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® Abstract

The power conversion efficiency (PCE) of perovskite solar cells (PSCs) has
rapidly increased and exceeded 25% based on strategies such as interface
modification, doping engineering, and optimization of preparation methods. further
improvement seems to have entered a bottleneck period due to Shockley-Quiesser (S-
Q) limit of single-junction devices. Tandem cell designed to achieve efficient
matching of a wider range of the solar spectrum is considered a successful method to
solve this difficulty. In tandem architecture, the PSC is a perfect top-cell candidate
owing to its large absorption coefficient, adjustable band gap, and feasible low-
temperature solution processibility. The perovskite-based tandem solar cells (TSCs)
such as perovskite-silicon, perovskite-perovskite, and perovskite-organic devices have
stimulated enormous research interest and got significant progress in the past few
years. Among them, the abundant perovskite and organic semiconductor materials
with tunable components, adjustable bandgap, and various physical and chemical
properties make the perovskite/organic TSCs (PO-TSCs) more competitive. In this
work, a general introduction and review of recent advances in perovskite/organic
tandem features are provided. In addition, a perspective and some suggestions about

future developments in this field are also discussed.
® Keywords

Organic solar cell, Perovskite solar cell, Perovskite/organic tandem solar cells,

Interconnection layers
1. Introduction

Solar photovoltaics are seen as a potential strategy for addressing future energy
and environmental crises. In the past few decades, scientific research on solar cells
based on crystalline silicon (c-Si), gallium arsenide (GaAs), copper indium gallium
selenide (CIGS), and dye sensitization (DS) has become more and more in-depth and
among of them has been widely commercialized. However, there are still some
problems that hinder their further large-scale application. Taking crystalline silicon
solar cells as an example, the highest efficiency in the laboratory has exceeded 26%,
which is very close to the theoretical limit of 29.4% for single junction silicon solar
cells '], Although excellent photoelectric performance, good environmental stability,

mature preparation, and packaging technology allow it to achieve commercialization,
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the prohibitive production cost limits its further expansion of market share.
Nowadays, the PCE of solar cells based on perovskite light-absorbing layer with long
carrier diffusion length, low defect state density, and large absorption coefficient have
reached 25.7% since they were first discovered, which is comparable to that of c-Si
solar cells [°1. PSCs are favored by researchers and commercial companies and are
commonly considered to be a suitable substitute for traditional c-Si solar cells due to
their competitive low cost and easy preparation process ['*-!!]. Nevertheless, no matter
what kind of light-absorbing material the solar cells are based on, it is difficult for
single-junction devices to achieve efficient use of the solar spectrum. The further
improvement of PCE will be restricted by two conditions: thermalization and
transmission losses. Transmission losses occur due to the unabsorbed photons with
energy less than the bandgap of the materials, while the thermalization loss means that
when the energy of absorbed photons is larger than the bandgap, the excess energy
will be lost in the form of heat and adversely affect the performance of device ['>-!7],
To overcome these energy losses and break the S-Q limit, many novel theories such
as multijunction solar cells, ['*!°] hot-carrier solar cells, [?°?!l  etc., have been
proposed and implemented to improve device efficiency and further reduce
manufacturing costs of unit modules. But for now, only tandem solar cells made of

multijunction cell structures can meet this demand.

In tandem solar cells, generally, the top sub-cell consists of a wide bandgap
light-absorbing material to absorb high-energy photons in the solar spectrum, while
the bottom cell with a narrow bandgap can absorb the low-energy photons permeated
from the top cell. As a result, the incident light is utilized to the greatest extent,
achieving a minimized transmission and thermalization loss. Based on this, in theory,
double-junction (2J), triple-junction (3J), and infinite-junction tandem devices can
achieve the highest PCE of ~46%, ~52%, and ~68% under the illumination of 1 sun
(100 mW cm2, AM1.5G), respectively [>>-2°1. After successfully achieving a thinner
light-absorbing layer film to allow unabsorbed sunlight to pass through, various types
of solar cells are assembled into a multi-junction tandem structure to improve the
photoelectric performance of the overall device. Theory and research show that the
realization of high-performance tandem devices should meet several prerequisites: (1)
adjustable wide bandgap to achieve high open-circuit voltage (V,.) and effective
absorption of high-energy photons, (2) fewer defects exist in the sub-cell to reduce the
carrier recombination in a single cell, (3) high light transmittance of each layer to

avoid light loss caused by reflection and scattering as much as possible [*6-31, The
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high-efficient III-V semiconductors can fulfill these conditions and have been

successfully designed into multijunction cells. In recent years, metal halide perovskite
solar cells were widely applied to multi-junction tandem solar cells due to their
unique features such as tunable wide bandgap in the range from 1.50 to 2.24 eV,
fewer defects state density in the film, lower preparation cost, and feasible low-

temperature preparation process B1-331,

In perovskite-based TSCs, perovskite devices are often severed as the front sub-
cell to absorb high-energy photons in the ultraviolet and visible regions, combined
with other lower-bandgap cells to maximally cover the full spectral region from 300
to 1000 nm B3], Many groups have successfully achieved a variety of perovskite-
based tandem structures such as perovskite/Si, perovskite/CIGS, perovskite/organic,
and perovskite/perovskite with the guidance of theoretical simulation [%-4],
Nevertheless, the cost of monocrystalline silicon and CIGS cells is relatively high due
to the expensive raw materials and energy consumption in the production process. As
an alternative, perovskite/perovskite TSCs can avoid these restrictions, but several
unignorable drawbacks still prohibit their development. Firstly, Sn*" in narrow
bandgap perovskite is easily oxidized to Sn**, thus reducing the stability of the whole
device. Secondly, the deposition of narrow bandgap perovskite films will inevitably
use high boiling points solvents (such as DMF DMSO), which may penetrate and
damage the underlying films and add additional high-temperature annealing process.
Compared with narrow bandgap perovskites, organic solar cells (OSCs) with
adjustable bandgap can be prepared using low boiling points solvents, giving them
unique advantages as a low-bandgap component to combine with perovskite sub-cell
for fabricating perovskite-based TSCs. The realization of over 17% higher PCE is
owing to the synthesis of new materials, improvement of preparation methods, and the
application of ternary or quaternary strategies also suggests a potential future of the
commercial application on OSCs [4344], Besides, unlike the rigid nature of silicon film,
the softness of the films and the feasibility of low-temperature preparation allows PO-
TSCs to be assembled on flexible polymer substrates to prepare flexible devices. And
it is believed that higher PCE can be obtained than single-junction flexible perovskite
and flexible organic solar cell. In addition to achieving complementary absorption of
the solar spectrum, the tandem structure can also effectively avoid the damage of
ultraviolet light to organic devices and improve the stability of devices, which is

another superiority.
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Here, we focus on introducing the latest progress of PO-TSCs, related key
technologies, and obstacles to the further development. We first concisely introduce
the structure and theoretical efficiency limits of TSCs to understand the principles
underlying double-junction cells and then we provide an overview of recent progress
in PO-TSCs based on all-inorganic perovskite and organic-inorganic hybrid
perovskite. The photoelectric performances of varies TSCs are carefully compared to
better discuss the limitations of performance improvement. Finally, the potential of
PO-TSCs and prospects on the development of stability, large-area fabrication and

flexible device are also elaborated.

