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solar cells (PSCs) with a p-i-n architecture due to their attractive advantages, such as
exceptional stability, high efficiency, low cost, low-temperature processing, and
compatibility with tandem architectures, leading to a surge in their development.
Single-junction and perovskite-silicon tandem solar cells (TSCs) with an inverted
architecture have achieved certified PCEs of 26.1% and 33.9% respectively, showing
great promise for commercial applications. To expedite real-world applications, it is
crucial to investigate the key challenges for further performance enhancement. We
first introduce representative methods, such as composition engineering, additive
engineering, solvent engineering, processing engineering, innovation of charge
transporting layers, and interface engineering, for fabricating high-efficiency and
stable inverted PSCs. We then delve into the reasons behind the excellent stability of
inverted PSCs. Subsequently, we review recent advances in TSCs with inverted PSCs,
including perovskite-Si TSCs, all-perovskite TSCs, and perovskite-organic TSCs. To
achieve final commercial deployment, we present efforts related to scaling up and
economic assessment. Lastly, we discuss the potential and challenges of inverted

PSCs in the future.
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1. INTRODUCTION

Metal halide perovskites with excellent optoelectronic properties including long
charge-carrier diffusion lengths, tunable bandgaps, high absorption coefficient have
become a game-changer in the research of optoelectronics (e.g., solar cells, light-
emitting diodes).** Metal halide perovskites generally form an ABXjs structure, in
which A represents monocations like methylammonium (MAY), formamidium, (FAY),
or caesium (Cs"), B is divalent metal cations such as Pb?" or Sn?* and X denotes
halide anions like 17, Br-, or less-frequent CI~ (Figure 1a). Due to their remarkable
properties, harvesting solar energy by metal halide perovskites has attracted enormous
research interest. The initiation work of using metal halide perovskites as light-
absorbing materials started in 2009 with a comparably low power conversion
efficiency (PCE) of 3.8%.° At the initial stage, the development of PSCs learns
lessons from dye-sensitized solar cells (DSSCs) with perovskites as sensitizers.>”
However, since perovskites can be easily degraded by the liquid electrolyte, it is
imperative to obtain a tailored device architecture for PSCs. It was found that solid-
state charge transporting layers (CTLs) are compatible with the fabrication of high-
performance PSCs. After dedicated efforts over the last decade, presently a typical
PSC typically consists of an intrinsic light-absorbing perovskite layer (i), a solid n-
type electron transporting layer (ETL), a solid p-type hole transporting layer (HTL), a
front electrode, and a back electrode. The main-stream device structures can be
classified into two categories: n-i-p (regular) and p-i-n (inverted) structures (Figure

1b,c).
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Figure 1. (a) The crystal structure of perovskite semiconductors. Schematic
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illustration of the architecture of regular (b) and inverted (c) perovskite solar cells

(PSCs).

In 2016, we systematically reviewed the progress of inverted PSCs.? At that stage,
inverted PSCs due to the small hysteresis and easy fabrication attracted enormous
research interest.”*?> However, the limited device performance and especially poor
device stability challenged further development. In the years following 2016, there
have been notable advancements in the PCEs and device stability for this type of
device, with the efficiency records for this type of device being frequently updated (as
shown in Figure 2). Nowadays, a certified value of 26.14% was realized for inverted
PSCs in 2023,13* for the first time, surpassing the certified PCE of regular PSCs
(26.0%)."> Furthermore, several groups reported that the optimized inverted PSCs
exhibited excellent stability, which is capable of passing the international standards
for evaluating photovoltaic stability.’>® Moreover, recently, a certified PCE of 33.9%
was achieved for a monolithic perovskite-silicon tandem solar cell based on inverted
PSCs, which surpasses the theoretical performance limit for single-junction silicon
solar cells.’® Additionally, the inverted structure has shown great advantages for large-
scale deployment.?® The elevated PCEs for the inverted PSCs originate from
dedicated efforts including defect passivation, interface engineering, morphology
control, and innovations of CTLs. These thrilling results indicate that the inverted
PSCs are promising candidates for commercial applications. Therefore, a timely

review of the recent development of inverted PSCs is meaningful.
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Figure 2. Chronological evolution of the power conversion efficiency (PCE) of
single-junction inverted and regular PSCs. Data extracted from National Renewable

Energy Laboratory data sheet.*

In this review, we provide an overview of the recent exciting progress in inverted
PSCs. To construct state-of-the-art inverted PSCs, it is crucial to begin by enhancing
the quality of the perovskite film. We will start by discussing the latest efforts
dedicated to this improvement. Additionally, the inclusion of CTLs, such as electron
and hole transporting layers, is vital for efficient charge extraction and contributes to
achieving higher open-circuit voltage (Voc), short-circuit current density (Jsc), and fill
factor (FF). Therefore, we will systematically summarize the recent developments in
CTLs. It is widely recognized that perovskite film interfaces often accumulate a high
density of defects and may display band misalignment. Consequently, the selection of
suitable interface engineering materials to create tailored interfaces is equally crucial.
As such, we will discuss the representative interface engineering techniques,
including those applied to both the top and bottom (buried) interfaces of the
perovskite layer, as reported recently. Furthermore, we will highlight the factors
contributing to the remarkable long-term stability of inverted PSCs. We will also

provide a comprehensive summary of tandem devices based on inverted PSCs, which



hold great promise for commercial applications. Furthermore, we will discuss key
issues related to scalable fabrication and commercialization, including challenges in
upscaling, outdoor applications, and economic assessment. Finally, we will offer a
summary and present our insights on future research focus aimed at further enhancing

the performance of inverted PSCs for real-life applications.
2. PEROVSKITE FILMS

To fabricate high-performance PSCs, it is of critical importance to obtain high-quality
perovskite films. A high-quality perovskite film generally requires highly crystalline
perovskite crystals, a compact or even monolithic grain structure, excellent film
morphology, and ideally should be defect-free, which can reduce shunt paths and
suppress notorious non-radiative recombination. Previous works denote that
composition engineering, additive engineering, solvent engineering, and processing

engineering are closely related to the final perovskite film quality.
2.1 Composition Engineering

In metal halide perovskites with a stoichiometry formula of ABXs, the A-cation does
not directly impact the band-edge construction, whereas the engineering of A cation
would induce the change of bond length and angle of B-site cation and C-site halide,
altering the crystal structure of perovskite.”* Early research on the perovskites
generally used single-A cation perovskites. However, single A-cation perovskites such
as MAPbDI3, FAPDI3, and CsPbls show problems that limit their widespread
deployment. For MAPbIz perovskites, the MA™ cation with a volatile nature has a
weak secondary hydrogen bonding with the BXs* octahedra, which would easily
escape from the perovskite crystals and impair device stability, especially under
elevated temperature. For FAPbIs perovskites, compared to the MA™ cation, the FA*
cation has a larger ionic radius (0.253 nm for FA* and 0.217 nm for MA",
respectively.), and ideal-FAPbIs perovskite exhibits a narrow bandgap of 1.48 eV

corresponding to a higher theoretical performance limit. Nevertheless, the large size
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of FA™ cation results in intrinsic lattice strain. As a result, the FAPbIs perovskite film
would transform to the non-perovskite hexagonal phase at room temperature. For
inorganic CsPbls perovskites, the small size of Cs* cation (0.188 nm) induces a small
tolerance factor (0.81), which greatly undermines thermodynamic stability at room
temperature. To address the above issues, mixed A-cation perovskites including
double-(FA1xMA*, Cs1xFAL), %2 triple-(CsixyFAXMA,Y),?* and even quadruple
(Rb1x.y-2CsxFAyMA;")-cation perovskites®® have been developed. Taking FA/MA
mixed cations perovskites for example, introducing smaller MA™ cations into the FA"
cation-based composition systems could help stabilize the cubic phase at room
temperature.?>?® Furthermore, the inorganic Cs* and Rb* cations could form strong
chemical bonds with the BXs*™ octahedra, thus stabilizing the cubic phase at room
temperature. Moreover, introducing these inorganic cations enabled highly crystalline
FA-based perovskites.”>?° Sargent and coworkers’ recent research involved the
addition of Rb* cations to Cs-based perovskites, resulting in a greater degree of lattice
distortion. The increment of lattice distortion raised the ion migration energy barrier,
thereby suppressing light-induced phase segregation and ultimately improving

stability (Figure 3a).?’

As for metal ions in B-site, most high-performance PSCs are Pb-based perovskite
PSCs. Nonetheless, due to the environmental concerns and potential health risks to
human beings, tin (Sn) halide perovskite, and mixed tin-lead perovskites have
emerged as a hot research topic because of their lower toxicity versus lead halide
perovskites. Sn perovskites are known to have higher charge carrier mobility and
smaller diffusion lengths.?® Partly or totally substituting Pb with Sn is able to realize a
more ideal bandgap which is about 1.34 eV based on Shockley—Queisser (S—-Q) theory
prediction (Figure 3b).?%-*° Furthermore, narrow-bandgap perovskites typically below
1.4 eV are fundamental elements for constructing all-perovskite tandem solar cells as
rear cells. Nevertheless, the introduction of Sn in the B-site would induce excessive

self-doping because of the fast oxidation of Sn (Il) to Sn (IV), decreasing the charges
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diffusion length and adversely influencing the device performance.®? To stabilize
the Sn perovskites, various methods have been developed such as introducing
reducing additives (e.g., Sn powder,**3* SnF,*) and surface passivation.®*>" It is
interesting to note that the majority of Sn PSCs are based on the inverted structure at

present.

The modification of X-site anions including halide ions (e.g., CI", Br, and I") or
pseudohalide ions (e.g., SCN™, HCOQO") directly impacts the band edge states of
perovskite materials, and thus influencing the device performance. Since CI™ in
perovskite precursors is prone to volatile as the form of MACI during the annealing
process,’® 1 or Br/l mixed perovskite films would be formed (Table 1) in the end.
Nevertheless, Cl alloys in the final perovskite film are still ambiguous and need
further research. It should be noted that the addition of CI™ in the perovskite precursor
plays a decisive role in meditating the perovskite crystallization process and
stabilizing the photoactive black phase of a-FAPbIs. Replacing I~ with Br~ widens the
bandgap,® leading to a higher Voc in devices (Figure 3c).>® However, an excessive
amount of Br in Br/l mixed perovskites results in the blue shift of absorption spectra,
leading to the loss of Jsc in devices. Additionally, the phase homogeneity would be
impaired in the presence of Br especially under light illumination due to the formation
of I-rich and Br-rich regions. The I-rich regions with a low bandgap tend to trap the
charge carrier, decreasing the device performance (Figure 3d). Such light-induced
phase separation in Br/l mixed perovskites, especially in wide-bandgap perovskites
(typically with Br fraction over 20%), greatly restricts the commercial application of

all-perovskite tandem devices.*’

Currently, the high-performance PSCs, regardless of regular or inverted configuration,
are based on the FAPbIz-dominant composition with bandgaps around 1.5 eV (Table
1). There is a clear transition trend of perovskite compositions from MAPDIz-
dominant to FAPbls-dominant compositions during recent years for inverted PSCs.*

We summarize the composition of the typical inverted PSCs with state-of-the-art
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PCEs over 23% in Table 1. Since the perovskite composition is closely related to the
final device performance, choosing a desirable perovskite composition is the
prerequisite for the construction of stable and efficient PSCs. For instance, recently,
Zang et al. reported MA- and Br-free perovskites show advantages of enhancing

device longevity.?®
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Figure 3. (a) Schematic illustration of the suppression mechanism of light-induced
phase segregation (LIPS). Vacancies are represented by hollow circles. Reproduced
with permission from ref /. Copyright 2023 Springer Nature. (b) PCE limit versus
bandgap for single-junction solar cells according to the Shockley—Queisser (S-Q)
theory. Reproduced with permission from ref 2°. Copyright 2021 Elsevier. (c)
Ultraviolet-visible absorbance spectra of FAPb(11xBrx)s and FAo.83Cso.17Pb(l1-xBrx)3
perovskite films. Reproduced with permission from ref ¢, Copyright 2016 American
Association for the Advancement of Science. (d) Schematic illustration of charge
carrier recombination at the iodide-rich phase due to LIPS. Reproduced with

permission from ref *2. Copyright 2018 Royal Society of Chemistry.

It is noteworthy that the incorporation of a proper amount of excess Pbl, (typically 5-
10 mol% with respect to the stoichiometric composition) in the processing solvent
could exert a huge influence on the device performance.** Excess Pbl; has been
shown to be conducive to enlarged grain sizes, reduced halide vacancies, and

promoting more oriented a-phase perovskite crystals. Moderate reaction-residual or
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heating-induced Pbl, in polycrytalline perovskites can passivate defects at grain
boundaries.***> For instance, Zhang et al. introduced excess Pbl; into the precursor
solvent with a series of molar ratios of 3 mol%, 5 mol%, and 7 mol%. It was found
that the inverted PSCs containing 5 mol% excess Pbl, showed an optimal
performance of 22.13% with decent device stability.*® Recently, a remarkable PCE of
25% was realized for inverted PSCs and the precursor solvent contains a 5 mol%
excess Pblz. The optimized PSCs exhibited excellent device stability under continuous
light illumination or harsh damp-heat (85°C and 85% relative humidity) ageing
conditions.!” Nevertheless, there is still a hot debate on the utilization of excess Pbl.
Stranks et al. reported that even though the addition of a small amount of excess Pbl>
delivered better device performance compared to PSCs with a strict stoichiometric
composition, the photolysis of Pbl> would create non-radiative recombination centers
and hamper efficient charge extraction.*’ Additionally, Guo et al. claimed that the
excessive Pbl> would migrate to the interface, creating the shunting pathways and
compromising device longevity under a vacuum or nitrogen atmosphere.”® We
recently came up with a chemical polishing technique to decouple the double-edged
effect of excess Pbly, simultaneously realizing both higher PCEs and stability in
regular PSCs.* So, in-depth and thorough studies are required to uncover the effects

of the excess Pbl. on the photovoltaic performance of the films.
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Table 1. A summary of representative perovskites with state-of-the-art performance in inverted PSCs. The device performance and key

parameters are provided.
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The optical bandgap (Eg) was determined from external quantum efficiency (EQE) spectra; °The Eq was calculated from the Tauc plot; SDMF,
dimethyl formamide; DMSO, dimethyl sulfoxide; 2ME, 2-methoxy-ethanol; ANS, anisole; CB, chlorobenzene; DE, diethyl ether, IPA:

isopropanol; TL, toluene. “Certified values.
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2.2 Additive Engineering

Due to the solution processing method and quick crystal growth of perovskite films
with thermal-annealing treatment, it is inevitable to generate a wide range of defects
and high defect densities in the perovskite thin films.”® These defects are mainly
accumulated at grain boundaries and surfaces of the perovskite films. Based on first-
principle calculations, taking typical MAPbI3 as an example, there are 12 possible
origins of intrinsic point defects including interstitials (MA, Pb, i), vacancies (Vma,
Vrp, Vi), and antisites (MApb, MAI, Pbma, Pbi, Iva, Ieb) (Figure 4a). Despite most of
these defects are shallow traps due to antibonding coupling between the Pb s orbitals
and | p orbitals, several deep-level defects (e.g., undercoordinated Pb?* and Pb-I
antisite defects) would act as Shockley—Read-Hall centers for non-radiative
recombination, impairing the device performance (Figure 4b). *8 Apart from point
defects, extended defects with a higher dimensional order such as surfaces, grain
boundaries, large voids, and second-phase domains are defective regions, which are
also closely tied to defect-promoted performance losses.®”® The introduction of
additives has been proven to be beneficial to passivate these defects in the films
through coordination bonds, hydrogen bonds, ionic bonds, and conversion of impurity
phases.*® * 884 Fyurthermore, the interaction between additives and perovskites or
processing solvents can modulate perovskite crystallization, forming phase-pure,
large-grain, and void-free perovskite films.*> &5 In general, the additive can be
directly added into the perovskite precursor or the antisolvent like CB. Note that the
materials in post-treatment for the obtained perovskite film or pre-treatment for the
underlying substrate before spin-coating the perovskite precursor may also function as
the additive and penetrate into the perovskite film,%”-% and this part will be discussed
in the following section. A variety of additive-assisted strategies have been proposed
during the last few years and greatly boosted the PCE and device stability of the
inverted PSCs. The representative additives used in the preparation of perovskite

films include inorganic salts, small organic molecules, polymers, alkylammonium
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salts, and ionic liquids.®®

Alkali halide salts like KI and KBr as an important category of inorganic salts are
effective passivating agents for the Frenkel defects and have demonstrated great
efficacy in addressing the hysteresis problem in the PSCs regardless of the device
configuration.®® Apart from the defect passivation effect of alkali halides, it was
discovered that this kind of additive could produce the dielectric screening effect as
indicated by higher dielectric response for perovskite films with Kl (Figure 4c),
endowing the PSCs with mitigated charged defects, suppressed non-radiative
recombination and lower electron-phonon coupling strength. Moreover, it was
observed that target perovskite films with KI exhibited a larger grain size and
smoother surface. The resulting PSCs with the inverted structure showed a PCE of

22.3% with a high Voc of 1.25 V corresponding to a small Voc deficit of 0.37 V.

