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Rapid advances enabling
high-performance inverted
perovskite solar cells
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Abstract Sections
Perovskite solar cells (PSCs) that have a positive-intrinsic-negative Introduction
(p-i—n, or oftenreferred to asinverted) structure are becoming Charge-transport layers

increasingly attractive for commercialization owing to their rapid
increase in power conversion efficiency, easily scalable fabrication,

. . e eqe . . . Interface engineering
reliable operation and compatibility with various perovskite-based of pi-n PSCs
tandem device configurations. Here, we review key material and device o i-n PSC-based tandem
considerations for making highly efficient and stable p—i—-n PSCs. First, | devices
we summarize key advances in charge transport materials, which were
critical to the rapid power conversion efficiency progress. Second, we
discuss promising perovskite compositions and fabrication methods.
We highlight various additive engineering approaches to improve
the perovskite layer as well as interface engineering strategies that
target either the buried or top perovskite surface layer. Third, we
review progress in tandem devices, focusing on optimization of the
interconnection layer. Next, we summarize the status and strategies for
improving p—i-n PSC stability, especially considering the challenges
of outdoor applications. We also provide prospects for future research
directions and challenges.

Perovskite absorber layer

Stability progress

Summary and outlook

Chemistry and Nanoscience Center, National Renewable Energy Laboratory, Golden, CO, USA.
e-mail: jiang.qgii@outlook.com; Kai.Zhu@nrel.gov

Nature Reviews Materials


https://doi.org/10.1038/s41578-024-00678-x
http://crossmark.crossref.org/dialog/?doi=10.1038/s41578-024-00678-x&domain=pdf
http://orcid.org/0000-0001-7122-3664
http://orcid.org/0000-0003-0908-3909
mailto:jiang.qii@outlook.com
mailto:Kai.Zhu@nrel.gov

el

==

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.

Review article

Introduction

Organic—inorganiclﬁybrid metal halide perovskites have emerged asa
revolutionary class of light-harvesting materials for solar cell applica-
tions (referred to as perovskite solar cells or PSCs). With only about a
decade of active research, the power conversion efficiency (PCE) of
PSCs hasrapidly increased, reaching more than 26% for single-junction
PSCs, close to 34% for perovskite-silicon tandem solar cells and 29.1%
for perovskite-perovskite tandem solar cells' (Fig. 1).

:Because perovskite materials are ambipolar, two types of PSC
architectures can be obtained: the regular negative-intrinsic-positive
(n-i-p) structure and the inverted positive-intrinsic-negative (p—i-n)
architecture (Fig. 1a,b). The difference between these two types is
defined by the sequence of device layers deposited on the substrate.
During the early stage of n-i-p structure development, mesoporous
structures based on dense titanium oxide (TiO,) layers and additional
mesoporous TiO, layers were used as the electron transport layer
(ETL). However, they require high-temperature (>500 °C) sintering
and showed poor reproducibility across laboratories and research-
ers. Since then, tin oxide (SnO,) ETLs have been widely adopted and
exhibit excellent electrical and optical properties®*. These ETLs canbe
processed at low temperature and are compatible with planar device
structures, leading to PSCs with better PCEs and reproducibility®®.
However, concurrently achieving high efficiencies and reliable opera-
tional stabilities is still challenging in n-i-p structures, as commonly
used organic hole transport layers (HTLs) have complicated doping
and oxidation requirements. Indeed, the dopants needed to achieve
good conductivity are often hydrophilic and prone to ion migration
and thus compromise the device stability’. Note that the successful
demonstration of planar-structured n-i-p PSCs also boosted the con-
fidence of researchers in developing p—i-n PSCs (which are normally
based onaplanar configuration) and led to rapid advancementsin cell
configuration design and new materials innovations for p—i-n struc-
tures>*'°, Owing to the absence of detrimental doping, the top ETLs
and bottom HTLs are more stable. Thisimproved stability — along with
the good device scale-up capability, stable operation and easy integra-
tionfortandemapplications —has made the p-i-nstructure attractive
for practical applications™.

Nonetheless, thereisalong history of PCE of single-junction p-i-n
PSCsfalling behind that of their n-i-p structured counterparts (Fig. 1c).
This performance gap is mainly caused by a larger open-circuit volt-
age (V,.) loss, which in turn is caused by non-radiative recombina-
tion processes within the bulk of the perovskite absorber layer and
atits interfaces with charge-transport layers (CTLs)'>™". p-i-n PSCs
were first reported in 2013 with a 3.9% efficiency™ and obtained a
certified efficiency of more than 22% in 2020 (ref. 19). Since then,
the PCE of p—i-n PSC-based single-junction and tandem devices has
rapidly improved owing to various innovations in materials and inter-
face strengths™'**°’ (Fig. 1c,d). This progress in PCE, coupled with
promising stability performance, explains why the research on p-i-n
perovskite PV technologies is growing at a fascinating pace.

In this Review, we discuss key factors and considerations that
haveled torapid progressin the efficiency and stability of p-i-n PSCs,
focusing on the selection and advancement of transport materials,
perovskite compositions and fabrication strategies. We highlight the
evolution of common CTLs, additives for perovskite quality control
and interface engineering strategies for enhancing the overall device
performance. p-i—n PSCs are currently the mainstream to construct
highly efficient perovskite-based tandem solar cells because their CTLs
suffer from less parasiticabsorption and they can be easily integrated

with several existing photovoltaic technologies (such as Siand copper
indium gallium selenide (CIGS)). Thus, we also discuss unique chal-
lenges related to tandem research, focusing on the interconnection
layers (ICTs) and transparent top contact with metal grid strategies.
Additionally, we discuss progress on device durability and highlight
strategies forimproving lifetimes and perspectives for future research.

Charge-transport layers

Historically, the relative underdevelopment of p-i-n PSCs compared
with n-i-p PSCs wasin part caused by inferior charge extraction asso-
ciated with unsatisfactory CTL electrical properties and unmatched
energy levels between the CTLs and the perovskite layer. Non-radiative
recombination often occurs at the interface and restricts the PCE of
p-i-nPSCs.Inthis section, we review commonly used CTLs, including
self-assembled monolayer (SAM) materials (such as [2-(3,6-dimethoxy-
9H-carbazol-9-yl)ethyllphosphonicacid (MeO-2PACz), [2-(9H-carbazol-
9-yl)ethyl]phosphonicacid (2PACz), [4-(3,6-dimethyl-9H-carbazol-9-yI)
butyllphosphonic acid (Me-4PACz)); n-type or p-type oxides (such as
Sn0, and nickel oxide (NiO,)); fullerenes and their derivatives; and
polymers (such as poly[bis(4-pheny)(2,3,6-trimethylphenyl)amine]
(PTAA) or its derivatives, poly (N,N'-bis-4-butylphenyl-N,N'-bisphe-
nyl)benzidine (poly-TPD) and poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate (PEDOT:PSS)) (Fig. 2). These CTLs have been
successfully adopted in efficient p—i—n PSCs with various perovskite
bandgaps.

Hole transport layer

Inp-i-nPSCs, thebottom HTL is the first layer deposited on top of the
transparent conducting oxide (TCO) substrate. The HTL plays a critical
roleindeterminingthe device performance; it not only extracts holes
andblocks electrons but also influences the perovskite film morphol-
ogy and coverage. A good hole transport material (HTM) should be
tailored to the corresponding perovskite composition for different
applications. Anideal HTL should generally satisfy afew requirements:
suitable band alignment with the perovskite layer to selectively transfer
holes and block electrons; good transport properties for conducting
and extracting holes; suitable hydrophilicity or wettability for per-
ovskite precursor coating and subsequent perovskite crystallization;
good optical transmittance to maximize light absorption by the per-
ovskite layer; easy processing and coating ability and good intrinsic
and interfacial stability.

Polymer HTMs. PEDOT:PSS was initially used in p-i-n PSCs, but its
acidity and hydroscopic nature were shownto accelerate the degrada-
tionof the perovskite layer and the corresponding interface, leading to
worsened device stability. In addition, PEDOT:PSS induces substantial
parasitic absorption?®%. As an alternative, PTAA has been successfully
adopted and optimized in p-i-n devices foralong time***, achieving
25% efficiency>*. In contrast with PEDOT:PSS, PTAA is generally hydro-
phobic and may serve as a good template for growing single-crystal
perovskite thin films*?°, However, PTAA has several drawbacks. First,
its hydrophobicity makes the perovskite coating highly sensitive to
the processing environment, which can easily form voids and defects
attheburied interface® . A high degree of conformational freedomis
also associated with the long polymer chains, leading to a high-degree
energy disorder with broadband tail states, narrow splitting of quasi-
Fermi levels, lowered carrier mobility and increased carrier trans-
port barrier*’. In addition, PTAA possesses shallow highest occupied
molecular orbital (HOMO) levels, which leads to unmatched energy
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a Regular (n-i-p) structure

b Inverted (p-i-n) structure

Fig.1| Typical perovskite solar cells structure
and notable device efficiency progress. a, Regular
(n-i-p) structure. b, Inverted (p-i-n) structure.
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levels with various perovskite compositions and it lacks passivation
groups to heal defects at the perovskite-HTL interface.

