.10
certified,
steady state)

25.17

21.50

1.4

1.0

0.2

1.0

1.0

1.0

0.5

1.0

1.0

1.0

(32]

(73]

[74]

[81]

[76]

(77

[75]

(33]

[82]

[83]
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Table 1 (continued)

Year Top/Middle/Bottom Absorber Top-Middle Middle- Voo Jsc FF PCE Area (cm?) Refs
Interconnection Bottom V) (mA/cmz) (%)
layer Interconnec-
tion layer
2025 MA( 04(Csy,FAq 8)0.06PbU 3BT 17O ITO (10nm) 296  10.7 0.64 20.05 1.0 [84]
0.66Cloon)s (1.83 V) (~70 nm/60
Q/square)

Csy 1 FA(oPbL; (1.55 V)
Double-side textured HIT Si cells

4 Challenges and Strategies
4.1 Current Mismatch

As discussed in Sect. 2, a well-optimized PSTJSC has the
potential to achieve a Jy. exceeding 14 mA cm™2. How-
ever, reported studies to date rarely demonstrate Jg. val-
ues surpassing 11.5 mA cm™2, highlighting a significant
gap. This photocurrent limitation poses a major obstacle,
severely restricting the ability of PSTISCs to achieve
their full performance potential. A significant challenge
for PSTJSCs lies in addressing the issue of the current
mismatch. In an ideal PSTJSC, the perovskite middle
subcell paired with a 1.1-eV silicon bottom cell should
have a bandgap of approximately 1.44 eV [45]. However,
reported triple-junction devices typically feature middle
subcells with a minimum bandgap of 1.52 eV [77]. This
discrepancy causes current mismatch, as the middle cell
limits the overall current output of the device, while the
silicon bottom cell generates the highest current, as illus-
trated in Fig. 3b-d. To overcome this limitation, further
research is needed to reduce the bandgap of the middle
cell, thereby increasing current density and enhancing the
performance of PSTJSCs.

The use of FAPbI;-based perovskites with an ideal band-
gap of approximately 1.47-1.53 eV presents a promising
option for mid absorbers in PSTISCs [93]. To date, single-
junction FAPbI; PSCs have demonstrated exceptional per-
formance, achieving PCEs of 25.8 and 24.1% in n-i-p and
p-i-n device architectures, respectively [94, 95]. However,
the primary challenge associated with FAPbI; lies in its
limited structural stability [96]. The disordered interaction
between FAT and I~ ions causes the asymmetrical FA™ cat-
ion to adopt an off-centered position, leading to the forma-
tion of a trigonal structure instead of the desired cubic phase

