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CONSPECTUS: Organic−inorganic halide perovskite photo-
voltaics (PVs)only a decade-old fieldhave reached impressive
power conversion efficiencies (PCEs) and passed industrial
stability requirements (IEC 61215:2016 Damp Heat and Humidity
Freeze tests), solidifying their status among candidates for next
generation PVs. Among the various perovskite PV technologies,
all-perovskite tandem solar cells (PTSCs) are frontrunners for
commercialization. PTSCs unite a narrow-bandgap (NBG; Eg ≈
1.2 eV) perovskite back cell with a wide-bandgap (WBG; Eg ≈
1.7−1.9 eV) perovskite front cell. Despite their nascency, PTSCs
have achieved certified PCEs of 24.8% and 24.2% for small-area
(0.049 cm2) and large-area devices (1.041 cm2), respectively. With
further advances in materials development, PTSCs are capable of
moving beyond the PCE limits of single-junction cells due to reduced thermalization losses and improved utilization of the solar
spectrum. By contrast, the PCE of single-junction perovskite devices is already approaching its saturation level, which is already very
close to the device’s Shockley−Queisser limit for a bandgap of around 1.55 eV. The tandem architecture, thus, provides the most
viable path forward to further exploiting the potential of perovskite solar cells.
However, PTSC technology faces a set of challenges distinct from those in perovskite single-junction devices because (i) NBG
perovskitestypically achieved by Pb−Sn alloyingare prone to oxidation (Sn2+ to Sn4+), which results in a high density of Sn
vacancies that degrade the optoelectronic performance of NBG perovskite films, (ii) practically complete photon absorption and
charge extraction require thick, NBG perovskite films having long carrier diffusion lengths, and (iii) WBG perovskites with high Br/
(I + Br) ratio experience large voltage losses and inferior light stability due to surface trap states and phase segregation.
In this Account, we discuss how to manage these considerations and maximize the power output in PTSCs via light management.
We then review strategies, including composition- and additive-engineering, defect passivation, and matching charge transport layers,
for enhancing the carrier diffusion length of NBG perovskite cells and mitigating voltage losses in WBG perovskite cells. We also
summarize the advances made in the fabrication of PTSCs on the device level, especially the evolution of tunnel recombination
junctions and tandem device architectures. Finally, we highlight further research efforts needed to overcome roadblocks to
commercialization (e.g., improving the environmental, thermal, and operating stability of these devices) and offer our perspective on
the future development of this rapidly advancing field.

1. INTRODUCTION

In the race for the next generation of commercial photovoltaic
(PV) technologies, perovskite solar cells (PSCs) benefit from
bandgap tunability, defect tolerance, long carrier diffusion
length, and compatibility with scalable manufacturing.1−6 Over
the past decade, the surge in the power conversion efficiency
(PCEs), from 3.8% to 25.2%, of single-junction PSCs has made
the highest-PCE cells comparable in performance to silicon
counterparts.7,8 However, the pace of efficiency growth has
considerably slowed down as single-junction perovskite devices
approach the single-junction limit. Fortunately, tandem device
architectures that combine narrow-bandgap (NBG; ∼1.2 eV)
and wide-bandgap (WBG; ∼1.7−1.9 eV) light-harvesting layers
promise even higher PCEs, potentially exceeding the Shockley−

Queisser (SQ) limit of single-junction devices via reduced
thermalization losses and improved utilization of the solar
spectrum.9−11

Given their tailored bandgaps, halide perovskite semi-
conductors can supply both narrow- and wide-bandgap
absorbers for the assembly of all-perovskite tandem solar cells
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(PTSCs). Their manufacture is expected to be less capital-
intensive than is silicon purification and cell fabrication. Recent
advances in PTSCs have delivered a certified PCE of 24.8%, and
we discuss in here the path to >30%.12

On the way to wider impact, PTSC technology faces a set of
challenges distinct from those in perovskite single-junction
devices. Lowering the bandgap of the NBG rear cell typically to
as low as 1.2 eV relies today on Pb−Sn alloying. The Sn2+ ion has
the propensity to oxidize to Sn4+, and Sn-containing perovskites
adversely react with commonly used hole transport materials
(HTMs; e.g., PEDOT:PSS), especially under thermal
stress.13−15 Consequently, the inclusion of Sn without novel
oxidizationmitigation strategies hampers both the efficiency and
stability of PTSCs.15 Other material prerequisites for NBGs also
create constraints on PTSCs. For instance, to ensure sufficient
absorption of the light filtered by the WBG front cell, a NBG
perovskite film thicker than 1 μm is needed, which requires that
NBG perovskite films support long carrier diffusion lengths to
facilitate charge extraction.16,17

In the front cell, WBG perovskites also face several challenges.
Although the voltage losses of a direct bandgap 1.53 eV
perovskite (∼0.35 V) are already lower than those of their
indirect bandgap silicon counterparts (∼0.37 V), WBG PSCs
still suffer from large voltage losses due to their tendency to form
a high density of deep traps.9 Moreover, the high bromine
content of WBG perovskites leads to the material’s tendency to
phase segregate under illumination, resulting in inferior light
stability.18 Therefore, to manifest the full potential of PTSCs,
the challenges facing NBG and WBG perovskites need to be
addressed with new materials design and processing strategies.
In this Account, we discuss recent advances in PTSC

performance, including optical management, enhanced carrier
diffusion length of NBG perovskite cells, and suppressed voltage
losses in WBG perovskite cells. These factors are elaborated
upon with respect to NBG/WBG perovskites and within the
context of tandem devices. We highlight approaches for
improving the environmental and operational stability of these
devices and offer our perspectives on the future development of
this growing field.