To address these issues, an applicable strategy is the molecular
engineering of the structure of PTAA, for example, through the removal
ofthe alkyl groups and the simultaneous introduction of pyridine rings
as a multifunctional anchoring group, or by varying the linkage sites
of the pyridine units®***2, These efforts are aimed at forming deep
HOMOs for better energy alignment with the perovskite layer. Simulta-
neously, the modified PTAA can functionalize theinterface and enhance
surface wettability to facilitate high-quality perovskite film deposition
with fewer interface voids and bulk defects and thus suppressed carrier
recombination. Surface treatments before perovskite coating were also
adopted toameliorate the interface properties, improve the perovskite
film quality and enhance the band alignment between the perovskite
and CTLs****, In addition, non-PTAA-based polymer HTMs, such as
insitu crosslinking polymers, have been developed to synchronously
provide better surface wettability and interfacial functionalization,
leading to efficient device performance®.

Self-assembled monolayer. Although p-i-n PSCs using polymer
HTMs have achieved great performance, their high synthesis cost, low
batch-to-batch device repeatability and relatively low conductivity
limit their application*¢. SAM HTMs were first applied in PSCs a long
time ago*’*%, but their use has seen renewed interest since the report
ofafamily of carbazole-based molecules with phosphonicacid groups
(V1036, 2PACz, MeO-2PACz and Me-4PACz)">* (Fig. 2a), which have
groups that spontaneously absorb onto the surface of the substrate.
The reactive oxide surface of the substrate is typically needed for
easier bonding or chemical reactions between the hydroxyl groups of

the metal oxide and the organic phosphonic acid or carboxyl anchor-
ing functiongroup on the SAM molecule®®. The adoption of carbazole
bodies as a rigid backbone is beneficial for electron localization and
hole-selective transport, whereas the methoxy group is used to opti-
mize the ionization potential and wettability (Fig. 2a). The interaction
between the SAMs and substrate greatly affects the coverage of SAMs
and the wettability of the subsequent perovskite layer deposition.

There are several benefits associated with SAM HTMs. First, their
ability to efficiently transfer holes prevents charge accumulation at
the perovskite-HTL interface. In addition, ultrathin thickness can be
achieved, leading to negligible parasitic absorption and enabling effec-
tive substrate templating to facilitate perovskite growth and crystalliza-
tion. SAM HTMs are chemically resistant under perovskite precursor
deposition, and their flexible structural design enables substrate work
function tuning to create energetically aligned interfaces to match
the perovskite absorber. They are compatible with a wide range of
substrates with conformal coverage, necessitate no additional doping
requirements, require simple fabrication schemes and are processible
using green solvents (isopropanol or ethanol). Finally, they have good
mechanical flexibility. Thus, SAM-based HTLs have been widely applied
for both single-junction and tandem (or multijunction) PSCs.

To date, SAMs have pushed the PCE of single-junction PSCs more
than 25% (ref. 13), of perovskite-CIGS tandem devices more than
24% (refs. 51,52), of all-perovskite tandem solar cells more than 27%
(refs. 53,54) and of perovskite-silicon tandem solar cells more than
32% (refs.20,21,26).

Among successful SAMs, Me-4PACz has shown potential to
deliver a higher voltage output. However, hydrophobicity and wetta-
bility of solution-processed Me-4PACz are challenging for subsequent
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Fig.2|Representative charge transport materials for efficient p-i-n
perovskite solar cells. a, Molecular structures of representative self-assembled
monolayers reported for high-performance p-i-n perovskite solar cells.

b, Energy-level diagram of functional layers in efficient p—i-n perovskite solar
cells.ETL, electron transport layer; HTL, hole transport layer.

perovskite layer deposition. Several approaches have been developed
toaddress theseissues. Using mixed SAMs of MeO-2PACz and Me-4PACz
or incorporating surface-modifier molecules of 6dPA (1,6-hexylen-
diphosphonic acid) in the Me-4PACz solution was shown to enhance
perovskite wetting?**~¢, Depositing the perovskite layer using a hybrid
two-step method — co-evaporation of lead iodide (Pbl,) and caesium
bromide (CsBr) followed by a solution-coated mixture of formami-
dinium bromide and formamidinium iodide (FAI) — was also effec-
tive”. Vacuum-deposited Me-4PACz is another option; although the
exactmechanismisstill not clear, the enhanced wetting is presumably
attributable to a potentially more ordered surface packing associated

with the evaporation®. In other studies, the one-step co-deposition of
Me-4PACz with a perovskite precursor resulted in favourable wetting
because the phosphonicacid group from the SAM could spontaneously
bond strongly with the oxide on the substrate, making this approach
attractive for large-area perovskite coating™®.

Other SAM molecules with modified properties were also
reported. For example, DC-PA (((2,7-dimethoxy-9H-carba-zol-9-yl)
methyl) phosphonic acid) was designed based on MeO-2PACZ, but
with areduced HOMO energy for better energy alignment with their
corresponding perovskites***’. By introducing asuitable ratio of alkyl
ammonium salt of 6-(iodo-A5-azanyl) hexanoic acid, the HOMO energy
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level of a co-self-assembled monolayer (co-SAM) could be deepened
to reduce the energy offset with the perovskite layer. The co-SAM
system enabled stronger anchoring strength, higher packing den-
sity on the substrate, good film coverage and perovskite passivation
from the ammonium terminal groups in 6-(iodo-A5-azanyl) hexanoic
acid®. Another multifunctional molecule (2-(4-(bis(4-methoxyphe-
nyl)amino)phenyl)-1-cyanovinyl)phosphonic acid (MPA-CPA) — with
hydrophilic cyano and phosphonic groups — forms a bilayer stack
consisting of an anchored monolayer and a disordered overlayer on
substrates; the overlayer provides a superwetting surface for high-
quality perovskite deposition and minimizes the buried interfacial
defects®. (4-(7H-dibenzo[c,g]carbazol-7-yl)butyl)phosphonic acid
(called CbzNaph or 4PADCB) was also successfully designed asanHTM
for p—i-n PSCs with different bandgaps®®>. By adding a new terminal
group (7H-dibenzocarbazole (DCB)), the new molecule design can
tune the HOMO to about -5.3 eV to —5.5 eV, ensuring more ordered
and denser SAM assemblies with improved film coverage and surface
wettability. This molecule also enables fast hole extraction and sup-
presses interfacial non-radiative recombination, leading to device
performance improvement®.

For future work, exploring more building blocks besides the cur-
rent carbazole-phosphonicacid systemis needed to expand the offer-
ing of SAM-based HTMs for p-i—n PSCs with different perovskite
compositions and device configurations. These SAMs should have
effective functional anchoring and passivation groups with the perovs-
kite surface to formbetter interfacial contacts. They should also have
novel function groups to ensure robust bonding with the substrate.
Electrochemical reactivity at the TCO-SAM-perovskite interface
should also be a consideration for enhancing long-term operational
stability of the device. Note that for stability, there may also be con-
cerns about potential stability under ultraviolet stress, considering
the organic nature of SAMs. Overall, more rationally designed SAMs
will be desirable to balance trade-offs among good contact for aligned
energy levels and bonding stability, hydrophilicity, film formation,
charge transportand collection.

Inorganic HTMs. Inorganic materials, particularly oxides such as
NiO, and the CuX series of Cu0,**, CUSCN®*%, Cul®¢, CuPc®, CuGaO,
(refs. 68,69) and MoO,’%”, have also been widely studied in p-i-n PSCs.
Apart from their suitable and adjustable energy level, good transmit-
tance, low-temperature processing and low cost, they are also expected
to have good stability under light, heat and moisture. However, these
inorganic HTMs also have specific challenges, mainly associated with
surface defects, relatively low mobility and non-uniform deposition
by solution processes, that make them hard to be applied alone as
HTM to boost device performance. Methods for surface passivation,
doping and combinations of certain treatment are generally needed’.

Inorganic HTMs derived from NiO, represent the most promising
category of inorganic HTMs used in p—i—-n PSCs. NiO, has attracted
research attention since the early stages of PSC development””*, owing
toitssuitable work function, high optical transmittance, solution pro-
cessability, good surface wettability and intrinsic chemical, thermal
and light stability'”>7®. However, there are specific challenges. Ni**
self-doping inNiO, leads to p-type conductivity, but the considerable
ionization energy of Ni** hinders the conductivity (for example, the
electric conductivity is limited to ~-10™*S cm™). Ni** may also react
with the A-site cation of the perovskite, leading to A-site defects and
Pbl,_Br rich perovskite at the NiO,—perovskite interface, which hin-
ders charge extraction”’. Different process conditions can also result

inlarge variationsinsurface defectsand HOMO levels (-5.0to0 5.4 eV).
Inaddition, light-induced deprotonation at the NiO,~perovskiteinter-
face can generate interfacial vacancies and cause the formation of
shallow-level defects and strong ion movement, thus leading toinferior
efficiency’®”.

To address these challenges, additional processing steps, such as
metal doping, thermal treatment, process control and surface modi-
fications’”%°"%, are required. Organic salts and spacers such as FAI,
methylammonium iodide and guanidinium iodide are mostly used
to treat the NiO, surface”". These salts can bond with the uncoordi-
nated Pb*' sites at the interface and compensate for halide vacancies.
For example, by mixing the perovskite precursor with large organic
cations of GA*, the 2D GA,Pbl, phase can form at the buried interface
andresultinthe hydrogen bonding between the-NH,groupin GA*and
the uncoordinated oxygens in NiO,. These 2D structures also serve
as nuclei for perovskite growth, thereby passivating the otherwise
Ni-deficient NiO, surface®.

Thus, the rational design of inorganic HTMs, combined with com-
pensation strategies to avoid their drawbacks and the possible incor-
poration of SAMs or other organic molecules, could be promising for
constructing effective HTLs for highly efficient and stable p-i-n PSCs.