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

[97]. Experimentally, low-temperature annealing around
100 °C often results in the formation of a one-dimensional
(1D) yellow non-perovskite polymorph (yellow 8-phase).
Additionally, exposure to high humidity can trigger a phase
transition from the black a-phase to the yellow 6-phase. This
structural distortion can alter the bandgap of the FAPbI; film
and reduce photocurrent generation [98, 99]. For instance,
in Hu’s study, the reported FAPbI; film exhibited a bandgap
of 1.52 eV, higher than the ideal 1.47 eV, thus perpetuating
current mismatch issues in PSTISCs [77]. Addressing these
challenges will require ongoing research efforts, including
compositional engineering, defect passivation, and pro-
cess optimization [100-103]. Comprehensive insights into
FAPbI;-based perovskites and strategies to overcome these
limitations are listed in recent review articles [104—106].
Further lowering the bandgap of perovskites can be
achieved through the complete or partial substitution of Pb**
with Sn* in the B-site cation, which directly influences the
conduction band [107, 108]. Sn-containing perovskites with
mixed halides (Br/I) exhibit a broad bandgap range from
1.2 t0 2.0 eV [109]. However, these absorbers are predomi-
nantly utilized as low-bandgap materials for the bottom cells
in all-perovskite tandem devices [110, 111]. Consequently,
research has primarily focused on Sn-based perovskites with
bandgaps around 1.2 eV, while limited studies address Sn-
based perovskites with bandgaps above 1.35 eV, which are
suitable for middle cells in triple-junction devices. Recently,
Yang et al. developed a MAPb, sSn) 5s(I,, §Br ,); perovskite
film with a bandgap of 1.35 eV [112]. By incorporating bro-
mine and increasing the Sn ratio to 50%, they enhanced the
optoelectronic properties of the perovskite absorber. These
improvements reduced non-radiative recombination and
increased the absorption coefficient, enabling their device
to achieve a PCE of 17.63%. In addition to mixed Pb—Sn
perovskites, pure Sn perovskites, such as FASnl;, present
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a compelling alternative [113]. With a bandgap of 1.40 eV,
FASnlj is well suited for the middle cell in PSTISCs. Moreo-
ver, employing Pb-free perovskites mitigates concerns about
Pb toxicity. Despite this potential, the highest certified PCE
for FASnl; solar cells remains 14.1%, lagging behind pure
Pb and Pb-Sn perovskites [114]. The major challenge for
Sn-based perovskites lies in their critical stability issues,
primarily driven by oxidation of Sn>" by atmospheric oxy-
gen, a process exacerbated by moisture [115-117]. Addition-
ally, the rapid crystallization of Sn perovskites, compared
to their Pb counterparts, often results in poor film quality
with low crystallinity [118]. To address these challenges,
numerous studies have focused on enhancing both the PCE
and stability of Sn-based perovskite solar cells, as detailed
in recent reviews [119-122]. The application of Sn-based
perovskites as middle cells in PSTISCs holds promise for
future advancements.

© The authors

4.2 Light Management

In addition to improving current matching, enhancing light
management within the device is another critical strategy,
with the optics of the silicon bottom cell playing a pivotal
role [123]. A polished silicon surface exposed to air typically
exhibits a reflectance of 30%—40% [124]. This high reflec-
tance leads to significant light loss, reducing the contribu-
tion to photocurrent generation. Historically, most PSDJSCs
fabricated before 2018 utilized silicon bottom cells with pol-
ished front surfaces [125]. The cross-section scanning elec-
tron microscopy (SEM) image of some reported PSTISCs
based on polished silicon bottom cells has been shown as an
example in Fig. 5a. While such surfaces offer the advantage
of enabling conformal deposition of perovskite and carrier-
selective layers, they suffer from three major limitations: (i)
substantially higher reflection from the front silicon surface,

https://doi.org/10.1007/s40820-025-01836-8
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(i1) diminished light trapping at longer wavelengths, and (iii)
increased fabrication costs due to the additional polishing
step [123].

To address this issue, texturing—a chemical etching
process that modifies the surface’s physical structure—is
commonly employed in silicon single-junction solar cells
[126]. A typical industrially textured silicon surface has
pyramid base size typically ranges from 3 to 8 pm. This
surface, fully covered with pyramids, redirects reflected
light predominantly back onto the silicon surface, allow-
ing for a second absorption opportunity. As a result, the
textured surface of a bare silicon wafer in air achieves
significantly improved absorption, reducing reflection to
approximately 10% [127]. While micron-sized pyramids
are highly effective in minimizing reflection for single-
junction silicon solar cells, they are less compatible with
the solution-processing techniques used for perovskite top
cells in PSTJSCs [128]. A viable alternative is to reduce
the size of the surface pyramids, enhancing compatibil-
ity with solution-processed perovskite films [129, 130].
Although industry-standard micron-sized pyramids pose
challenges for perovskite deposition, smaller pyramids
enable conformal solution processing, as shown in Fig. 5b.
As highlighted in Fig. 3a, two recent studies reporting
PCEs exceeding 26% employed textured silicon bottom
cells with reduced pyramid sizes. However, it is important
to note the inherent trade-off: smaller pyramids improve
compatibility with perovskite top cell processing but also
result in increased reflection compared to standard micron-
sized pyramids [131].