Another popular type of additive is small organic molecules. Osman and coworkers
added a series of small organic molecules, including phenethylamine (PEA),
octylamine (OA), n-butylamine (BA), and oleylamine (OAm), into the perovskite
precursor, and investigated its influence on perovskite crystallinity and optoelectronic
properties. The grazing-incidence wide-angle X-ray scattering (GIWAXS) test results
denoted that promoted (100) grain orientation was formed for the optimized
perovskite films with the OAm treatment. The authors speculated that OAm with a
long alkyl chain was accumulated at the grain boundary, and could prevent the
perovskite grains from tilting during the crystal growth, contributing to a (100)-
orientation-dominant film and reduced defect density. As a result, the inverted PSC
based on OAm realized a PCE of 23.0%.’” The addition of small organic molecules-
based additives is also able to reduce the interfacial voids. Dimethyl sulfoxide
(DMSO) entrapped in the buried interface between the perovskite film and the HTLs
could induce the formation of interfacial voids and hasten the device degradation. To
solve this problem, Chen et al. introduced a certain amount of carbohydrazide
combined with N-and O-donors into the perovskite precursor. According to focused
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ion beam-secondary electron microscopy (SEM) images, the interfacial voids
disappeared after adding the carbohydrazide (Figure 4d). Due to its high boiling point
and minimal evaporation during thermal annealing, the use of this additive helped
prevent the volume collapse that can occur when DMSO escapes. As a result, a void-
free perovskite film was obtained, leading to a PCE of 23.8%. Moreover, the
optimized device based on carbohydrazide treatment showed improved operational

stability.®®
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Figure 4. (a) Intrinsic point defects in metal-halide perovskite. Reproduced with
permission from ref °*. Copyright 2023 Springer Nature. (b) Schematic illustration of
deep and shallow charge carrier traps in perovskites. Reproduced with permission
from ref 8. Copyright 2023 Springer Nature. (c) The real part of dielectric constant
for the control and target perovskite films treated by KI versus frequency: region A
(low frequency), region B (moderate frequency), and region C (high frequency).

Reproduced with permission °°. Copyright 2021. Springer Nature. (d) Focus ion beam

18



(FIB)-Secondary electron microscopy (SEM) images of pristine perovskite films
(Control) and perovskite films treated by carbohydrazide (Target). Reproduced with
permission from ref %, Copyright 2021 American Association for the Advancement of

Science.

A dimethylacridine-based molecular doping strategy reported by He et al. is also
capable of reducing interfacial voids for perovskite films grown on hydrophobic
surfaces. Moreover, the dimethylacridine-based molecular could coordinate with Pbl>
and form amorphous chelates. Interestingly, these chelates were extruded to the
bottom surface as suggested by time-of-flight secondary ions mass spectroscopy
(ToF-SIMS) measurements due to the weaker dative bonds of dimethylacridine-based
molecular with Pbl, compared to Pb-1 bonding of [Pbls]* cages (Figure 5a).
Furthermore, the upward band bending and reduced energy offset (AEn) at the bottom
interface with the aid of dimethylacridine enhanced the hole-extraction rate (Figure
5b). The PCE of the inverted PSC was as high as 25.85% via introducing this
additive.”® Apart from modulating the film morphology, Pan and coworkers reported
that employing small organic molecule (phenylsulfonyl)pyrrole (PSP) as an additive
to the perovskite films could reduce the compositional inhomogeneity within
perovskites, and such compositional inhomogeneity is detrimental to the device
performance. According to the TEM images, a decreasing trend of lattice interplanar
spacing (d) was observed for the reference perovskite film, indicating lattice
mismatch at the buried interface due to the accumulation of small Cs atoms. While the
PSP-treated film showed negligible variation of d values, suggesting reduced lattice
stress (Figure 5c¢). In addition, the use of PSP fastened both crystallization and 6- to a-
phase transition rates as evidenced by in-situ GIWAXS results, thus inhibiting FA-Cs
phase segregation and leading to higher compositional homogeneity. As a
consequence, the PCE of the single-junction inverted PSCs for the first time surpassed
26%.>* Very recently, Chen and coworker reported the orientation of passivating

additives greatly impacted the device performance. 4-chlorobenzenesulfonate (4Cl-
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BZS), whose structure and electronic potential are depicted in Figure 5d, is more
favorable to form perpendicular ligand-surface orientations compared to parallel
orientations due to the additional Pb?* surface binding through CI functional group in
4CI-BZS. This contributed to a dual-site Pb?* passivation. Through further interface
modification, the 4CI-BZS-based inverted PSCs realized a remarkable PCE of 26.9%
with certified quasi—steady state PCEs of 26.15 and 24.74% for 0.05— and 1.04—cm?
devices, respectively (Figure 5g-i). This marks the first instance where the PCE of
single-junction inverted PSCs has exceeded that of their traditional counterparts,

signifying a groundbreaking advancement in perovskite photovoltaics.>
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Figure 5. (a) Time-of-flight secondary ions mass spectroscopy (ToF-SIMS) profiles

of samples with the architecture of ITO/Perovskite (DMACPA). (b) Energy-level

alignmnet for ITO/perovskite (d), ITO/DMACcPA/perovskite (e) and 1TO/perovskite

(DMACPA) (f). a.u., arbitrary units, Wr, work function; Er, Fermi level; CB,

conduction band; VB, valence band. Reproduced with permission from ref *°.

Copyright 2023 Springer Nature. (c) High-angle annular dark field (HAADF)

transmission electron microscopy images of the reference sample and the PSP-based
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sample. The scale bar refers to 200 nm. Reproduced with permission from ref **,
Copyright 2023 Springer Nature. (d) Structure and electrostatic potential of sodium 4-
chlorobenzenesulfonate (4CI-BZS) ligand. Atomic structures of ligand adsorbed in a
perpendicular (e) and parallel (f) orientation on the perovskite surface. (g) J-V curves
of the champion inverted PSC under forward and reverse scans. Insert: the stabilized
PCE. Newport-certified quasi—steady state J-V curve of the champion 0.05-cm? (h)
and 1.04-cm? (i) devices. Reproduced with permission from ref *°, Copyright 2024

American Association for the Advancement of Science.

Even though the small organic molecule-based additives have greatly boosted the
performance of inverted PSCs, these additives tend to have high volatility and high
diffusion coefficients, making them challenging to realize long-term stability. While,
polymeric additives with lower volatility and diffusion coefficient, as well as
hydrophobic aliphatic chains, are good for device stability.?> ° In addition, polymeric
additives with long alkyl chains are less likely to be integrated into the crystalline
structure and primarily reside in grain boundaries. The multiple functional groups of
the polymers can effectively passivate the defects at grain boundaries. Hu et al. have
shown that adding 3D star-shaped polyhedral oligomeric silsesquioxane-
poly(trifluoroethyl methacrylate)-b-poly(methyl methacrylate) (PPP) polymer into the
perovskite precursor solution could effectively regulate perovskite crystallization
(Figure 5a). In comparison to the control perovskite films, the PPP-modified
perovskite films exhibited a larger grain size and almost monolithic grain structure
based on the top-view and cross-sectional SEM images. Moreover, the functional
groups like carbonyl (C=0) and —CFs in PPP could passivate under-coordinated Pb?*
defects at grain boundaries and interfaces of perovskite films through forming Lewis
adducts as indicated by Fourier transform infrared (FTIR) and X-ray photoelectron
spectroscopy (XPS) spectra (Figure 5b).°® Abate et al. reported the use of polymer
dipole B-poly(1,1-difluoroethylene) (B-pV2F) as the additive for perovskite films in

inverted PSCs. It was found that B-pV2F not only enabled a more compact perovskite
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film with a larger grain size but also increased the surface work function by 300 mV
versus the control perovskite films. According to the GIWAXS patterns, B-pV2F
could increase the phase conversion rate, leading to a more well-crystalline perovskite
film (Figure 5c). As a consequence, the inverted PSCs with B-pV2F showed a
champion PCE of 24.6% for small-area devices (working area: 0.18 cm?) and a
certified PCE of 23.1% for devices with a larger working area of 1 cm? More
importantly, the B-pV2F-based devices exhibited stable power output at temperatures
as high as 75<C, and devices subjected to rapid thermal cycling between temperatures

ranging from —60<C to +80 T exhibited no symptoms of fatigue.®®

Alkylammonium salt-based additives like phenethylammonium iodide (PEAI),
guanidinium iodide (GAI), butylammonium iodide (BAI), and methylammonium
chloride (MACI) have been widely used in perovskite optoelectronics such as PSCs
and perovskite light-emitting diodes (PLEDs). This kind of molecule shows great
efficacy in defect passivation through molecular interactions with various kinds of
defects in perovskites.** Additionally, alkylammonium cations with an appropriate
size have a strong tendency to form two-dimensional (2D) perovskites with a general
formula A'mAn-1BnXan+1, Where A’ represents divalent or monovalent organic cations.
Figure 5d displays the chemical structure of the ammonium cations that are
commonly employed at the A’-site.”>® 2D perovskites with bulky organic cations are
thermally robust leading to improved stability. However, the existence of bulky
organic cations in 2D perovskites induces lower conductivity compared to their 3D
counterparts. Thereafter, the amount of 2D perovskite in the 3D perovskite film
should be carefully optimized to reach the balance between device stability and
performance. Wang et al. incorporated a trace amount of fluorinated alkylammonium
salts (2-(2,3,4,5,6-pentafluorophenyl) ethylammonium iodide (FEAI) into the
perovskite precursor. It was expected that the addition of FEAI would induce the
formation of 2D/3D structure perovskites. However, there were no observable 2D

perovskites as evidenced by GIWAXS measurement possibly due to the extremally
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small amount or the crystalline structure. Compared to the control samples, the
perovskite films based on FEAI were more hydrophobic owing to the surface
accumulation of fluorine atoms, leading to enhanced device stability under humidity.
Moreover, the authors remarked that a proper amount of additives that could form
unobservable reduced dimensional perovskites were pleasurable to fabricate devices
with good stability and performance.®” Similarly, Vaynzof et al. added PEAI into the
antisolvent. The PEAI-doped perovskite films showed no 2D perovskite-related
diffraction patterns possibly due to the formed 2D perovskite below the detection
limit of XRD.”® Recently, Zang et al. added 2-aminoindan hydrochloride (AICI) into
the MA-free perovskite precursor inks. According to ToF-SIMS characterization
results, the AICI was spontaneously enriched at the bottom interface, and AICI-related
2D perovskites signals were detected through GIWAXS with a high incidence angle
(Figure 5e). Furthermore, high-resolution transmission electron microscopy (HRTEM)
together with damage-free cryogenic focused ion beam measurements was conducted
to study the distribution AICl-related 2D perovskites (Figure 5f). A thin layer of 2D
perovskites ((Al)2(FA)n-1Pbnl3n-1Cl2) was found at the buried interface, in good
agreement with the ToF-SIMS and GIWAXS results. This bottom-up 2D/3D
heterojunction structure is conducive to improving hole extraction according to time-
resolved photoluminescence (TRPL) spectra, contributing to a high PCE of 25.12%
and excellent stability.”® Furthermore, it is worth noting that excess of MACI would
enlarge the grain size, improve film surface coverage, endow a preferred orientation,
and passivate defective grain boundaries. This is because MACI-based intermediate
mixtures slowed down the crystallization rate. These intermediate mixtures quickly
vanished owing to the facile volatilization of MACI through decomposing into MA
ion and FACI during thermal annealing.’®“® Plenty of previous research on inverted

PSCs with decent PCEs also incorporated excess MACI into the perovskite precursor

inks 54, 56-57, 65
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forming two-dimensional (2D) perovskites. Reproduced with permission from ref %,

Copyright 2019 John Wiley and Sons.
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Figure 7. (a) 2D GIWAXS mappings of the target perovskite films with different
incidence angles. (b) Cross-sectional HRTEM images of the target PSC. The inset
shows the magnified TEM image of the yellow squared area. The areas enclosed by
the dashed white lines are the formed 2D perovskite. Reproduced with permission

from ref 3. Copyright 2023. Springer Nature.

As we discussed, ammonium cations such as PEA* and BA®" are commonly
incorporated into 3D perovskites to form 2D perovskite structures, which assists in
defect passivation and thereby enhances device performance. Nevertheless, Huang
and colleagues discovered that the currently used PEACI additive was prone to cation
deprotonation reactions under light soaking at high temperatures, leading to the
formation of pinholes in perovskite films (Figure 6a-d).!®® This phenomenon
undermined the operational stability of PSCs, even though it might enhance the
performance of fresh devices. Both BA™ and PEA™ tended to lose their proton and

transform into amines, which subsequently reacted with FA® to form
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(butylamino)methaniminium  (BAMA®) and (phenethylamino)methaniminium
(PEAMA), respectively (Figure 6e). Notably, ammonium cations with higher acid
dissociation constants (pKa), such as BAMA™ (pK, = 12.0) and PEAMA" (pKa = 12.0),
could be used instead of BA™ or PEA" for effective passivation. These cations,
BAMA™ or PEAMA", demonstrated enhanced stability with FA-based perovskites due
to their lower propensity for deprotonation. The PEAMA treated films gave higher
PL intensity, longer charge carrier lifetime, higher crystallinity, and better film quality,
and gave a significantly lowered defect density of n = 1.33 % 10® cm= compared to
untreated film (n = 4.89 x10® cm™3). The best-performing device achieved a PCE of
24.1%, whereas the control device only showed a PCE of 21.2%. Control devices with
no ammonium cations retained 90% of their original efficiency after approximately
800 hours. By contrast, the devices containing PEAMA" preserved 90% of their initial

efficiency for about 1,500 hours.
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Figure 8. (a) The PCE of encapsulated devices with PEACI treatment was measured
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nitrogen atmosphere. (b) For unencapsulated devices, the PCE was compared between
those treated with PEACI (five devices) and those without PEACI (eight devices),
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160, and 250 hours, respectively. The voids formed along grain boundaries are
highlighted by red circles. (d) Cross-sectional SEM images depict PSCs not treated

with PEACI following stability tests under 1 sun illumination at 85<C and open circuit
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conditions at intervals of 0, 160, 480, and 860 hours, respectively. A scale bar
indicating 3 pm is included in the SEM images. (¢) Reaction mechanism of PEA"

with FA*. Reproduced with permission from ref 1°°. Copyright 2023 Springer Nature.