Electron transportlayer

ETLs also play a critical role; in addition to extracting electrons, they
could also provide self-encapsulation to mitigate the impact of ambi-
ent oxygen and moisture on the underlaying perovskite layer. Widely
used ETL materialsin p—i-nPSCsare fullerene-based materials, n-type
conjugated polymers and n-type metal oxides. An effective ETL in a
p-i-n PSC needs to meet multiple requirements: a suitable energy
level to selectively transfer electrons and block holes, high electrical
conductivity and mobility, easy fabrication, good stability and good
transmittance especially for perovskite-based tandem devices and
bifacial devices®.

First, wediscuss fullerene-based ETLs with different electron affini-
ties, including C,, C,o, phenyl-Cé1-butyric acid methyl ester (PCBM)®
and other derivatives (such as fulleropyrrolidinium iodide (C4,-bis),
indene-C,bis-adduct (ICBA) and C,,-fused N-methylpyrrolidine-m-C,,-
phenyl (CMC)). These materials are frequently used in efficient p-i-n
PSCs owing to their high electron mobility and low-temperature pro-
cessing”®”’. They can be used alone, combined and/or blended (such
as in PCBM/C,, CMC +ICBA) to ensure a good alignment between
their lowest occupied molecular orbital and the perovskite layer. The
fullerene layer is often accompanied by an additional, essential buffer
layer (such as bathocuproine, or BCP) to modulate the interface energy
alignment with the counter electrode® .

Inorganic alternatives such as n-type metal oxides (such as SnO,,
ZnO and TiO,) are attractive and have been adopted to replace the
commonly used BCP buffer layer owing to their good stability, easily
adjustable optoelectronic properties and low cost. Common combina-
tions include PCBM(C,,) with TiO,, CeO,, SnO, or ZnO”>"****7 Cerium
oxide (CeO,) nanocrystals showed promising high electron mobility
and suitable energy alignment for efficient charge extractionand lead
togood device efficiency and stability in NiMgLiO/MAPbl,/PCBM/CeO,
devices”. Bilayers of PCBM/Nb-doped TiO, were shown to improve the
ohmic contact and electron mobility®*. Sn0, layers obtained by atomic
layer deposition (ALD) have been widely adopted in p—i-n PSCs along
with transparent top electrodes for tandem or bifacial applications®.
The ALD SnO, forms a dense and conformal layer, providing good
protection to avoid sputtering damage to the perovskite layer when a
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transparent electrode layer (such as indium-doped tin oxide (ITO) or
indium zinc oxide (IZ0)) is needed. ALD SnO, can also behave as a con-
formal diffusionbarrier whenitis deposited onto the P2-scribed p-i-n
tandemmodules. The electrically conductive SnO, canstill form ohmic
contactand transport electrons while preventing lateral halide-metal
diffusion between interconnecting subcells, helping fabricate tandem
modules successfully®®,

Although fullerenes (especially C¢,) have beenused as the primary
ETL material in high-performance p-i—n PSCs, the rapid progress of
the field has already exposed some of their weaknesses, such as their
associated energy disorder, underlying mechanical stability issues and
high cost?’, which limit further performance improvement,. Thus, it
isexpected that future ETL research will likely focus on non-fullerene
materials as well as direct deposition of inorganic metal oxide (such
as Sn0,) ETLs atop the perovskite layer without fullerene-based seed
layers'°°"2, When conducting the direct deposition of metal oxide
by the ALD process, it is critical to have a suitable precursor selection
with deposition temperatures that are benign and compatible with the
underneath perovskite layer. An additional buffer or seeding layer may
alsoberequired to assist with the deposition. Another possible direc-
tioninvolves developing solution-processible metal oxide nanoparticle
materials that canbe dispersed innonpolar solvent such asisopropanol
before their application onto the perovskite layer. For this approach,
achieving a complete and compact metal oxide layer and controlling
the film thickness without sacrificing the conductivity of the metal
oxide layer areimportant.

Perovskite absorber layer

The perovskite layer is responsible for multiple functions, including
light absorption, charge generationand separation. Anideal perovskite
layer generally has several features: compactness and uniformity, large
apparent grain size, suitable bandgap for specific applications, high
charge carrier mobility and long charge carrier diffusion length. For
applicationsin p-i-nPSCs, the perovskite film morphology is especially
important to ensure the high-quality conformal deposition of thin ETLs.

Chemical compositions

Perovskites have the chemical formula ABX;, in which A, Band X stand
forthe monovalent cation (suchas MA", FA", caesium (Cs") and rubidium
(Rb")), the divalent metal cation (such aslead (Pb*") and tin (Sn?)) and
the halide anion (such as chloride (CI"), bromide (Br") and iodide (I")),
respectively. Chemical composition engineeringleads to bandgap tun-
ing of the perovskite. Inmost highly efficient p-i-n PSCs, mixed-cation
perovskites, with abandgap around 1.5-1.6 eV, have been used as the
absorber layer. Perovskites with a wide-bandgap (WBG) around 1.65-
2.0 eV ofteninvolve a Br-Imixture with a high Br content (>15%) and are
used as thetop cellintandem configurations. Note that Br-I phase seg-
regationis along-lasting challenge that limits WBG PSC efficiency and
stability. Perovskites with anarrow-bandgap (NBG) of about1.2-1.3 eV
canbe obtained through Sn-Pb B-site alloying and are often used as the
bottom cell in all-perovskite tandem devices. For Sn—Pb perovskites,
Sn*" oxidation and the corresponding defect formation represent the
biggest challenge. Commonly reported high-performance perovskite
compositions, along with their bandgaps and corresponding device
structures, are summarized in Supplementary Table 1.

Modulating perovskite compositions strengthens both the ther-
modynamic and environmental stability of perovskite materials.
Here, we note that MA-free strategies have been particularly attrac-
tive for developing perovskite with a wide range of bandgaps. The

MA molecule is relatively volatile under low temperature (-65 °C)
and rapidly decomposes under elevated temperature, light exposure
and atmosphere'*>'%*, However, MA facilitates perovskite growth and
crystallization. In the absence of MA, more defects are likely generated
during perovskite film formation, and consequently, additives are often
required to adjust the film formation process. Examples of such addi-
tivesinclude alow volatile dibutyl sulfoxide Lewis base, which helped
stabilize the intermediate phase of an MA-free and Br-free FA,_,Cs,Pbl,
normal-bandgap perovskite,improving the crystallinity and resulting
inreduced bulk defect density and internal residual stress'. Another
additive, 2-aminoindan hydrochloride, was also effective in manipulat-
ing the crystallization of MA-free perovskite'*®. The functional groups
on the molecules behave as passivators to modulate carrier recombi-
nation and form dipoles at the HTL-perovskite interface to enhance
charge extraction.

For NBG perovskites based on Sn-Pb mixtures, the biggest issue
is the oxidation and self-doping of Sn and the formation of related
defects. Several strategies were developed to improve the thermal
stabilities of Sn—Pb perovskites by constructing MA-free and MA-less
composition'” ™, Like with normal-bandgap perovskites, the lack of
MAin NBG perovskites facilitates the formation of structural defects.
Toaddress this challenge, in one study, an SnCl,»xFACl complex additive
was used to improve the microstructure and morphology and reduce
the residual stress of ~1.34-eV Cs,;FA,;Sn,;Pb, ;1; perovskite films™.
In another study, a two-step bilayer interdiffusion approach (done
by initially separating the spatial locations of Sn-halide and organic
salts) effectively modulated the crystallization speed and reduced the
MA content in Sn—Pb perovskite (FA, gsMA,Csg 055N, sPbg sl;) without
compromising film and device properties'”. By comparing Sn-Pb
perovskites with different compositions, it was also shown that pure-
FA-based Sn-Pb perovskites were more thermally stable than FA-MA-
based ones, highlighting theimportance of developing MA-free Sn-Pb
perovskites'®.

Mixed-halide WBG perovskites that have a Br content more than
15% generally have Br-I phase segregation issues. One approach to
mitigate halide segregation is modulating the A-site composition
to achieve a pure-iodide-based perovskite?. Although most of the
attention has been devoted to solving Br-1 phase segregationin WBG
perovskites, MA-free WBG has also emerged as an alternative trend
for boosting device performance. Making highly crystallized perovs-
kites, implementing suitable interfacial modulation and engineering
the composition represent the main research areas for MA-free WBG
PSCs. For instance, dimethylammonium (DMA) was introduced at
the A-site in FA,DMA,Cs,_,_,PblBr;_, PSCs, showing a promising route
for fabricating efficient and stable WBG PSCs'*"*. Gas quenching
and compositional texture engineering were also used to construct
efficient MA-free WBG PSCs and all-perovskite tandem solar cells®* 5,
Rubidium-caesium (Rb-Cs) mixed A-site engineering improved the
phase stability of inorganic WBG perovskites; introducing lattice dis-
tortions allowed for a high tolerance of I-Br ratio to relieve halide ion
migration and suppress phase segregation'”. We expect that, in the
future, MA-free compositions will b'ecome the mainstream for WBG
perovskite development for various applications'*™*.

Fabrication methods

The purpose of choosing a suitable fabrication method is to make
high-quality perovskite films on specific substrates, with the goal of
obtaining large apparent grain sizes, reduced grain boundaries, fewer
defects, uniformity and asmooth film surface. Perovskite deposition
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methods can be divided into two general categories: one-step and
two-step methods. They often involve vacuum deposition, solution
deposition or acombination of both.