2. Structure and Theoretical Efficiency Limit of Tandem Solar Cells

Generally, tandem devices can be divided into two representative structures:
two-terminal (2T) monolithically integrated and four-terminal (4T) mechanically
stacked TSCs 471, In 2T tandem solar cells, two sub-cells with different bandgaps
are connected in optical and electrical series through an intermediate recombination
layer (Figure la). Therefore, the photocurrent of overall device is limited to the
minimum value of two sub-cells while the V. is the sum of the V.. of two sub-cells
subtracting the voltage loss in the tunnel junction 8321 In this architecture, the top
and bottom sub-cells share a common middle electrode, which is beneficial to reduce
the cost of additional transparent electrodes and the light parasitic absorption loss of
whole device. Consequently, developing 2T tandem solar cells is an effective strategy
to further improve photovoltaic performance and reduce the costs of photovoltaic
modules. However, the fabrication process of 2T tandem solar cells is usually
complicated, mainly because the top cell is directly deposited on the bottom cell, and
its performance is closely related to the quality and morphology of bottom film. The
two sub-cells are usually connected by a high-conductivity and transparent
intermediate charge recombination layer, which provides recombination sites for
electrons and holes extracted from different sub-cells and allows low-energy photons
to pass through to the bottom cell with narrow bandgap 3¢l Compared to 2T
tandem solar cells, two complete and independent cells are mechanically stacked
together to form 4T tandem structure, in which the front sub-cell needs a transparent
electrode as the back electrode (Figure la, b) [>7]. The photocurrent of two different
sub-cells does not need to be matched because each cell works independently only for
optical coupling and has no electrical connection, which facilitates to combine with
other types of photovoltaic device. For the practical application of 4T TSCs, a
necessary transparent electrode remains a crucial issue and a challenge for their
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further development. At present, the most commonly used transparent electrodes such
as indium tin oxide (ITO), indium zinc oxide (IZO), etc. are generally obtained by
magnetron sputtering, but the implementation of this technology will cause
irreversible damage to the underlying perovskite or organic thin film [5%-%01, It is a
feasible method to introduce a buffer layer to protect the underlying film or to deposit
an ultrathin metal film using thermal evaporation technology as a transparent
electrode to replace the metal oxide electrode. Transparent electrodes with a smooth
surface tend to cause sunlight transmission loss due to strong light reflection, and the
overall manufacturing cost of the device will also increase, which is not conducive to
commercial applications. Therefore, the two-terminal (2T) structure has developed

rapidly to further decrease costs and obtain excellent photoelectric performances.

(a) 2-Terminal Tandem (b) 4-Terminal Tandem
‘ Electrode k c = ~ Rear subcell
Charge transport layer - (narrow bandgap)

ITO glass

Recombination layer

Air gap
Wide-bandgap subcell ‘ 7

Charge transport layer — Front subcell

(wide bandgap)

ITO glass
ITO glass

Figure 1. Schematic diagram of 2T (a) and 4T (b) tandem structure.

According to the S-Q limit, under a standard sunlight intensity, the maximum
theoretical PCEs for double-junction TSCs in 2T and 4T configurations can be over
45.7% and 46% respectively, while that of the single-junction solar cell is only ~33%.
In single-junction solar cells, only photons with energy greater than the bandgap of
photoactive layer can be absorbed and contribute to the photocurrent, while low-
energy photons and hot carriers generated by the illumination of light with higher
energy will be lost [°1-%3]. No matter for 2T or 4T TSCs, it is very important to choose
light-absorbing layers with suitable bandgap as sub-cells. Since the photocurrent of
two sub-cells in the 2T tandem structure needs to be matched, the bandgap of top cell
is strictly limited to 1.5-1.9 eV to obtain high PCE, while the sub-cells of 4T structure
exist independently of each other, allowing a wider select range of bandgap [*‘l. But in
the perovskite/organic TSCs, the 2T devices have more advantages and challenges
than 4T devices. Therefore, the following research progress is mainly about the
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Figure 2. Theoretical PCEs for 2T and 4T TSCs [*l. Copyright 2023, Springer Nature.

Theoretically, as the key components of a perovskite/organic 2T structure, the
properties of wide-bandgap PSC sub-cell, small-bandgap OSC sub-cell, and
interconnecting layer (ICL) are critical to the tandem device performance. Because
the V,. of TSCs should be the sum of V. of each sub-cell, high V. loss of each sub-
cell is detrimental to the device efficiency. Moreover, ICL, which determines the final
fill factor (FF), V.., and Js values, also plays an important role in balancing
photovoltaic parameters. After optimizing the performance of each sub-cell and
carefully designing ICL, based on the current optimal photovoltaic parameters that
have been realized in perovskite and organic solar cell systems, the PCE of
perovskite/organic TSCs can reach more than 31% [0579  Therefore,
perovskite/organic tandem structure will exhibit more practical applications with the
advantages of high theoretical limit efficiency and solution processability.

3. Perovskite/organic tandem solar cells
36

—— Single-junction OSCs
J——Single-junction PSCs
—a—PO-TSCs based organic-inorganic hybrid perovskite
30 4——PO-TSCs based all-inerganic perovskite

Ref. [6]
—a— Monolithic PP-TSCs

Ref. [111]

"Ret. [109]

4 Ref.[o1]

2015 2016 2017 2018 2019 2020 2021 2022
Year
Figure 3. The PCE evolution of single-junction OSCs, single-junction PSCs, PO-

TSCs based all-inorganic perovskite, perovskite/organic tandem solar cells based
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organic-inorganic hybrid perovskite sub-cells and monolithic all-perovskite tandem

devices.