The stability of the fabricated PSCs is an important parameter for commercial
application. lonic liquids, which is a type of molten salts and remains in a liquid state
at room temperature, have recently been as the additive in the fabrication of inverted
PSCs, and demonstrate great efficacy in enhancing the device stability.”% 191194 |n
2019, Snaith’s group thoroughly investigated the effect of ionic liquid additives on the
improvement of performance for the inverted PSCs. Morphology characterization
results demonstrated enhanced texturing or crystallinity of perovskite films with the
addition of ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF.).
BMIMBF4-containing perovskite films showed significantly suppressed ion migration
according to photoluminescence measurement under the applied bias. [BMIM]" cation
would be accumulated at the surface, protecting the perovskite layer from the invasion
of oxygen and moisture. As a results, the BMIMBFs-containing device exhibited
excellent long-term stability under various ageing conditions.!* Even though the
effectiveness of ionic liquid additives in improving device stability and charge-carrier
transportation has been verified by lots of works, the ionic liquid-modified PSCs only
show moderate efficiencies in most cases, which calls for more efforts to fully tap the
potential of ionic liquid additives. Furthermore, the ionic liquid can also be used as
the sole solvent for the preparation perovskite film, and the detailed discussion is

given in the following section.
2.3 Solvent Engineering

Since the first development of PSCs, researchers have been striving to find a solvent
or solvent blend with a suitable set of characteristics. These characteristics, including
boiling point, vapor pressure, viscosity, and coordination ability towards perovskite

precursors, directly influence the quality of a solution-processed perovskite layer'®.
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For a solution-processed perovskite film, the transition from a precursor solution to a
perovskite film is usually observed to not directly proceed into the perovskite phase.
This process often occurs through the formation of intermediates such as non-
photoactive perovskite phases and intermediate adducts (e.g., MAI-Pbl>-DMF, MAI-
Pbl>-DMSO, and Pbl,-2DMSQO). These solvent-based intermediates formed through
Lewis acid—base interaction generally contain high-boiling point solvents like DMSO
or N-methyl-2-pyrrolidone (NMP). During the spin-coating process, the antisolvent
like chlorobenzene (CB) helps extract dimethyl formamide (DMF), and the formed
wet film containing intermediate adducts contributes to dominant crystal growth and
high crystallinity of perovskite through reducing the nucleation rate of the perovskite.*
106-108 However, film formation with excess solvent that strongly coordinates with the
precursor results in the predominance of crystal growth over nucleation, leading to the
formation of dendritic or island-like films with large grains but inadequate film
coverage.'® To date, the mixed solvent of DMF/DMSO with proper volume ratio
according to the perovskite composition has shown great success in fabricating high-
performance PSCs. The majority of inverted PSCs with PCEs over 23% utilize the
DMF/DMSO mixed solvent, and volume ratios between DMF and DMSO are 4:1 and
8:1 in most cases (Table 1). Nevertheless, the commonly used solvents like DMF are
highly toxic, which would hinder the practical application of PSCs.'%°*% Such issues
can be addressed by using environmentally friendly solvents.*! In regular n-i-p PSCs,
Zhao et al. used eco-friendly biomass-derived green solvents y-valerolactone (GVL)
and n-butyl acetate as host solvent and antisolvent, respectively. The strong
interaction between GVL and FA™ cation greatly increased the perovskite precursor
stability and delivered a high PCE of 25.09%."** Seok reported a similar efficiency of
25.1% using mixed green solvents of ethanol and N-dimethylacetamide without the
antisolvent extraction process.''? Another type of eco-friendly solvent is known as
ionic liquids.*® When used in the preparation of perovskite films, the ionic liquid

solvent offers several advantages. Not only does it reduce toxicity, but the strong
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chemical interactions between the solute and the ionic liquid, including coordinate
bonds and hydrogen bonds, aid in the complete dissolution of the perovskite precursor
powders, regulating the crystallization process of the perovskite film, and the
formation of high-quality perovskite films.*** Early in 2015, the ionic liquid
methylammonium formate (MAFa) was used as the single solvent for the MAPbDI3
precursor solutions. The resulting perovskite films have excellent coverage,
uniformity, as well as highly oriented and large crystal domains. Furthermore, it was
found that there was no intermediate crystalline phase during the annealing process,
which may be beneficial for the better control of the perovskite film structure.**
Afterward, Huang and Chen et al. used MAFa to synthesize FAPDbI3 perovskite films.
A stable black-phase a-FAPbIs perovskites was obtained in the air insensitive to the
temperature and humidity. The use of ionic liquid MAFa led to vertically aligned Pbl>
thin films, due to the strong interactions between Pbl, and MAFa containing
C=0 --Pb chelation and N-H --1 hydrogen bonds. This is desirable for the formation
of nanoscale ion channels that facilitate the permeation of FAI into the Pbl thin films.
As a result, the energy barrier to formation of a-FAPbIs was greatly reduced, and the
resulting PSCs with a regular n-i-p architecture realized a high PCE of 24.1% with
outstanding stability.*® This works demonstrate the huge potential of ionic solvent for
the development of efficient and stable PSCs in the air regardless of temperature and
humidity, which would greatly promote the development large-scale PSCs production.
Furthermore, employing ionic liquid solution would help form phase-pure quantum
well films so that improved charge carrier transportation and improved device
performance were achieved.’*® While there have been limited studies on the
application of ionic liquid solvents or other types of environmentally-friendly solvents
in inverted PSCs, the PCE of these cells using such solvents is much lower compared
to regular PSCs. The previous research conducted on their regular counterparts could
offer valuable insights for future studies on inverted PSCs processed by green

solvents. We believe that the green-solvent especially the ionic liquid processed
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inverted PSCs are more desirable for industrial application and will attract more and
more research attention. Moreover, despite the wide-employment of DMF/DMSO
mixed solvents, it may not be the ideal choice especially for the preparation of large-
area perovskite films considering the prolonged coating time, which will be discussed

in detail in Section 7.

For perovskite films deposited by the one-step spin-coating procedure (The detailed
discussion is given in the following section), antisolvents, such as CB, diethyl ether
(DE), anisole (ANS), and toluene (TL), are needed to selectively dissolve one solvent
in perovskite precursor solution typically DMF, and the perovskite is slightly soluble
in the antisolvent.’® However, most of these antisolvents are highly toxic. It is
imperative to develop green antisolvents or antisolvent-free process. Wei and
coworkers chose ethanol as the antisolvent, and MABr was doped into the antisolvent.
When the concentration of MABT in ethanol is 2 mg mL™, a PCE approaching 21%
was realized.*” Furthermore, the antisolvent process is not adapted to the mature
industrial processes like the roll-to-roll process and fabricate large perovskite solar
modules. To solve this problem, several methods have been reported such as solvent
engineering,''® vacuum-controlled growth,**® and N2 gas knife drying.*?° Among these
methods, solvent engineering without the need to employ additional equipment shows
unique advantages. Deng et al. combined volatile noncoordinating solvents 2-
methoxyethanol (2ME) and low-volatile coordinating solvents DMSO, achieving both
fast deposition and high crystallinity. They compared the Gutmann donor number (Dn)
of the solvent, which can help compare the coordinating ability between Lewis-basic
solvents and the Lewis-acidic Pb?* center.*?! Further study by Huang et al. revealed
that the solvents with higher Dy like DMF and DMSO could dissolve Pbl, because of
their strong coordination strength to Pb?* ions, while the solvents with lower Dy like
2ME could not dissolve Pbl alone unless in the presence of MAIL*® Kim compared
solvents with different Dy as additives to find alternatives to DMSO-induced

precipitation in the antisolvent-free process. Lower Dn values in the additives result in
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decreased precipitation levels in the precursor solution. Adjusting the NMP
concentration, which has a relatively low Dn, controlled the intermediate phase in the
deposited film without precipitation. A 2ME-based solution containing an optimized
NMP concentration obtained a PCE of 20.29% via an antisolvent-free process.*%®
Furthermore, phase-pure 2D halide perovskite stacks could be achieved by selecting
solvents with appropriate dielectric constant and Dn.'?? Based on the works
mentioned earlier, the solvent properties such as Dn are closely linked to the
crystallization kinetics of the perovskite films. When developing new solvent systems,
these properties should be carefully considered. We have summarized some

fundamental properties of commonly used solvents and antisolvents in Table 2.

Table 2. Characteristics of commonly used solvents (S) and antisolvents (A/S) in

perovskite film fabrication,!? 118123

. . . . . Donor
sovert Tipe S0, VISV Dl g e
ACN S 82 0.44 37.5 72.8 14.1
2ME S 124 1.72 16.9 6 19.7
DMF S 152 0.92 36.7 2.7 30.9
DMSO S 189 2.00 46.7 0.42 29.8
NMP S 202 1.65 33.0 0.29 27.3
GBL S 204 1.90 39.1 15 18
DMAc S 165 0.95 37.8 2.25 27.8
PC S 242 2.50 64.9 0.59 15.1
EA AJS 77.1 0.426 4.3 73 17.1
CB AJS 131 0.8 5.62 9 3.3
DE AJS 34.6 0.224 4.33 440 19.2
ANS AJS 154 1.52 4.33 3.54 9.0
TL AJS 110.6 0.59 2.38 21 0.1

8ACN, acetonitrile; 2ME, 2-methoxy-ethanol; DMF, dimethyl formamide; DMSO,

dimethyl sulfoxide; NMP, N-methyl-2-pyrrolidone; GBL, y-butyrolactone; DMAC,
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dimethylacetamide; PC, propylene carbonate; EA, ethyl acetate; CB, chlorobenzene;

DE, diethyl ether; ANS, anisole; TL, toluene.
2.4 Processing Engineering

There are two primary methods for coating perovskite films: the one-step procedure
and the two-step procedure. During the one-step procedure, a perovskite film is
formed by applying a solution containing all components including lead halide salts
and ammonium halide salts for the formation of perovskites followed by solvent
extraction to induce the nucleation and growth of perovskites. There are various ways
to extract the solvents such as the antisolvent extraction method,'* the hot-casting
method,'?* the gas-quenching method,*?%*2” and the vacuum flash-assisted method.***
128 Each of them has its advantages and challenges. Currently, most lab-scale inverted
PSCs (typically <0.1 cm?) are fabricated through the antisolvent extraction method.
While, for the perovskite solar modules (typically > 10 cm?)*?°, gas-quenching and
vacuum flash-assisted methods are more adaptable combining blade coating or slot-

die coating methods, and this part will be further discussed in Section 7.

Conversely, in the two-step procedure, a perovskite film is formed by placing an
ammonium halide salts solution onto a pre-deposited lead halide film followed by a
thermal interdiffusion process to attain the final perovskite films**® The two-step
method shows attractive advantages including easy fabrication and decent
performance reproducibility.’*® Moreover, lead halide films can be thermally
evaporated on the substrate without using toxic DMF solvent. On a large area scale,
the lead halide films prepared by vacuum evaporation exhibit remarkable uniformity
and consistency. Though this method combined with the solution process, Yi et al.
reported a high PCE of 24.0% (certified 23.7%) for the regular PSCs with an active
area of 1 cm?2.**! This method has also been used to fabricate inverted PSCs with wide
bandgap perovskites on the pyramid structures, which can help realize highly uniform

perovskite film.**> Recently, regular-structured PSCs based on the two-step method
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have achieved a remarkable PCE of 26.07% for a 0.08-cm? device (25.8% certified)
and 24.63% for a 1-cm? device."** Nevertheless, the research on the inverted PSCs
based on the two-step method has lagged behind that of its regular counterparts. Until
now, only moderate PCEs have been realized for inverted PSCs employing the two-
step method (Figure 7).*° The origin of this result may be relevant to the substrate

difference, leading to unfavorable perovskite nucleation and growth.

We postulate that through dedicated interface engineering and perovskite bulk
engineering,'* the PCE of inverted PSCs using the two-step deposition method would

catch up with their regular counterpart in the near future.

26 | PSCs using the two-step method PKU ~ ®
24 | KAUST
UNIST ®CAS *
§ -~ Uni-Xidian Yni-Potsdam
w 20 e UNL
O CAS
o 18] *
® EPFL
16 - SKKU
)
14] EPFL ® Regular PSCs
* Inverted PSCs
12 r , r , ,
2012 2014 2016 2018 2020 2022 2024
Year

Figure 9. Development map of inverted and regular PSCs based on the two-step

method.

Despite the huge success obtained by regular or inverted structure PSCs, these solar
cells are primarily based on polycrystalline perovskite films, which inevitably possess
high defect densities. To address this issue, recently, inverted PSCs with the single-
crystal absorber have been developed and made huge progress.’*>*% Through
interface engineering by incorporating poly(3-hexylthiophene) (P3HT) into the HTL,
single-crystal MAPbIs-based inverted PSCs showed an optimal PCE of 22.1%." In
2021, Bakr et al. utilized a mixed-cation single-crystal perovskite to fabricate inverted
PSCs with the structure of Glass/ITO/PTAA/perovskite/Ceo/BCP/Cu (Figure 8a). The
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single-crystal perovskite has a much lower defect density and longer carrier diffusion
length compared to polycrystalline perovskite films, which makes it possible to
fabricate thick light-absorbing layers. As shown in Figure 8b, the single-crystal (SC)
perovskite films utilizing the space-limited inverse temperature crystallization method
show film thickness ~15 um, and the corresponding inverted PSCs delivered a
champion efficiency of 22.8% with an outstanding Jsc of 26.2 mA cm~2 (Figure 8c).**®
Recently, in the same group, through composition engineering via Cs doping and
modulating crystallization kinetics, the SC PSCs with an MA-free composition
(Cso.0sFA0.95PbI3) displayed a remarkable PCE of 24.29% with a Tgo of 900 h at 53<C
(Figure 8d). Additionally, compared to the polycrystalline perovskite films, SC
Cso.05FA0.95Pbls perovskite films demonstrated enhanced stability under the damp-
heat (85C/65% RH) tests (Figure 8e).'*® Even though SC inverted PSCs have great
potential, there are far fewer reports on this type of device compared to devices based

on polycrystalline perovskite films.
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Figure 10. (a) Device structure of the single-crystal PSCs with the inverted structure.
(b) The cross-sectional SEM image of the PSCs. (c) J-V characteristics of the best-
performance devices under different scan directions. Reproduced with permission
from ref 135, Copyright 2021 Royal Society of Chemistry. (d) J-V characteristics of
the champion Cso.05FA0.95Pbls and FA0sMAo.4Pblz inverted PSCs. (e) Photographs of
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Cso.0sFA0.95Pbls single crystals and polycrystalline film under damp-heat ageing
conditions (85<C/65% RH). Reproduced with permission from ref **¥. Copyright 2023

Royal Society of Chemistry.
3. CHARGE TRANSPORTING LAYERS

In a typical PSC, the perovskite light-absorbing layer is sandwiched between an HTL
and an ETL, and these CTLs can not only transport the photo-generated charge
carriers to the electrode but also prevent the minority charge carrier from reaching the
electrode to reduce charge recombination. Since the CTL is an indispensable part of
PSCs, especially for high-performance devices, its basic properties including
wettability, conductivity, transparency, energy level, intrinsic stability and trap-state
density directly influence the performance of the fabricated PSCs. We summarize the
device architecture of the state-of-the-art inverted PSCs in Table 1. As can be seen,
fullerene Ceo and its derivatives such as [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) are the most commonly utilized ETLs. While for HTLs, the poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) and NiOx are among the most popular
choices. It is noteworthy that the emerging self-assembled monolayers (SAMs) based
HTLs have attracted enormous attention and achieved remarkable device performance
for both single-junction inverted PSCs and tandem PSCs over the past few years.
Herein, we briefly summarize the recent development of CTLs for the high-

performance inverted PSCs with special attention to the promising SAMs-based HTLSs.