One-step deposition. The one-step method is the most widely used
for fabricating p—i—n devices. In this method, a perovskite precursor
solution is directly deposited onto the substrate by various coating
techniques such as spin coating, blade coating and slot-die coating.
Coatingis usually followed by solvent extraction. During solvent extrac-
tion, an intermediate phase is formed from the perovskite precur-
sor, and a subsequent annealing step is often required to complete
perovskite crystallization.

At present, most of the reported high-performance PSCs are fab-
ricated by one-step spin coating coupled with antisolvent dripping for
solvent extraction. Antisolvent selection is crucial for removing excess
solvent successfully and delicately. It depends on the precursor solvent
type and mixing ratio as well as on the perovskite composition'?'%,
However, the antisolvent approach often has a narrow processing
window; the quality of the perovskite film is sensitive towhenand how
the antisolventis applied as well as the processing environment (such
astemperature and atmosphere).

Conventional antisolvent dripping is not compatible with large-
area uniform film coating. In spin coating, the film quality strongly
dependsonthe spinrate, spin duration, dripping and post-annealing
processes. The nucleation occurs during spin coating and dripping,
whereasthe crystal growth takes place during the subsequent thermal
annealing stage. For large-areascalable deposition, techniques such as
blade coating or slot-die coating are typically used and paired with hot
casting, vacuum flashing and gas-assisted quenching, instead of anti-
solvent dripping®**'>*, Thickness control relies on the concentration
of'the precursor ink, the gap between the blade (or slot-die head) and
the substrate and the coating speed. There are two typical strategies
to control the precursor ink drying process, both of which are highly
related to the solvent component, ratio coordination control, substrate
temperature control and the addition of surfactant or additives. The
first general strategy relies on slowing down the crystallization pro-
cess of the initial wet film by controlling the ink solution chemistry
or substrate temperature, assisted by subsequent gas-quenching or
vacuum extraction to transfer the wet film to the intermediate phase.
Additional post-annealing process is often required. The second gen-
eral strategy relies on the direct application of external heat to the
substrate or the assistance of in situ gas-quenching during the coating
process. In this process, the nucleation and crystallization instantly
happen concurrently with the ink application. Overall, ink drying
engineering represents one of the critical tasks that needs to be further
developed to control the crystallization kinetics and formation
dynamics.

Two-step deposition. During two-step processes, the lead halide layer
is typically first deposited by spin coating or vacuum deposition, fol-
lowed by soaking or spin coating organic cation solutions. Standard
two-step deposition is not commonly used to prepare perovskites in
p-i—-nPSCs, owing to a few challenges. The control of lead-halide-sol-
ventintermediates remains challenging, and arapid and uncontrollable
reactionbetween the organic componentand the pre-deposited lead
halide component can occur. Thus, the full conversion and reaction
of the two layers to form a stoichiometric perovskite layer is difficult
to control. Excess Pbl, is challengingin p—i-n PSCs owing to a possible
energy level misalignment and charge extraction issues. The poor

wettability of lead halide solutions on hydrophobic HTLs (such as PTAA
and poly-TPD) presents another difficulty for uniformsurface coverage.

Various strategies involving additional modifications have been
reported for the two-step deposition of high-quality perovskite layers
andinterfacesin p—i-n PSCs. These strategies include precursor addi-
tives'?12*12¢ solvent annealing'” and surface modification'?, Using
these strategies, two-step methods have been successfully applied to
obtain perovskites with different bandgaps1°”25 3¢,

For normal-bandgap (-1.55 eV) perovskites, treating the PTAA layer
with ablend of polyelectrolytes (PFN-Br) and ammonium salt pheneth-
ylammoniumiodide (PEAI) helps refine the buried interface between
PTAA and perovskite to enable better crystallization and grain growth
of the perovskite layer, leading to considerable device efficiency and
stability'*®. In another study, a small amount of the polar solvent N,N'-
dimethylformamide was added to the FAI-methylammonium iodide
precursor in the second step to assist the interdiffusion process and
full conversion of the two layers, and the additional use of PEAl in the
second step further enabled surface passivation for enhanced device
performance'®.

For WBG (-1.7 eV) perovskites, a hybrid two-step approach was
developed for the conformal deposition of a1-um-thick perovskite on
atextured Si wafer? ', In this approach, a first layer of Pbl,~CsBr was
deposited using co-thermal evaporation to ensure full coverage and
avoid the Me-4PACz wettability issue, while ensuring easy thickness
tuning to produce a thick perovskite film. A second layer was then
deposited using spin coating, and the coating was optimized to pro-
ducethetargeted perovskite film thickness and crystallization quality
by adjusting the precursor concentration and spin coating speed”",

For NBG (-1.25 eV) perovskites, MA-less (-10%) Sn—Pb perovskite
films were obtained using a bilayer interdiffusion growth process.
MASCN (SCN: thiocyanate) was added to the Snl,-Pbl, precursor in
thefirststep. The strongbonding between SCN and Snions facilitated
the pre-formation of mixed Sn—Pb perovskite nanocrystallites and
suppressed the preferential, rapid reaction of Snl, and FAI'”.

Note that by selecting a deposition method, one should always
consider the targeted perovskite properties. For example, both NBG
and WBG perovskites have fast crystallization properties; thus, agen-
tler ink drying method (such as gas quenching) may prove valuable
for forming dense layers®**®. Nevertheless, methods that avoid the
antisolvent process are generally attractive for large-area scalable
fabrication. Modulating the crystallization kinetics through the use of
various additives to obtain dense and uniform perovskite grains and
filmsis also critical, especially for scalable large-area coating.

Additive engineering

Owing to their polycrystalline nature, perovskite films unavoidably
present different types of intrinsic defects, such as vacancies and
interstitials at their grain boundaries and interfaces, which can cause
unwanted charge carrier recombination and thus restrict PSC per-
formance. Additive engineering — incorporating, for example, small
molecules, organic spacers and ion liquids — represents one of the
best approaches to control the crystallization process and mitigate
thoseissues.

Additive engineering has multiple benefits. First, it can help
modulate perovskite film morphology by regulating the growth and
crystallization speed — mostly slowing down crystallization, as rapid
growth usually produces more defects — for a more homogeneous
film formation. More specifically, additives can suppress nanovoids
at the HTL-perovskite interface, leading to large perovskite grains,
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and encourage coherent grain growth'. These features are espe-
cially attractive for perovskite scale-up. Second, additives are often
used to passivate defects. Additives with functional groups caninter-
act with perovskite components (such as lead cation and halides) by
chemical bonding to passivate different charge imperfections''*,
Third, additives can be used in precursor inks to mitigate the degra-
dation of the perovskite precursor solution (Fig. 3a). For example,
suitable additives can serve as stabilizers, suppressing the change of
1, defects back to I” before and after perovskite film fabrication*'*
(Fig. 3b). 3-Hydrazinobenzoic acid with an -NHNH, functional group
was shown to suppress the oxidation of I', whereas the H* generated
by the carboxyl (~COOH) group could inhibit the deprotonation of
organic cations and the amine-cation reaction. The synergy of these
functional groups could thereby help inhibit degradation™*. Additive
engineering canalso heal the HTL-perovskite-buried interface through
the spontaneous attachment of the functional ligand of the additive
to the bottom surface (or as a sediment)®**'* and can reduce the top
surface recombination at the perovskite-ETL interface, where bulky
additive molecules cannot be inserted into the perovskite lattice and
are expelled away towards the top surface”. Moreover, additives can
modulate the work function for better energy alignment and release
strains to suppress ion migration',

Both the choice of the functional groups and the solubility of
the additive in the desired solvent are crucial when developing new
additives. Additives based on large organic cations (it is easier to form
low-dimensional (LD) phases in comparisonto 3D ones) should ideally
only improve the interfaces by either facilitating high-quality film
formation on top of HTLs or introducing efficient defect passivation
atthe perovskite-ETL interface, without affecting the bulk perovskite
crystal structure or its dimensionality.

Agood chemical additive should simultaneously enhance device
efficiency and stability. For example, the small molecule 4-guanidin-
obenzoic acid hydrochloride was added into the perovskite precur-
sor to slow down the crystallization kinetics and form larger grains;
simultaneously, it functioned as an effective non-volatile passivation
linker inthe annealed film by strongly bonding with the uncoordinated
lead and organic-inorganic vacancies via Lewis acid—base reaction®
(Fig. 3¢). Additives based on ionic liquids or ionic salts modulate per-
ovskite film quality and enhance device stability and efficiency®"%,
Polymer additives such as 3D star-shaped polymers are also designed
to chelate with perovskite materials, acting asa3D template to control
perovskite crystallization and passivate defects, resulting in reduced
charge transport losses™’.