SHANGHAI JIAO TONG UNIVERSITY PRESS

Another important strategy involves modifying the per-
ovskite deposition technique. Instead of relying on solu-
tion-based processes, the perovskite layer can be depos-
ited using evaporation or a hybrid evaporation solution
two-step process, which is compatible with micro-textured
silicon surfaces to maximize light trapping, as shown in
Fig. 5c [132, 133]. However, these deposition methods
are still relatively underdeveloped. For PSDJSCs, the PCE
of devices employing the hybrid two-step or evaporation
deposition process on micro-textured silicon bottom cells
remains lower than that of devices fabricated using the
solution-based method on polished or nano-textured sili-
con bottom cells [134, 135]. To date, only the initial proof-
of-concept device has been fabricated using an industri-
ally textured silicon surface with micron-sized pyramids,
but it suffers from poor film quality [32]. Encouragingly,
a growing number of studies have focused on advancing
these methods, as highlighted in recent review articles
[136-138]. Moving forward, increased research efforts are
essential to further develop PSTJSCs that leverage micro-
textured silicon surfaces.

4.3 Voltage Deficit

In conventional solar cells, the theoretical maximum Vg
is expected to increase with a widening bandgap of the
absorber. However, for wide-bandgap perovskites, espe-
cially those with bandgaps exceeding 1.7 eV, a photovolt-
age plateau is frequently observed in their solar cells [139].
Indeed, as discussed in Sect. 3, all reported wide-bandgap

@ Springer



8 Page 14 of 27

Nano-Micro Lett. (2026) 18:8

a T T T T T Y T
1.6 o ‘?.ﬂ
1.4 " g a

=, 1.2 ! _

8 o

10 "] -

3

(&)

o 0.8 i

0.6 -

ll
0.4 | i
0.2 B
0.0 1 1 1 1 1
1.2 14 16 18 20 22 24 26
reported Eg[eV]
C
Electron
i
e
_______________________ == By
V3
Wiooin cnnue ot aoa oy Ee
Av, /‘
e AR T b
AV,
° e © e © S o o
ETL Wide-E, perovskite HTL
e
1.7
31.6
é 15
%1.4
$13
©
812
>8
i 1|

17 18 2.0

Band gap (eV)

1.9

1.8 -
16-
0.20V
144
s |lo%sa g % o
) o ©
Sz 8
180% s-a )
1.0 1
0.8 {60% s-Q @ Top cell for PTJSC
@ Single Junction high bandgap cell
T T ) T g T )
1.7 1.8 1.9 2.0 2.1
d Bandgap (eV)
ﬁ e e e e e 0 0 o o
77777777777777777777777777777777777777 T
Voc
Mo o Y T E,
AVg TR I
av,
e
ETL Narrow-E, perovskite HTL
e <
= 8 K 8
S perovskite © & perovskite ©
1.5
- cel |Im CB
= — E% — E e
= 1.0 :
e 1.65eV| 1.90eV
® o5 - , £
Q J bending S
2 3
0.0 § EFlh 2 S=1cmls S— cmlsw
VB L ]VB offset Een
-0.5[C | I I I [—
0 200 400 0 200 400

position [nm]

Fig. 6 a Relationship between the Vy loss, defined as Ve gq — Vo, and the bandgap energy is illustrated for all cells included in the perovskite database. The
graph also features the SQ limit (solid line) and the SQ limit reduced by 5% (dashed line) for comparison. Each data point is color coded to represent the publica-
tion date of the corresponding study. Reproduced with permission from Ref. [140]. Copyright 2024 John Wiley & Sons. b Reported photovoltaic parameters of
perovskite solar cells with bandgaps from 1.8 to 2.0 eV [33, 73-77, 81, 82, 142], with dashed lines indicating fractions of the Shockley—Queisser (SQ) limits. ¢, d
Energy level schematics for narrow- and wide-bandgap perovskites, illustrating radiative (AVy), bulk (AVy), and interface (AV;) recombination losses. Reproduced
with permission from Ref. [143]. Copyright 2022 John Wiley & Sons. e Voltage loss distribution and V. of PSCs, highlighting interface (perovskite/ETL, perovs-
kite/HTL) and bulk recombination losses. Reproduced with permission from Ref. [143]. f The band diagrams of PSCs with bandgaps of 1.65 eV (left) and 1.90 eV
(right), employing fixed transport materials (undoped PTAA and Cg). Reproduced with permission from Ref. [140]. Copyright 2024 John Wiley & Sons