3.1 Conventional charge transporting layers

Inorganic ETLs: Commercial photovoltaic technologies like silicon and GaAs solar
cells generally employ inorganic CTLs due to their superior chemical and thermal
stability. And n-type semiconducting materials, such as titanium dioxide (TiO2) and
tin(IV) dioxide (SnOz) have been widely used in regular PSCs and achieved
impressive PCEs approaching the best PCE of crystalline silicon solar cells. However,

due to the technical difficulties (e.g., high-temperature annealing process,
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incompatible solvents, etc.) and inferior band-alignment, it is challenging to construct
inverted PSCs with such inorganic ETLs directly atop the perovskite layer. Recently,
Zhang et al. reported that SnO> nanoparticles (NPs) in butanol solution could be
directly deposited on the perovskite layer by a solution process without damaging the
underlying perovskite layer. The additional PCBM layer atop the SnO: layer was
desirable for passivating defects within SnO: (i.e., oxygen vacancies). Furthermore,
the band mismatch between SnO> and perovskite could be minimized, resulting in an
improved PCE of 23.5%.* Currently inserting an inorganic ETL between fullerene
Ceo oOr its derivatives and cathode for the inverted PSCs is a popular choice,
contributing to significantly improved long-term stability. To improve damp-heat
(85C/85% of relative humidity) stability, Wolf’s group replaced organic SAM HTL
with inorganic NiOy. Additionally, a ~10 nm layer of SnO. and an 80 nm layer of
indium zinc oxide (1Z0) via atomic layer deposition (ALD) and sputtering techniques,
respectively, were deposited atop the Ceo Sequentially. The fabricated inverted PSCs,
when combined with encapsulation, can effectively shield against the invasion of
moisture and oxygen present in the ambient environment, thereby ensuring

remarkable stability of the devices.!®

Organic ETLs: At present, the ETL for inverted PSCs is largely dependent on the
fullerene Ceo and its derivatives PCBM owing to their excellent electrical properties
and physical softness. In addition, it was acknowledged that fullerenes are capable of
filling pinholes in the perovskite layer and passivating defects,**'*! eliminating the
current—voltage hysteresis and giving rise to a higher PCE. Typically, the PCBM
using nonpolar CB as the solvent, which is orthogonal to the processing solvent for
the perovskite film, could protect the perovskite layer from erosion in the subsequent
layer deposition. It is worth noting that in recent years indene-Ceo bisadduct (ICBA)
has emerged as a promising ETL for Sn-based inverted PSCs due to improved energy
level alignment, contributing to the unprecedented enhancement of Voc.'*#1%

However, due to the inappropriate energy alignment between fullerene and metal
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cathode, charge accumulation would emerge, inducing the loss of FF. To reduce the
carrier recombination and form an ideal ohmic contact at the ETL/electrode interface,
an ultra-thin interfacial buffer layer is generally adopted such as bathocuproine (BCP),
LiF, polyethyleneimine ethoxylated (PEIE), bathophenanthroline (Bphen), 1,3,5-
Tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBi). Nevertheless, it was reported
that the utilization of such organic buffer layers would cause thermal instability,
restricting real-life application.*** Furthermore, it should be noted that Co and PCBM
are pricy. Taking Ceo for an example, the price of Ceo is around 160,000 $ kg, and the
material cost of fabricating 1-m? inverted perovskite modules is 4 $ m=2.14 because of
the additional synthetic process, the price of PCBM with the advantages of solution-
processing is even higher than that of Ceo. Therefore, constructing fullerene-free
inverted PSCs is a promising research direction with the aim of further reducing the

device cost.

Inorganic HTLs: Compared to organic HTLs, inorganic HTLs have higher intrinsic
thermal and moisture stability, there are various types of inorganic p-type
semiconducting materials which are suitable to be used in inverted PSCs including
antimony-doped tin oxides (ATO), nickel oxide (NiOy), copper compounds (e.g.,
CuxO, Cul, CuS, CuSCN).** %> Moreover, some inorganic transition metal oxides,
which are highly n-type semiconducting materials, can also be used to selectively
transport holes like vanadium oxide (VOy), molybdenum oxide (MoOx), tungsten

oxide (WOy).146

Among them, NiOx is attracting the most research attention due to its advantages like
low cost, high optical transmittance (Eg over 3.4 eV), suitable work function (Wg) and
excellent chemical stability.*” The NiOx film can be deposited via various methods,
such as sol-gel, sputtering, ALD, electrodeposition, e-beam evaporation, combustion,
and indirect nanoparticle deposition, making it a readily accessible HTL.*® Recently,
Sargent and coworkers achieved an excellent quasi-steady-state certified PCE of 25.1%
by employing the NiOx HTL, where the NiOy film was prepared by spin-coating the
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NiOyx nanoparticles. In addition, through further interface modification (The detailed
discussion is given in the following section), the encapsulated inverted PSCs showed
excellent long-term thermal stability following the ISOS-D-2 protocol.* Despite the
huge success of p-type NiOx film, the NiOx film suffers from some limitation: 1) The
NiOx displays a relatively low intrinsic conductivity of 104 S cm™; 2) The energy
level mismatch between the NiOx and the perovskite tends to reduce the built-in field
of PSCs due to the fact that valance band maximum (VBM) of NiOy is not deep
enough (-5.4 eV); 3) There are too much surface defects on NiOx surface like Ni®*,
which would react with the FA™ or I presented in the perovskite layer, leading to the
loss of the PCEs.'*" *° Numerous approaches have been developed to improved
conductivity, modify te work function, and passivate the surface defects of NiOy, and
these methods can be generally categorized into elemental doping, physical treatment,

and chemical treatment.'*®

For the elemental doping method, the introduced dopants include alkali/alkaline metal
(e.g., Li, Cs, Mg, Sr), rare-earth metal (e.g. Y, La, Ce, Nd, Eu, Th, and Yb), transition
metal (e.g., Cu, Ag, Co, Zn), and small molecule (e.g., FETCNNQ).**¢1%° An early
work by Han et al. reported that doping 5 mol% Li and 15 mol% Mg into the NiOx
lattice could improve the lattice stability and enhance film conductivity (2.32 <1072 S
cm™). The resulting inverted PSCs with an aperture area greater than 1 cm? delivered
a certified PCE exceeding 15%.*°Another notable alkali metal dopant is Cs. In 2017,
He et al. prepared Cs-doped NiOx to construct inverted PSCs. They observed that
compared to the pristine NiOyx film, the Cs-doped NiOx (Cs:NiOy) film exhibited
significantly improved hole extraction ability confirmed by the conductive atomic
force microscopy (AFM) measurement (Figure 9a,b). Furthermore, incorporating Cs
into the NiOx can elevate the work function, which corresponds to a reduction in the
Highest Occupied Molecular Orbital (HOMO) energy level. This adjustment results in
improved band alignment between the NiOx and the perovskite layer, facilitating more

efficient charge transfer and overall device performance.®! The transition metal Cu
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own similar ionic radii, similar crystal structure (face-centered cubic), and similar
electronegativity as Ni, which has also been successfully doped into NiOx. Early in
2015, Jen and coworkers managed to obtain Cu-doped NiOx and observed an
enhanced electrical conductivity (8.4 <104 S cm™ for Cu-doped NiOx versus 2.2 x
107® S cm for pristine NiOx). This work demonstrates that incorporating Cu into
NiOx is an efficient and simple strategy to enhance its properties as a HTL for high-
performance inverted PSCs."? Later, He et al. thoroughly studied the Cu doping
mechanism for the NiOy, and the Cu-doped NiOx (Cu:NiOx) film was attained by spin-
coating the nanoparticle ink with the stoichiometric ratio of 5.3% relative to nickel. It
was found that there was a clear increase in the conductivity from 0.12 cm? V1 s for
un-doped NiOx to 2.53 cm? V! st for Cu:NiOx according to Hall measurements.
They suggest that the Cu:NiO films led to more efficient charge extraction due to a
favorable shift in the work function and improved energy level alignment with the
perovskite layer. When introduced into the fabrication of inverted PSCs on both rigid
and flexible polyethylene naphthalate (PEN) substrates, high PCEs of 20.26% and
17.41% were achieved, respectively (Figure 9c,e).*>® Through further optimization of
ETL and contact passivation, the Cu:NiOx-based inverted PSCs recently gained a PCE
of 22% (Figure 9f,g).*>*

Another effective way to modify the properties of NiOx films is by physical surface
treatments including UV-ozone plasma treatment, oxygen, argon, and/or helium
plasma treatment.*> % The investigation of NiOx films subjected to UV-ozone
treatment by Saraswat et al. reveals a significant reduction in film resistivity and an
increase in ionization potential. Moreover, this treatment altered the film
stoichiometry, creating Ni vacancies that contribute to the material's p-type
semiconducting behavior. Angle-resolved XPS measurements confirmed that these
changes occurred throughout the film's depth, not just at the surface.'® Moreover,
after the UV-ozone treatment, nickel oxyhydroxide (NiOOH) was formed on NiOy

surface, creating a large surface dipole and increasing We of the NiOx film.*>®
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Figure 11. Conductive-atomic force microscopy (AFM) images of the NiOx (a) and
Cs:NiOx (b) films coated on FTO glass. Reproduced with permission ***. Copyright
2017 John Wiley and Sons. (c) J-V characteristics of NiOx and Cu: NiOyx -based
inverted PSCs at reverse and forward scan conditions on the rigid substrate (c) and
flexible substrate (d). (e) Photograph of the Cu:NiOx HTL-based flexible inverted
PSCs. Reproduced with permission from ref >3, Copyright 2018 John Wiley and Sons.
(f) Scheme for the device architecture with the inverted structure based on the
Cu:NiOx HTL. (g) J-V characteristics of the PSCs based on various modifications.
Reproduced with permission from ref °*. Copyright 2021 Elsevier. (h) Ni 2p2/3 X-ray
photoelectron spectroscopy (XPS) of NiOy films before (bottom) and after (top) being

treated with FAI. Reproduced with permission from ref *’. Copyright 2020 Elsevier.

The NiOy film tends to exist with abundant impurities/surface defects (e.g., surface
hydroxyl groups (OH"), Ni**"), inducing notorious non-radiative recombination.
Moreover, it was reported that the under-coordinated metal cation sites (Ni=**) in NiOy
could deprotonate cationic amines and oxidize iodide species in perovskites, forming
a Pblz-rich hole extraction barrier and leading to a severe interfacial charge
recombination (Figure 9h)."*" In order to alleviate the surface defect states of NiOx
and attain better contact at the perovskite buried interface, it is necessary to pretreat

the NiOyx thin film before depositing the perovskite film. A variety of tailored
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materials such as SAM,%% alkali halide, polymer, small molecular, have been
developed to treat the NiOx film to reduce the trap states of both NiOx and buried
interface of perovskite films, which exerts a significant influence on the device

performance. A detailed discussion about the related works is given below).

Organic HTLs: Organic HTLs demonstrate advantages of low-temperature
processability, tunable properties through chemical synthesis, and simple preparation,
making them popular candidates as HTL to fabricate a variety of electronic devices
(e.g., light-emitting diodes, photodetectors, organic thin-film transistors).* % Initially,
in 2013, poly(3,4-cthylenedioxythiophene)—poly(styrenesulfonate) (PEDOT:PSS)
which is a popular HTL for another thin-film technology (i.e., organic solar cells) was
utilized as the HTL for the first inverted PSCs. This HTL exhibits many advantages
like low-temperature processing, appropriate highest occupied molecular orbital
(HOMO) energy level (5.5 eV), excellent light transmission, and good conductivity.
However, due to its acidic and hygroscopic nature, the PEDOT:PSS-based PSCs
generally show unfavorable device stability, which limits their application.
Nevertheless, it is worth noting that most inverted Sn or mixed Sn-Pb PSCs utilize
PEDOT:PSS as the HTL. This is primarily influenced by the following factors.
Firstly, PEDOT:PSS is a well-established and extensively utilized conductive polymer
blend and shows many advantages including high conductivity, transparency,
compatibility, and ease of film deposition. Secondly, the PEDOT:PSS shows excellent
wettability,*%2 which provides sufficient nucleation sites for the rapid crystallization of
Sn-containing perovskite films without any pinholes.®® Thirdly, PEDOT:PSS exhibits
redox-inactive properties under normal conditions, which helps to minimize the

possibility of Sn(Il) oxidation in Sn-containing perovskites.

Later, numerous organic semiconducting polymers and small organic molecules like
PTAA and poly(N,N'-bis-4-butylphenyl-N,N'-bisphenyl)benzidine (poly-TPD) have
been introduced into the inverted PSCs. Among these materials, PTAA has become a
popular HTL candidate for high-performance inverted PSCs because of its ease of
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fabrication, high transparency, mechanical flexibility, decent conductivity, and
stability. In addition, hydrophobic PTAA is conductive to enlarge the grain size of
perovskite.’® Nonetheless, the non-wetting nature of PTAA is likely to induce
solution processing difficulties. To address this issue, several methods such as oxygen
plasma treatment,'®* DMF pre-wetting,*®® and introducing an interlayer on PTAA'®®
have been reported. It should be noted that oxygen plasma treatment would damage
the organic PTAA. In early studies on PTAA, doping like FATCNQ is necessary to
increase the conductivity of PTAA," and the doped-PTAA HTL generally shows
large thickness. However, the addition of hydrophilic dopant FATCNQ could impair
device stability. Therefore, dopant-free PTAA HTL is a promising choice for
fabricating stable inverted PSCs, and the ultrasmooth surface of the commercial ITO-
coated glass makes it possible to coat ultra-thin non-doped PTAA. Recently, with the
assistance of perovskite surface modification, the non-doped PTAA-based inverted
PSCs have achieved a champion PCE of 25.0% (with a certified PCE of 24.3%) and
demonstrated excellent stability under the international standards for mature
photovoltaics.!” This result indicates the great potential of non-doped PTAA as the
HTL. However, it is important to consider that PTAA, like other organic CTLs such as
Ceo and PCBM, comes with a significant price tag (US$423.3 g?), which may
partially offset the inherent cost advantages of inverted PSCs in terms of material
expenses.'®® In addition, for polymeric HTLs, the batch-to-batch variation of polymers
greatly restricts the performance reproducibility. Small-molecule HTLs (SM-HTLSs),
which are usually easy to be synthesized and purified, are known as promising
alternatives to address this issue. For instance, Wang and coworkers designed and
synthesized two imide-functionalized thiophene-based SM-HTMs named MPA-BTI
and MPA-BTTI. When introduced into the construction of inverted PSCs, the MPA-
BTTI-based solar cells delivered a champion efficiency exceeding 21% because of the
decent hole-transporting ability and energy-level alignment with the perovskite layer.