For NBG and WBG perovskites, where controlling grain mor-
phology is critical because of the fast crystallization speed during
perovskite formation, effective additives are aimed for morphology
modulation, defect passivation and then device performance. For
example, 2D perovskites®?, Lewis bases-acids"° and ammonium zwit-
terions' have been used as passivators for Sn-Pb NBG perovskites.
Guanidinium thiocyanate or its mixture with PEAIvhas beenintroduced
into Sn—Pb perovskite precursor to significantly improve film quality
and carrier lifetime and to lower the defect density, increasingits PCE
(especially substantially reducing voltage deficit)**'** (Fig. 3d). Addi-
tives such asammonium cation passivators of 4-trifluoromethyl-phe-
nylammonium'* (Fig. 3e) and reductive surface-anchoring zwitterionic
molecules of formamidine sulfinic acid were introduced to suppress
Sn* oxidation and passivate deep traps of Sn-Pb perovskite films''. For
WBG perovskites, similar types of strategies were utilized, such as using
2D passivators™**, chloride or pseudohalide-based salts'**” and small

molecules with multifunctional groups'*®™**. The synergistic approach
is often used to modulate the perovskite quality, in which pseudohalide
SCN~ helps curing the deep trap states™”'>'>*,

In addition to perovskite bulk treatment, additives are also
effective at improving the interface regions. For example, by directly
incorporating glycine hydrochloride (GlyHCI) into the Sn-Pb-based
perovskite ink, the head group (-NH;") of GlyH" could bind to the sur-
face of perovskite crystallites, usually at the bottom (HTL-perovskite)
interface, whereas the tail group (-COOH) was anchored to the HTL,
forming an interfacial dipole-electric field to facilitate hole extrac-
tion' (Fig. 3f). Appropriate ammonium salts could thus self-assemble
at the buried interface when introduced into the precursor solution.
Similarly, the small molecule 2-aminoindan hydrochloride was used
as an additive in a Cs FA,_,Pbl; perovskite precursor ink to modulate
carrier recombination and extraction dynamics at the HTL-perovskite
interface through the formation of a2D-3D heterojunctionassociated
with Al preferentially reacting with Pbl, to form 2D perovskite crystal-
lites and sediment at the bottominterface (Fig. 3g). The small molecule
2,3,4,5,6-pentafluorobenzylphosphonicacid (FBPAc) behaves as a pas-
sivation agentand surface stabilizer avoiding moisture erosion with rich
fluorocarbon chains™ and was also introduced into the WBG perovskite
depositionsequenceto reduce Pb-related defects through its phospho-
nicacid group; FBPAc was expelled towards the top perovskite surface,
retarding the formation of trap states at the perovskite-C,, interface?.

Interface engineering of p-i-n PSCs

The perovskite layer is sandwiched betweenthe ETLand HTL, and the
interfaceregions (top surface and buried surface) are often more defec-
tive than the bulk of the perovskite layer. These defects can cause trap-
assisted non-radiative recombination, hinder charge transfer and result
in photochemical degradation at the interface. Therefore, interface
engineering is essential to boost device efficiency and durability.

Perovskite-ETL top interface engineering

High-density traps on the exposed perovskite top surface, often created
from unbonded dangling bonds, are a major contributor to surface
recombination loss. Surface modification by tailoring the terminal
groups on the perovskite surface is effective to modify the surface
chemical environment, reduce surface defects and further optimize
electron extraction and hole blocking. Numerous surface modification
approaches have resulted in substantial performance improvements
of p-i-n PSCs. They have one or more benefits: awork function change
to induce a more n-type characteristic in the top surface region for
sufficient charge transfer; reduced surface defects and recombination
loss; and the ability to release surface residual stress formed during
perovskite annealing.

There are three general approaches for optimizing the perovskite
surfaceandbuilding amore effective perovskite-ETL interface: sacrific-
ing the perovskite top components to surface reactions; constructing
alow-dimensional or 3D heterojunction with the perovskite absorber
layer or anchoring functional materials atop of perovskites (Fig. 4a).
Perovskite surface reactions that form new products to modify the per-
ovskite-ETLinterface are an efficientapproach. Surface sulfidation —
introducing sulfur-containing compounds to react with Pb in the
surface region to form lead sulfate (PbSO,) or lead sulfide (PbS) —
provides effective surface passivation and enhances charge extraction
to boost device efficiency; these treatments also suppress ion migra-
tion and strengthens the perovskite top surface structure for better
device stability’>*® (Fig. 4b). In another study, the small molecule
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Fig. 3| Additive engineering of the perovskite layer. a, A diagram showing
that the additives behave positively in the whole fabrication process including
perovskite precursor stabilizing, film formation and device interface healing.
b, Absorption spectra of fresh and 75 days aged commercial hydrogeniodide
(HI) precursor solution without or with 3-HBA (3-hydrazinobenzoic acid),

PH (phenylhydrazine) and benzoic acid (BA) as additives. The absent peak at
365 nm (indicator of I, or I;") for 3-HBA shows the effectiveness of stabilizing the
precursor to avoid the oxidation of I". ¢, Normalized in situ photoluminescence
peak position evolution of control and target with 4-guanidinobenzoic

acid hydrochloride (GBAC) additive in perovskite, showing the retarded
crystallization process after adding GBAC. d, Comparison of top-view scanning
electron microscopy image of Sn—-Pb perovskite film with and without
phenethylammonium iodide (PEAI) + guanidinium thiocyanate (GASCN)
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additive. e, Schematics of the interaction between the 4-(trifluoromethyl)
phenethylammonium (CF;-PEA) molecule and acceptor-like defects in Sn-Pb
perovskite films. f, Interface modification of mixed Sn-Pb perovskite films by
the glycine hydrochloride (GlyHCI) additive. The GlyH" is bonded to the bottom
surface during perovskite growth. g, Cross-section high-resolution transmission
electron microscope image of the cell with 2-aminoindan hydrochloride (AICI)
additive, showing that a thin layer of 2D perovskite ((Al),(FA),_,Pb,l,,Cl,)

was formed at the buried interface. ETL, electron transport layer; HTL, hole
transport layer. Panel b reproduced from ref. 134, Wiley. Panel c reprinted
fromref. 24, Springer Nature Limited. Panel d reprinted from ref. 53, Springer
Nature Limited. Panel e reprinted from ref. 143, Springer Nature Limited. Panel
freprinted fromref. 137, Cell Press. Panel g reprinted from ref. 106, Springer
Nature Limited.

3"(aminomethyl) pyridine (3-APy) was shown to selectively react with
the perovskite surface FA" to form a new product that can reduce the
formation energy of charged iodine vacancies, leading to effective

n-type doping with proper band bending in the top surface region; in
turn, this treatment led to much improved efficiency and operational
stability at elevated temperatures for p—i-n PSCs” (Fig. 4c).

Nature Reviews Materials



Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.

Review article

@ Top surface regulation

Surface reactions LD or 3D perovskite layer

b surface sulfidation

Control

d LD/3D bilayer heterojunction

Quasi-2D treatment

2D ligands +
APPT I
MA/DMF 5000000 S
91000000 I
©
4! AL Y g |
IR spin  SXXIILIL 8¢
oooo PO P, IXLEEEEE = | o
0000000 SSSSOSS R i
00990009 99909909 ’ n=2 3 4

T T T
0V oVoVoVoVoVo 550 600 650

Wavelength (nm)

0V oVoVoVoWVoWo

500

f Molecular anchoring passivation

Aft. ageing Control Aft. ageing

6] 01 02 03 04
PFIR intensity (a.u.)

04
PFIR intensity (a.u.)

05

Another successful surface treatment strategy involves the use of
organic salts as efficient passivation agents. Such treatments tend to
form low-dimensional perovskite and construct low-dimensional/3D
heterojunctions at the top surface of the perovskite. For example, sur-
face treatments with oleylammoniumiodide, PEAl or quasi-2D perovs-
kite led to efficient charge transfer at the perovskite-ETL interface'>’
(Fig. 4d). Immiscible 3D-3D bilayer construction of the perovskite
heterojunction can also provide the benefits by forming a proper type-
IIband structure to suppress interfacial non-radiative recombination
and facilitate charge extraction™® (Fig. 4¢). Moreover, multifunctional
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molecules such as ferrocenyl-bis-thiophene-2-carboxylate, an orga-
nometalliccompound with high electronegativity, and piperazinium
iodide with R,NH," group can bond with different terminating ends
(suchasuncoordinated Pb* and halide ions) on the perovskite surface,
thus improving device performance'®*** (Fig. 4f).

Organic salts such as GABr, PEAI, PEACI and 4-(trifluoromethyl)
phenethylammonium were used as passivators to reduce non-radiative
recombination losses®*'%2, Treatment with the Lewis base compound
ethylenediamine (EDA) was shown to transform the p-type surface of
Sn-Pb perovskite to n-type, resulting in a higher built-in potential and
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Fig. 4 | Perovskite-electron transport layer interface engineering. a, Three
strategies to build abetter interface between the perovskite and electron
transportlayer. b, Surface sulfidation treatment (left) and photographic
comparison of devices after maximum power point tracking stability testing
(right). ¢, The introduction of the small molecule 3-(aminomethyl) pyridine
(3-APy) onto the perovskite surface produces a surface condensation reaction
between FA"and 3-APy (top); Kevin probe force microscopy (left) and line
profile (right) after 3-APy surface treatment, the treated surface showing
smoothed potential fluctuations. d, A quasi-2D treatment incorporating
dimethylformamide (DMF) into 2D ligands and organic salts to produce n > 2
reduced-dimensional perovskites (left); transient absorption spectra of films
with quasi-2D treatment, producing majority n = 3 reduced-dimensional
perovskites (right). e, Pb—Sn perovskite solar cells with a 3D-3D bilayer

perovskite heterojunction (left) and cross-sectional high-resolution scanning
transmission electron microscopy image of the perovskite heterojunctions
(right). f, Peak force infrared mapping microscopy to detect MA* cations,
showing that the MA* was well maintained in ferrocenyl-bis-thiophene-2-
carboxylate (FcTc,)-treated perovskites after ageing. g, Quasi-Fermilevel
splitting (QFLS) maps of perovskite films with and without 1,3-propane-
diammoniumiodide (PDA) treatment, showing the increased homogeneity and
resistance to Cqy-induced defects at electron transport layer-perovskites for the
PDA-treated samples. Panel b reprinted from ref. 12, AAAS. Panel c reprinted
fromref. 13, Springer Nature Limited. Panel d reprinted fromref. 14, Springer
Nature Limited. Panel e reprinted from ref. 158, Springer Nature Limited.