In recent years, PSCs have attracted much attention as an ideal light-absorbing
material in solar cells, but the further improvement of their PCE has entered a
bottleneck period and it is difficult to make a greater breakthrough. Taking advantage
of the adjustable bandgap characteristics of perovskite materials to fabricate
perovskite-based tandem solar cells is considered to be an effective strategy to break
through the PCE limit of single-junction solar cells [7'-73l. Under actual conditions,
obtaining a tandem structure by continuous deposition methods without damaging the
underlying films is a key challenge for preparing perovskite-based tandem solar cells.
Same as the perovskite photoactive layer, organic photovoltaic solar cells also have
feasible solution processability, and provide unique advantages in the preparation of
flexible and large-area devices. In addition, tin-based PSCs with narrow bandgap have
poor stability in the air due to the Sn?* in the precursor solution that is easily oxidized
to Sn*", which is not conducive to the practical application of perovskite/perovskite
TSCs. Narrow bandgap organic solar cells have better stability and absorption
tunability, making them the most excellent alternative for the bottom sub-cell in the
perovskite-based tandem structure [’4l. Moreover, it is not a good choice to fabricate
an all-organic tandem device because the wide bandgap organic bulk heterojunction
(BHJ) as the front sub-cell will cause serious open circuit voltage loss to the whole
devices. In contrast, the large bandgap PSCs have lower energy losses and higher
absorption intensity in the visible light range, which makes the PO-TSCs a better
integration [7°]. As the front sub-cell in tandem structure, the different components of
wide bandgap perovskite and their intrinsic characteristics are very important for the
performance of whole tandem device. Figure 3 illustrates the PCE evolution of single-
junction OSCs, single-junction PSCs, PO-TSCs based all-inorganic perovskite and
perovskite/organic tandem solar cells based organic-inorganic hybrid perovskite sub-
cells. In recent years, the highest PCE of PO-TSCs (24.00%) has far exceeded that of
a single-junction OSC and is close to that of a single-junction PSC, demonstrating
outstanding research value and potential. In order to better understand the
photoelectric performance of PO-TSCs and determine the factors that prevent them,
we systematically compare the performance parameters of all-perovskite tandem solar
cells (PP-TSCs) and PO-TSCs 70891, From the perspective of the device structure,
narrow bandgap sub-cell cause differences in the overall performance of perovskite-
based TSCs. The highest PCE of PP-TSCs has reached a remarkable 28% while that
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of PO-TSCs is around 24% now (%1921, Tt should be noted that the J. of champion PO-

TSCs is far lower than that of champion PP-TSCs, which is the most obvious

discrepancy in photovoltaic parameters. Other device parameters such as FF and V.
have little differences and all display high values. The main reason is that
perovskite/organic tandem devices exhibit lower photocurrent conversion potential,
leading to a lower J. value of OSC sub-cell. Overall, the slightly lower photoelectric
performance of PO-TSC is mainly limited by its narrow band gap OSC sub-cell,
which can be further improved by optimizing the wide-bandgap perovskite sub-cell.
Therefore, the following will introduce the related progress of perovskite/organic
TSCs around different perovskite components with wide bandgap (all inorganic and

organic-inorganic hybrid perovskite, respectively).

3.1 All-inorganic perovskite and organic tandem solar cells
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Figure 4. (a) J-V and (b) EQE curves of TSCs with different thicknesses of the
organic active layer; (c) J-V curves of the best-performance single-junction PSC, OSC,
and TSC ¥4, Copyright 2020, American Chemical Society. (d) J-V characteristic of
the hybrid tandem device under AM 1.5G one-sun illumination %3], Copyright 2020,
John Wiley and Sons. (e) Semi-empirical calculation of the PCE of hybrid tandem
devices with respect to Ejqpc and Eg gc. (f) Semi-empirical calculation of the PCE of
hybrid tandem devices with respect to Egrc and Eggc when using the best-reported
parameters of sub-cells [*3]. Copyright 2020, John Wiley and Sons.
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All-inorganic perovskite solar cells have unique advantages in the practical

application of PSCs due to their competitive environmental stability and achieved
rapid development in recent years. Performance, bandgap and interconnecting layer
information of all-inorganic perovskite and organic TSCs are shown in Table 1.
However, the PCE of all-inorganic PSCs cannot catch up with that of the organic-
inorganic hybrid devices limited to narrow absorption bands. Among the all-inorganic
materials, CsPbl,Br which features a moderate thermal transition temperature and
good thermal stability was widely employed in PSCs [#1-%3], Besides, CsPbI,Br with a
bandgap of 1.92 eV PSCs can achieve a high external quantum efficiency (EQE) near
90% within 350-615 nm, proving that CsPbl,Br is suitable for serving as a short-
wavelength sunlight absorber for TSCs. In 2020, Lang et al. developed all-inorganic
perovskite/organic TSCs with CsPbl,Br and PTB7-Th:IEICO-4F active layers (Figure
4a), which can form a good complementary absorption of sunlight with a wavelength
from 300 to 1000 nm 41, P3HT/Mo003/Ag/PFN-Br was adopted as the ICL to join the
front and rear sub-cells. As shown in Figure 4b, the front sub-cell can absorb most
high-energy photons and obtain a maximum EQE value of 89% at 440 nm, while the
rear cell exhibits higher EQE values in the near infrared region (650 nm-1000 nm)
rather than the visible light region. The perovskite-based front sub-cell and ICL
perform transmission of over 70% in the near-infrared region, which allows enough
sunlight to pass through and reach the underlying cell. After optimizing the thickness
of PTB7-Th:IEICO-4F active layers, the J. of front and rear sub-cells reached a good
balance. A remarkable high PCE of 17.24% was achieved, which was significantly
higher than that of the single-junction solar cells (Figure 4c). The research indicates
that the TSCs combining all-inorganic perovskite and narrow bandgap organic solar
cells is a feasible strategy to realize full utilization of a broad solar spectrum and high
PCE.

In the same year, Jang's research group selected the same perovskite and organic
materials as the front and back sub-cell to fabricate perovskite-organic tandem
devices and increased the PCE to 18.04% successfully [* (Figure 4d). Moreover,
attributing to the hydrophobicity of the PTB7-Th:IEICO-4F back cell, the long-term
stability of perovskite devices under humid conditions was also enhanced in hybrid
TSCs. To further explore the promise in the field of inorganic perovskite/organic
hybrid devices, a semi-empirical analysis was conducted to determine strategies for
further improvement. Figure 4e and 4f show the calculation PCE of tandem devices
based on the optimization of EQE, Ej. and E, of the back and front cells (marked as

EQEgc, Eiossc, Egc and Eg,rc, respectively). According to the calculation results, a
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high 28.27% PCE of TSCs can be achieved with the CstIzBr (1.85 eV) front cell,
which is a promising result comparable to that of state-of-the-art perovskite/Si tandem

devices and shows greater competitiveness as a new photovoltaic technology for

industrialization.
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Figure 5. (a) Absorption spectra of the different materials used in the tandem cell. (b)
J-V curves of tandems cells, measured under AM1.5G simulated illumination. (c)
EQE spectra of the corresponding tandem cells ['°7], Copyright 2020, Elsevier. (d) the
J-V curves of the single junction wide-bandgap PVSC, single-junction narrow-
bandgap OSC, and 2T tandem solar cell under AM 1.5G illumination. (e) PCE
evolution of the single-junction CsPbl, Bry9 PVSC, OSC and 2T tandem solar cells
under 365 nm UV light. (f) Schematic illustration of the filtering of UV light by the
perovskite top cell to protect the UV-unstable OSCs [¥%l. Copyright 2021, Royal
Society of Chemistry.