Furthermore, it was observed that the MPA-BTTI-based PSCs exhibited better long-
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term stability compared to the PEDOT:PSS, NiOy, and PTAA-based devices, which
paves a new avenue for fabricating stable and efficient PSCs.'®® Recently, in the same
group, they used a novel dendritic engineering strategy to design dopant-free SM-
HTLs, namely MPA-Cz-BTI and MCz-Cz-BTI. The diphenylamine and/or carbazole
were chosen as the building blocks for dendrons. Both MPA-Cz-BTI and MCz-Cz-
BTI exhibited good thermal stability and highly smooth surfaces. Benefiting from
these, the inverted PSCs based on MPA-Cz-BT]I delivered an excellent FF of 85.2%

and MPA-Cz-BTI-based devices showed an optimal PCE of 21.35%.%"°

3.2 Emerging charge transporting layers - SAMs

SAM-based HTLs are 2D nanomaterials with the thickness of one or few molecules
formed by molecules with certain functional properties spontaneously adsorbed on
solid/liquid or gas/solid interfaces through chemical bonding or supramolecular
interactions.!’”*3 In the past three years, the SAM HTLs have greatly improved the
PCE of both single-junction and tandem inverted PSCs, attracting enormous research
interest.!’* The SAM HTLs demonstrate some unique advantages: 1) in-situ and
spontaneous formation; 2) thermodynamically stable; 3) high tolerance to the
morphology of the substrates; 4) low material consumption; 5) ordered molecular
arrangement; 6) tunable physical and chemical properties; 7) green-solvent
processibility. Typically, SAMs consist of three key groups: anchor, linker, and tail.

And Different groups exert different functions (Figure 10a)

Anchor: Thermodynamic adsorption process is the crux to molecular self-assembly on
the surface, which is determined by the high-affinity anchor bonding with the
substrate. In SAMs for inverted PSCs, phosphoryl acid (PA) and carboxyl acid (CA)
are extensively utilized anchors that are bound tightly to inorganic oxide substrates
such as ITO, FTO, and NiOx. Monodentate, bidentate, and tridentate bonds to the
substrate are formed 1) by recombination of a water molecule via protonation of a
surface -OH group by PA or CA groups and 2) when a dissociated water molecule
reassembles to provide an empty adsorption site for the oxygen atom from the PA or
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CA molecules. Different combinations of anchor and substrate vary the binding
energy between them, e.g., phosphonates are more strongly bound to aluminum oxide

than carboxylates, so carboxylates can be replaced easily by phosphonates.'”™

Linker: The linker connects the SAMs’ anchor to the tail and usually consists of
aliphatic chains. The lateral self-assembly of individual molecules is governed by Van
der Waals interaction among the linkers. It has been reported that the long linker
length of 6 carbon atoms could contribute to current-voltage hysteresis of inverted

PSCs.'"®

Tail: The tail of the SAMs, also known as the functional group, directly interacts with
the perovskite layer, significantly influencing crystal growth, morphology, and the
work function of the deposited perovskite layer.*’* 173 77 Moreover, SAMs with
carbazole-, phenothiazine-, or triphenylamine-based cores and passivating groups
such as amines or thiols can effectively passivate defects at the bottom interface of
perovskite films. Carbazole and its derivatives are the most widely used in SAMs’
tails to regulate the interfacial interaction and have greatly boosted the device PCEs

and longevity.'7% 178

Early works on SAMs-based inverted PSCs only realized moderate PCEs below 20%.
The breakthrough work that facilitates SAMs into wild application in inverted PSCs
was reported by Getautis, Albrecht, and coworkers in 2018, who designed and
synthesized a new SAM V1036. This is the first example of a carbazole-based SAM
with phosphonic acid as the anchoring group (Figure 10b). The V1036 SAM had a
weaker absorption in the visible range and negligible parasitic absorption, which was
conducive to obtaining a higher Jsc in comparison to PTAA-based devices (Figure
10c-e). Additionally, it was demonstrated that the introduction of butylphosphonic
acid could modify the perovskite film morphology and ionization potential,
contributing to an improved PCE. This work indicates the great promise of SAM-

based HTLs.” Since then, SAMs containing phosphonic acid and carbazole derivate
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groups have been extensively applied to the inverted PSCs as HTLs, achieving huge

enhancement on PCEs together with excellent device stability as discussed below.
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Figure 12. (a) Schematic illustration of the structure, types, and functions of
SAMSs.*®! (b) Synthetic route for SAM V1036. (c) UV-vis absorption spectra of
PTAA and V1036. (d) UV-vis absorption spectra of the ITO-coated glass, ITO with
PTAA, and ITO with V1036. (e) External quantum efficiency spectra of the inverted
PSCs based on PTAA HTL and SAM containing 10% V1036 and 90%
butylphosphonic acid (C4). Reproduced with permission from ref *’°. Copyright 2018
John Wiley and Sons.

Subsequently, following the pioneering work mentioned above, Albrecht and
coworkers synthesized three molecules named 2-(9H-carbazol-9-yl)ethyl)phosphonic
acid (2PACz), 2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl)phosphonic acid (MeO-
2PACz), and 4-(3,6-dimethyl-9H-carbazol-9-yl)butyl)phosphonic acid (Me-4PACz),

and then employed them in monolithic perovskite/Copper Indium Gallium Selenide
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(CIGSe) or monolithic perovskite/silicon tandem devices.*’’*’® The SAM 2PACz or
MeO-2PACz was inserted into the ITO/perovskite interface to enable conformal
coverage of oxide surfaces and create an energetically aligned interface.'’® The
monolithic perovskite/CIGSe tandem device with MeO-2PACz was endowed with a
higher Voc than PTAA-based PSCs, delivering a certified PCE of 23.26% on an active
area of 1 cm? Moreover, the monolithic perovskite/silicon tandem device with a
certified PCE of 29.15% was realized with the help of Me-4PACz.1® The use of Me-
4PACz was effective in promoting hole extraction, suppressing non-radiative
recombination, and mitigating phase instability, resulting in an outstanding FF of 84%.
Further discussion about the use of the SAM HTLs in perovskite-silicon and all-
perovskite tandem devices is shown in Section 6. The above works by Albrecht et al.
represent a milestone in promoting the application of SAMs in inverted PSCs and
continuously enhancing the performance of inverted PSCs to catch up with their
regular counterparts. Since then, inverted PSCs have extensively employed 2PACz,
MeO-2PACz, and Me-4PACz as HTLs, and showcased their excellent efficacy in
constructing high-performance inverted PSCs and compatibility with a broad range of
perovskites, including Pb-based,'* 1% 182 Sn-based,'®® and mixed Sn—Pb perovskites.’®
We summarize the performance parameters of the representative state-of-the-art
inverted PSCs using SAMs in Table 3 and the molecular structures of these SAMs are

displayed in Figure 11.
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Figure 13. Chemical structure of the representative self-assembling monolayers

(SAMs) for the fabrication of inverted PSCs.
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Table 3. Asummary of representative inverted PSCs based on SAM HTLs. The device performance and key parameters are provided.

SAM Anchor Linker Tail® Device configuration \(/\O/;: m A“]iCmJ) FF F()OC/;I)E Year  Ref.
. . ITO/PEDOT:PSS/SAM/CH3sNHsPblzxCly/
C3-SAM Ammonium Ethyl Carboxylic acid PCBM/ZNO NPs/Ag 0.89 18.9 069 116 2015
Br-BA  Carboxylic acid ; Br-phenyl FTOMNIOY/ SAQ?;_CC':03/'X';3Pb'3’ PCBM/ 111 21.7 076 184 2017 1
Phosphonic ITO/SAM/Cs0.05(MA0.17FA0.83)0.55Pb 179
V1036 acid Ethyl Carbazole# (l0:3B10.17)3/Ceo/BCP/Cu 1.09 21.9 0.81 178 2018
MC-43 Carboxylic acid  Biphenyl Amino# ITO/SAM/CHsNH3Pbls/PCBM/Ag 1.07 20.3 080 173 2019 ¥
. . ITO/SAM/(FA0.17MA0.94Pbl3.01)0.95(PbCl2)0.05 187
MPA-BT-CA  Carboxylic acid ICso/BCPIAg 111 22.4 0.82 205 2020
ITO/SAM/Cso.05(MAo.17FA0.83)0.95Pb 178
(lo.83Bro.17)3/Ceo/BCP/Cu 119 21.9 0.80 20.9 2019
188
PACS Phosphonic Ethyl Carbazole ITO/SAM/Cso.18FAo.s2Pbls/Ceo/BCP/Ag 1.16 235 0.83 22.7 2021
acid ITO/SAM/Cs0.03(FA0.90MAg.10)0.97Pbl3 180
ICs/BCPIAG 121 24.5 0.82 24.3 2022
ITO/SAM/Cso.1FAo9Pbls/Ceo/BCP/AG 1.16 25.8 082 245 2023 ¥
Phosphonic ITO/SAM/Cso.05(FA0.98MA0.02)0.95Pb 63
MeO-2PACz acid Ethyl Carbazole#t (los6Bro02)/PCBM/BCP/Ag 1.18 24.8 0.84 246 2023
ITO/SAM/Cs0.05(FA0.77MA0.23)0.95Pb 176
(lo.77Bro.23)3/LiF/Ces0/SnO2/Ag 115 20.3 0.84 20.0 2020
ITO/SAM/(FA0.95sMA0.05)0.95CS0.05Pb 57
(lo.9sBro.05)3/LiF/Cso/BCP/Ag 121 251 0.84 256 2023
Phosphonic ITO/NiOJYSAM/FAPDI3/ s
Me-4PACz acid Butyl Carbazole# PCBM/SnO2/CU 1.16 26.2 0.84 25.6 2023 5
FTO/NiOx/SAM/FA0.95Cs0.0sPbl3 65
/Co/SNO2/AY 1.16 25.7 0.83 245 2023
FTO/SAM/Cs0.05(FA0.98MA0.02)0.95Pbl3/ 52
Ceo/BCP/CU 1.18 25.7 0.86 26.2 2023
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EADRO03 Phenyl 1.16 22.9 0.80 21.2
Carboxylic acid Carbazole# |TO/SAM/(CSOA?SCZQOBJé'\F:l/éElGPb(l0A84Br0.16)3 2021 190
EADRO4 Biphenyl 1.16 22.6 080 21.0
Phosphonic - FTO/SAM/Cso.05(FA0.02MAo.08)0.95Pb 191
Br-2EPT acid Ethyl Phenothiazine# (lo52Br0.08)/Ceo/BCPIAG 1.09 25.1 0.82 224 2021
Phosphonic ITO/NiOY/SAM/Cso.25FAo.7sPb(lo.6Bro.4)s 159
BPA acid - Benzyl ICso/BCPIAG 1.26 17.9 0.79 178 2022
Phosphonic
DC-PA/ - . Ethyl/ Carbazole#/ ITO/SAM/Cs0.0sMA0.15F Ao.goPbla/ 72
LAHA aC|d/CaaCril(JjoxyI|c Pentyl NHs* CoolBCPIAG 1.16 24.7 0.83 236 2022
2PACz/ Phosphonic FTO/SAM/Cso.025FA0.475MA05SN0.sPbo.s 76
MPA et Ethyl Carbazole s Broa b CBMICa BRI 088 328 080 233 2022
. . ITO/NiOx/SAM/Cs0.05(FA0.92MA0.08)0.95
CBSA Sulfonic acid - p-chlorobenzene (los2Br00s)/PCBM/BCPIAG 1.11 24.0 081 218 2022 %
Phosphonic . ITO/NiOx/'SAM/Cso.05(F Ao.esMA0.15)0.95Pb 193
2BrPXZPA acid Butyl Phenoxazine# (los5Bro.15)/PCBM/BCPIAg 1.21 23.5 0.82 237 2023
DMACPA Pho;gir(‘jon'c Butyl  Phenothiazine# ITO/SAM/perovskite/PCBM/BCP/AG 1.19 25.7 085 259 2023

®The “#’ represents its derivatives.
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Despite the great success of these SAMs, creating a dense and uniform SAM coverage
is still challenging, posing a threat to the device longevity and broadening
performance distribution. To address this issue, a widely-used approach is to use
mixed SAMs containing relatively small and large SAMs.*** The co-adsorption of
these SAMs on the substrate is beneficial for achieving a homogeneous distribution of
SAMs. For example, Jen et al. treated the ITO electrode with co-assembled SAMs
including 6-(iodo-A°-azanyl) hexanoic acid (IAHA) and a newly designed SAM, (2,7-
dimethoxy-9H-carbazol-9-yl) methyl) phosphonic acid (DC-PA) (Figure 12a,b). In
DC-PA, the 2,7-substituted methoxy groups were introduced in the terminal groups,
instead of 3,6-substituted methoxy groups in MeO-2PACz, which helped form aligned
energy levels and a favorable dipole moment. Through strategically adjusting the ratio
of co-SAM components (i.e., DC-PA: IAHA), an excellent SAM coverage and good
passivation effect for the top perovskite layer were simultaneously realized, leading to
a champion PCE of 23.59%."? In a similar manner, Sargent and coworkers blended the
2PACz with 3-mercaptopropionic acid (3-MPA) to treat the textured FTO substrate.
The use of 3-MPA as a co-adsorbent could break apart 2PACz clusters, which was
beneficial for obtaining a more homogeneous distribution of phosphonic acid
molecules. The FTO substrate with mixed SAMs exhibited a narrower contact
potential difference distribution compared to the control sample as evidenced by
kelvin probe force microscopy (KPFM) measurements (Figure 12c). The high-angle
annular dark-field (HAADF) scanning transmission electron microscopy (STEM)
further verified the improvement of SAM uniformity and coverage after introducing
3-MPA (Figure 12d). As a result, the inverted PSCs based on this co-adsorbent
strategy yielded an impressive PCE of 25.3% (certified quasi-steady-state PCE of
24.8%) together with excellent stability under International Summit on Organic
Photovoltaic Stability (ISOS)-L-3 protocols (Figure 12e,f). ® This strategy is also
applicable to fabricate efficient Sn-Pb PSCs. Hayase et al. found that the coabsorption

of 2PACz and a small organic molecule methyl phosphonic acid (MPA) on FTO led to
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reduced trap-assisted recombination compared to perovskite films coated on
PEDOT:PSS. When incorporated into the construction of Sn-Pb PSCs, a champion
PCE of 23.23% was obtained with a Voc of 0.88 V, an FF of 0.80, and a Jsc of 33.13
mA cm 2, which was much higher than PSCs based on 2PACz (21.39%) or
PEDOT:PSS (21.37%) (Figure 12g). Additionally, the use of 2PACz/MPA HTL could
suppress the oxidization of Sn?*, contributing an enhanced device stability.”® Another
effective approach to obtaining dense and homogeneous SAM coverages is the
rational design of the molecular structure. To enhance the uniform coating of SAMs
on the substrate, it was advantageous to weaken the m-n intermolecular interaction of
SAMs. To accomplish this objective, the introduction of benzene rings into the
carbazole group was found to impede the aggregation of SAMs, leading to
improvements in both SAM and perovskite coverage (A detailed discussion of these
works is presented in Section 6).2%°1° According to reports, solutions of widely-used
carbazole phosphonic acid (PACz)-containing SAMs are expected to initially fill the
nano-size valley of transparent conductive oxides (TCO), leading to the stacking of
multilayer SAMs. Due to the non-conjugated nature of commonly used SAMs' linker
(i.e., non-conjugated alkyl chains), they exhibit insulating properties, and charge
carriers need to tunnel through these insulating SAMs. Consequently, a thick PACz-
based SAM would hamper charge transportation. To solve this problem, Chen et al.
designed and synthesized a novel type SAM by polymerizing carbazole phosphonic
acid small molecules. The resultant Poly-4PACz with a conjugated backbone that
supports electron delocalization showed enhanced conductivity, contributing to a
reduced sensitivity to layer thickness and surface roughness (Figure 12h). This was
desirable for the scalable coating of perovskite films. As a consequence, the small-
area PSC and perovskite solar module achieved impressive PCEs of 24.4% and 20.7%
(aperture area 25.0 cm?), respectively.’®” Very recently, Hou et al. reported that
flattening the ITO surface by plasma treatment could also help obtain a conformally

distributed 2PACz layer, suppressing the interface energy loss and enhancing the
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PCEs from 22.7% to 24.5% (Figure 12i).%°
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Figure 14. (a) Molecular structures of DC-PA and IAHA.. (b) Schematic illustration of
the process of depositing a co-assemble monolayer. Reproduced with permission from
ref 2. Copyright 2022 John Wiley and Sons. (c) KPFM images of control (left) and
mixed (right) SAM-coated FTO substrates. (d) Cross-sectional HAADF-STEM
images of control (top) and mixed (bottom) SAMs sandwiched between FTO and
MoOy. Scale bars, 500 nm (c); 100 nm (d, left); 20 nm (d, right). (e) QSS J-V

characteristics of one representative mixed SAM-based inverted PSC. Inset:

photovoltaic parameters of the device. (f) Device stability using 1SOS-L-3 protocol.