Panel freprinted fromref. 34, AAAS. Panel g reprinted fromref. 117, Springer
Nature Limited.

alower defect density at interfaces'®®. EDAI, or EDA can also behave as

surfactant molecules with diammonium groups to induce homoge-
neous potential, facilitate charge extraction and increase ion migra-
tion barriers and can be applied for both NBG and WBG PSCs'""*?71¢*
(Fig.4g).Inaddition, PEAI/EDAI, or 1,3-propanediammonium iodide/
butylammoniumiodide as co-modifier can selectively anchor various
types of traps in both WBG and NBG perovskites for effective defect
passivationllS,llZléS,lbél

Perovskite-HTL bottom interface engineering

p-i-nPSCs cannot be fully optimized without considering the bottom
HTL-perovskiteinterface, where a high density of deep-level trap states
is expected'?. The non-optimized buried HTL-perovskite interface
may restrict perovskite film crystallization and growth, which in turn
can affect device performance'®®. However, in contrast to the perovs-
kite-ETL interface, the buried perovskite-HTL interface has received
less research attention. Most interfacial modulation materials may
have a high solubility in perovskite precursor solvents, such as N,N'-
dimethylformamide, dimethyl sulfoxide and N-methyl-2-pyrrolidone,
and consequently, the interfacial modifier can be washed away during
perovskite coating. Thus, the buried interface is more difficult to modu-
late than the top interface. Considering that it is not exposed during PSC
fabrication, thereported fundamental properties of buried interfaces
are limited and often difficult to characterize directly. Chemical and
mechanical lift-off strategies were used to study the buried HTL-per-
ovskite interface®**'*°, and voids and inhomogeneities were clearly
seen. Thus, non-destructive sample fabrication and characterization
methods are needed to engineer the buried perovskite-HTL interface'*®,

Note that the interface issue varies for different HTL substrates.
The surface of PTAA is hydrophobic, which makes PTAA difficult to
use to obtain continuous and compact films. Thus, incorporating an
interlayer is essential forimproving its wettability. Surface treatment
by organic salts, such as alkylammonium materials such as PEAl and
2D spacers, was used to optimize the wettability of the PTAA layer and
consequently to reduce the voids and defects®**** (Fig. 5a).

Interface modification based on SAMsis largely focused on address-
ing the hydrophobicity of Me-4PACz. For instance, when the surface
modifier 6dPA (which contains phosphonic acid groups) was added in
an Me-4PACz solution, the surface energy of SAM-covered substrates
wasincreased, thus improving the perovskite wetting and device yield*
(Fig.5b). Another approachinvolved using a nanoporous insulator con-
tactstructure of a thick dielectric Al,O; with randomnanoscale openings
todecorate the PTAA/Me-4PACz SAM layer, whichenhanced the surface
wettability of the perovskite precursor andimproved the perovskite film

quality;italsoreduced non-radiative recombinationatthe perovskite-HTL
interface owing to the reduced contact area'”° (Fig. 5¢).

The NiO,—perovskite interfaceis also not perfect, whichisaresult
of the poor photostability associated with interfacial reactions. In
addition, the energy barrier at the buried interface can lead to less-
ideal interfacial hole extraction”"'7>, An interesting and common
way to address this issue is to combine the merits of NiO, and SAMs
to form a bilayer or mixed HTL structure. This approach can create
more aligned energy levels and enhance SAM surface coverage owing
to the strong bonding between SAM and the NiO, surface”"*'*, The
SAM molecules can also passivate NiO, surface defects and improve
device stability’®"”’, For example, a mixture of two SAMs (2PACz and
MeO-2PCAz) anchored on the NiO, layer acted as a stress buffer layer,
passivating the deep traps at the perovskite-SAM-NiO, interface
region, and improving the interfacial energy alignment® (Fig. 5d).
As another example, the NiO,/4-(3,11-dimethoxy-7H-dibenzo[c,g]
carbazol-7-yl-butyl)phosphonic acid (MeO-4PADBC) combination
was utilized toimmobilize the SAM molecules at the NiO,~perovskite
surface, with a similar impact on the device performance'”. A Lewis
base molecule called 1,3-bis(diphenylphosphino)propane (DPPP)
was used to treat the NiO,/Me-4PACz surface; DPPP was redissolved
and segregated at the perovskite-NiO, interface and could be found
bothinthe perovskite layer and at the NiO,~perovskite interface. The
post-treatment improved the perovskite crystallinity, enhanced the
mechanical toughness of the perovskite-NiO, interface and passivated
interfaces and grain boundaries, thus enabling excellent PSC stability*°
(Fig. 5e). As another strategy, the use of hydrogen peroxide additive
modulation to homogenize the NiO, deposition for better SAM cov-
erage, with improved charge extraction and lower interface leakage,
further validated the successful usage of NiO,/Me-4PACz bilayers in
high-performance p-i-n PSCs? (Fig. 5f).

In summary, according to the trends and progress in p—i-n PSC
development, the large efficiency gap between regular and p-i-n PSCs
is mainly due to severe interfacial imperfection. Developing effective
interfacial modifications is essential for further improvement. The
top surface region still contributes to efficiency loss, and thus new
effective surface passivation strategies should be developed. As
p-i—n PSC performance progresses to a new level, the buried HTL-
perovskite interface willbecome abottleneck. Thus, the discovery and
development of novel and multifunctional HTMs are crucial.

p-i-n PSC-based tandem devices
To further improve the efficiency beyond the single-junction Shock-
ley-Queisser limit by covering abroader range of the solar spectrum,
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a, Top and cross-sectional view scanning electron microscope image perovskite
comparison between control and F-PEAI-modified substrates. b, Comparison
of optical images using Me-4PACz and Me-4PACz + 6dPA selective contact
layer. ¢, Schematics of porous insulator contact-based device structure.
Introducing an Al,O;island layer could reduce the perovskite-hole transport
layer contact area, enhance the wettability and improve perovskite layer
deposition. d, Introducing mixed self-assembled layers between the NiO, layer
and the perovskite enables a molecule bridge for better hole-selective contact.
e, Hyperspectral photoluminescence images of perovskite films on control and
DPPP-treated substrates, before and after a light ageing study. f, Kevin probe
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Me-4PACz. BCP, bathocuproine; DPPP, 1,3-bis(diphenylphosphino)propane;
ETL, electron transport layer; F-PEAI, 4-fluoro-phenylethylammoniumiodide;
HTL, hole transport layer; H,0,, hydrogen peroxide; Me-4PACz, [4-(3,6-
dimethyl-9H-carbazol-9-yl)butyllphosphonic acid; PTAA, poly[bis(4-pheny)
(2,3,6-trimethylphenyl)amine]; SAM, self-assembled monolayer; TCO,
transparent conductive oxide; WBG, wide-bandgap; 6dPA, 1,6-hexylendiphosphonic
acid. Panel areprinted fromref. 37, AAAS. Panel b reprinted from ref. 55, ACS.
Panel creprinted fromref. 170, AAAS. Panel d reprinted from ref. 176, Springer
Nature Limited. Panel e adapted from ref. 80, AAAS. Panel fadapted from
ref.25, AAAS.

tandem and multijunction solar cells are effective and promising
approaches'®"”°, Perovskite-based tandem solar cells are one of the
key applications of p—i—-n PSCs. The bandgap of perovskite thin films
can be easily tuned, and they are compatible with various tandem
configurations. For tandem solar cells, the p-i-n PSC structure has

important advantages compared with the regular structure, including
easier fabricationand reduced parasitic absorption. The most efficient
tandem PSCs are all based on p-i-nstructures, reaching 33.9%, 29.1%,
24.2% and 23.4% certified PCEs for perovskite/Si, all-perovskite, per-
ovskite/CIGS and perovskite/organic tandems, respectively"2%>5¢150,
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Perovskite compositions and processing strategies related to tan-
dem devices containing WBG and NBG perovskites are discussed
in the perovskite composition engineering section; here, we focus
on the ICT and transparent top electrode, which are also key
components for tandem devices.

Interconnection layer

In two-terminal tandem solar cells, the ICL is needed to connect the
top and bottom subcells and it plays a pivotal role in determining
the overall device performance (Fig. 6a-c). The key component of the ICL
isthe charge recombination layer (CRL), which should provide enough
recombination sitesbetween thetop andbottom subcellsto facilitate the
connectionand recombination of electrons from the bottom subcell with
holes from the top subcell, ideally without any voltage loss. To render
theinterconnect ohmic,afew hundred nanometres of TCO (ITO or1ZO)
oranultrathinlayer of ~-1-nm metal silver (Ag) or gold (Au) is frequently
inserted between the top and bottom subcells®*'*"'¥2, Anideal ICL should
bedense, chemicallyinertand electrically conductive, while also having
low lateral conductivity (to mitigate shunt paths through the top sub-
cells) and being optically transparent™"*'% It should also be resistant to
high temperatures and physically resilient for stable device operation.