Figure 1. Light management in PTSCs. Theoretical PCE dependence on the bandgaps of the front and rear subcells in 4T (a) and 2T tandem
configurations (b). The lines represent the permissible bandgaps of lead iodide perovskites mixed with bromide (front subcell) and tin (rear subcell),
forming a rectangle (highlighted) with the potential theoretical PCEs. (c) Bandgap tuning achieved by varying the halide or metal composition. The
highlighted region indicates the optimal bandgap ranges for maximizing tandem performance. The data points for plotting the mixed Sn−Pb bandgap
vs the tin ratio were obtained from ref 20. (d) Simulated minimum JSC of a 2T PTSC as a function of active layer thickness. The dashed line represents
the current-matching condition. The simulation was performed by assuming a device EQE of 90%, and the data pertaining to the active layers’
absorption coefficient were obtained from ref 21.
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2. LIGHT MANAGEMENT

Depending on the degree of electrical connectivity, tandem solar
cells vary in design and are mainly classified as either 4-terminal
(4T) or 2-terminal (2T or monolithic) devices. Figure 1a,b
shows the theoretical PCE limit of both the 4T and 2T dual-
junction configurations as a function of the front- and rear-cell
bandgaps. The first thing to note is the greater front cell bandgap
selection room for the 4T design compared with that of the 2T
one. The constraint on materials choice in the 2T design stems
from the requirement of photocurrent matching between the in-
series connected subcells. This restriction limits the front cell’s
bandgap to 1.75−1.85 eV to attain the most efficient device.
Moreover, the 2T configuration must accommodate spectral

adjustments to maintain the current matching condition. In
either configuration, alloying with tin to lower the bandgap is
crucial for performance. Thus, the advancement of Pb−Sn-
based NBG rear cells is key to achieving efficient 2T and 4T
PTSCs, despite the instability of Sn2+.
Although the 2T configuration presents itself with distinctive

challenges, its monolithic integration offers lower anticipated
production costs and lower performance losses. Omitting the
transparent electrode of the 4T’s rear cell reduces not only cost
but also the accompanying parasitic reflection and absorption
from the extra electrode, substrate, and interfaces. This
modification, in turn, allows tandem devices to reach higher
overall PCEs.

Figure 2. Improvement of NBG film quality and charge carrier diffusion length. (a, b) Scanning electron microscopy (SEM) images of
MA0.4FA0.6Sn0.6Pb0.4I3 thin films with (a) 0% and (b) 2.5% MACl incorporation. Reproduced with permission from ref 17. Copyright 2018 Nature
Publishing Group. (c) Trap density of states (tDOS) profiles of Pb−Sn perovskite solar cells with and without Cd2+. Reproduced with permission from
ref 19. Copyright 2019Nature Publishing Group. (d) HRTEM image of a grain boundary in a Pb−Sn perovskite films with 7%GuaSCN additive. (e, f)
Charge carrier lifetimes of Pb−Sn perovskite films prepared with (e) 0% and (f) 7% GuaSCN. Reproduced with permission from ref 26. Copyright
2019 American Association for the Advancement of Science. (g) Photographs of precursor solutions when exposed to ambient air without and with Sn
powder and (h) corresponding illustration of vacancy formation and suppression in the Pb−Sn perovskite lattice. Reproduced with permission from ref
29. Copyright 2019 Nature Publishing Group.
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Controlling the bandgap of the active layer is a prerequisite to
attaining the best tandem device performance. Fortunately, the
bandgap of metal halide perovskites can be easily tuned via
composition engineering. Figure 1c shows the common method
for steering away from the standard bandgap of the most typical
perovskite, MAPbI3. Mixing with bromide results in a nearly
linear increase in the bandgap from 1.5 to 2.3 eV, whereas
alloying with tin (Sn2+) lowers the bandgap to ∼1.2 eV in a
nonlinear fashion with a bowing effect. The lowest bandgap can
be achieved with an atomic ratio of∼60% Sn2+, although a lower
percentage of Sn2+ is preferred to minimize the instabilities and
poor film quality caused by the introduction of Sn2+.
The tunnel recombination junction (TRJ), in which electrons

and holes recombine in 2T PTSCs, should exhibit both excellent
transparency and conductivity, between which a trade-off exists.
The most common TRJ, magnetron-sputtered ITO, displays
such favorable properties; however, the material is costly and
brittle and might damage the underlying perovskite layer during
the sputtering process, in which case a protecting buffer layer is
needed prior to deposition. The unique properties of perovskite
materials impose different requirements on the TRJ in PTSCs.
Thus, research in this area is greatly needed for the development
of efficient 2T devices (discussed in more detail in the section
All-Perovskite Tandems).
To match the photocurrent of each sub cell, the thickness of

the active layer is tuned to adjust corresponding absorption.
Figure 1d shows a simulation of the JSC of a 2T PTSC as a
function of the thickness of the absorber layers: a 1.8 eV WBG
front subcell and a 1.2 eVNBG rear subcell (assuming an overall
external quantum efficiency (EQE) of 90%). The dashed line
indicates where the current is matched, with the region to the
right generating a higher front-cell photocurrent and that to the
left a higher rear-cell photocurrent. As the figure indicates, the
overall JSC is limited by the NBG rear cell, which requires a
thickness of ∼1000 nm to approach the maximum JSC. This
limitation stems from the inferior absorption coefficient of the
Pb−Sn NBG perovskite layer in the near-infrared region (750−
1000 nm).19