More recently, as can be seen in the absorption spectra displayed in Figure Sa,
Xie's research group also reached a similar conclusion by characterizing the UV
visible spectrum of the thin films. The perovskite thin films show a very strong
absorption among visible light region with absorption peaked at ~450 nm, and the
corresponding cell also exhibits a high EQE value in the entire visible light region,
which compensates for the relatively low EQE in OSCs. A high-performance
monolithic perovskite/organic TSCs based on the integration of CsPbl,Br PSC with a
PM6:Y6-based or PTB7-Th:O6T-4F-based bulk-heterojunction OSC was
demonstrated, and a higher PCE of 18.38% was obtained using PM6:Y6 organic
material as rear sub-cell (Figure 5b). Using the same PM6:Y6 as the organic light-
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absorbing layer, Zhu’s research group optimized the composition of the all-inorganic

perovskite (CsPbl, Bryg) to prepare TSCs. The J-V curves of the champion tandem
device and sub-cells are shown in Figure 5d. The champion efficiency of single
junction OSCs is 14.01%, while the prepared champion perovskite/organic series
device has a PCE of 18.06%, a V. of 1.89 V, a J of 12.77 mA c¢m?, and FF of
74.81%. It is worth noting that the performance of the device remains unchanged no
matter after 150 h of UV irradiation, 250 h under one sun illumination, or 100 h of
heating at 80 °C, respectively, showing excellent long-term stability under harsh
environmental conditions compared with the organic-inorganic hybrid perovskite-
based TSCs (Figure 5e) [#°l. The long-term service life of photovoltaic products is
usually considered as one of the most important evaluation indicators. As depicted in
Figure 5f, in a tandem structure, ultraviolet light is mostly absorbed by the front
perovskite cell, protecting the OSC bottom cell from ultraviolet radiation. Conversely,
on the other hand, building TSCs with all-inorganic perovskite not only improves
their stability, but also is considered a promising strategy to break the efficiency
bottleneck of 20% for OSCs. By inserting the s-ZnO layer in the perovskite sub-cell
and employing thermal annealing (TA)-free process in the fabrication of the rear sub-
cell, Gu. et al achieved a remarkable PCE of 20.6% with a record high V,. of 2.116 V
in monolithic 2T-TSCs configuration. In the same year, using a dopant-free low-cost
polymer PTQ10 as a hole transport layer (HTL) for CsPbl,Br PSC, Ding et al got a
champion PCE of 17.8 % with a high V. of 1.4 V. Meanwhile, the ICL employing
PTQ10 HTL also exhibits excellent optical and electrical properties for the
application in monolithic CsPbl,Br/PM6:Y6 TSC. As a result, TSCs present the
highest PCE of 21.4 % (21.3 %), with the record high V. of 2.22 V [¥7l. This work
shows the excellent performance of PTQI10 as HTL and demonstrates that the
development of efficient HTL is essential to further improve the performance of PSCs
and TSCs. As we all know, the performance of OSCs will rapidly decay under
conditions of continuous ultraviolet radiation because of their intrinsic chemical
instability characteristics. In addition to conventional CsPbl,Br, some research groups
also tried to choose other all inorganic perovskite. Li's group constructed an
inorganic-perovskite/organic 4T TSC based on a semitransparent inorganic CsPbBr;
PSC (Figure 6a) to address the tricky stability issues of single-junction OSCs [#]. The
high-quality CsPbBr; photoactive film was prepared with a dual-source vacuum co-
evaporation method, using stoichiometric precursors of CsBr and PbBr, under a low
evaporation rate. The top inorganic CsPbBr; perovskite solar cells not only contribute

to the performance of whole device, but also act as a UV filter to ameliorate
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environmental stability. The J-V curves and EQE spectra of the semitransparent PSCs
and the filtered bottom OSCs are shown in Figure 6b and 6c. The final
perovskite/organic TSCs obtained a PCE of 14.03% and also held excellent long-term
stability under UV-light irradiation. Although 2T tandem solar cells are more popular
because of their higher PCE, for 4T tandem cells, the two sub-cells are obtained
separately without complex equipment to produce high-quality interconnecting layers.
In addition, the photoelectric performance of 4T structure devices is less sensitive as
the spectrum changes. In 2023, Ding’s group made 4T inorganic perovskite/organic
tandem solar cells by using semi-transparent inorganic PSC and DI18-CI-
B:N3:PC¢BM OSC as the sub-cells and obtained a PCE of 21.25%. They also made
equivalent 2T tandem cells by connecting the champion semi-transparent PSC and
OSC in series. The best single-junction OSC shows a PCE of 18.17% and the semi-
transparent CsPbl,Br solar cells exhibits a PCE of 12.99% (Figure 6d and 6¢). Using
different interconnecting layers of  HTL/MoOs/ITO/Ag/PDIN and
PEDOT:PSS/ITO/SnO,/Zn0O for the tandem cells, 2T series devices got high PCEs of
19.18% and 18.83%, respectively. After that, they developed a modified drop-coating
method to prepare PSCs, which show better photovoltaic performances than the spin-
coated films. To make 4T tandem cells, the semi-transparent PSC was put onto the
OSC to maximize the PCE of the filtered OSC, which yields a best PCE of 8.26%
(Figure 6f and 6g). The PCE of 4T TSC using CsPbl,,5Bry75 and D18-Cl-
B:N3:PC¢BM sub-cells was improved to 22.34%, which is one of the highest PCE of
the reported 2T and 4T PO-TSCs [*°l. A large number of defects at the interface of the
wide-bandgap sub-cell in the all-inorganic perovskite/organic tandem structure are the
key factors that restrict the overall performance of the tandem device. In the same
year, Xie’s group pointed out a dual-interface engineering approach to modify the
bottom and top interfaces of wide-bandgap CsPbl,Br films %, As a result, CsPbl,Br
with uniform and fully covered surface morphology, large-size grain, and remarkably
passivated interfacial defects are prepared. After optimization, the wide-bandgap
CsPbl,Br sub-cell generated a high PCE of 17.0% and ¥V, of 1.347 V. By integrating
it with a narrow-bandgap PM6:CH1007 sub-cell, tandem device shows a new record
PCE of 23.21% and exhibits good long-term stability due to the improved CsPbl,Br
films. Defect passivation has been proven to be one of the effective strategies for

improving device performances.
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Figure 6. (a) Device structure of 4T TSCs: semitransparent top cell with a structure of
glass/ITO/ZnO/CsPbBr;/spiro-OMeTAD/transfer-laminated PH1000; bottom OSCs
with a structure of glass/ITO/ZnO/organic photoactive layer/MoO;/Al, and molecular
structures of donor and acceptor materials used in the corresponding organic
photoactive layer. (b) J-V curves of the top semitransparent CsPbBr;-based solar cell
illuminated from the glass/ITO side, and the small-bandgap PBDB-T-SF:IT-4F-based
bottom OSC with and without the CsPbBr;-based semitransparent device functioning
as a filter. (c) EQE spectra of a CsPbBr;-based top semitransparent solar cell and a
filtered PBDB-T-SF:IT-4F-based bottom OSC 1. Copyright 2018, John Wiley and
Sons. (d) J-V curves for the semi-transparent CsPbl,Br solar cells and organic solar
cells. (e) EQE spectra for the semi-transparent CsPbl,Br solar cells and organic solar
cells. (f) Structure for the 4-terminal perovskite/organic tandem solar cells. (g) J-V
curves for the best semi-transparent PSC (top cell), stand-alone OSC, and filtered
ON@ (bottom cell) (891, Copyright 2022, Springer ~ Nature.
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Table 1. Performance summary of all-inorganic perovskite and organic TSCs