Atpresent, CRLs based on ultrathin metallayers (such as1-nm Au)
are commonly used for all-perovskite tandem cells**'*’, Even though
simplified interconnection structures have been demonstrated'*,
developing ultrathin metal layers seems essential to optimize effi-
ciency™®. Similarly,a-1-nm Ag layer was used as the CRL in perovskite/
organic tandem cells''. However, even a layer as thin as 1 nm already
introduces notable optical losses, which can lower the external quan-
tum efficiency of the back cell and the overall J,. of the tandem cells.
Strategies need to be further developed to create a highly transparent,
ohmic and chemically robust interconnecting layer to eliminate the
need for the metal CRL. The metal layer could also present a degrada-
tion path for tandem devices under long-term operation, which should
be the subject of more investigations in the future.

Perovskite-organic tandems have attracted research attention
owing to the remarkable advances in single-junction WBG PSCs and
NBG organic solar cells. However, such tandems currently show non-
ideal efficiencies owing to the optical and energy losses introduced by
theinterconnectimperfections betweenthe subcellsand theinterface
alignment between the low-work-function SnO,/BCP and the high-
work-function molybdenum oxide (MoO,). In these cases, the CRL
is usually based on a thick TCO layer and suffers from issues such as
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Fig. 6 | Interconnection layer and top transparent electrode contact designs.
a, A perovskite-based tandem device, in which the bottom narrow-bandgap (NBG)
subcell can be based on perovskite, organic, silicon or CIGS absorbers, whereas
the top wide-bandgap (WBG) subcell is based on perovskite absorbers with a
bandgap ranging from about 1.65 eVto 1.8 eV (left). Theinterconnection layeris a
critical component, especially in perovskite/organic tandem configurations (parts
band c), for achieving better transparency while maintaining the recombination
function.d, Asilver grid for current collection. Optimized designs with thinner

Finger Finger

fingers and asmaller pitch can reduce 1ZO thickness while maintaining a good
current collection to minimize parasitic absorption losses. e, Power conversion
efficiency (PCE), fill factor (FF) and short-circuit current density (/) of simulated
cells with different finger heights and 1ZO thicknesses as a function of grid finger
numbers. Panels b and care adapted from refs. 86,180, Springer Nature limited.
Panel eis adapted from ref. 20, AAAS. BCP, bathocuproine; CIGS, copper indium
gallium selenide; CRL, charge recombination layer; HTL, hole transport layer; ITO,
indium-doped tin oxide; IZO, indium zincoxide.
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free carrier absorption at nearinfrared (NIR) wavelengths and Fresnel
reflection losses owing to contrast in refractive indices between the
TCO and bottom cell absorber interface'*>'*, To address and balance
these challenges, one approach would be to make thinner TCO lay-
ers. This approach also takes advantage of the fact that the solvent
used for dissolving the organic active layer (such as chlorobenzene,
chloroform or toluene) generally has a low boiling point, and that
the solvents used for dissolving the perovskite and organic layers are
orthogonal. Several strategies to optimize the ICL and CRL in perovs-
kite/organic tandems have already been demonstrated. For example,
theintroduction of a4-nm-thick sputtered IZO layer between the BCP
and MoO, layers simultaneously helped improve ohmic contact and
optical transmittance in the NIR*®. Inanother study, a~1.5-nm-thick ALD
indium oxide (InO,) layer enabled barrier-free transport of electrons
from the bottom PSC across the SnO,/InO,/MoO,-organic interface,
alleviating the upward band bending at the CTL interface’° (Fig. 6c¢).
We expect that the use of InO, could also be effective for perovskite/Si
and all-perovskite tandem cells.

Transparent electrode contact
At present, transparent electrodes are mainly made of TCOs (such as
ITO and1Z0). With aproper choice of TCO, atransparent electrode can
achieve good electronic conductivity and NIR transparency. In compari-
son to PSCs based on top metal contacts, PSCs based on top TCO con-
tacts are expected to show better long-term stabilities, as the TCO also
functions as abarrier layer to prevent or suppress materials diffusion.
For TCO-based top transparent electrodes, two areas need specific
attention: the parasitic absorption losses (mostly in the NIR region)
associated with free carrier absorption and the broadband reflection
losses at the device-air interface. In general, annealing at a high tem-
peratureisrequired toimprove the transparency of TCOs, whichis not

Box 1

compatible with low-temperature processing for perovskites. This
processing constraint can strongly compromise optical and electrical
properties of TCOs.

To alleviate the parasitic absorption losses while maintaining high
electrical conductivity, TCOs with high electron mobility instead of
high free carrier density are required. For example, IZO and its doped
series, such as hydrogen-doped indium oxide (10:H), tungsten and
hydrogen co-doped indium oxide (IWO:H), zirconium-doped indium
oxide (1ZrO) and cerium and hydrogen co-doped indium oxide (ICO:H),
have good sheet resistance with an average absorptance as low as 2%
in theinfrared region'" %,

Another strategy toreduce the parasitic absorptioninthe TCO layer
istoincorporate metallization schemes with minimal shadowinglosses
(Fig. 6d). With the grid utilization, the thickness of TCO layers can be
substantially reduced, resulting in lower parasitic absorption losses'*'",
This strategy could enhance both the electrical and optical performance
ofthe system. Forexample, ina perovskite/Si2T tandem configuration
with about 1-cm? aperture area, changing the number of grid fingers
(tothree fingers) with a fixed finger width (30 pm) along with reducing
thelZO thickness (to 40 nm) gave the best experimental efficiency and
reproducibility results with well-matched )/, between subcells® (Fig. 6¢).

Stability progress

Understanding and improving PSC stability is one of the most chal-
lenging obstacles to bring PSCs from the laboratory to the market. The
stability of inverted PSCs has improved substantially since their first
demonstration, with enhanced robustness against various environmen-
tal and operational stressors. However, for commercial applications,
there are still many scientific and technical challenges to be addressed.
Inaddition, standardized testing conditions should be adopted by the
scientific community (Box 1).

Perspective on stability evaluation protocols

Standardized testing protocols are required for evaluating device
stability. Here, we discuss our views on the evaluation protocols to
accelerate our assessment of perovskite solar cells (PSCs) stability
towards outdoor operations. In 2020, the International Summit on
Stability of Organic Solar Cells (ISOS) made a consensus statement
on the standard protocols for stability testing of PSCs?'°. The testing
protocols cover a wide range of conditions, ranging from dark
storage to operational stability, including numerous key stressors
(such as electrical bias, heat and light) that are important to PSC
operation. PSC researchers are encouraged to follow ISOS testing
protocols to enable meaningful comparisons among publications.
We encourage the following practices when reporting the stability
results. First, to reflect real-world lifetimes, we encourage testing
for thermal and operational stability under elevated temperature
(>50°C, up to 85-90°C). Although >120°C is out of the normal range
required by terrestrial photovoltaic applications, the well-known hot-
spot effect can lead to solar cells reaching such a high temperature,
especially for module devices”". The testing temperature used for
stability studies should always be noted. Second, apart from the

testing temperature, other detailed ageing conditions should also be
mentioned, such as light source, light intensity, ultraviolet filter, bias
condition, testing atmosphere, encapsulation, device structure and
initial device efficiency. It is also important to use the same device
stack for both stability and efficiency studies. Third, we should focus
more on the outdoor field tests, in which multiple stressors coexist
and change over time, to evaluate device stability under real-world
conditions. The feedback from outdoor field tests is valuable to guide
indoor accelerated tests to understand degradation modes and
mechanisms®®*'%?22'%_Fourth, we also need to pay attention to the
initial burn-in effect. Multiple factors can contribute to the burn-in
effect, including the imperfect electrical properties of charge-
transport layers, energy level misalignment between each function
layer, adhesion of the electrode, perovskite composition and film
quality”*?™, We encourage studying the underlying mechanism and
developing strategies to mitigate the burn-in (fast PCE drop at initial
stage) phenomenon. If an important burn-in exists, especially when
it is not recoverable, it is not a good practice to report a post-burn-in
lifetime with a before-burn-in efficiency.
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Fig.7 | Perovskite solar cells stability. a, Overall strategies for device
operational stability optimization and guided by indoor stability tests under
elevated temperature and real-time outdoor ageing studies. b, MPP tracking of
345FAn-treated device under 85 °C, -50% relative humidity. The device stack is
FTO/2PACz/Cs 0sMA( 0sFA(oPb(lg05Br g 05)3/345FAN/C,,/SnO,/siliver. ¢, Quasi-MPP
tracking of wide-bandgap perovskite solar cells, in which the perovskite was
prepared by gas quenching. The device stack is ITO/MeO-2PACz + Me-4PACz/
Cso3DMA,;FA, (Pb(l,;Br,;)s/Cs0/SN0,/gold. d, Device stability with and without
DPPP treatment, under light illumination at open circuit. The device stack is FTO/
NiO,/Me-4PACz/DPPP (or no DPPP)/FA ¢sCs¢0sPbls/PEAI/C¢,/SnO,/chromium/
copper. e, Averaged operational stability from 10 to 20 devices under different
temperatures. The device stack is ITO/MeO-2PACz + Me-4PACz/Rb ¢sCS 0sMAg o5
FA gsPb(lg0sBrg0s)3/3-APy/Cy0/SnO,/Au. The inset shows the hourly degradation

rates at three different temperatures (left). The right panel shows the normalized
PCE evolution of 14 packaged devices under outdoor ageing conditions. Panel
breprinted fromref. 23, AAAS. Panel creprinted fromref. 54, AAAS. Panel d
reprinted fromref. 80, AAAS. Panel e adapted fromref. 56, Springer Nature
Limited. 345FAn, 3,4,5-trifluoroanilinium; 2PACz, 2-(9H-carbazol-9-yl-ethyl)
phosphonicacid; 3-APy, 3-(aminomethyl) pyridine; DMA, dimethylammonium;
DPPP, 1,3-bis(diphenylphosphino)propane; ETL, electron transport layer;

FTO, fluoride-doped tin oxide; HTL, hole transport layer; ITO, indium-doped

tin oxide; MeO-2PACz, [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyllphosphonic
acid; Me-4PACz, [4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid;
MPP, maximum power point output; PCE, power conversion efficiency; PEAI,
phenethylammonium iodide; SAM, self-assembled monolayer.

