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1. Introduction

Perovskite solar cells (PSCs) have been widely researched by
researchers because of their excellent optical and electrical
properties, including the tunable bandgaps, high absorption
coefficient, long carrier lifetime, long carrier diffusion length,
low exciton binding energy, and high defect tolerance.[1] The
power conversion efficiency (PCE) of single-junction PSCs has
rapidly increased from the initial 3.8% to certified 26.1%,[2]

approaching the Shockley–Queisser (S–Q) limits, showing great
competition in the future photovoltaic (PV) technology.[3] The
S–Q limit of single-junction PSCs can be surpassed by construct-
ing all-perovskite tandem solar cells (TSCs) consisting of a wide-
bandgap (WBG; ≈1.75–1.8 eV) top subcell and a low-bandgap
(LBG; ≈1.2–1.3 eV) bottom subcell.[4]

At present, a lot of impressive studies have reported on
all-perovskite TSCs[5]; however, most of them have focused on
small-area cells at the laboratory level or single-junction perov-
skite modules, and only very few works have reported progress
on all-perovskite TSCs on large areas or modules. Improving the

efficiency and stability of all-perovskite tan-
dem solar modules (TSMs) by preparing
uniform perovskite films with scalable
preparation methods is currently the most
challenging. Multiple reviews address the
development of new and innovative passiv-
ation materials, charge-transport layers,
improved perovskite compositions, and
thin film morphologies. In this review,
we revisit the development of all-perovskite
TSCs with large areas as well as modules.
Further, we discuss the challenges and
future directions.

2. All-Perovskite TSCs

The performance of all-perovskite TSCs reflects on the perfor-
mance of the WBG perovskite top subcell and LBG perovskite
bottom subcell. In WBG PSCs, the nonradiative recombination
losses are determined by halide phase segregation, interface
defects, and energy level mismatch, which all lead to significant
open-circuit voltage (VOC) deficit and low fill factor (FF), which
seriously affect the efficiency and stability.[6] For LBG PSCs, Sn2þ

is easily oxidized to Sn4þ, forming a large number of Sn vacan-
cies and inducing significant nonradiative recombination losses.
Meanwhile, the excessive nucleation and crystallization rate dur-
ing the film growth process will lead to uncontrollable morphol-
ogy, increased film defects, and poor film quality.[7] So far,
strategies have been proposed to improve the performance of
all-perovskite TSCs: 1) optimize the compositions of WBG
and LBG perovskite[8]; 2) incorporate the additives in the precur-
sor solution to reduce the bulk defects of the perovskites[9]; 3) pas-
sivate the interface defects of perovskite films by post-treating the
perovskite surface and selecting suitable charge-transport layers
to reduce interfacial nonradiative recombination[10]; and 4) design
and optimize the interconnecting layer (ICL) to reduce parasitic
absorption and voltage losses, thereby increasing the overall
short-circuit current density (JSC) and VOC.

[11] In addition, these
strategies also lead to more suitable energy-level matching and
smoother charge transfer/transport, thus allowing higher FFs.[12]

In 2016, Zhou et al. reported the first two-terminal (2-T)
all-perovskite TSC,[13] by using Spiro-OMeTAD/PEDOT:PSS/
PEI/PCBM:PEI as the ICL. The resulting VOC of the series solar
cell reached 1.89 V, which is close to the sum of the two
perovskite subcells. In the same year, Snaith et al. combined
the WBG perovskite FA0.83Cs0.17Pb(I0.5Br0.5)3 (1.8 eV) as a top
subcell with the tin (Sn)-lead (Pb) mixed LBG perovskite
FA0.75Cs0.25Sn0.5Pb0.5I3 (1.2 eV) as a bottom subcell to obtain
a 2-T tandem cell with a PCE of 17.0%.[14] The use of indium
tin oxide (ITO) as part of the ICL not only protects the layers
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3. All-Perovskite TSMs

From laboratory preparation to commercial production, the
promotion of all-perovskite TSCs from small areas to large-area
modules is essential. We summarize PCE advance of over 1 cm2

large-area all-perovskite TSCs and modules in Figure 1 and
Table 1. At present, the method in focus for preparing high-
quality perovskite films in the laboratory is spin coating; how-
ever, the spin coating technique is not suitable for fabricating
large-area modules. This is mainly reflected by several points:
1) antisolvent is usually applied to control the crystallization
of perovskite films during the spin coating process, which is dif-
ficult to control when preparing large areas; 2) the processing
window of the spin coating is narrow, which is not suitable
for the preparation process requiring a long drying time, and
the fault tolerance rate is low in actual production; 3) during
the spin coating process, most of the precursor ink is wasted,
resulting in a waste of raw materials; 4) the linear velocity differ-
ence between the center region and the edge of the large
substrate leads to poor film uniformity.[18] In addition, it is also
difficult to deposit uniform and compact films on flexible large-
area substrates by the spin coating method. Therefore, we need
to choose more suitable expandable deposition methods as much
as possible, including spray coating,[19] evaporation,[20] chemical
vapor deposition,[21] blade coating,[22] and slot-die coating.[23]