3. ENHANCING CARRIER DIFFUSION LENGTH IN
NARROW-BANDGAP REAR CELL

The PCEs of PTSCs were initially hampered by the NBG rear
cell’s poor absorption coefficient in the near-infrared region.
Utilizing thicker films to effectively absorb the incoming light
resulted in thicknesses exceeding the carrier diffusion length and
subsequent losses in performance. These problems mainly stem
from the tendency of Sn2+ to oxidize to Sn4+, generating a high
density of defects with poor optoelectronic qualities.
Tomitigate these unfavorable effects, Kumar et al. added SnF2

as a reducing agent and observed a significant improvement in
the PV parameters of CsSnI3 solar cells.

22 Since then, SnF2 has
proven to be an indispensable additive in the fabrication of
efficient NBG rear cells. Efforts in advancing NBG subcells have
mainly focused on improving the quality of the NBG film and
improving its charge carrier diffusion length.
Pinhole-free films are essential for perovskite devices to avoid

shunting and losses in performance. Considering their poor film
formation, Eperon et al. developed a deposition strategy in
which a spin-coated perovskite-solvent-complex film is dipped
into an antisolvent bath for crystallization, instead of adopting
the standard technique of antisolvent dripping used to fabricate
lead halide films.23 This strategy, called precursor-phase
antisolvent immersion deposition (PAI), allowed for smoother

and more uniform tin-containing films to be deposited, resulting
in a FA0.75Cs0.25Sn0.5Pb0.5I3 NBG single-junction PCE of 14.1%
and a 2T PTSC of 16.8%.
Larger grains tend to show lower defect densities and higher

crystallinity, which boost the diffusion length and device
performance. Zhao et al. increased the concentration of the
precursor solution such that the thickness of the active layer
(MA0.4FA0.6Sn0.6Pb0.4I3) was altered from 400 to 620 nm, which
led to the formation of larger grains with higher crystallinity and
longer charge carrier lifetimes.16 As a result, an EQE exceeding
70% in the infrared (IR) region and a JSC value of 28.3 mA cm−2

were achieved. In a follow-up study by the same group, 2.5% of
the iodide was replaced with chloride (Cl), which was found to
further enhance the crystallinity and grain size (Figure 2a,b),
allowing for an 18.1%-efficient device to be constructed from a
750 nm thick absorber with minimal losses in the VOC and FF.
Coupled with a 1.75 eV wide-bandgap front cell, a 21%-efficient
2T device was fabricated.17

Likewise, Leijtens et al. prepared thicker films (∼700 nm) of
FA0.75Cs0.25Sn0.5Pb0.5I3 by varying the concentration and
observed larger grains with better lifetimes and EQEs exceeding
80% in the IR region.24 In addition, a MACl vapor post-
treatment was applied to the PAI-deposited films to heal cracks
and further grow the grains, which increased the VOC, FF, and
stability, yielding a stabilized PCE of 15.6%.
Protecting the grain boundaries and surfaces with a defect-

passivating layer has been key for PSCs and is arguably more
important for Sn-containing oxygen-sensitive films.25 Tong et al.
found that guanidinium thiocyanate (GuaSCN) additives had a
dual effect of enlarging grains and reducing Sn vacancies by
forming a two-dimensional (2D) structure at the grain
boundaries and surface of NBG Pb−Sn perovskite films (Figure
2d).26 The construction of a 2D−3D heterostructure is an
effective way to passivate a defective surface, prevent the
diffusion of Sn toward the grain surface, limit oxygen from
diffusing into grains, and improve film stability. Overall, the
reduced defect density led to an increase in the carrier lifetime to
more than 1 μs and an increase in the diffusion length from 500
nm to 2.5 μm(Figure 2e,f); these changes allowed for a 1000 nm
thick active layer to be incorporated, resulting in a JSC of 30.4 mA
cm−2 and a champion PCE of 20.5%. Combined with a WBG
front cell, 25%-efficient 4T and 23%-efficient 2T tandem devices
were achieved. Similarly, Wei et al. anchored the NBG film
grains with phenethylammonium (PEA) ligands to passivate the
defects and enhance the device stability.27 As a result, a 200-fold
enhancement in the device operating lifetime and a jump from
17.9% to 19.4% PCE (18.95% certified) were observed.
Although SnF2 has been a key ingredient in limiting the

oxidation of Sn2+, it does not sufficiently prevent it, as
demonstrated by Gu et al.28 The researchers coupled SnF2
with another reducing agent, elemental Sn, and observed the red
precursor solution of FASnI3 reverted to yellow in the presence
of oxygen, indicating effective suppression of Sn4+ via a
comproportionation reaction (Figure 2g,h).28,29 Because it
was insoluble in the solution, the metallic tin powder was filtered
out before spin-coating the films. Lin et al. applied this strategy
to Pb−Sn films and observed an increase in the films’ carrier
diffusion length to 3 μm, allowing for the device JSC to exceed 32
mA cm−2.29 PCEs of 21.1% and a certified 24.8% were achieved
for the small area single-junction NBG and 2T PTSCs,
respectively, and most recently, a PCE of 24.2% for 1 cm2