The device architecture used for the stability  testing is

FTO/SAM/perovskite/345FAN/Ceso/ ALD-SNO2/Cu, with a PCE of 24.6% at room

temperature. Reproduced with permission from ref .. Copyright 2023 Springer
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Nature. (g) J-V characteristics of Sn-Pb PSCs using PEDOT:PSS, 2PACz, MPA, and
mixed 2PACz-MPA HTLs. Reproduced with permission from ref °. Copyright 2022
American Chemical Society. (h) Conductive AFM images of Me-4PACz (left) and
Poly-4PACz (right) -coated ITO substrates. Reproduced with permission from ref X7,
Copyright 2023 Elsevier. (i) Schematic illustration of substrate morphology
modulation enabling a uniform growth of SAMs, resulting in suppressed the interface
energy loss. Reproduced with permission from ref 13°. Copyright 2023 John Wiley and

Sons.

As mentioned before, despite the advantages of the NiOx HTL, this HTL shows some
interfacial issues including abundant surface traps, mismatch energy level, potential
redox reaction between Ni®* and A-site cations in perovskites, and thermal expansion
coefficient mismatch. The HTLs combining NiOx and SAMs are reported to be
conducive to solving these problems and have achieved huge success in single-
junction inverted PSCs,h 1% all-perovskite tandem solar cells,”* and
perovskite/organic tandem solar cells.*>® For example, a p-chlorobenzenesulfonic acid
(CBSA)-based SAM was used to anchor NiOx and perovskite crystals, providing dual-
passivation. This approach enabled strain release and surface defect passivation, while
also preventing adverse interfacial reactions (Figure 13a-c).'°? Another study presents
a thermally stable HTL for high-performance inverted PSCs by anchoring (4-(3,11-
dimethoxy-7H-dibenzo[c,g]carbazol-7-yl)butyl)phosphonic  acid (MeO-4PADBC)
SAM molecules on NiOx films. The molecular structure of widely-used MeO-2PACz
and MeO-4PADBC are shown in Figure 13d. The OMe substitution on the carbazole
core resulted in a decrease in dipole moment from about 2.0 D for 2PACz to around
0.2 D for MeO-2PACz, when compared to MeO-2PACz. This contributed to a better
energy level alignment with different perovskite absorbers (Figure 13e). The strong
tridentate bond formed between the MeO-4PADBC and NiOy reduced voltage loss
and maintained a strong fixation effect under thermal stress (Figure 13f). Impressively,

the devices exhibited over 90% of their initial efficiency after 1,200 hours of
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continuous operation at 65°C under 1-sun illumination.**® Apart from introducing new
SAMs, modifying the NiOy layer is another useful approach to forming higher-quality
SAMs. You et al. showed that treating the NiOx nanoparticle solution with hydrogen
peroxide resulted in a more uniform dispersion of nanoparticles with increased
conductivity due to the formation of Ni** (Figure 13g). A more condensed and
uniform NiOx layer, possessing a higher amount of surface hydroxyl groups, offered
an improved substrate for the formation of high-quality SAMs (Figure 13h). The
resulting device achieved a certified PCE of 25.2% while maintaining 85.4% of the
initial PCE after 1,000 hours of stabilized power output operation at ~50°C and 85.1%
of the initial PCE after 500 hours of accelerated aging at 85°C.°® Typically, the
advancement of NiOx and SAMs is interconnected, as they collaborate to offset each
other's deficiencies. The pairing of NiOx and SAMs aids in improving energy level
alignment, mitigating the adverse interactions between NiOyx and perovskite, along
with the uneven and sparse coverage of the substrate by SAMs. As a result, their

combined effect surpasses what each could achieve independently.
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Figure 15. Schematic diagrams of strain release (a) and the inhibition of redox
reaction (b) by introducing the CSBA SAM. (c) Schematic illustration of passivating
the defects from perovskites and NiOx by introducing the CSBA SAM, where the
chlorine (-Cl) atoms of CBSA can passivate iodine vacancies of perovskite crystals
and the sulfonic acid (-SOzH) groups can passivate the surface defects of NiOx.
Reproduced with permission from ref %2, Copyright 2022 John Wiley and Sons. (d)
Molecular structure and side view of MeO-2PACz (left) and MeO-4PADBC (right). (e)
Energy levels of the studied HTLs and perovskite layers based on UPS measurements.
Key parameters shown are Evac (vacuum level), Ecem (conduction band minimum),
Evem (valence band maximum), and Er (Fermi level). (f) DFT calculation of the
binding energy of MeO-4PADBC with ITO and NiOx Reproduced with permission

from ref 1°°, Copyright 2023 American Association for the Advancement of Science.
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(g) HRTEM images of the NiOx nanoparticles without (left) and with (right) hydrogen
peroxide treatment. (h) KPFM images of control-NiOx/Me-4PACz (left) and
modulated-NiOx/Me-4PACz (right). Reproduced with permission from ref %8,

Copyright 2023 American Association for the Advancement of Science.

The above-mentioned SAMs are generally based on the carbazole terminal group.
However, this core building block is relatively expensive (188 dollars per 500 g).
Hong et al. replaced the carbazole terminal group with a cost-competitive
phenothiazine group and synthesized a new SAM molecule, (2-(3,7-dibromo-10H-
phenothiazin-10-yl)ethyl)phosphonic acid (Br-2EPT). The Br-2EPT SAM enables
efficient charge collection, effective electron blocking, and surface passivation of the
perovskite. When integrated as the HTL in inverted PSCs, the Br-2EPT SAM created
an interface that was energetically well-suited to the top perovskite absorber. The
PSCs incorporating the Br-2EPT SAM achieved a high PCE of 22.44%, with an
average FF close to 81%."" Another problem of commonly used SAMs is the
undesirable surface wetting, which would induce a high density of nanovoids at the
buried interface of perovskite films. Wu et al presented that an amphiphilic molecular
hole transporter, (2-(4-(bis(4-methoxyphenyl)amino)phenyl)-1-
cyanovinyl)phosphonic acid (MPA-CPA) was able to address this issue by forming a
superwetting underlayer for perovskite deposition. The origin of superwetting
properties of MPA-CPA might originate from the cyano group of MPA-CPA and a
unique bilayer stack containing an anchored SAM and an unabsorbed, disordered
overlayer. The use of MPA-CPA helped form a more compact and homogeneous
perovskite film without observable voids at the buried interface compared to PTAA-
and 2PACz-based perovskite films. As a result, an outstanding certified PCE of 25.4%,
with a Voc of 1.21 V and an FF 84.7%, was obtained. In the meantime, the
corresponding devices demonstrated high stability under operational and damp-heat
ageing conditions.'* Furthermore, given that the linker group in the commonly used

SAMs is nonconjugated. This structure tends to impede the continuous transfer of
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charges through SAMs, leading to a thickness-sensitive issue.!” Apart from the
polymerization strategy reported by Chen and coworkers, designing and synthesizing
small-molecule SAMs with n-conjugated backbone was also useful for addressing this
issue. A notable work was reported by Wang et al, in which the MPA-BT-CA SAM
derived from dyes was synthesized. The MPA-BT-CA containing a D-A type
backbone was beneficial for strengthened hole extraction and reduced charge
recombination. Inverted PSCs based on MPA-BT-CA demonstrated a PCE of 21.24%
while exhibiting good long-term and thermal stabilities. Additionally, devices using
MPA-BT-CA demonstrated minimal sensitivity to the thickness of MPA-BT-CA,
ranging from less than 5 to approximately 23 nm, indicating that the tunneling

transportation did not happen.*®’

Recently, Luther and coworkers reported that incorporating SAM molecules directly
into the perovskite precursor allowed for simultaneous deposition of hole-transporting
SAM and perovskite layers, addressing wetting issues and simplifying
manufacturability while maintaining high efficiency. In addition, this approach is
compatible with various SAM molecules, perovskite compositions, solvent systems,
and coating methods. The inverted PSCs achieved a champion PCE of 24.5% when
Me-4PACz-incorporated.®* Similarly, He et al. designed and synthesized a new SAM
molecule,  (4-(2,7-dibromo-9,9-dimethylacridin-10(9H)yl)butyl)phosphonic  acid
(DMACPA) and incorporated this molecule into the perovskite precursor. The methyl
groups in DMACPA could introduce a steric effect, hampering the unwanted
aggregations at the grain boundaries. Additionally, according to UPS testing results, a
favorable electronic structure of DMACPA made it a possible candidate for HTL.
Compared to the perovskite films grown on pristine ITO and DMACcPA modified-1TO,
the perovskite films doped with DMACPA showed fewer nanovoids at the buried
interface. Moreover, a molecular-extrusion process was proposed to illustrate the
distribution of DMACPA at grain boundaries and the buried interface. The p-type

doping of the perovskite film resulted from the core coordination complex between
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the DMACPA and lead polyiodide, leading to an outstanding PCE of 25.86% and
excellent long-term stability.’® The above works demonstrate a novel approach to
fabricating the inverted PSCs without depositing the HTL before. This means a simple
fabrication process, which is beneficial for the commercial application of PSCs.
However, the universality of this approach should be further verified in the perovskite

solar modules in the future study.

In the large-scale production of commercial PSCs, SAMs also demonstrate significant
advantages as they can be prepared using large-area techniques such as dip coating
and thermal evaporation, which offer high-throughput fabrication. For instance,
thermal evaporation of SAM-HTL layers (2PACz, MeO-2PACz, and Me-4PACz) is
presented to enhance the process flexibility.**® The chemical properties of the SAMs
are unchanged by the evaporation process, maintaining their monolayer formation at
the ITO interface. The evaporation of these layers results in slightly improved implied
Voc values and improved wettability of perovskite on Me-4PACz, enhancing the
applicability of these materials without sacrificing their interfacial properties or
device performance. This is greatly beneficial for the future commercial production of
PSCs using SAMs. However, several nanometer-thick SAM may not fully cover the
TCOs, and the large-scale preparation of perovskite layers may lead to the formation
of pinholes (which has not yet been resolved in industrial-scale perovskite layers
prepared by blade coating or slot die coating). This significantly affects the
application of SAM in commercial PSCs. Although the use of mixed SAM®® and
bilayer deposition of SAMs’® can improve the coverage of SAM, current research is
limited to small-scale devices. In addition, adding a layer of nanoparticle NiOy
between TCOs and SAM can help reduce the probability of device short-circuiting,
and the small-area inverted PSCs based on NiOxy/SAM achieved certified efficiencies
of over 25% and maintained MPPT for over 1,000 hours. Nevertheless, it is worth
mentioning that due to the low material consumption of SAMs it is more-effective to

use SAM monolayer compared to NiOx- or NiOy/SAM-mixed HTLS.
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Another important aspect to consider is the stability of SAMs in the context of devices
during operation. This includes the stability of SAM molecules bound to the substrate
and the occurrence of buried interface delamination during thermal cycling. SAMs are
anchored to the TCOs substrate through carboxylic or phosphonic acid groups, which
form ester bonds with hydroxyl groups upon dehydration. However, carboxylic esters
are prone to hydrolysis in the presence of water, and phosphonic esters can also
undergo hydrolysis under acidic or alkaline conditions. These hydrolysis reactions
may lead to the detachment of SAM molecules and have a detrimental effect on the
long-term stability of the device.'*® Future developments in SAM molecules should
aim to address these issues. Furthermore, while SAM molecules provide tight contact
by covalently anchoring to the TCOs, they lack sufficient adhesion to the perovskite
layer. This is because the thermal expansion coefficients of TCOs and perovskites do
not match. Consequently, during prolonged thermal cycling, the perovskite absorbing
layer may experience delamination. To overcome this, it would be beneficial to
develop SAMs that exhibit strong adhesion to both perovskites and TCOs. This could

be a promising direction for future research.
4. INTERFACE ENGINEERING

A standard PSC is typically composed of a series of stacked layers including the
perovskite layer for light absorption, transporting layers for charge transport, and
electrodes. The efficacy of PSCs hinges not just on the integrity of these layers but
also on the quality of the interfaces that are crucial for charge transport. The
development of 3D perovskite is often interrupted by the top and bottom surfaces,
which results in irregular atomic structures and surface defects such as halide ions
with insufficient coordination, clusters of lead, and Pb?" ions with inadequate
bonds.**® 2°° The density of trap states on the surface of perovskite is significantly
higher compared to its bulk, which is a well-established fact.?* This defect build-up at
the surface would prompt unwanted non-radiative recombination, thereby diminishing
the efficiency of the device. Furthermore, improper alignment of energy bands at the
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interface would induce additional recombination losses. In the realm of commercial
solar cells, such as those made from silicon and Cu(In,Ga)Se2, perfecting the interface
has become a crucial aspect of the manufacturing process. In the context of PSCs,
refining the engineering of interfaces at both the top and bottom of perovskite films
has been the focus of intense research, leading to significant advances in PCEs and
stability.?°>?% In recent years, various interface engineering approaches have been
developed to improve device efficiency and stability by applying a range of functional
molecules such as organometallic compounds, inorganic salts, small organic
molecules, polymers, alkylammonium salts, and meal oxides to the top and bottom of

the perovskite layers (as detailed in Table 4).
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Table 4. A summary of the interface engineering strategies for recent representative inverted PSCs. The device performance and key

parameters are provided.