© The authors

https://doi.org/10.1007/s40820-025-01836-8



Nano-Micro Lett. (2026) 18:8

Page 15 of 27 8

perovskite top cells for PSTISCs are suffer from a large Vi,
deficit. As illustrated in Fig. 6a, the highest-performing
PSC for medium-bandgap perovskites (1.5-1.6 eV) exhibit
relatively low V¢ deficits, typically around 0.3-0.4 V. In
contrast, wide-bandgap PSCs (1.8-2.0 eV) often experience
significantly higher V. deficits, exceeding 0.5 V [140]. In
the case of the wide-bandgap top cell in PSTJISC applica-
tions, although the V. deficit has been reduced from the
initial 0.5 V to the most recent 0.2 V, as shown in Fig. 6b, it
remains a significant challenge for such bandgap perovskite
devices. This substantial V- loss in wide-bandgap PSCs
arises from several factors beyond the unavoidable SQ limit
[139, 141]. These include: (i) suboptimal wide-bandgap per-
ovskite film quality characterized by an increased density
of defects, and (ii) mismatched energy levels and improper
interfacial energetics at the perovskite and charge transport
layer (CTL) interface. Addressing these challenges is critical
for improving the V. of wide-bandgap perovskite top cells
and the overall PCE of PSTJSCs.

Film quality of the perovskite encompasses various fac-
tors, including crystallinity, morphology, and phase sta-
bility. Poor film quality often results in a high density of
charged defects in perovskites, particularly at the surface
and grain boundaries, which can trap carriers. While some
trapped charges may eventually escape and be collected by
the electrodes—minimizing their impact on photocurrent
output—the associated energy disorder and reduced car-
rier concentration can significantly lower the QFL splitting,
thereby adversely affecting the V- [144]. For wide-bandgap
perovskites suitable for PSTISCs (1.8-2.0 eV), the Br con-
tent in the film is typically over 40%, significantly higher
than that of medium-bandgap perovskites. The intrinsic dif-
ferences between Br~ and I'—including variations in atomic
radius, diffusivity, and binding interactions with solvents—
can influence precursor formulation and add complexity to
the crystallization process of thin films [145]. During the
deposition and annealing stages of wide-bandgap perovs-
kite film, the rapid crystallization rate of Br-rich perovskites
often leads to non-uniform vertical halide distribution and a
high density of defects [146].

While significant progress has been made in defect pas-
sivation strategies for PSCs with bandgaps between 1.5 and
1.6 eV, these approaches appear less effective for wide-
bandgap PSCs, suggesting that the mechanisms behind
energy losses may differ fundamentally. Since similar
A-site and B-site cations are employed in these perovskites,
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the variation in defect characteristics is likely attributed to
differences in the I:Br ratios. Previous studies on defects
in perovskites have revealed that negative iodine intersti-
tials (I;”) are unstable and prone to oxidation, forming their
positive counterparts (I;"). This oxidation process results in
comparable densities of I," and I;~, both of which can trap
photogenerated electrons and holes through (+/0) and (0/ —)
transitions, respectively [147]. Furthermore, the increased
bromine content in wide-bandgap perovskites leads to an
expanded Br-Br (or Br-I) distance within the lattice. This
occurs because the smaller ionic radius of Br increases the
Pb-Br-Pb angle compared to Pb-I-Pb [148]. Consequently,
the formation of I;* defects is facilitated in Br-Br or Br-I
regions. Although I;* defects are relatively benign—since
electron trapping by I;* requires a substantial charge recom-
bination barrier (~ 0.3 eV)—experimental findings indicate
that these defects significantly limit the photovoltage of
wide-bandgap PSCs [149]. So far, researchers have inves-
tigated various approaches, including additive engineering,
solvent optimization, and surface passivation techniques, to
improve the film quality of wide-bandgap perovskites. These
strategies have been comprehensively discussed in recent
review articles, which are expected to be applied in PSTJSCs
in future [150-153].