large area 2T PTSCs was reported by same group.30 In another
study, Nakamura et al. reacted a dihydropyrazine derivative with
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the SnF2 precursor present in the solution to form Sn
nanoparticles that further reduce Sn4+ to Sn2+.31 They used
this strategy to fabricate lead-free solar cells of FA0.75MA0.25SnI3
with a PCE of 11.5% and VOC of 0.76 V.
Another interesting strategy to counteract the presence of Sn

vacancies is by filling them with a more stable metal cation.
Because the oxidation of Sn2+ induces self-doping, Yang et al.
proposed that Cd2+ can fill these vacancies and dedope Sn-
containing perovskites.19 The authors further explored the type
of carriers inhibiting the PCE of NBG devices and found that the

electron diffusion length was a limiting factor. To address that
limitation, perovskite films were doped with a trace amount of
Cd2+ (<0.1 mol %), which reduced trap state density and
enhanced the diffusion length of electrons to 2.7 μm(Figure 2c),
enabling a 1000 nm active layer to be incorporated efficiently
with a JSC exceeding 30 mA cm−2.
Pure Sn-based absorbers with bandgaps of around 1.3 eV have

been used to fabricate lead-free NBG PSCs. Devices based on
3D FASnI3 have achieved PCEs over 12%,

32−34 and those based
on inorganic compositions (such as CsSn0.5Ge0.5I3 and Cs2SnI6)

Figure 3. Voltage loss mitigation in the WBG perovskite front cell. (a) Illustration of composition engineering of WBG PSCs. (b) Chemical structures
of widely used additives in processing of WBG PSCs. (c) Trap density of states of WBG PSCs with different additives. Reproduced with permission
from ref 50. Copyright 2019 Cell Press. (d) Surface passivation (left panel) and matching charge extraction contact (right panel) for WBG PSCs.
Reproduced with permission from ref 54. Copyright 2020 American Association for the Advancement of Science. Reproduced with permission from
ref 56. Copyright 2017 Wiley.
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have achieved PCEs over 7%.13 The FASnI3-based devices also
showed good operational stability (23% efficiency loss after 500
h tracking in N2 under 1-sun illumination), which was realized
by incorporation of a bulky divalent organic cation (4-
(aminomethyl)piperidinium (4AMP)).35 The operational
stability of encapsulated Sn-based devices in ambient air is yet
to be uncovered.

4. VOLTAGE LOSS MITIGATION IN WIDE-BANDGAP
FRONT CELLS

WBG PSCs still suffer from large VOC losses, which limit overall
device performance. These voltage losses mainly stem from the
high trap density of WBG PSCs.36,37 Numerous attempts have
been made by the community to tackle this challenge.38,39

PTSCs require a larger bandgap (1.75−1.8 eV) front cell than
that of silicon-perovskite tandems (1.65−1.7 eV), and this
makes phase separation easier for WBG perovskites of PTSCs
with a larger ratio of bromine. However, they share some
common rules of defect chemistry and ways to suppress voltage
loss; therefore, in this section, we summarized the efforts made
to reduce voltage losses for WBG PSCs with a bandgap ranging
from ∼1.65 to 1.8 eV. Among these attempts, composition
engineering has attracted intensive research efforts, as
summarized in Figure 3a. Tan et al. reported a cation
engineering strategy to increase the defect tolerance of WBG
perovskites, in which dipolar methylammonium (MA) cations
were introduced into widely used WBG perovskite compounds
with mixed cations of formamidinium (FA) and cesium (Cs).36

Specifically, dipolar MA cation reorientation heals deep traps,
leading to 19.1%-efficient 1.74 eVWBGPSCs with a highVOC of
1.25 V. Tuning the Br/(I + Br) ratio inmixed halide perovskite is
a general approach for achieving WBG perovskites with an ideal
bandgap of ∼1.7 eV. Deviating from this approach, Xu et al.
demonstrated a distinct chlorine (Cl) alloying strategy that
efficiently increased the bandgap of I−Br mixed perovskites
toward a desired value (1.67 eV).40 Triple-halide alloys (Cl, Br,
I) exhibited an enhancement in both the charge-carrier mobility
and lifetime by a factor of nearly 2 compared with those of the
best 1.67 eV controls, potentially arising from the reduction in
the halogen vacancy defect density via elemental compensation
with the smaller Cl ions. Alloying with Cl led to a champion
triple-halide device with a PCE of 20.42% and VOC of 1.217 V.
The function of defect passivation by Cl ions has also been
observed in other studies, such as when using ligand-capped
CsPbBrCl2 QDs in the antisolvent processing of MAPbI3
films.41