Material

Engineering

Voc

Jsc

PCE

Materials Type Type® Device structure V) (MAcm?) FF %) Ref.
FeTe Orgggopgﬁaaélic TIE ITO/PTAA/(FAo,ggM//A\é,;);/)ggcsglszogst(Io.gsBro.oz)lecTCz 118 25 7 0.82 250 17
OLAI Alkylasrgz?oni“m TIE ITO/2PACZIC30.05(FA05oMAo 10)0s7PbIs/OLAI/Cso/ BCP/AG 1.21 24.5 082 243 1

3F-PEA Alkylasrgz?oni“m TIE ITO/NiOW/Cs00sFA0 ssMAa1Pbls/3F-PEAIPCBM/BCP/A 1.15 24.9 083 239 O
PBA| Alkylasn;?gonium BIE |T0/PTAA:F4TcTpcé/zw%g/&ég;ﬁimwAmspb|z,ggBro.1s 116 246 082 233 04
PEACI Alkyla;naz?oni“m BIE/TIE FTO/NiO/Me-4PACZIPEACI/FAPDIJ/PEACI/PCBM/SnO/Cu 1.16 26.2 084 256
PEA| AIkyIaSn;?twonium BIE/TIE ITO/PTAA/PEAI/Cso,osg:é\slell\éléé/lekgst(lo,ssBrO,ls)slPEAI/ 115 937 08l 220 7

PEAMAI A'ky'aS";?t"O”i“m TIE ITO/PTAA/FA0 5Cso 1PblsPEAMAL/Ceo/BCP/CU 1.14 25.8 082 241 10

PEABr A'ky'asn;:’t‘oni“m TIE ITO/DMACPA/Perovskite/PEABHPCBM/BCP/Ag 1.19 257 085 259 B
CI-PEAI A'ky'aS";?t"O”i“m BIE/TIE ITO/PTAN C"'/’CEI’_*P"EC:;-/”;(CFBA,f;f/“E’;'é;’fES’SPb('°-BSB“’-15)3 1.15 23.7 085 281
E-PEA| Alkylasrr;:?onium BIE/TIE |TO/PTAA/F-PEﬁ\:l_/PC;X);—}(PF?gﬁ/II\;IQé/g)/?:;Pbl_m(|0_855r0_15)3 116 241 085 237

BDA| Alkylasrr;:?onium BIE |TO/PTAA/BDA|/(Cspglcgg)ﬁjg/é?%/xo,mpb(lo,gssro.ls)s)o.gs/ 101 926 082 223 5

GABr AIkyIaSrr;:rgonium BIE/TIE |TO/PTAA/(F,A/\;?:sgwlz/észsl_gg\gfézbBra)o_lslGABr 191 225 0.79 215 165
SIE’/IJK,IA;I Alkylagna:?onium TIE FTO/NiOx/4PAC|:32I£C;‘sI(Z7él\G/(I)g)85P|:/§(agonI3/3MTPAI- 117 26.3 086 26.4 51
5; Elm\(lzzl Alkylasrr;:?onlum BIE/TIE FTO/PEDOT:PSS/GIyH%ég:/g)élgﬁngAosSn0,5Pbo,5I3/EDAIz 0.89 —_ 082 235 7
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345FAn
PFEN-I
PFN-Br
PTAA
PMMA
PMMA
PS

PFN-Br/
PEAI

3MTPALI/
PDAI;

3-APy

Choline
chloride

PFEDT
Pl
PCBB-3N-3I
PbPyA;

Y6

Alkylammonium

salt
Polymer

Polymer
Polymer
Polymer
Polymer

Polymer
Polymer/

Alkylammonium

salt
Small organic
molecule/

Alkylammonium

salt
Small organic
molecule
Small organic
molecule
Small organic
molecule
Small organic
molecule
Small organic
molecule
Small organic
molecule
Small organic
molecule

TIE
BIE/TIE
BIE
BIE
BIE/TIE
BIE

BIE

BIE/TIE

TIE

TIE

TIE

TIE

TIE

TIE

TIE

TIE

ITO/2PACZ/Cs0.0sM Ao.0sFA0.9Pb(lo.95Br0.05)3/345FAN/Ceo/BCP/Ag

ITO/poly-TPD/PFN-1/Cso.0sFA0.79MA0.16Pb12.4Bro 6/
PFN-1/PCBM/BCP/Ag

ITO/PTAA/PFN-BI/FAMAPbIs/Cso/BCP/Cu
FTO/NiOx/PTAA/Cs0.0sMAc.15FA0.s0Pb13/PCBM/BCP/Ag
ITO/PTAA/PMMA/perovskite/PBAI/PCBM/Bphen/Al
ITO/NiOYPMMA/(MAPDI3)0.55(MAPBBr2Cl)o.0s/PCBM/BCP/Ag

ITO/NiOx/PS/(MAPbIs)o.ss(MAPDBI2Cl)o.0s/PCBM/BCP/Ag

ITO/PTAA/poly-TPD/PFN-Br/Cso.0sFA0.79MAo.16Pbl2.4Bro.e/
PEAI/PCBM/BCP/Ag

FTO/Me-4PACz:2PACz/perovskite/3MTPAI/
PDAI2/Ce0/SnO2/Ag

ITO/MeO-2PACz/perovskite/3-APy/LiF/Cso/BCP/Ag

ITO/PTAA/FA0.85MA0.15Pb(lo.esBro.15)3
/Choline chloride/Cso/BCP/Cu

FTO/NiOx/Cs0.05(FA0.8sMAo.15)0.05Pb(lo.8sBro.15)3s/PFDT
/PCBM/BCP/Ag/PFDT

ITO/PTAA/Cs0.05(FA0.95MA0.05)0.95Pb (10.95Br0.05)3/P1/Ceo/ BCP/Ag
ITO/PTAA/MAPDI:/PCBB-3N-31/PCBM/AI
ITO/P3CT-N/(FAPDI3)0 o5(MAPBBrs)o.05/PbPyAs/Cea/ TPBI/Cu

ITO/PTAA/perovskite/Y6/PCBM/Ceso/BCP/Ag
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1.16

1.13

1.10

1.16
1.19

1.17

1.18

1.18

1.15

1.14

1.16

1.17

111

1.19

1.12

25.9

225
24.7

24.6
22.2

224

21.9

26.4

26.2

23.7

235

24.9

23.3

24.8

23.7

0.83
0.81
0.83

0.82
0.79
0.79

0.83

0.86

0.84

0.78

0.80

0.80

0.81

0.83

0.79

241
205
225
23.7
23.3
211
20.8

21.3

26.9

255

21.0

21.8

234

211

24.3

21.0

206

207

208

69

204

209

210

50

59

84

211

75

212

66
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BCP
DPPP
KF
Cdl;
InBrs
KSCN

F-TiO2 NSs

Nanoplate
Al,O3

ALD-AIOy

Small organic
molecule
Small organic
molecule

Inorganic salt
Inorganic salt
Inorganic salt
Inorganic salt
Metal oxide
Metal oxide

Metal oxide

BIE
BIE
BIE/TIE
TIE
TIE
BIE
TIE
BIE

BIE

ITO/PTAA:BCP/FACsPbIs/Ceo/BCP/Cu

FTO/NiOx/Me-4PACz/DPPP/FA0.95CS0.0sPbl3/
Ce0/Sn02/Ag

ITO/PTAA/KF/Cso.05(FA0.88MA0.12)0.95Pb13/KF/Ceso/BCP/Ag
ITO/PTAA/RD0.025CS0.025FA0.70MA0.25Pb13/Cd12/Ce0/BCP/Cu
ITO/PTAA/Cso0.07FA0.70MAo.23Pbl3/InBra/Cso/BCP/Cu

ITO/NiOWKSCN/MAPbI3<Clx/PCBM:Ceo/ZrAcac/Ag

ITO/PTAA/Cs0.05(FA0.95MA0.05)0.95Pb(l0.95Bro.05)3
/F-TiO2 NSs/Ceo/BCP/Ag

ITO/Me-4PACZ/Al203/(FA0.95MA0.05)0.95CS0.0sPb(l0.95Br0.05)3/
LiF/Ceo/BCP/Ag

ITO/NiOx/ALD-AIOx/FA0.79MA0.16CS0.0sPb13/Ceo/ BCP/Ag

1.17
1.16
1.15
1.20
1.18
1.14
1.14
1.21

111

255
25.7
234
235
235
23.3
24.8
251

24.8

0.83
0.83
0.82
0.78
0.80
0.80
0.81
0.84

0.81

24.6
245
22.0
21.9
22.2
21.2
22.9
25.6

225

62

65

213

214

215

216

217

57

218

4Buried interface engineering (BIE); Top interface engineering (TIE).
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4.1 Top Interface Engineering

Extensive research has been conducted on the surface properties of perovskite films
due to their exposed nature. Surface engineering techniques involve treating the films
with functional molecules, typically dissolved in polar solvents such as IPA, and
subsequently subjecting them to thermal annealing to remove the solvents.
Additionally, inorganic modification molecules like MgFx and LiF can be deposited
onto the top surface of the perovskite films using physical vapor deposition.’® It is
worth noting that, as the surface engineering method is primarily a post-treatment
approach, it does not have a huge impact on the film coverage, crystallinity, and grain
size of the perovskite films. However, the use of polar solvents for perovskite
precursors and post-treatment agents can lead to partial dissolution of the formed
perovskite films and subsequent secondary growth during thermal annealing, altering
the distribution of surface components.'®> Moreover, applying a thin layer of
passivating material can effectively reduce trap-assisted recombination at the interface,
while inherently hydrophobic materials can prevent moisture intrusion, thereby
enhancing device stability.?*??° This approach also minimizes the energy barriers at
the interface between the perovskite film and ETL, facilitating efficient charge carrier
transport.'°® 2 Subsequently, we will delve into some representative methods for

fabricating high-performance inverted PSCs.

Unlike regular PSCs, where perovskites are grown on an n-type substrate like SnO; or
TiOg, the inverted PSCs involve perovskite growth on a p-type substrate, resulting in
more p-type characteristics for the perovskites. Direct contact of the p-type perovskite
with the n-type ETL could cause unfavorable charge recombination. To address this
issue, Li et al. reported a surface sulfidation treatment (SST) by sulfurizing the Pb-
rich interface, achieved by spin-coating pyridine-2-carboxylic lead (PbPyA2) with
hexamethyldisilathiane (Figure 14a). After SST, the perovskite layer exhibited a
shallower Fermi level (more n-type in nature), which created an additional back-
surface field at the interface that facilitated charge extraction (Figure 14b-c).®® The
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optimized device delivered a remarkable PCE of 24.3% with enhanced Voc, Jsc, and
FF (1.19 V, 24.8 mA cm™2, and 82.9%, respectively). Furthermore, the strong Pb-S
bonds effectively impeded unwanted charged-ion migration and preserved the PCBM
layer in the device, greatly enhancing device stability. Similarly, early in 2018, we
proposed a solution-processed secondary growth strategy with guanidinium bromide
(SSG-G) for mixed-cation lead mixed-halide perovskite to control the semiconductor
nature at the perovskite surface. The up-shifted Fermi level toward the conduction
band minimum, possibly originating from composition variation at the interface,
suggested a more n-type nature for the SSG-G perovskite film (Figure 14d). Moreover,
it was observed that the bandgap near the top interface of the treated film was
broadened due to the enrichment of the Br element. Such bandgap widening at the
interface would be beneficial for achieving desirable Type-I or Type-1l band
alignment, reducing the accumulation of charge carriers at the interface. These
improvements in the electronic nature between the perovskite and ETL led to an
enhancement in Voc by up to 100 mV (1.21 V) without sacrificing the photocurrent,
culminating in a champion PCE of 21.51%.'%° Recently, a 3-(Aminomethyl)pyridine
(3-APy)-based top surface engineering method was developed by Jiang et al. The use
of 3-APy was able to react with surface FA*, forming N-(3-
methylpyridine)formamidinium (MPyFA®) and releasing NHs. This reaction led to a
“polishing” effect, contributing to a smoother perovskite surface. Furthermore, the 3-
APy surface treatment exhibited a significant decrease in the work function, reducing
it from approximately 4.77 eV to 4.21 eV. Additionally, it effectively shifted the VBM
from around 0.80 eV to 1.51 eV, indicating an effective n-type doping in the
perovskite film surface with 3-APy treatment (Figure 14e). This resulted in favorable
surface energetics and band bending that promote electron extraction while blocking
holes. With this method, the PCE increased from 23.39% to 25.49% with a certified
stabilized PCE of 24.05 #0.48% (Figure 14f).%
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Figure 16. (a) Schematic illustrations of the SST process. (b) The energy level of the
perovskite films, where @ is the Fermi level. The yellow arrow shows a spontaneous
electron-flow to bulk perovskite, (c) Formation of the back-surface field at the
perovskite interface with SST. Reproduced with permission from ref . Copyright
2022 American Association for the Advancement of Science. (d) Energy level
alignment of control and SSG-G perovskite films. Reproduced with permission from
ref 1%°. Copyright 2018 American Association for the Advancement of Science. (€)
UPS spectra of the control and target film. Left panel: secondary electron cutoff.
Right panel: valence band spectrum. (f) J-V curves of the champion control and target
PSCs under reverse and forward scans. Insert: The stabilized power output (SPO) of

the control and target PSCs. Reproduced with permission from ref *°. Copyright 2022

Springer Nature.
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The presence of dangling bonds in polycrystalline films makes surfaces energetically
unfavorable and more reactive. To address this issue, most advanced polycrystalline
thin-film technologies like CdTe and CIGS solar cells passivate the absorber surface
by coating it with a reduced-dimensional layer, typically a 2D layer. The 2D capping
layer on top of the 3D light absorber has proven to be an effective way to enhance the
device's Voc and stability.??! This 3D/2D passivation strategy is also applicable to
emerging PSCs and has significantly improved their performance.’> ©7 222
Alkylammonium halides such as PEAI and OAI could passivate both cation and anion
defects at interfaces, and an enhanced passivation effect was achievable through the
formation of hydrogen or ionic bonds with the perovskite. The application of
alkylammonium halides generated an interfacial dipole that counteracts band bending
at the surface of the perovskite films. Moreover, the deposition of alkylammonium
halide salts with short alkyl chains, like PEAI and BAI, tended to result in the
formation of reduced-dimensional perovskites, typically 2D perovskites. A
heterojunction interface comprising both 2D and 3D perovskites was advantageous
for constructing stable and efficient solar cells,??* as the 2D-dimensional perovskite
layer was able to terminate the dangling bonds at perovskite surfaces, suppressing ion
migration and passivating charged defects. Recently, Azmi and colleagues reported a
versatile and universal strategy to passivate the 3D perovskite layer with a
Ruddlesden-Popper (RP) phase 2D perovskite layer using oleylammonium iodide
(OLAI) molecules.*® This 2D/3D passivation approach imparted an enriched n-type
character to the 3D perovskite films and more efficient charge transfer due to the
successful realignment of the energy band structure. The treated device exhibited a
prolonged charge carrier lifetime and suppressed trap-assisted recombination at the
perovskite/ETL interface, achieving an outstanding PCE of 24.3% (Figure 15a-c). The
3D/2D heterojunction at the absorber surface substantially improved the device
stability under ageing conditions such as thermal, moisture, illumination, and

electrical stress, meeting the mature industrial stability standards for photovoltaic
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modules (Figure 15d). In the study by Chen et al., it was reported that adjusting the
quantum size of the 2D/3D heterostructure using ligand-modified bulkier organics,
such as 3-fluoro-phenethylammonium (3F-PEA), could reduce confinement within the
2D perovskite layer and lower the electron barrier between the 2D/3D perovskites
(Figure 15e-f), resulting in an excellent quasi-steady-state certified PCE of 23.91%.
When combined with a stable inorganic NiOx HTL, under 1SOS-L3 accelerated
ageing conditions, the quasi-2D-treated device maintained 92% of its initial
performance after 500 hours of maximum power point (MPP) tracking.®” Similarly,
Vaynzof et al. incorporated PEAI, 4-chloro-phenylethylammonium iodide (CI-PEAI),
and 4-fluoro-phenylethylammonium iodide (F-PEAI) at both the top and bottom
interfaces of the perovskite layer. By controlling the additive concentration, a higher-
quality and more homogeneous film with low perovskite/ETL interfacial defect
density was achieved. The devices displayed a significant and all-rounded increase in
FF, Voc, Jsc, and PCE (1.184 V, 24.13 mA cm 2, 84.6%, 23.7%, respectively).”” Wu et
al. employed a series of large alkylammonium interlayers (LAI) containing 1,4-
butanediammonium iodide (BDAI), PEAI, and GAI, to modify the bottom interface
between HTL and perovskites in the inverted PSCs.?®® These salts effectively
improved the perovskite film crystallinity as evidenced by a stronger (001) diffraction
peak and a narrower full width at half maximum (FWHM) of diffraction peaks
compared to the control perovskite film. Moreover, the inserted LAI layer could
reduce defect sites. When BDAI was used as the LA, a high PCE exceeding 22% was
obtained. In addition, an external quantum efficiency of the electroluminescence
(EQEkL) as high as 3.11% was observed when the BDAI-modified inverted PSC was
operated as light-emitting diodes, demonstrating the reduced non-radiative

recombination.
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Figure 17. (a) A schematic diagram of the solar cell configuration used in this work.
(b) Cross-sectional SEM images of the 2D OLAI treated PSCs. (c) J-V characteristics
of control devices, 2D perovskite layer post-treatment at room temperature (2D-RT)
and through thermal annealing (2D-TA). (d) PCEs evolution at damp-heat test of
encapsulated devices. Reproduced with permission from ref ¢, Copyright 2021.
American Association for the Advancement of Science. (e) Schematic of a typical
2D/3D heterostructure in inverted PSCs. The band alignment of the inverted PSCs
with the 2D treatment (f) or the quasi-2D treatment (g). Reproduced with permission

from ref ®’. Copyright 2022 Springer Nature.