On the other hand, compared to the extensively studied
PSCs with medium bandgaps of 1.5-1.6 eV, wide-band-
gap perovskites, which are ideal for PSTJSCs with band-
gaps ranging from 1.9 to 2.0 eV, exhibit notable shifts in
their electronic structure [152]. Specifically, the CBM
shifts upward, while the VBM shifts downward as shown
in Fig. 6¢, d. These shifts lead to adjustments in the QFL
when the wide-bandgap perovskite interfaces with CTLs
to reach equilibrium [154]. The linear increase in V. loss
observed with increasing bandgap (Fig. 6e) can thus be
attributed to the increasing mismatch between the absorber
material and the transport layers. Suchan et al. visualized
the band diagrams of the simulated devices at open-circuit
conditions, as shown in Fig. 6f [140]. These include a nearly
perfectly aligned case (1.65 eV) and a highly misaligned
case (1.90 eV). In the misaligned scenario, a noticeable off-
set exists between the valence band of the perovskite and
the highest occupied molecular orbital (HOMO) level of
the hole transport layer poly[bis(4-phenyl)(2,4,6-trimethyl-
phenyl)amine (PTAA). This offset leads to significant elec-
tron accumulation and interfacial recombination, evident
from the pronounced bending of the QFL for holes, which
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constrains the achievable V. Notably, the bulk material
permits a much higher V¢, with approximately a 0.15-eV
difference between the QFL in the bulk and at the contacts
[140]. These findings underscore the critical importance
of achieving optimal energy level alignment between the
wide-bandgap perovskite and CTLs to maximize V. To
date, some research efforts have been made to modify the
energy levels of existing materials to address the mismatch
issue [155, 156]. However, there is an urgent need for the
development of novel charge transport materials specifi-
cally designed to mitigate energy level offsets effectively.
In a word, minimizing Vg loss in suitable bandgaps for
PSTJSCs requires more focus on interfacial passivation and
band alignmangent [143].

4.4 Stability

Compared to well-established c-Si solar cells, which can
endure rigorous standard testing conditions and demonstrate
field durability exceeding 25 years when properly encap-
sulated, perovskite-based PV technology faces significant
challenges in achieving comparable long-term stability
[157]. The optoelectronic quality of perovskite absorbers
often deteriorates irreversibly, depending on external deg-
radation factors such as electrical bias, temperature, and
environmental conditions [158, 159]. Fortunately, signifi-
cant efforts have been directed toward addressing stability
challenges within the perovskite research community in past
few years [160—162]. For single-junction PSCs with medium
bandgaps between 1.5 and 1.6 eV, substantial progress has
been made, with the most advanced devices demonstrating
remarkable stability improvements, sustaining performance
over extended periods [162—-165]. However, the studies on
stability of wide-bandgap PSCs is lagging behind. Herein,
within the scope, we mainly discussed the specific stability
issues raised in PSTJSCs, especially the light instability in
wide-bandgap PSCs.