Figure 3b summarizes the additives used in processing WBG
PSCs for PTSCs. Pb(SCN)2 has been demonstrated to increase
the grain size of WBG films.42,43 Bulky organic ammonium
additives have been used to form 2D-3D heterostructures, which
act as grain boundary passivation agents.44 Kim et al. explored
the synergistic functions triggered by introducing two
complementary additivesphenethylammonium iodide
(PEAI) and Pb(SCN)2into a (FA0.65MA0.20Cs0.15)Pb-
(I0.8Br0.2)3 precursor to construct 2D−3D mixed WBG (1.68
eV) perovskites. However, the independent use of large organic
ammonium and Pb(SCN)2 additives gives rise to drawbacks
such as more grain boundaries and excess PbI2, respectively. The
collective effects of PEA+ and SCN− additives have been
observed to remarkably improve the structural and optoelec-
tronic properties of WBG perovskite films.45 Anion engineering
based on PEA+ and SCN− additives (mixed PEAI and PEASCN
additives with optimized ratio) has also been developed, which

has delivered a champion WBG PSC with a PCE of 20.7%
benefiting from the positive roles of both PEAmolecules and the
PbI2-based 2D phase at the grain boundaries.46 By further
tailoring the spacers in 2D−3D heterostructures to improve
charge transport, WBG PSCs with PCEs over 21% have been
achieved.47 Chen et al. revealed that more conductive and
defective grain boundaries ofWBG films fundamentally limit the
VOC of WBG PSCs, and the bulky organic ammonium additives
created an ion diffusion barrier and reduced the accumulation of
detrimental ionic defects at grain boundaries.48 Doherty et al.
observed the compositional inhomogeneity of Br−I mixed-
halide perovskite grains with more trap clusters appearing at the
interfaces between inhomogeneous grains and homogeneous
surrounding material.49

Another pair of additivesMACl and MAH2PO2was
reported by Chen et al. MACl and MAH2PO2 additives help
enhance grain size and grain boundary passivation, respec-
tively.50 WBG perovskite films with a long carrier lifetime (291
ns) have been reported, arising from the effects of increasing the
grain size and reducing the shallow trap density (Figure 3c).
In addition to composition and additive engineering, surface

passivation is paramount to achieving high-performance WBG
PSCs, as the film surfaces have been shown to exhibit higher
charge trap densities than those of the film bulk (including grain
boundaries).51,52 Our recent study revealed that low-temper-
ature-grown thin MAPbI3 single crystals exhibited improved
surface electronic properties because of suppressed loss of MA
cations; this finding indicates that typical high-temperature
annealing may result in a high density of vacancies at the surface
of perovskite crystals or films and that surface passivation is a
prerequisite for pursuing high-efficiency perovskite devices.53

Hou et al. illustrated a thiol-based self-limiting passivation
(SLP) treatment involving the exposure of WBG films to a
homogeneous atmosphere of 1-butanethiol.54 Vapor-phase
small thiol molecules provided high diffusivity and passivated
the top surface of theWBG perovskite films. After the treatment,
the time-resolved photoluminescence (TRPL) lifetime in-
creased from 570 to 900 ns, ∼15% higher than that of films
exposed to trioctylphosphine oxide (TOPO) and ∼60% higher
than that of control samples (Figure 3d). Surface-anchoring
alkylamine ligands (AALs), as grain and interface modifiers,
have been demonstrated as an effective way to suppress voltage
loss of PSCs. These ligands promote a (100) orientation and a
reduction in interface carrier recombination, resulting in
remarkably reduced VOC losses and a certified PCE of 22.3%
for inverted PSCs.55 To address both the bulk and surface
defects of perovskite films, a ligand-capped CsPbBrCl2 QD
dispersion was used as an antisolvent when processing MAPbI3
films to deliver both bulk doping elements and surface
passivation agents. The elements from the QDs were uniformly
distributed across the thickness of the MAPbI3 films, and the
ligands self-assembled on the surface of MAPbI3 films, thus
simultaneously realizing bulk and surface passivation.41

Lin et al. reported that the mismatched energy levels of charge
transport layers also give rise to the large VOC deficit of WBG
PSCs. Compared with the commonly used [6]-phenyl-C61-
butyric acid methyl ester (PCBM), the electron transport layer
(ETL) indene-C60 bisadduct (ICBA) has a shallower lowest
unoccupied molecular orbital (LUMO) level, yielding a larger
VOC in WBG PSCs. However, the energy disorder of ICBAmust
be further reduced to improve the VOC. Isolating the isomer
ICBA-tran3 from the ICBA mixture and using it instead is an
effective way to reduce the energy disorder of ICBA (Figure
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3d).56 In this manner, the VOC of WBG PSCs with ICBA-tran3
was improved by 60 mV. Similarly, Khadka et al. enhanced the

crystallinity (i.e., reduced the energy disorder) of fullerene
derivatives by using alkyl-chain-substituted fullerene derivatives,

Figure 4. Evolution of PTSC architecture. Schematic illustration of PTSCs using Ag/MoOx/ITO as the TRJ (a) and the corresponding device cross-
sectional SEM (b) and J−V curves (c). Reproduced with permission from ref 17. Copyright 2018 Nature Publishing Group. Schematic illustration of
PTSCs using SnO2/ITO as the TRJ (d) and the corresponding device cross-sectional SEM (e) and J−V curves (f). Reproduced with permission from
ref 19. Copyright 2019 Nature Publishing Group. Schematic illustration of PTSCs using SnO2/Au as the TRJ (g) and the corresponding device cross-
sectional SEM (h) and J−V curves (i). Reproduced with permission from ref 29. Copyright 2019 Nature Publishing Group. Schematic illustration of
PTSCs using C60/SnO1.76 as the interconnection layer betweenWBG andNBG cells (j) and the corresponding device cross-sectional SEM (k) and J−
V curves (l). Reproduced with permission from ref 62. Copyright 2020 Nature Publishing Group.
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namely, C60-fused N-methylpyrrolidine-meta-dodecyl phenyl
(C60MC12).