Strategies forimproving stability

Here, we focusontheintrinsic device stability underillumination, bias
and heat. Degradation processesrelated to moisture (and oxygen, toa
certain degree) can be largely mitigated with a reliable device encap-
sulation and packaging scheme. Examplesinclude the use of epoxy for

cell encapsulation aimed for indoor accelerated ageing tests™'* and
the use of polyisobutylene-based and lamination-based packaging
strategies for outdoor stability tests'*>'*>, A summary of the state-of-
the-art stability status under operation and elevated temperature can
be found in Supplementary Table 2.
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There are several key aspects forimproving and evaluating device
stability for practical applications (Fig. 7a). The first key consideration
istheintrinsicstability of the perovskite layer, for which three factors
must be considered: the tolerance factor range and phase stability
must be satisfied by cation and anion alloying; volatile components
and additives must be avoided; and high-quality (low defect) perovskite
crystallizationmethods must be developed. Another key consideration
isensuring that the charge-transport and electrode-contact layers are
intrinsically stable and uniformly and densely deposited. Inaddition, it
isimportanttolink device optimization, indoor stability and outdoor
field tests to guide stability improvements. Indoor stability tests under
harsh conditions are needed to provide insights for further device
optimization, but proper field studies are also needed to understand
the effectiveness of indoor test results. Implementing afeedback loop
among thesestepsis critical to accelerating the development of stable
and efficient PSCs.

At present, devices based on organic HTMs such as PTAA, MeO-
2PACZ,2PACz and Me-4PACz produce reasonable stability under mild

stressing conditions>****°1””_ However, studies on acceleratedindoor
long-term operational stability at high temperature (>85 °C) as well as
direct outdoor field stability tests are critically lacking®. Using NiO,-
only HTMs in p-i—n PSCs may not be the best choice to withstand the
accelerated stressors as expected, considering their reactive nature
that might lead to reactions with the perovskite components and for-
mation of substantial defects under harsh conditions’”**', However,
using NiO, HTMs with a proper buried ipterface engineering strategy
canlead toimportantimprovements instability®*7**>*°°, More efforts
areneeded to examine operational stability under higher temperatures
and outdoor conditions. Thus, developing new HTMs (or modifying
them to enable high-temperature device operation) is necessary.
Apermeationbarrier canalsobe used for stability improvement.
Au/carbon and TCO electrodes are normally preferred for improving
PSC stability?"*°>. However, Au is expensive, and IZ0O may not meet
durability expectations owing to potential intrinsic or interfacial
issues®®. A chemically inert bismuth interlayer could act as a robust
permeation barrier to limit undesirable moisture ingress and protect
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Fig. 8| Bifacial perovskite solar cells. a, Light absorption, including direct,
diffused and reflected sunlight, from the surrounding environment of a bifacial
device. b, Measurement setups for characterizing bifacial solar cells under
concurrent bifacial illumination using one (left) or two (right) simulators. ¢, The
current density-voltage curves of a bifacial device under different albedos. The
inset shows the bifacial device configuration. d, Simulated short-circuit current
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density (J,.) contributions from the individual subcell (dashed and dotted lines)
and the overall tandem cell (solid lines) for a top cell with different bandgaps,
when applied in bifacial perovskite-silicon tandem cells. FTO, fluoride-doped
tin oxide; 1ZO, indium zinc oxide. Panel b adapted from ref. 206, Wiley. Panel ¢
adapted fromref. 88, Cell Press. Panel d reprinted fromref. 207, Cell Press.
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the metal electrode fromiodine corrosion®*. More efforts to explore

the use of chemically inert metals (such as chromium (Cr)/Cr,0,) asa
buffer layer or electrode should be considered®®.

Most works have so far focused on various interface engineering
techniques toimprove device stability. For example, areactive surface
engineering approach using an ammonium-pyridine small molecule
was used to construct arobust and effective perovskite-ETL interface —
the unencapsulated devices maintaining 7,, for 1,315h at 65°Cin N,
under1.2-sunwhite LEDillumination™. Non-reactive ammoniumligands
(anilinium and its fluorinated derivatives) have also been used to create
arobustinterfacestructure, with the encapsulated device showing Ty,
for1,560 h after MPP operation at 85 °C and 50% relative humidity under
1-sun illumination (white LED light)* (Fig. 7b). Perovskite crystalliza-
tion control is another good approach to boost PSC stability (Fig. 7c).
By applying gentle gas quenching during the crystallization of high-
bromide-content perovskites (which usually happens fast), highly
textured, high-quality WBG perovskites were obtained, and the phase
segregation wassuppressed toachieve better device operationalsstabili-
ties, with a T, of more than 1,100 h operation under 65 °C in N, under
1.2-sun white LED illumination®*. Modifying NiO, HTL and perovskites
with a diphosphine Lewis base molecule helped p-i-n PSCs maintain
a PCE of -23% for more than 1,500 h under open-circuit condition at
~0.9-sun white LED solar simulator at 85 °C (ref. 80) (Fig. 7d).

Understanding the outdoor or field stability under real-world
conditions is essential for future PSC application. Indoor or laboratory
device operational stability studies can be performed under different
elevated temperatures tounderstand the thermally activated degrada-
tionbehaviour (Fig. 7e). Temperature-dependent degradation rates can
thenbe used to predict the stability of packaged devices under outdoor
ageing. In one example, devices retained about 90% of their initial
PCEs after 22 weeks of ageing outdoors (Golden, CO, USA)*°. Coupling
light and heat (such as 65 °C and 85 °C) is important to accelerate the
understanding of the field behaviour of well-packaged PSCs.

Perovskite-silicon tandem device outdoor stability was also
tested (Red Sea coast of Saudi Arabia). This device retained 80% of
itsinitial efficiency after 1year, which is promising. Temperature and
solar spectrum are the critical elements for tandem outdoor perfor-
mance'”. More field stability tests should be conducted in the future
for perovskite photovoltaic devices.

Summary and outlook

p-i—-n PSCs have a long development history similar to regular PSC
structures. Since 2022, the PCE of p-i-n PSCs has surged to more than
25%, and their stability has passed many IEC standards™*>*°. This pro-
gress can be attributed to efforts on HTL development, perovskite
deposition and interface engineering.

Specific modifications, such as HTL treatments, the use of addi-
tives in the perovskite layer or interface modifications are often
required to obtain good performance. Very frequently, these strate-
gies are developed for a specific perovskite composition or contact
layer. It would be more impactful if these developments were appli-
cabletoawide range of perovskite compositions and device stacks. It
would alsobeideal if some of these improvements, targeting different
parts of the device stack, could beintegrated to accelerate technology
development.

Apart fromtandem devices, discussed here, bifacial devices could
also be effective to simultaneously enhance efficiency and stability.
In bifacial architectures (Fig. 8a), the semi-transparent top electrode
utilizes the environmental reflection and scattered light to enhance

light harvesting and energy yield. p-i-n PSCs are promising for bifacial
configurations because they have less parasitic absorption owing to
their backsideillumination. Concurrent front and back light illumina-
tionisrecommended for accurately measuring the output of a bifacial
device? (Fig. 8b). Nowadays, even bifacial single-junction PSCs could
yield energy outputs comparable to perovskite-based tandem devices
with promising long-term energy yield®*°°. For example, a bifacial
single-junction p—i-n PSC delivered around 27% efficiency under an
albedo of 0.2, which surpassed the monofacial single-junction power
output and silicon cell efficiency; with an albedo of 0.3, the power
output went up to around 29%, catching up with monofacial and bifa-
cial all-perovskite tandem devices® (Fig. 8c). For perovskite-based
tandem devices, the current match conditions for the two subcells
should be reconsidered owing to the different subcell current gains
generated from the albedos. A lower bandgap for the WBG top cell is
needed when transferring monofacial to bifacial design*"2%° (Fig. 8d).
Single-junctionbifacial minimodules were also developed to produce
higher power output and operational stability'*®. These works all show
the promising future for bifacial PSC development.

Finally, for stability studies, future research should focus more on
improving long-term operational stability, especially under outdoor
testing conditions. Forindoor laboratory tests, the stressors are usually
fixed andisolated. By contrast, outdoor operation ofteninvolves acom-
bination of multiple stressors (and rapid changes of these stressors),
which enhances the unpredictability of device operation. At present,
most of our understanding related to stability is limited to the cell level.
For modules fabricated with the standard scribing technique (such
as P1, P2 and P3), the stability is substantially more complicated. The
dominantdegradationmechanisms at the celllevel may not be the same
at the module level. Consequently, strategies to overcome stability
challenges may shift significantly from cells to modules.

We expect that this Review will attract attention from academic
andindustrial researchers who are interested in developing p—i-n PSCs
for single-junction and tandem applications, as well as other groups
withaninterestin fundamental materials and chemistry of perovskites,
solar energy conversion techniques and other novel electronic and
optoelectronic devices.
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