Among them, blade coating and slot-die coating have already
been used to process large-area perovskite thin films for
all-perovskite TSMs. In order to realize large-area module inter-
connection, the thin film stack is patterned in multiple monolith-
ically connected cell stripes via the established P1, P2, and P3
laser scribes. The major challenge in realizing this module inter-
connection by layer patterning is the interplay or material
removal during the ablation process and the arising material
damage in the vicinity of the laser-scribed lines. Moreover, the
area used for the monolithic interconnection, between P1 and
P3, is a dead module area that needs to be minimized. To date
the highest geometric FF (GFF) realized by laser patterning in
all-perovskite TSMs is 96.1%,[24] which is close to the highest
values reported for any thin-film PV technology.
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Figure 1. PCE development of over 1 cm2 large-area all-perovskite TSCs
and modules.

of the top subcell from the damage of the solution during the 
subsequent preparation of the bottom subcell, but also realizes 
the electrical coupling of the two subcells.

In 2018, Zhao and Yan et al. reported a bulk-passivation strat-
egy via the incorporation of 2.5% chlorine, which increased the 
grain size of the Sn–Pb mixed LBG perovskite films, improved 
the crystallinity and carrier mobility, reduced the electron disor-
der, and inhibited the nonradiative recombination loss.[15] Based 
on this method, they successfully fabricated an efficient tin 
Sn–Pb mixed LBG PSC with a thick absorber layer (≈750 nm). 
Finally, on the basis of building Ag/MoOx/ITO as ICL, the 
PCE of the 2-T all-perovskite TSCs was increased to ≈21%.

In 2019, Yan and Zhu et al. reduced the defect density of the 
films and improved the bulk quality by adding guanidine thiocy-
anate additives to the Sn–Pb mixed LBG precursor solution.[16] 

They obtained perovskite films with carrier lifetime greater than 
1 μs and diffusion length greater than 2.5 μm, and finally 23.1%-
efficiency 2-T all-perovskite TSCs. Subsequently, Tan et al. 
reduced the oxidized Sn4þ to Sn2þ by adding Sn powders to 
the Sn–Pb mixed LBG perovskite precursor in order to decrease 
the Sn vacancies.[17] The carrier diffusion length of the LBG 
perovskite films was increased to 3 μm. Moreover, they used 
atomic layer deposition (ALD)-prepared compact SnO2 and ther-
mally evaporated ultrathin gold (Au) layer (≈1 nm) to construct 
ICL, which not only effectively protects the WBG perovskite 
films, but also has low optical loss. A 24.8%-efficiency 2-T 
all-perovskite TSC was obtained.

In 2023, Zhao, Tang, and co-workers developed a new self-
assembled monolayer (4-(7H-dibenzo[c,g]carbazol-7-yl butyl) 
phosphonic acid (4PADCB) by introducing two benzene rings 
into the carbazole of the commercial 4PACz material as the 
hole-transport layer (HTL) of WBG subcells in all-perovskite 
TSCs.[12a] The conjugated skeleton plane formed by two benzene 
rings at the end of the molecule can make 4PADCB have better 
charge transport ability than 4PACz, and its distorted spatial 
structure gives 4PADCB molecule good alcohol solubility and 
surface wettability, which is conducive to the preparation of 
large-area perovskite films without holes. 4PADCB can be more 
evenly anchored on ITO substrate, which is conducive to the uni-
form growth of WBG perovskite films on a large-area substrate, 
improves the hole extraction, and inhibits the nonradiative 
charge recombination at the buried interface. They achieved 
1 cm2 2-T all-perovskite tandems with a PCE of 27.0% (certified 
steady-state efficiency of 26.4%) and a VOC of 2.12 V for an 
aperture area of 1.044 cm2. Recently, Tan et al. developed a 
3D/3D bilayer perovskite heterojunction (PHJ) at the Sn–Pb 
perovskite–electron-transport layer (ETL) interface to inhibit 
interface nonradiative recombination.[12b] They deposited an 
extremely thin layer of WBG perovskite on the surface of 
Sn–Pb mixed LBG perovskite film to form a bilayer PHJ to 
passivate interface defects and improve the PCE of LBG subcells. 
They achieved a high PCE of 28.5% (aperture area of 0.049 cm2, 
certified 28.0% efficiency) of all-perovskite tandems, which is the 
highest efficiency reported for an all-perovskite TSC to date. And 
the PCE of the devices with an aperture area of 1.05 cm2 reached 
26.9%. These works have raised all-perovskite TSCs to ≈1 cm2 

levels, providing the basis for the preparation of larger area 
devices later.