57 The reduction in the energy disorder of the ETLs
led to a high VOC of 1.24 V, an increase of 70 mV, for 1.71 eV
WBG PSCs.
The above-mentioned WBG PSCs are based on mixed-halide

(Br−I) lead perovskites. Lead-free perovskites are also
promising for WBG PSCs. Sn-based perovskites with incorpo-
ration of large organic cations, such as ethylenediammonium
(en) and PEA, can achieve a bandgap as large as 1.9 eV.58,59 The
{en}FASnI3 PSCs with 25% en loading showed a bandgap of 1.9
eV and PCE of 2.34%.58 Other lead-free alternatives, such as
MA3Bi2I9 and MA3Sb2I9‑xClx, also demonstrated a PCE of ∼3%
and good storage stability.60,61 However, there is still a large
efficiency gap between lead-free WBG PSCs and lead-based
WBG PSCs, which is a bottleneck for developing efficient lead-
free PTSCs.

5. ALL-PEROVSKITE TANDEMS

In this section, we summarize advances made in the fabrication
of all-perovskite tandems on the device level. Special emphasis is
placed on the development of TRJs and approaches for
fabricating 2T all-perovskite tandems. An ideal TRJ should
facilitate efficient recombination of the carriers emerging from
the rear and front cells and protect the underlying WBG
perovskite film from any solvent damage. Meanwhile, the TRJ
should exhibit low electrical and optical losses and incur minimal
processing costs.
Several TRJs have been incorporated into 2T PTSCs, and

here, we discuss the representative ones. Zhao et al. used vacuum
processing to stack layers of ultrathin Ag (1 nm)/MoOx (3 nm)/
ITO (∼120 nm) as the TRJ, and a champion tandem cell based
on this architecture showed a PCE of 21.0% (Figure 4a−c).17 It
has been proven that the contact properties can largely be
improved by using a thin Ag layer. However, the thick ITO layer
induces near-infrared parasitic absorption losses and causes
shunting between subcells, which severely restricts upscaling
PTSCs. Yang et al. reported a TRJ with reduced-thickness ITO
on SnO2 (ALD processed; 13 nm)/ITO (∼10 nm), resulting in
a champion PCE of 23.0% (Figure 4d−f).19 Lin et al.
demonstrated a TRJ consisting of an ALD-SnO2 layer (∼20
nm thick) and metallic gold (∼1 nm) (Figure 4g,h).29 A
thermally deposited ultrathin Au layer (∼1 nm) facilitated
electron−hole recombination in the TRJ. Tandem cells without
the ultrathin Au layer showed low FF values with S-shaped J−V
curves. Using ALD-SnO2/Au as the TRJ improved the FF and
yielded certified PCEs of 24.8% and 22.1% for small-area (0.049
cm2) and large-area devices (1.05 cm2), respectively (Figure 4i).
Yu et al. further simplified the interconnection layer between
WBG and NBG cells using C60/SnO1.76 for 2T PTSCs (Figure

4j−l), which made the device fabrication easier and prevented
the parasitic absorption from ITO layer and HTL (PE-
DOT:PSS).62 The device architecture simplification is attrib-
uted to the ambipolar carrier transport nature of SnO2−x layer
deposited by ALD.
Palmstrom et al. indicated that ALD precursors can diffuse

into chemically inert C60 layers, which can lead to nonuniform
films. This effect can be prevented by using an ultrathin (1 nm)
poly(ethylenimine) ethoxylated (PEIE) layer on top of the C60
layer; this added film can also serve as a nucleation layer for the
ALD process (Figure 5b).63 Taking advantage of the hydroxyl
and amine groups of the PEIE layer that are reactive to
metalorganic ALD precursors, a conformal aluminum zinc oxide
(AZO) layer was deposited as a TRJ. Both rigid and flexible
PTSCs were fabricated with PCEs of 23.1% and 21.3%,
respectively (Figure 5a,c).
In addition to using solution-processed perovskite films and

vacuum-evaporated TRJs as discussed above, an all-vacuum-
evaporation or all-solution-processing protocol has been
explored. Vapor-phase deposition of absorbers or charge
transport layers is highly attractive for large-area tandems
because it enables precise control over thickness with nanometer
accuracy, high uniformity of films without morphological defects
such as pinholes, and no solvent damage to the bottom
perovskite layer when processing the top perovskite layer. Ávila
et al. reported a vacuum-deposition protocol for the fabrication
ofMAPbI3−MAPbI3 PTSCs with optically optimized (thickness
tuned) perovskite layers and a TRJ (intrinsic (TaTm), which
was doped (TaTm:F6-TCNNQ)) to achieve a matched current
and to minimize parasitic absorption losses.64 This MAPbI3−
MAPbI3 PTSC yielded a high VOC of 2.30 V and a PCE of over
18%. However, the development of thermally evaporated WBG
and NBG PSCs is urgently needed to realize higher PCE
outputs.
By contrast, solution-processable TRJs allow for upscaling