Perovskite/organic Bandgap cL Ve Jse FF PCE Ref
absorbers (eV) (V) (mAcm?) (%) (%) '
CsPblL,Br/PTB7Th: MoO;/Au/
COISDFIC:PC, BM / 710 1.71 11.98 73.40 15.04 [83]
CsPblL,Br/PTB7Th: MoOs/Ag
[EICO-4F 1.92/1.20 /PEN-Br 1.82 13.20 71.68 17.24  [84]
CsPbl,Br/PTB7-Th: MoO,/Auv/
[EICO-AF 1.85/1.25 700 1.73 12.94 81.00 18.04 [85]
CsPbl, 1Brgo/PM6:Y6  1.79/1.30 MOZO;/OAg/ 1.89 12.77 74.81 18.06 [86]
) MoOs;/Ag
CsPbl,Br/PM6:Y6 1.92/1.40 /PEN-Br 2.22 12.68 76.00 2140 [87]
CsPbBr;/PBDB-T-SF:
IT-4F (4T) 2.30/1.29 / / / / 14.03  [88]
M A
CsPbl,Br/PM6:Y6 1.90/1.33 0213(/) i 1.95 12.46 75.59 18.38 [106]
CSPbIQ.25BI'0_75/D1 8-
Cl-B:N3:PC4BM / / / / / 22.34  [89]
(4T)
CsPbl,Br/PM6:CH10 /MoOs/Au
07 1.90/1.30 1700 2.10 14.23 77.70 2321  [90]

3.2 Organic-inorganic hybrid perovskite and organic tandem solar cells

Compared with all inorganic perovskite, organic-inorganic hybrid perovskite

sub-cells has more advantages in PCE. Information on device structure and

performance are summarized in Table 2. For 2T perovskite/organic TSCs, the surface

morphology and film quality of the perovskite light-absorbing layer or the selection of

the interconnecting layer is critical to the photoelectric performance of overall device.

As early as 2015, Yang and co-workers selected PBSeDTEG8 with photosensitivity

up to 950 nm to broaden the photo-response and successfully achieved a high PCE of

10.23% for tandem solar devices [°'l. In 2016, Liu et al. designed a nanostructured

perovskite film and select a PFN/doped MoQO3/MoOs structure as the interconnecting
layer (ICL) to prepare the 2T PO-TSC °?l. Thanks to this nanostructure, the PCBM

| be fully filled to ohtain a cl terf b 1l Kite |
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which can not only facilitate the extraction and transport of carriers at the interface,
but also could alleviate the hysteresis effect of device. The doped MoO; interconnect
layer provides efficient recombination sites for electrons and holes generated from the
front and back sub-cells, and protects the underlying film from damage during
continuous solution deposition. Based on these strategies, the PO-TSC with the
structure shown in Figure 7a achieved 8.62% PCE with a high V. of 1.58 V and FF of
0.68 (Figure 7b). The result indicated the effectiveness of the doped-ICL in promoting
carriers to recombine with a lower energy loss and provided a potential development
strategy for high-performance tandem devices. According to the research, Liu et al.
pointed out a fact that if the perovskite was set as the front sub-cell in
perovskite/polymer TSCs, the thick perovskite active layer (about hundreds of
nanometers) would severely hinder the sunlight from reaching the back sub-cell. To
solve this problem, a new strategy that combined a thin perovskite layer with organic
polymer was implemented to enhance light absorption and boost PCE. They
integrated a ~90 nm thick perovskite top sub-cell and a ~100 nm thick polymer:
fullerene blend bottom sub-cell through a graded intermediate recombination layer
consisting of a zwitterionic fullerene, silver (Ag), and molybdenum trioxide (MoQO3).
The perovskite/polymer TSC with the architecture of
ITO/PEDOT:PSS/Perovskite/PCg BM/Cg-SB/Ag/MoO;/PolymerBHIJ/ Cyp-N/Ag

(Figure 7c) achieved a record PCE of 16.0% with poor hysteresis, which is 75%
higher than the single junction PSCs (Figure 7d) [°l. Additionally, the adopted
methodology provides an alternative to substantially reduce the amount of toxic lead

in the device, while still maintaining high performance.
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Figure 7. (a) Device architecture with corresponding energy levels for the hybrid
TSC. (b) J-V characteristics of single-junction PVSK and PBDTT-DPP:PC;BM
reference solar cells and hybrid tandem solar cell *%]. Copyright 2016, Royal Society
of Chemistry. (c) Device structure and cross-sectional SEM image of a tandem
device with a perovskite layer thickness of ~90 nm. (d) J-V curves and device metrics
of the optimal polymer/perovskite hybrid TSC [?l. Copyright 2016, American
Chemical Society. (e) Cross-section SEM of PO-TSC. (f) Stimulated current density
as a function of the variable thicknesses of the front and rear sub-cells [*°1. Copyright
2020, Elsevier.

In tandem structure, the perovskite possesses smaller voltage loss (Ess) and
higher external quantum efficiency (EQE) response compared with the organic
counterparts while low bandgap organic solar cells offer potentially better stability
and absorption tunability than their narrow bandgap Sn-based perovskite counterparts
(941 After theoretical analysis, the potential PCE of the perovskite/organic tandem
cells shows a maximum calculated value of over 31% when the bandgaps of the sub-
cells are well optimized, which provides useful theoretical and experimental guidance
for the fabrication of all-solution processed tandem cells. Taking both model analysis
and the realistic performance levels of photovoltaic devices into consideration, Yang
and co-workers select a combination of PBDBT-2F:Y6:PC7 BM organic solar
materials with an E, of 1.41 eV as the bottom cell and FA,sMA( 0,Csy.1sPbl, gBr » of
suitable 1.77 eV band gap as the absorber of the top cell, and obtain an iconic high
PCE over 20% [, The thickness of the absorption layer of the two sub-cells has an
important influence on the light absorption intensity and PCE of the overall device.
Figure 7e and 7f show the cross-section SEM of TSCs and the relationship between
the photo-current and the thickness of each sub-cell, respectively. The position on the
highlighted blue curve indicates that the current is theoretically matched, providing a
valuable reference for optimizing the thickness of the photoactive layer to meet the
current effectively. In addition to the type and thickness of sub-cells, the selection and
thickness of the interconnecting layer also seriously affect the overall performance of
the tandem device, which is required to simultaneously fulfill the high electrical,
optical, and chemical requirements [°°],