Mixed halide perovskites, particularly wide-bandgap
variants with high Br content, often exhibit instability due
to the disruption of homogeneously distributed halides
under equilibrium conditions, as shown in Fig. 7a. In 2015,
McGehee et al. introduced the concept of “phase segrega-
tion” in MAPb(I,Br,_,); perovskites for the first time, where
light exposure triggers halide migration, resulting in I-rich
and Br-rich regions within the material [59]. Over the past
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decade, several models have been proposed to explain hal-
ide segregation, including thermodynamic instability, chro-
matographic effects, polaron-induced lattice strain, charge
trapping-induced electric fields, and stability discrepancies
between perovskite phases [167]. However, none of them
fully explained this phenomenon. This instability has been
linked to significant photovoltage losses in wide-bandgap
PSCs. It is suggested that charge carriers funneling from
Br-rich to I-rich domains restricts the QFLS [168]. Given
that the V¢ is typically extracted from J-V measurements
conducted within seconds, it remains unclear whether photo-
induced phase segregation occurs rapidly enough to substan-
tially impact the device V- during such short timescales
[169]. Nevertheless, the phenomenon of phase segrega-
tion can obviously cause the instability issue for the device
operating under illumination. It creates sub-bandgap trap
states, which elevate non-radiative recombination rates and
disrupt the energy levels of the perovskite, leading to nega-
tive impacts on charge transport across the interfaces with
CTLs, as illustrated in Fig. 7b [170]. Furthermore, changes
in the optical bandgap can result in a mismatch between the
photocurrent of the wide-bandgap perovskite top cell and
other subcells, further compromising the overall stability
and performance of the device [171].

Table 2 presents the stability data for all reported
PSTISCs. In 2022, Zheng et al. reported 45 s of MPP track-
ing under continuous 1-sun illumination in their fabricated
PSTIJSCs (Fig. 7¢) [73]. After that, the reported PSTJSCs
have undergone light stability tests of MPP tracking under
continuous 1-sun illumination ranging from a few hundred
seconds (Fig. 7d) to a hundred hours (Fig. 7¢), during which
the devices typically degrade rapidly. Recently, Liu et al.
identified phase segregation in the wide-bandgap perovs-
kite top cell as a key factor contributing to such poor light
stability [33]. Their control devices, exhibiting strong phase
segregation under illumination, degraded significantly—los-
ing over 30% of its initial PCE within 300 h of MPP tracking
under illumination (Fig. 7f). In contrast, their target device,
designed to suppress phase segregation, demonstrated
remarkable light stability, with no PCE loss after 300 h of
the test. This finding highlights a substantial enhancement
in the light stability of their fabricated PSTJSCs and under-
scores the critical role of phase segregation in determining
the light stability of PSTISCs. Herein, for achieving long-
term operational stability, further investigation is needed
to comprehensively understand and address the challenges
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Fig. 7 a Steady-state photoluminescence (PL) spectra of a wide-bandgap perovskite film with the composition MAPb(Br, 41 ¢);, recorded over
a duration of 45 s in 5-s increments under 457 nm illumination at 300 K. The inset depicts the temperature-dependent behavior of the initial PL
growth rate around 1.68 eV. Reproduced with permission from Ref. [59]. Copyright 2015 The Royal Society of Chemistry. b Absorption, emis-
sion, and recombination processes in a halide-segregated perovskite system. Notations include a.u. (arbitrary unit), CB (conduction band), Eg,
(quasi-Fermi level for electrons), Eg}, (quasi-Fermi level for holes), and VB (valence band). Reproduced with permission from Ref. [166]. Copy-
right 2021 American Chemical Society. Stability track results under 1-sun illumination of reported PSTJSCs, ¢ stead-state PCE under fixed volt-
age for 45 s. Reproduced with permission from Ref. [73]. Copyright 2022 American Chemical Society. d MPP tracking under continuous 1-sun
illumination for 600 seconds. Reproduced with permission from [74] Copyright 2023 American Chemical Society. e MPP tracking results under
1 sun for 100 hours. Reproduced with permission from Ref. [76] Copyright 2024 John Wiley & Sons. f The best MPP tracking results are under

sun for 300 hours. Reproduced with permission from [33] Copyright 2024 Springer Nature

posed by halide segregation in wide-bandgap perovskites.
Encouragingly, beyond Liu’s work, several strategies have
been developed to mitigate phase segregation. Incorporat-
ing an oxide-based buffer layer—such as ytterbium oxide
(YbO,) can be a promising strategy [172]. These buffer
layers can serve multiple functions, including facilitating
efficient charge extraction, minimizing interfacial recombi-
nation losses, and acting as barriers to ion migration and