In 2022, Paetzold and co-workers adopted a combination of
blade coating and vacuum deposition to prepare a uniform
large-area perovskite film and obtained a mini-module with
all-perovskite tandem by laser scribing (Figure 2).[25] The module
interconnection was realized by the established P1, P2, and P3
lines. The P1 line divides the front ITO into different cell stripes.
Subsequently, the HTL, WBG perovskite layer, ETL if the WBG
subcell, ICL, and the HTL, LBG perovskite layer, ETL in LBG
subcell, were deposited using a variety of different scalable
fabrication techniques. The P2 line serves to connect the ITO
front electrode and the metal rear contact of two adjacent cell
stripes. Finally, after depositing the top metal electrode, the
P3 line is required to separate the different cell stripes at the rear
contact (Figure 2a,b). They finally obtained a dead area enclosed
between the P1 and P3 line obtaining a width of 210 μm, which
corresponds to a GFF of up to 94.7%. To prevent the LBG
precursor solution from resting for a long time on top of the
underlying layers and to avoid degrade, the authors employed
vacuum-assisted growth control (VAGC), which allows for a swift
removal of solvents (Figure 2c). In addition to vacuum evacua-
tion, they also moderated the gas flow by a small nitrogen flow
unit, which resulted in a flow that further accelerated solvent
extraction. They obtained a PCE of 19.1% (an aperture area of
12.25 cm2) (Figure 2d,e).

Huang et al. proposed a hot gas-assisted blading method to
prepare LBG perovskite films, which could accelerate the crystal
growth process of perovskite, and the formed perovskite films
were dense and thick (Figure 3a,b).[26] During blade coating
deposition in the N2 glove box, heated gas was uniformly blown
to the surface of perovskite precursor film by air knife, and the
temperature and flow rate of gas were precisely controlled to pro-
mote solvent volatilization to improve the crystal growth process
of perovskite. With the assistance of hot gas, they quickly formed
solid films with rapid solvent extraction, which avoided the use of
antisolvent and was conducive to achieving high-speed scalable
deposition. When N2 was heated to 40, 70, and 100 °C, the crystal
quality of perovskite films was obviously different (Figure 3d). At
the same time, they reduced the DMSO/(PbþSn) molar ratio to
8% in perovskite films prepared with hot gas-assisted blades at
100 °C, forming a nonporous film with large single-crystal par-
ticles (Figure 3e). Then, they obtained monolithic all-perovskite
TSMs with an efficiency of 21.6% (aperture area of 14.3 cm2, GFF
of 93.8%).

In the same year, Tan et al. reported that by fine-tuning the Cs
content (denoted as x in the CsxFA1 xPbI1.8Br1.2 formula) in
WBG perovskites combined with a gas-assisted blade coating
technique, the nucleation rate of crystals could be further
controlled (Figure 4a).[27] When the content of Cs is 35%

Table 1. Over 1 cm2 large-area all-perovskite TSCs and modules.

Year Device structure Device type Process Area [cm2] PCE [%] References

2019 ITO/PTAA/FA0.8Cs0.2Pb(I0.6Br0.4)3/C60/ALD-SnO2/Au/PEDOT:
PSS/FA0.7MA0.3Pb0.5Sn0.5I3/C60/BCP/Cu

Cell Spin coating 1.05 22.3 [17]

2020 ITO/NiO/VNPB/FA0.8Cs0.2Pb(I0.6Br0.4)3/C60/ALD-SnO2/Au/PEDOT:
PSS/FA0.7MA0.3Pb0.5Sn0.5I3/C60/ALD-SnO2/Cu

Cell Spin coating 1.05 24.7 [29]

12 21.4

2020 ITO/PTAA/Cs0.4FA0.6PbI1.95Br1.05/C60/SnO2�x/Cs0.05MA0.45FA0.5Pb0.5Sn0.5I3/C60/BCP/Cu Cell Spin coating 1.15 22.2 [30]

2021 ITO/NiO/VNPB/FA0.8Cs0.2Pb(I0.62Br0.38)3/C60/ALD-SnO2/Au/PEDOT:
PSS/FA0.7MA0.3Pb0.5Sn0.5I3/C60/BCP/Cu

Cell Spin coating 1.05 25.3 [31]