Recently, after optimizing the thickness of perovskite film, Zhang's group
developed a thickness-insensitive and solvent-resistant interconnecting layer to
efficiently connect perovskite and organic sub-cells with low contact resistance. As

shown in Figure 8a and 8b, perovskite thin films with various thicknesses show
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different visible spectral transmittance and short circuit current densities of devices.
And the resultant perovskite-organic tandem devices maintain high efficiencies over a
wide thickness range of interconnecting layer, from ~20 nm to ~50 nm, providing an
easily fabricated, solvent-resistant platform to integrate perovskite and organic active
layers with low-temperature solution processing techniques. Finally, the tandem
device with a structure of MAPDbI, 9sClj05/PM6:Y6 give a maximum efficiency of
19.2% and highly reproducible 1 ¢cm? tandem devices also realized a high PCE of
17.8%, which bespeaks great significance in design of ultrathin and facile solution-
processed PO-TSCs (Figure 8c) 7],

@

—_
h2)

Ly 22
E —e=— Perovskite-136 nm
o —_—
E .5] —=— Perovskite-100 nm - T - B
- - w 18 =
> —+— Perovskite-72 nm o . 18.7% 18.8% 18.2% 1:7‘.55%
“
g -
© 14
= 1.92
E- s =
5 = 188 = -+
= 1.84 o
-20
00 02 04 06 08 10 1.80
Valtans (V) - 135
(b) 100 <
- —e— Perovskite-100 nm 2 128{ =
8% 804 ——Perovskite-450 mm E - x
=
8 —e— Tandem £ 17
c 60 4
8 85
E
g 404 ;‘5 804 o = -
[ o
= 20l w 75 X
70
e 400 500 600 700 800 5 10 15 20 25 30 35 40 45

Wavelength (nm) Cgo-ionene layer thickness (nm)

Figure 8. (a) J-V curves of representative PSCs (b) Transmittance measurement of the
perovskite films with different thicknesses and tandem devices (c) Photovoltaic
performance of tandem devices with different thicknesses of Cg-ionene films in
interconnecting layers (average values with standard deviation were obtained from 15
individual devices; the thicknesses of Cg-ionene films were determined by optical
profilometry) /1. Copyright 2022, American Chemical Society.

Although the facile solution fabrication process gives the perovskite/organic
tandem solar cells extremely advantageous, the lack of wide-bandgap perovskites
with suitable bandgap, film quality, and optoelectronic properties for front cells is also
regarded as one of the limiting factors for improving the performance of TSCs.
Because of this problem, many research groups put forward some methods to solve it.
For instance, Xie et al. introduced a small amount of formamidinium (FA™) cations

and thiocyanate anions into the basic composition of hybrid perovskite, which
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provides an effective means to modulate the crystallization properties and phase
stability of the films. As shown in Figure 9, the MAsFA( PbI,Br(SCN)y 1, high-
quality films with grain boundaries homogeneously passivated by Pbl,, leading to a
reduction in defect states and an enhancement in phase stability. At optimized
components, a tandem cell integrated with an organic BHJ (PM6:CH1007) rare cell

achieved a PCE of 21.2% 98],
MA, 1 PbLBr(SCN), 1

k)  MA, ,PbLBr(SCN), 1,
- e

L~ e :
e

D MAyFA PBLBr(SCN)y 1

Siny SR

Crystallization process >
[ e —_—
Pbh(SCN), Grain boundary Pbl,

Figure 9. SEM images of MA; ¢sPbl,Br(SCN), 1, films taken with annealing time of
(a) 0s,(b) 10 s, (c) 20 s, (d) 30 s, and (e) 1 min, respectively, and the SEM images of
MA.96F Ao 1PbL,Br(SCN)y 1, films taken with annealing time of (f) 0 s, (g) 10 s, (h) 20
s, (1) 30 s, and (j) 1 min, respectively. Schematic illustration of the film formation
processes for the (k) MA,PbLLBr(SCN)o;» film and (1) the
MA.96FAg 1 PbI,Br(SCN), 15 film )1, Copyright 2022, John Wiley and Sons.

Another core part of 2T monolithic tandem photovoltaics are the interconnecting
layers, which play a critical role in modulating the carrier transport and recombination
between sub-cells. In the same year, through investigating the change of ICLs
composition layer thickness on the ICLs optical and electrical properties, sub-cells
EQE properties, and tandem device J-V properties, the relationship between ICLs

architecture and 2T monolithic perovskite/organic tandem device performance have
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architecture of PCBM/BCP/Au/Mo0Os to investigate its role in modulating the carrier
transport and recombination between sub-cells. After comparing the thickness of
PCBM, BCP and MoOj; carefully, a conclusion is drawn that the thick ETL will lead
to inefficient electron extraction to the ICLs to recombine with the holes extracted
from the other side. But by contrast, the carrier modulation ability of ICLs is less
sensitive to the MoOj film thickness due to its intrinsic high carrier mobility. To sum
up, the carrier modulating the ability of the ICLs is strongly associated with the
composed ETL thickness and profoundly affect the photoelectric performance of the
tandem devices [*°l. However, although many strategies have been used to improve
the performance of perovskite/organic tandem devices, the PCE of TSCs is still lower
than the highest PCE of single PSCs. Considering two sub-cells separately, Qin’s
group first designed and synthesized a new infrared-absorbing organic small molecule
acceptor BTPV-4Cl-eC9 as the narrow bandgap (NBGQG) organic rear cell and then they
introduced an organic cation chloro-formamidinium to passivate the bulk defects in
perovskite film. The incorporated CIFA™ successfully passivated the defects and
improved the film quality, hence the front perovskite solar cell demonstrated a high
PCE of 17.6% with a high V. of 1.25 V 191 Synthetic BTPV-4Cl-eC9 with chlorine
substituents shows a further red-shifted absorption than the molecule BTPV-4F-eC9.
By using PTB7-Th as polymer donor and BTPV-4Cl-eC9 as acceptor, the OSCs
achieved an impressive J. of 28.6 mA cm?. And the 2T perovskite /organic TSC
achieved a high PCE of up to 22.0% with little hysteresis and excellent stability under
UV light soaking. Recently, because the short circuit current density of 2T tandem
solar cells is limited by sub-cells, many researchers aim to reduce the open-circuit
voltage loss of wide-bandgap perovskite sub-cells and select the ideal interconnecting
layers of the tandem devices. In 2022, Chen et al. reported a passivation strategy of
nickel oxide hole-transporting layers with benzylphosphonic acid (BPA) leads to
prevent interfacial recombination, achieving a high V.. of 1.26 V in a 1.79-eV-
bandgap perovskite sub-cell. The introduction of BPA molecules effectively inhibits
the non-radiative recombination at the interface and thus more efficient charge
collection. The top perovskite sub-cells with a composition of
Csg.25FAg 75Pb(Ig ¢Brg4); got a maximum PCE of 17.80% with a V. of 1.26 V, a J,. of
17.90 mA cm? and FF of 78.9% ['°!, On the other hand, having demonstrated
improved performance of the WBG perovskite sub-cell, they considered the overall
design of the perovskite/organic TSC and developed an optimized interconnecting
layer structure based on a sputtered indium zinc oxide (IZO) layer. They deposited