SHANGHAI JIAO TONG UNIVERSITY PRESS

environmental stressors [173]. In particular, YbO, has dem-
onstrated favorable energy level alignment, high transpar-
ency, and excellent thermal and chemical stability, making
it well suited for integration into tandem architectures [172].
Its incorporation not only enhances device performance but
also contributes to prolonging the operational lifetime of
the solar cells, thereby addressing key challenges in the
commercialization of perovskite devices. More strategies
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Table 2 Summary of the device stability for reported perovskite/perovskite/silicon triple-junction cells

Year  Stability performance

2018 n.a

[

2022 Observed a voltage drop after 0.5 h of V. tracking under continuous 1-sun illumination [

2023  Retained 98.8% of its initial PCE after 0.16 h of MPP tracking under continuous 1-sun illumination [
2023  Observed no PCE degradation after 0.1 h of MPP tracking under continuous 1-sun illumination [8

[

[

[

2024  Retained 86.8% of its initial PCE after 100 h of MPP tracking under continuous 1-sun illumination

2024  Retained 88.5% of its initial PCE after 1,000 h of aging at 85 °C in an N,-filled glovebox

2024  Retained 96.6% of its initial PCE after 1,081 h of aging at 85 °C in an N,-filled glovebox
Retained 96% of its initial PCE after 11 h of MPP tracking under continuous 1-sun illumination at 50 °C

2024  Retained 80% of its initial PCE after 300 h of MPP tracking under continuous 1-sun illumination at 60 °C and 50% RH [33]
Retained 96% its initial PCE after 700 h of exposure to 65 °C and 85% RH in dark conditions

2024

2025  Retained 95% of its initial PCE after 13 h at fixed voltage (Vypp) under continuous 1-sun illumination in ambient conditions ~ [8

Retained 93% of its initial PCE after 4.66 h of MPP tracking under continuous 1-sun illumination in ambient conditions [82]

2025  Stable for 0.17 h of Vypp tracking under continuous 1-sun illumination [84]

include compositional and stoichiometric engineering, mor-
phological optimization, crystallinity control, and trap state
passivation, as discussed in various comprehensive reviews
[174-176]. These strategies effectively to PSTJISCs will be
crucial for enhancing their operational stability for future
research.

It is worth to note that there is significant variability
in the stability testing conditions reported in these lit-
eratures, which complicates direct comparisons between
results and hinders a clear understanding of degradation
mechanisms in devices. In response to this issue, the
International Summit on Organic PV Stability (ISOS)
protocols and International Electrotechnical Commis-
sion (IEC) standards established in 2018 have provided
a foundation for standardized stability assessments of
perovskite photovoltaic devices. While compliance with
IEC standards is considered a baseline requirement,
achieving commercial viability demands more rigorous
testing protocols [177]. These include extended testing
durations, stricter performance criteria, and intermit-
tent degradation monitoring throughout the test period,
as recommended by ISOS. On the other hand, although
accelerated aging tests in above protocols are intended
to simulate the effects of long-term outdoor operation,
insights from the Si PV industry indicate that these pro-
tocols often fail to fully capture the complexities of real-
world degradation. Currently, there is a lack of published
field performance data for PSTJSCs, likely due to the
absence of mature and reliable encapsulation strategies
tailored for these devices. Encapsulation plays a pivotal
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role in long-term stability, with material selection being
particularly constrained by the thermal sensitivity of per-
ovskite layers. Some reported stability studies of PSTISCs
utilize a basic glass-to-glass edge sealing configuration,
which may offer inadequate protection without the addi-
tion of a full-area external encapsulant. Therefore, fur-
ther research into advanced encapsulation materials and
techniques is warranted. Promising candidates include
polyolefin elastomer (POE), thermoplastic polyurethane
(TPU), and commercial multilayer lamination approaches,
all of which merit systematic evaluation for compatibility
with PSTJSC requirements [178—181].