PTSCs using vacuum-free deposition methods. However, it
remains highly challenging to protect the underlying layers from
the solvent used to process the layers above. McMeekin et al.
replaced the commonly used DMF/DMSO solvent for the
perovskite precursor with highly volatile acetonitrile (CH3CN)/
methylamine (CH3NH2) (ACN/MA) and demonstrated fully
solution-processed absorber, transporting, and TRJ layers
(PEDOT:PSS/ITO nanoparticles) for monolithic PTSCs and
triple-junction PSCs.65 Two-terminal double-junction tandems
with FA0.83Cs0.17Pb(Br0.7I0.3)3 (1.94 eV) and MAPbI3 (1.57 eV)
subcells showed a PCE of 15%, and as the first proof of concept,
triple-junction tandems were demonstrated by further incorpo-
rating MAPb0.75Sn0.25I3 (1.34 eV) as the NBG layer. The triple-
junction tandems showed VOC values reaching 2.83 V and,

Figure 5. Flexible PTSCs. (a) Photograph of a flexible tandem device. (b) Cross-sectional SEM image of PTSCs. (c) J−V curves for flexible PTSCs.
Reproduced with permission from ref 63. Copyright 2019 Cell Press.
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through optical and electronic modeling, a predicted PCE of
26.7%. All-solution-processed all-perovskite tandems open a
new route for large-scale, low-cost, printable perovskite PVs.

6. DEVICE STABILITY

The light instability of WBG PSCs is one of the biggest
challenges for their application in PTSCs. Increasing the
crystallinity and grain size of these WBG perovskite films can
improve their stability under 1-sun illumination.24,66 In addition
to morphological modifications, compositional tuning can
reduce phase-segregation pathways of WBG perovskite
compounds. For example, a triple-halide (Cl, Br, I) WBG

perovskite achieved by alloying an I−Br mixed perovskite lattice
with Cl showed higher resistance to illumination, without
displaying a shift in the PL spectrum centroid (phase separation)
under 10 sun equivalent illumination. Triple-halide WBG
semitransparent top cells retained over 96% of their initial
efficiency after 1000 h ofMPP tracking at 60 °Cunder a nitrogen
atmosphere (Figure 6a,b).40 The mechanism underpinning the
positive roles of Cl in suppressing phase separation was further
revealed by Cho et al.; the authors demonstrated an increased
activation energy for photoinduced halide segregation after Cl
incorporation.67

Figure 6. Device stability: environmental, thermal, and operational. (a) Architecture of semitransparent WBG triple-halide perovskite device. (b)
Long-term stability of WBG triple-halide PSCs under illumination and thermal stress. Reproduced with permission from ref 40. Copyright 2020
American Association for the Advancement of Science. (c) Architecture of NBG Pb−Sn perovskite device for thermal stability testing. (d) Normalized
performance at 85 °C in air (without encapsulation) or in damp heat (with glass-on-glass encapsulation) as a function of aging time for NBG Pb−Sn
perovskite devices. Reproduced with permission from ref 15. Copyright 2019 Nature Publishing Group. (e) Long-term stability of encapsulated PTSC
under continuous light illumination in air. Reproduced with permission from ref 63. Copyright 2019 Cell Press. (f) Long-term stability of PTSC with
C60/SnO1.76 interconnection layer under continuous light illumination at room temperature. Reproduced with permission from ref 62. Copyright 2020
Nature Publishing Group.
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Additive engineering and defect passivation are also effective
in suppressing phase segregation inWBG films and tin vacancies
in NBG films, as discussed previously in detail and will thus not
be expanded upon here.
NBG tin−lead alloyed perovskites have previously been

observed to be extremely unstable in air because of tin oxidation,
which presents an enormous obstacle to scaling up and
successful operation under real-world conditions. Prasanna et
al. comprehensively studied the influence of grain size and
device architecture on the operational stability of Pb−Sn NBG
PSCs. It has been shown that the commonly used hole transport
layer, PEDOT:PSS, reacts with Pb−Sn NBG perovskites,
worsening charge extraction and thermal stability.15 To avoid
this reaction, an HTL-free device architecture was designed by
removing PEDOT:PSS. Oxidative degradation of the Pb−Sn
mixed NBG perovskite FA0.75Cs0.25Sn0.4Pb0.6I3 can be sup-
pressed by increasing compactness and grain size, as degradation
is initiated at and catalyzed by the grain boundaries. Taking
these factors into considerationlarge grain size, compactness,
and tailored architecture design (HTL-free + IZO electrode
(Figure 6c)no efficiency losses were observed after 1000 h of
stability testing at 85 °C in air without encapsulation.
Encapsulated Pb−Sn alloyed NBG devices also showed good
damp heat stability (85 °C, 85% relative humidity), retaining
95% of their initial efficiency after 1000 h (Figure 6d).15

Moreover, a sputtered indium zinc oxide (IZO) was deposited
as a capping electrode because it can prevent the diffusion of
metal into the perovskite when using metal as the electrode.
Another effective way to avoid the reaction with PEDOT:PSS is
to coat a buffer layer on top of it. Yang et al. stacked a layer of
poly(triarylamine) (PTAA) on top of the PEDOT:PSS layer,
together forming the HTL.19 Using other alternative HTLs,
such as NiOx and dopant-free PTAA, can also improve the
stability of NBG devices.68,69 Han et al. applied low-temperature
solution-processed NiOx as the HTL and the corresponding
devices retained 95% of their initial efficiency after 102 days
storage.68 Werner et al. achieved substantial improvement of
thermal stability for NBG devices by using PTAA as HTL and
such devices kept 80% of the initial efficiency after 4000 h at 85
°C.69