thin 1ZO layers with a thickness variation from 2 nm to 6 nm to investigate the impact
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on the performance of TSCs. Their best small-area tandem device yielded a PCE of
23.60% with optimized 4 nm [ZO-based ICLs. The device exhibited a stabilized
steady power output of 23.54% and excellent current matching between the two sub-
cells, as estimated from the integrated EQE (Figure 10). It is worth mentioning that
they also prepared PO-TSCs with a large area of 1.05 cm? and achieved a PCE of
21.77%. Using similar perovskite front sub-cell (FA(sCso,Pb(IysBrgs);) and the same
organic back sub-cell (PM6:Y6), Brinkmann et al. obtained a 24% PCE for the 2T
TSCs, which is the highest reported value of perovskite/organic tandem devices so far.
The sub-cells are connected by an ultrathin (approximately 1.5 nanometers) metal-like
indium oxide layer with unprecedentedly low optical/electrical losses. Compared with
thin silver, the ultrathin ALD-grown InO, layer with a thickness of only about 1.5 nm
provides a similarly high carrier density but avoids notable optical losses. Profit from
low-loss recombination interconnect and excellent current matching, a champion
tandem cell achieved a stabilized PCE of 24.0% and performed excellent stability of
more than 1000 h with no sign of degradation when the devices are kept under an inert
atmosphere ['°%], This work once again reminds us of the importance of the design of

efficient interconnection layers for improving the perovskite/organic tandem devices.

(@) + (b)ico
___________________ 1R
““““ ~ Sum
{\"E 12 Reverse \\\ 80
o A
% :
= F 60
£ 5 ” 5
-] J 14.83 mA cm g o
§ V1206 V o 40 14.32mA cm
§ a FF: 77.2%
a PCE: 23.60% 20
0 0 .
0 0.4 0.8 12 16 2.0 400 600 800 1,000
Voltage (V) Wavelength (nm)
(©) . (d)
b -
£
Q
§ 15} PCE retains 90%
> &
2 w
Q
K} \ a 10
z \
] 1
5 1 51
o \
- \ Maximum power point tracking under one sun illumination
1.05cm \
0 . 0 T T T T T
0 0.4 0.8 12 1.6 2.0 0 100 200 300 400 500
Voltage (V) Time (h)

Figure 10. Optimal performance of the perovskite/organic TSCs. (a) J-V curves
(reverse and forward scans) of the champion small-area (0.08 cm?) PO-TSC with
[ZO-based ICLs. (b) EQE and reflection (denoted as 1-R) spectra for the champion
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device. (c) J-V curves (reverse and forward scans) of the champion large-area
perovskite/organic TSC with 1ZO-based ICLs. (d) Operational stability evaluation of
the encapsulated small-area perovskite/organic TSC with IZO-based ICL using the
maximum power point tracking method in a N, environment and without temperature

control ['°1], Copyright 2022, Springer Nature.
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8 Table 2. Performance summary of organic-inorganic hybrid perovskite and organic TSCs.
9

B oc , FF  PCE
10 Perovskite/organic absorbers iréig)ap ICL (I;) (m AJcm'z) %) (f;) Ref.
11 0 0
12 PEDOT:PSS
13 MAPbI3/

1.57/1.2 PH EDOT:P 1.52 10. . 10.2 1
4 PERDTEGSPCEM 57/1.28 50808/20830 5 0.05  67.00 1023 [91]
15
16 MAPbICLy/ PFN/doped-

1.63/1.25 1.58 8.02 68.00 8.62  [92
}; PBDTT-DPP:PC,,BM MoO3/MoO; [92]
19 MAPbL/PCE-10:PC;;BM 1.57/133  Cg-SB/Ag/MoO;  1.63 13.10  75.10 16.00 [93]
20 FA(3sMA( 0:Cso.1sPbl, gBr 5
;; PREBT.2F-Y6:PC,.BM 1.77/1.41 BCP/Ag/MoOy  1.90 13.05 83.10 20.60  [95]
23 _ Cgo-1onene
25 MAPDI; 65Cloos/PM6:Y6 1.58/1.40 |Ag/MoO 1.92 1260  79.00 1920 [97]
25
26 MAgosFA PbIzBI‘(SCN)O.lz PCBM/BCP

1.72/1.30 1.96 13.80 840 21.20 8
;273 /PM6:CH1007 72 /Au/MoO; ? ! [98]
29 FAO 6MAO 4Pb(IO 6BI'0 4)3 C60/BCP

; : om0 1.78/1.22 1.88 1570  74.60 22.00 [100

20 /PTB7-Th:BTPV-4Cl-eC9 /Ag/MoO, [100]
32 MA1.06PbIQBr(SCN)0.12 PCBM/BCP

1.70/1.40 1.93 14.30 2.50  20.03
33 /PM6:Y6 7o /Au/Mo0; ? 7 [99]
34

Cs0.25FA.75Pb(Ig 6Bro 4)3 Ceo/BCP

35
» PM6-Y6 1.79/1.36 JCRL/MoO, 2.06 1487  77.00 23.60 [101]
37 FA Pb(I,sB
38 08CS02Pb(losBros)s 1.85/1.40  SnO,/InO, /MoO, 2.15  14.00  80.00 24.00 [102]
o /PM6:Y6
40 FAosMAg.4)0oPb(Iy¢B
p S0 ERMAosPOosBroa)s ) 20 50 Ao pEDOTIPSS 185 1152 7098 1513 [103]

4 /PBDB-T:SN6IC-4F
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PO-TSCs also have unique competitiveness in fabricating high-efficiency
flexible photovoltaic devices and attract more and more attention in recent years. Li
and co-workers developed efficient perovskite-organic monolithic tandem solar cells
by integrating the wide bandgap perovskite (1.74 eV) and low bandgap organic active
PBDB-T:SN6IC- 4F (1.30 eV) layer together, which served as the top and bottom
sub-cell, respectively ['3l. The TSCs based on the PMABTr passivated wide-bandgap
perovskite sub-cell show a remarkable PCE of 15.13%, with a V. of 1.85 V, a J of
11.52 mAcm™? and FF of 70.98%. After that, taking advantage of the low-
temperature solution processability of both perovskite and organic materials, a
flexible TSC with a high PCE of 13.61% was realized. Besides, they creatively
applied the rigid and flexible PO-TSCs into the solar-to-hydrogen system and
generated a solar-to-hydrogen efficiency of 12.30% and 11.21% respectively, which
explored the advanced application of TSCs. Currently, there are few reports on
flexible perovskite/organic tandem devices, and we believe that the main reason is
that it is more challenging to prepare high-quality and uniform thin films on flexible
substrates such as PET and PEN. The presence of rigid materials like ultra-thin silver
in the interconnecting layer can also increase the difficulty of film preparation and
greatly reduce the cyclic bendability of flexible devices. Conversely, the high PCE
and suppleness of flexible tandem devices also reflects their great application