2022 IO:H/2PACz/FA0.8Cs0.2(I0.6Br0.4)3/LiF/C60/SnOx/ITO/PEDOT:
PSS/Csx(FA0.83MA0.17)(1�x)Sn0.5Pb0.5I3/PCBM/C60/BCP/Cu

Module Blade coating 12.25 19.1 [25]

2022 ITO/MB-NiO/2PACz and MeO-2PACz/FA0.8Cs0.2PbI1.95Br1.05/C60/
ALD-SnO2/Au/PEDOT:PSS/FA0.7MA0.3Pb0.5Sn0.5I3/C60/BCP/Cu

Cell Spin coating 1.05 23.5 [32]

2022 ITO/PTAA/Cs0.25FA0.75Pb(I0.85Br0.15)3/C60/SnO2/Au/PEDOT:
PSS/Cs0.2FA0.8Pb0.5Sn0.5I3/PCBM/C60/BCP/Cu

Module Blade coating 14.5 21.6 [26]

2023 ITO/NiOx/VNPB/Cs0.35FA0.65PbI1.8Br1.2/C60/ALD-SnO2/Au/PEDOT:
PSS/FA0.7MA0.3Pb0.5Sn0.5I3/C60/ALD-SnO2/Ag

Module Blade coating 20.25 22.5 [27]

2023 ITO/4PADCB/FA0.8Cs0.2Pb(I0.6Br0.4)3/C60/ALD-SnO2/IZO/
PEDOT:PSS/FA0.6MA0.3Cs0.1Sn0.5Pb0.5I3/C60/ALD-SnO2/Cu

Cell Spin coating 1.044 27.01 [12a]

2023 ITO/NiO/2PACz and MeO-2PACz/FA0.8Cs0.2Pb(I0.62Br0.38)3/C60/
ALD-SnO2/Au/PEDOT:PSS/FA0.7MA0.3Pb0.5Sn0.5I3/C60/ALD-SnO2/Cu

Cell Spin coating 1.05 26.9 [12b]

2023 ITO/NiOx/Cs0.3FA0.7PbI1.8Br1.2/C60/SnO2/Au/PEDOT:
PSS/FAPb0.5Sn0.5I3/C60/BCP/Ag

Module Blade coating 10.4 16.4 [22a]

2023 ITO/NiOx/2PACz and MeO-2PACz/FA0.8Cs0.2Pb(I0.62Br0.38)3/C60/
ALD-SnO2/ITO NCs/FA0.7MA0.3Pb0.5Sn0.5I3/C60/ALD-SnO2/Cu

Cell Spin coating 1.044 26.6 [33]

2023 ITO/NiOx/2PACz and MeO-2PACz/DMA0.1Cs0.4FA0.5Pb(I0.72Br0.24Cl0.04)3/
C60/ALD-SnO2/ITO NCs/FAPb0.5Sn0.5I3/C60/ALD-SnO2/Cu

Cell Spin coating 1.05 27.3 [34]

2023 ITO/NiOx/2PACz and MeO-2PACz/Cs0.35FA0.65PbI1.8Br1.2/HF/ALD-SnO2/
Au/PEDOT:PSS/ FA0.7MA0.3Pb0.5Sn0.5I3/HF/ALD-SnO2/Cu

Module Blade coating 20.25 23.3 [24]



(Cs0.35FA0.65PbI1.8Br1.2), the optimal WBG film quality is
obtained (Figure 4b). It can be seen from the X-ray diffraction
pattern that the Cs0.35FA0.65PbI1.8Br1.2 perovskite films exhibited
the highest crystallinity (Figure 4c), and the devices had the best
performance (Figure 4d). The photoluminescence quantum yield
(PLQY) analysis of the combined device compared with the VOC

of WBG PSCs also showed that the nonradiative recombination
loss could be effectively reduced by increasing the Cs content by
x= 0.35 (Figure 4e). In addition, for all-perovskite TSCs, the ICL
is usually a highly conductive transparent conductive oxide, and
the contact between the last deposited metal electrode and ICL
after marking the P2 may lead to a short circuit of the subcell.
The metal electrode and perovskite diffused and reacted with
each other, resulting in a decrease in efficiency and stability.
They deposited about 10 nm thick ALD-SnO2 after P2 scribing,
which acted as a thin conformal diffusion barrier (CDB) to pre-
vent the mutual diffusion and reaction between perovskite and
metal electrode (Figure 4f ). The champion tandem module
exhibited a high PCE of 22.5% under reverse scan (certified
PCE of 21.7%, GFF of 93.3%, aperture area of 20.25 cm2), with

a VOC of 8.137 V, a JSC of 3.60mA cm 2, and a FF of 76.8%
(Figure 4g).