The stability of tandems reflects the collective stability profiles
of theWBG front subcell, charge transport layers, TRJ, andNBG
rear subcell. Yang et al. reported a T90 (time when the device
degrades to 90% of its initial efficiency) value of ∼200 h for
encapsulated tandem cells measured under ambient conditions
and 1 sun illumination with MPP tracking.19 By limiting the Sn
vacancies, Lin et al. achieved substantial progress in improving
the stability and reported a T90 of 463 h for the encapsulated
tandem cells atMPP under 1 sun illumination in a nitrogen-filled
environment.29 In addition to the strategies for improving the
intrinsic stability of a tandem device, encapsulation plays a
crucial role in protecting the device from external stimuli and
enables decent long-term operational stability. Palmstrom et al.
developed an encapsulation strategy for all-perovskite tandems
using a combination of ALD-deposited alumina and an epoxy-
sealed glass cover slide, achieving a T90 of over 500 h under
constant illumination, a constant load, and ambient conditions
(Figure 6e).63 Yu et al.62 reported champion PTSCs device
stability under 1 sun illumination after 1000 h; the device
retained 94% of its initial PCE (Figure 6f). Multiple factors
contributed to achieving this decent PTSC long-term stability,
including suppressed phase separation in WBG perovskite by
incorporation of a high percentage of Cs, less Sn content inNBG

perovskite, and avoidance of the PEDOT:PSS reaction with
NBG perovskite by using C60/SnO1.76 as the interconnection
layer.

7. CONCLUSION AND OUTLOOK

In summary, we have comprehensively discussed the recent
advances made in the fabrication of all-perovskite tandems, as
well as summarized the strategies and underlying mechanisms
for improving the efficiency and stability via a bottom-up
approachstarting with the NBG and WBG subcells and
ending with the TRJ and tandem device. Although a prosperous
future can be foreseen, further research efforts are still needed to
remove the obstacles to commercialization. To provide insight
into the future development of this growing field, we highlight
the following remaining challenges and future perspectives.

1. Large VOC deficit of WBG subcells. Although substantial
progress has been made in improving WBG PSCs in
recent years, VOC losses are still much higher compared
with those of their 1.55 eV PSC counterparts. A pertinent
issue to address regarding this photovoltage bottleneck is
understanding the types of defects that act as deep traps
when comparing the WBG to the typical 1.55 eV
perovskites. The compositional heterogeneity and unique
defect profiles of WBG perovskites must be uncovered to
determine the origin of large VOC losses and therefore to
further guide strategies (e.g., composition engineering,
additive engineering, and defect passivation) that can
manage and minimize the trap density. Optimizing the
charge extraction layers’ energy levels relative to those of
WBG perovskites is also important to boost the VOC.

2. Scalable fabrication of perovskite tandems. PTSCs are
usually processed in a nitrogen glovebox by the spin-
coating method. Sn-based NBG perovskites are highly
sensitive to ambient air. Very small concentrations of Sn4+

cause self-doping and can be detrimental to device
performance and stability. This effect makes the mass
fabrication of NBG perovskite films by scalable methods
very challenging because the use of an inert atmosphere
will raise expenses and complexity. Fabrication of all-
perovskite tandems via scalable methods is still rare. Thus,
the exploration of scalable fabrication of both WBG and
NBG perovskite films with large-area uniformity and high
electronic quality will accelerate the transition of all-
perovskite tandems from the lab into the real world.

3. Improving the stability of PTSCs. PTSCs are complex
systems with multiple components, each of which must
possess good stability, including two perovskite layers,
electrodes, several charge transport layers, and the
interfaces generated by these components. Highly
reactive combinations of PEDOT:PSS and Pb−Sn NBG
perovskites are still used in most high-performance all-
perovskite tandems, which poses a challenge to the long-
term stability of all-perovskite tandems. HTL-free
alternatives, alternative HTLs, and coatings on PE-
DOT:PSS can be further explored for use in all-perovskite
tandems to avoid this reactivity issue. Transparent
conductive oxide layers play key roles in stopping ion
migration from diffusing to the metal electrode and
preventing unfavorable reactions and formation of metal
iodides. Utilizing a dopant-free charge transport layer
would also help enhance device stability.
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4. Encapsulation of PTSCs passing strict international
standards. The International Electrotechnical Commis-
sion testing standard IEC61215:2016 includes thermal
cycling, damp heating, and humidity freeze tests. Under
these stresses, gas-phase degradation products of
unencapsulated perovskite films will escape from the
perovskite lattice and be released into the surrounding
environment. Recently, it has been shown that polymer/
glass stack pressure-tight encapsulation is effective in
suppressing such outgassing.70 Moreover, harmful atmos-
pheric stimuli (O2 and H2O) also accelerate the
degradation of WBG and NBG perovskites. Thus,
effective encapsulation to suppress perovskite outgassing
and to isolate the components from external stimuli in the
surrounding environment is crucial.
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