prospects and requires more attention and research.
4. Summary and outlook

In the past few years, perovskite-based tandem solar cells have been developing
rapidly, and PO-TSCs have attracted more attention because of their unique solution
processability and achieved a high PCE of over 24% now ['°?, The tandem structure
efficiently balanced the transmission and thermalization loss, leading to improved
device performance. Figure 11 a-11c show the energy loss analysis results of the
single-junction PSCs, OSCs, and 2T TSCs, and Figure 11d provides converted energy
as a function of wavelength for single-junction devices and tandem [0, As
demonstrated, the transmission loss of the perovskite single-junction cell (53.34 mW
cm?) is significantly larger than that of OSC (30.44 mW cm), but the tandem
architecture holds the same transmission loss with the OSC device while the
thermalization loss is significantly suppressed. Referring to the obtained theoretical

and experimental results, PO-TSCs feature characteristics of high voltage, broad
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photo-response, and excellent stability provided by perovskite and organic materials
respectively, making it considered to be an effective way to break through the S-Q
limit of single junction solar cells. And many strategies, such as selecting different
absorption layer types, optimizing the thickness of sub-cells, and introducing high-
efficiency intermediate recombination layers, are implemented to ameliorate the
performance of the tandem device. Benefiting from the successful employment of
various low-bandgap materials with strong absorption in NIR region, the
perovskite/organic TSCs exhibited great potential for the improvement of the
photoelectric  conversion efficiency. However, the highest efficiency of
perovskite/organic TSCs is still lower than that of the single-junction PSCs and other
types of tandem devices with the combination of perovskite/Si or
perovskite/perovskite. One reason not to be ignored is the voltage loss caused by
severe charge recombination, especially at multiple interfaces of the tandem devices.
At present, most of the perovskite/organic tandem devices can achieve a high Js. The
low charge mobility of organic light-absorbing materials and the energy level
mismatch between two sub-cells will bring serious carrier recombination, eventually
leading to a lower FF and poor PCE [104,
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Figure 11. Calculated energy loss for (a) single-junction PSC, (b) single-junction
OSC, and (c) 2T TSC. (d) Converted energy as a function of wavelength for single-
junction devices and tandem [*°]. Copyright 2021, Royal Society of Chemistry.
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The unsatisfactory efficiency of PO-TSCs is mainly attributed to the serious V.
loss and carrier dynamic loss caused by the two sub-cells and interconnect layers [30],
In the future development, the charged dynamic and the operational mechanism will
need to be more understood and will help to further enhance device photoelectric
performance. In addition, the synthesis and application of new materials are also
crucial for improving device performance. For example, an ideal organic photovoltaic
material PM6:Y6 has been introduced in a tandem architecture to obtain a PCE over
18%, which proves that it is necessary to synthesize new organic photovoltaic
materials with stronger near-infrared absorption, higher mobility, and better energy
level alignment ['%3], Use machine learning, analog computation and collaborations
across disciplines to guide material synthesis, improve preparation process, and
deeply explore the long-term operation mechanism of devices, etc., to further
optimize devices and fully utilize and extract photogenerated carriers.

Although the integration with organic components can improve the stability of
the perovskite sub-cell, it still cannot meet the requirements of commercial
applications. The stability of PO-TSCs is limited by each sub-cell. It is well known
that for perovskite, the most important factor affecting their stability is the water and
oxygen in the air, which can accelerate the decomposition of perovskite components.
In addition, the phase separation of perovskite components under continuous
illumination is also a nonnegligible factor causing poor stability. For OSCs, due to the
limitations of organic components, their inherent thermal and chemical stability are
not satisfactory, especially the ultraviolet rays in sunlight that are harmful to organic
materials. By combining with PSCs to construct a tandem structure, perovskite
components can effectively absorb the ultraviolet light portion of the sunlight to
protect OPV cells from UV damage. It has been reported that the unencapsulated
tandem device is exposed to continuous one-sun illumination in N,, and after 50 days
the PCE retains nearly 90% of its initial value, strongly demonstrating its long-term
device stability [*°]. According to new research, in a 2T TSC, the UV light could be
almost filtered by the front CsPbl; gBr;, sub-cell due to its excellent UV stability and
filtering effect, thus contributing a robust UV stability to the 2T TSC that enabled it to
retain 94.0% of its initial PCE ['%°]. Recently, Zhu's research team also compared the
thermal stability of Cs and FACs based PO-TSC in a glove box nitrogen environment.
The results show that, the Cs based devices retained over 85% of its initial PCE after
heating at 80 °C for 100 hours while the efficiency of the FACs based devices

decreased to less than 50% of its original value after annealing for 100 hours [*°]. The
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stability results suggest that all-inorganic perovskites maybe a better choice to
fabricate stable tandem devices with OPV sub-cells.

For practical use, apart from considering high PCE, large-area devices with
excellent long-term stability must also take into account and developed.
Specifically, the preparation of small module is less economical. However, large-scale
preparation of perovskite thin films faces challenges such as non-uniformity and high
resistivity, resulting in a significant decrease in PCE. On the premise of not losing its
intrinsic characteristics, reducing its horizontal conductivity as much as possible is
another crucial issue that must be considered to achieve the scalability of ICL.
Manufacturers must systematically redesign and debug material formulations, coating
methods, crystallization, lasers, and other aspects to ensure that the efficiency of
components under large-scale preparation does not suffer excessive losses. Compared
with the individual large-area perovskite or organic solar cells, the combination of the
two sub-cells to prepare large-area tandem devices is more conducive to the efficient
use of the solar energy spectrum and will greatly reduce the cost of photovoltaic
products. If excellent progress can be made, it will be very beneficial to the
development of the photovoltaic market in the future ['7-112],

Another non-negligible advantage of perovskite/organic tandem structure is the
low-temperature solution processability that is suitable for the preparation of high-
efficiency flexible devices, but no satisfactory results have been achieved so far.
Unlike conventional rigid solar panels, flexible devices can come in various shapes
and sizes, and will have more scene applications than conventional solar panels. The
main applications are in flexible portable devices, such as solar backpacks, solar tents,
and solar flashlights. Compared to perovskite/silicon TSCs, the most significant
advantages lie in its flexibility, low cost, and low energy consumption. Therefore, we
believe that its application value is mainly reflected in the preparation of flexible
devices ['3-115] An important and special application field of flexible
perovskite/organic tandem devices is photovoltaic building integration (BIPV), which
can be easily and unrestricted integrated on the windows, roofs, and exterior walls of
buildings, thereby maximizing the use of solar energy. But there are still many
limitations to overcome. It is noted that the currently used ICLs are mainly ultra-thin
metal layers and transparent conductive oxides, and their fragility characteristic will
restrict the bending stability of flexible devices. In addition, the flexible substrate is
not suitable for the deposition method with high temperature, and the flatness of the
deposited film will also decline, which is not conducive to the continuous deposition

of the underlying film, and is also a potential constraint. If efficient, flexible tandem

Manuscript Template Page 27 of 37

]

Academic Press

https://mc03.manuscriptcentral.com/enlab



oNOYTULT D WN =

Energy Lab

Academic Press o 7;

wearable devices can be successfully prepared, it will also further expand the use of
portable photovoltaic products. Hence, TSCs based on large-area or flexible foldable
substrates should be researched more for advanced application in the long run.
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