Thus far, only a few reports about all-perovskite TSMs have
been reported, with the highest PCE being 23.3%.[24] In most
of these reports, scalable blade coating technology has been used
to obtain high-quality uniform films, assisted by an air knife or
VAGC method. At the same time, the use of laser engraving can
reduce the dead areas, which provides higher GFFs and thus
improves the PCEs. These modules extend the areas of all
perovskite TSCs gradually from the square centimeter scale to
20.25 cm2, which opens the door to future commercialization.

4. Conclusion and Perspective

To date, only 2 years after the first reports, all-perovskite TSMs
have achieved impressive PCE> 24.5% (aperture area of
20.25 cm2); however, there is still large room for improvement
compared to the record PCEs reported for small-area devices
(29.1% efficiency @0.0489 cm2).[2] All-perovskite TSMs face in

Figure 2. a) Schematic of the fabrication sequence for scalable processing of the tandem modules using a combination of blade coating and vacuum-
deposition techniques. b) Schematic illustration of the 2-T all-perovskite TSM. c) Schematic of the designed vacuum plus nitrogen flowing chamber for
growth of the LBG perovskite. d) The front side of the fabricated tandem module with seven cell strips and an aperture area of 12.25 cm2. e) Current
density–voltage ( J–V ) characteristic of stepwise accumulated tandem cell stripes of the module and the respective FFs. Reproduced with permission.[25]

Copyright 2022, Springer Nature.



many ways the same challenges as small-area all-perovskite
TSCs, such as halide phase segregation in WBG PSCs, facile
oxidation of Sn2þ in LBG PSCs, interface defects, energy-level
mismatch, and energy losses at ICLs. Therefore, all-perovskite
TSMs also need to consider the influence of different deposition
methods on film quality. In order to close this gap in PCE and
further improve the durability of all-perovskite TSMs, the follow-
ing strategies are suggested[28]: 1) Exploiting the nucleation and
growth processes and mechanisms of large-area films: Based on
an improved understanding of these processes, it is expected
that improved morphologies and homogeneity can be achieved
for solution-processed perovskite thin films. Furthermore, gas-
and vacuum-assisted deposition methods that are yet under-
represented in the development of all-perovskite TSMs bear
the potential of controlled large-area thin film growth.
2) Developing approaches of high-quality large-area perovskite
films: The optimization of chemical composition and the use
of additives can further improve the quality of perovskite films,
passivate defects, and reduce nonradiative recombination losses.

For the preparation of uniform large-area perovskite films, the
field shall explore more suitable components and additives to
further control the film growth process, thereby improving the
performance of the devices. 3) Designing and optimizing robust
ICLs: A key challenge for all-perovskite TSCs is that the solubility
of WBG perovskite in the top subcells is similar to that of LBG
perovskite in the bottom subcells for solution-based fabrication
methods. It is necessary to prepare a dense intermediate layer to
protect WBG perovskite to avoid corrosion of the predeposited
films. The ICLs should have a high transmittance in the
near-infrared region to ensure sufficient absorption of LBG per-
ovskites. Meanwhile, ICLs should also have good electrical con-
ductivity to ensure smooth charge transport here. 4) Developing
suitable and scalable charge transport materials: To reduce the
nonradiative composite loss and parasitic absorption of light
at the interface, due to the need for large-area preparation, the
choice of charge transport materials should have a high
infiltration of the perovskite precursor solution. 5) Optimizing
laser scribing processes and developing advanced packaging

Figure 3. a) Schematic of hot gas-assisted blade coating. b) Picture of a blade-coated NBG perovskite film. c) Schematic structure of the all-perovskite
tandem mini-module. d) Pictures and scanning electron microscopy (SEM) images of blade-coated LBG films with gas temperatures at room tempera-
ture, 40, 70, and 100 °C. e) Cross-sectional SEM images of blade-coated NBG films with 16, 8, and 4 mol% DMSO/(SnþPb) ratios in the precursor
solution. Reproduced with permission.[26] Copyright 2022, Springer Nature.



techniques: High-throughput and high-precision laser can
reduce the damage to perovskite film and reduce the dead area
to improve the GFFs, and excellent packaging process can
effectively avoid the degradation of perovskite film by water
and oxygen in the environment to improve the stability of the
device. Overall, continuous efforts and innovations will
pave the way and make all-perovskite TSMs competitive with
alternative PV technologies.
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