5 Conclusion

In conclusion, this review emphasizes the significant potential
of PSTJSC:s in advancing next-generation solar energy tech-
nologies. The perovskite/perovskite/silicon triple-junction
architecture strikes an optimal balance between achieving
high PCE and managing device complexity, positioning it as
a transformative solution for the PV industry. The evolution of
PSTISCs has seen remarkable progress, with PCEs surpass-
ing 27%, driven by innovations in light management, device
structure, and perovskite composition. Despite these achieve-
ments, key challenges remain. The development of triple-junc-
tion solar cells has been limited number of studies and several
practical challenges. These include difficulties in achieving
current matching among the three subcells, a shortage of sta-
ble and efficient intermediate bandgap materials, and increased
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fabrication complexity and cost. Moreover, current mismatch
issues persist due to the limited tunability of medium-bandgap
perovskites, while wide-bandgap perovskites often suffer from
high V¢ deficits, undermining their PCE. The instability of
PSTJSC:s suffering from phase segregation under operational
conditions also continues to be a pressing concern.

Herein, in the context of prompting the PSTISCs to higher
PCE and achieving long-term stability, we outline feasible
directions in the field for future research.

1. To achieve higher-efficiency PSTISCs through triple-
junction current matching, the foremost challenge lies
in developing a stable moderate-bandgap (~1.43 eV)
perovskite absorber layer that addresses instability
caused by low-dose Sn doping, particularly resolving
the degradation issues in Sn-containing perovskites
induced by subsequent fabrication processes such as
ALD [182]. This requires synergistic material engineer-
ing to enhance structural robustness against Sn oxidation
while optimizing ALD parameters to minimize chemical
stresses on the Sn—Pb perovskite layer.

2. The crystallization and nucleation mechanisms of per-
ovskite on planar silicon versus textured silicon sub-
strates differ significantly, leading to variations in the
quality of the light-absorbing layers. Consequently, one
of critical steps involves optimizing the crystallization
control of top and middle perovskite subcells on tex-
tured silicon to achieve higher-quality perovskite light-
absorbing layers for PSTJISCs.

3. To achieve highly stable PSTJSCs, in addition to
enhancing the intrinsic stability of moderate-bandgap
Sn—Pb perovskite, the photostability of Br-rich wide-
bandgap perovskite top subcells emerge as another crit-
ical determinant of overall device durability. Notably,
perovskite quantum dots (QDs), leveraging their unique
quantum confinement effects and nanoscale structural
characteristics, inherently circumvent phase segregation
issues prevalent in thin-film counterparts [183]. These
attributes position them as promising candidates for con-
structing photostable PSTISCs. Systematic integration
of such QD-based architecture into tandem configura-
tions warrants in-depth investigation to unlock their full
stability advantages.

4. To date, reported triple-junction solar cells have been
focused on areas around 1 cm?, with no literature on
large-area PSTJISCs. Enhancing their industrial potential
requires scalable fabrication strategies, including scal-
able perovskite layer deposition and high performance
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interconnecting layers, to ensure compatibility with
manufacturing-scale processes.

5. Although there have been no reports on quadruple-junc-
tion silicon-based perovskite tandem solar cells to date,
it is foreseeable that, with continued advancements in
the efficiency and stability of PSTISCs, quadruple-junc-
tion will become a research hotspot in the near future
due to higher theoretical efficiency.

So far, although PSTISCs are currently less efficient than
their perovskite—silicon tandem counterparts and involve
more complex fabrication processes, they remain an attrac-
tive long-term strategy. The addition of a third junction ena-
bles better spectral splitting, higher theoretical efficiency
limits exceeding 50%, and reduced sensitivity to current
mismatch under varying illumination. As device integration
and material stability improve, PSTISCs hold strong promise
for pushing photovoltaic performance beyond the limitations
of current tandem technologies.
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