To tackle the potential issue of 2D/3D interaction causing ammonium ligands to
penetrate deeper into bulk perovskite and potentially leading to a drawback in device
performance under extreme stress conditions, Sargent et al. explored an alternative
approach using noninvasive surface-passivating ligands (Figure 16a), using 3,4,5-

trifluoroanilinium (345FAn), which gave a promising PCE of 24.09%.%°° This 345FAn
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has smaller binding energy to substitute perovskite A-site (Figure 16b,c) and higher
interaction energy (Figure 16d,e), which together shows that this fluorinated anilinium
less easily forms 2D perovskite while connecting tighter and stronger with perovskite
at the surface and from the side, increasing the stability of the forming 2D layer.
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Figure 18. (a) A schematic representation showcasing how ammonium ligands
interact with perovskite structures. (b) Theoretical models applied in Density
Functional Theory (DFT) analyses to assess the binding energy (Eb) between closely
positioned 2D perovskite segments. (c) Determined Ep values for a set of seven
distinct ammonium ligands incorporated within MAPDbIz perovskite A-site. (d)

Theoretical constructs used for calculating the interaction energy (Eint) between
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various ammonium ligands and the surface of the MAPbI3s perovskite. (e) Evaluation
of Eint Values for a selection of four ammonium ligands interacting with the perovskite
surface. Reproduced with permission from ref 2%, Copyright 2023 American

Association for the Advancement of Science.

Lewis acids and bases, known for their ability to accept and donate electrons,
effectively passivate both negatively and positively charged defects on absorber
surfaces through coordinate or ionic bonding, reducing unwanted non-radiative
recombination. For instance, Jen et al. improved the photovoltaic performance and
stability of their device by applying 1H,1H,2H,2H-perfluorodecanethiol (PFDT)
superhydrophobic SAMs to both the perovskite layer and the metal electrode. The
thiol headgroup, a sulfur-donor Lewis base, stabilized uncoordinated Pb ions at the
perovskite surface through metal-thiol interactions, while the rigid perfluorocarbon
tail-chain granted the surface hydrophobic properties (Figure 17a) effectively
blocking water and oxygen infiltration. This passivation method also prevented lead
leakage in degraded PSCs.?!! In the same group, they employed the organometallic
compound ferrocenyl-bis-thiophene-2-carboxylate (FcTc2) to functionalize the
perovskite surface (Figure 17b). The use of FcTc. introduced a strong Pb-O
interaction to deplete surface trap states and enhanced interfacial charge transfer via
the electron-rich ferrocene groups (Figure 17c¢,d). This additional interfacial bonding
and the facilitated carrier dynamics induced by FcTc, suppressed unexpected ion
migration, contributing to remarkable device stability under damp-heat testing
conditions (85C and 85% relative humidity), which successfully met the
International Electrotechnical Commission (IEC) 61215 standard for mature
photovoltaic technologies. The resulting devices achieved a milestone PCE of 25.0%.
Later on, a diammonium-methylthio dual passivation (DMDP) strategy was
developed.®® This approach combined sulfur-modified methylthio molecules with
diammonium molecules to passivate surface defects and reduce recombination

through hydrogen bonding and strong coordination, while also achieving a decrease in
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contact-induced interface recombination by repelling minority charge carriers through
“field-effect passivation” (Figure 17e). Thiol-modified methanethiol molecules
provide chemical passivation, and diammonium molecules act to repel minority
charge carriers, thus reducing contact-induced recombination. The DMDP strategy led
to a fivefold increase in charge carrier lifetime, one-third of the PLQE loss, and
enabled a champion PCE of 26.4% with certified quasi-steady-state PCE of 25.1%

(Figure 17f,9), and the optimized devices showed a stable operation at 65<C for more

than 2000 hours in ambient air.
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Figure 19. (a) Schematic of the interaction between PFDT and perovskite surface
defects. Reproduced with permission from ref L. Copyright 2021 John Wiley and
Sons. (b) Schematic illustrations of the device structure of inverted PSC passivated
with FcTcz. (c) XPS characterization of the Pb element. (d) The interaction between
perovskite and FcTc2 investigated using molecular dynamics simulations. L, bond

length. Reproduced with permission from ref 1" 8. Copyright 2022. American
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Association for the Advancement of Science. (e) Schematic of the perovskite surface
with both chemical and field-effect passivation. (f) J-V curves of the champion
DMDP-based inverted PSCs. (g) certified quasi-steady state J-V curve of one
representative DMDP-based device at NREL. Reproduced with permission from ref %

87_Copyright 2023. American Association for the Advancement of Science.

Although numerous passivation molecules have been developed, completely
passivating all surface defects in perovskite films, due to their complexity and
diversity, is still challenging. A pioneering approach to addressing this issue was
reported by Zheng et al in 2017. They treated the MAPDIs perovskite films with
quaternary ammonium halides (e.g. L-a-phosphatidylcholine, choline iodide, and
choline chloride) containing both negative- and positive-charged components (Figure
18a). The choline group could fill the MA* vacancies, while additional halide ions
were expected to passivate the I" vacancies due to the evaporation of MAI during
annealing (Figure 18b). Such a synergistic effect greatly reduced trap density of states
versus traditional PCBM passivation (Figure 18c). This research demonstrates the
importance of completely passivating all defects in perovskite films and provides an
avenue for improving the PCE and stability of perovskite photovoltaics.®* Moreover,
Jen et al. developed a bifunctional small organic molecule, piperazinium iodide (PI),
which contains both electron-accepting (R2NH2") and electron-donating (R2NH)
groups within a 6-membered ring. This bifunctional passivation could regulate the
surface termination by simultaneously using RoNH>" to insert A-site vacancy and
R2NH to react with uncoordinated Pb?*, reducing the defects such as Pb-I antisites, Pb
clusters, and uncoordinated halides. This surface termination strategy alleviated the
surface residual stress and facilitated the n-type characteristic of the perovskite layer
for efficient charge transfer.”> A similar strategy was adopted by Li’s group.?*? They
designed a fullerene electrolyte (PCBB-3N-3I) with high conductivity and a strong
molecular electric dipole moment (Figure 17d). In PCBB-3N-3l, the Lewis acid,

specifically the fullerene part, passivated negatively charged defects such as under-
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coordinated I-, while the iodide component interacted with positively charged under-
coordinated Pb?* defects, leading to orderly packing and preferred orientation of
PCBB-3N-3I on the perovskite surface. Reduced surface defects enhanced the build-
in voltage, charge collection, and device ambient stability. Emerging small-band-gap
non-fullerene small organic molecules like Y6 possess high mobility, suitable energy
levels with perovskites, and electron-rich functional groups (e.g., C-S-C, C=0 and
C=N.). When coated on the perovskite absorber surface, it was reported that this
molecule played integrated roles in improving device performance including electron
transportation, moisture resistance layer, near-infrared photocurrent intensification,
surface trap passivation, and the containment of ion migration (Figure 17e).%” The
chloroform-processed Y6 (Y6-CF) treatment induced the face-on orientation and n-nt
stacking, which facilitated the extraction and transport efficiency of electrons from the
perovskite layer. The boost in Jsc (23.68 mA cm™) was attributed to the favorable
surface energetic alignment between perovskite and ETL and the dissociation of the
photoexcited exciton at the interface provided by this narrow band gap YG6.
Additionally, the hydrophobicity nature of Y6 confined water penetration, thereby

enhancing its ambient stability toward humidity.
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Figure 20. (a) Chemical structures of L-a-phosphatidylcholine, choline iodide, and
choline chloride. (b) Schematic illustration of the passivating function of quaternary
ammonium halides. (c) Trap density of states measured by thermal admittance
spectroscopy for devices treated with PCBM and choline chloride. Reproduced with
permission from ref . Copyright 2017 Springer Nature. (d) Schematic illustration of
the device architecture of PCBB-3N-3I/PCBB-3N-passivated inverted PSCs. Inserted
with the chemical structures of PCBB-3N-31/PCBB-3N. (e) Schematic illustration of
an inverted PSC treated by Y6, and the use of Y6 shows multi-functions marked in the
diagram (1) ETL, (2) moisture barrier, (3) near-infrared light absorption, (4) defect
passivation, and (5) ion migration suppression. Reproduced with permission from ref
87, Copyright 2020 Elsevier.
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Inorganic molecules like LiF are also a popular type of surface engineering materials.
Lu et al. employed a simple method to modify interfacial charge transport by adding a
trace amount of indium bromide (InBrs) atop Cso.o7FA0.70MAo.23Pbls perovskites,
which enabled a self-formed n/n* homojunction between the bulk and surface of a
monolithic perovskite film by increasing the electron concentration. The passivated
device exhibited an enlarged built-in electric field and an enhanced ability for charge
carrier extraction and dynamics between the perovskite/ETL. The resulting blade-
coated device showed a high PCE of 22.2%.?"> Similarly, Wu and co-workers
regulated the top surface of perovskite film with cadmium iodide (Cdlz), which
significantly reduced the iodine defect density and the ion migration.?** A champion
PCE of 21.9% with an impressively small voltage deficit of 0.31 V was obtained.
Another illustrative example is that Jen and coworkers introduced fluoro-terminated
TiO2 nanosheets (F-TiO2 NSs) between perovskite/Ceo ETL.?Y” The high amount of
exposed fluoro group induced interfacial interactions such as electronic coupling and
hydrogen bonding with uncoordinated Pb?*, and MA/FA cations, reducing the surface
defect centers and inhibiting the ion migration. The treated device exhibited a PCE of

22.86% together with excellent operational stability.

As previously mentioned, various kinds of passivation agents have been introduced at
the perovskite/fullerene based-ETL. Some perform chemical passivation functions by
hydrogen bond, covalent bond, or coordination bond, others function as filed effect
passivation.?® Additionally, these passivation layers could serve to eliminate direct
contact between the perovskite and the fullerene-based ETL, which is known to
induce serious non-radiative recombination, leading to a decrease in Voc and PCE.*®
224225 For instance, Stolterfoht et al. denote that the majority of the recombination loss
occurs within the initial monolayer of Ceo rather than in the bulk or at the perovskite
surface, and the Ceso molecules act as deep trap states when directly contacting the
perovskite, leading to significant recombination losses.?*® Janssen's group has also

demonstrated that passivation agents like choline chloride and LiF, when employed at
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the perovskite/Ceo interface, can suppress non-radiative recombination regardless of
the perovskite layer's bandgap. This suppression is attributed to the increased spatial
separation between perovskite and Ceo, rather than an improvement in energy level

alignment or surface as well as bulk passivation of perovskite films.??*
4.2 Buried Interface Engineering

Due to the non-exposed nature and processing difficulties of the buried interface, most
studies on interfacial engineering focus on the top interface of the perovskite film. In
spite of the great advancement of top-interface engineering, the bottom interface
should be treated with the same importance as the top interface, since the buried
interface is also likely enriched with deep-level trap states from both HTLs and
perovskite films inducing the unwanted charge combination. Additionally, band
misalignment at the buried interface could adversely influence efficient charge
transportation.®® 22’ More importantly, the perovskite film coverage, nucleation, and
growth are highly dependent on the substrate properties.® 1% Recently, we employed a
facile lift-off method to expose the buried interface (Figure 18a). According to the
SEM measurement, large flaky lead-halide grains were observed at the bottom surface,
while the top surface exhibited more uniform morphology with smaller lead-halide
grains (Figure 18b). Moreover, the confocal PL mapping measurement for the buried
interface demonstrated that the accumulation of large lead-halide phases speeded up
the annihilation of the photo-generated charge carriers (Figure 18c). Furthermore, it
was found that the preferential orientation of the crystalline grains varied dramatically
at the buried interface (Figure 18d). These results denote that the buried interface of
the pristine perovskite films is accumulated with imperfection and pretty
inhomogeneous, which adversely impacted the device performance. Therefore, the
buried interface engineering, which has been largely neglected in perovskite
photovoltaics, is essential. Through buried interface engineering, perovskite film
morphology, charge-carrier extraction and transport, and crystal growth can be
modulated, leading to the enhancement of device performance.
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Figure 21. (a) Schematic of the lift-off process. A: monovalent organic or inorganic
cations, B: Pb?*, X: halogen anions. (b) Top-view SEM images of the bottom surface
of the perovskite film. (c) Confocal PL mapping images of the bottom sides. Scale bar:
2 |m. The ranges of the detection are 700-790 nm (red bar) and 500-570 nm (blue
bar), respectively. (d) Integral angle-dependent GIWAXS profiles for both top and
bottom sides of the ammonium-halide-modified perovskite films. Reproduced with

permission from ref &, Copyright 2021 John Wiley and Sons.

PTAA and poly-TPD, as well-known polymeric HTLs in the fabrication of inverted
PSCs, exhibit hydrophobic surfaces, which makes it difficult to deposit pinhole-free
and uniform perovskite films. It is typical to pre-treat the organic HTL with polar
solvents or solutions with molecules dissolved in the polar solvent (e.g., IPA, DMF,
methanol) before spin-coating the perovskite precursor. Apart from the surface-
wetting effect mentioned before, these materials could also passivate defects at the
buried interface. For example, in 2020, Li et al. modified the HTL/perovskite buried
interface by fluorene-based conjugated polyelectrolytes including poly[(9,9-bis(3’-(N,
N-dimethyl)-N-ethylammonium)-propyl)-2,7-flu-orene)-alt-2,7-(9,9-di-octylfluor-

ene)] diiodide (PFN-I), PEN-Br, and PFN. The insertion of PFN-I at the underlying
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interface between perovskite and polymeric HTLs eliminated the dewetting issue of
poly-TPD as indicated by smaller contact angles of perovskite solutions on PFN-I
treated HTL compared to the pristine HTL, thereby delivering full coverage of the
perovskite film (Figure 19a,b). Additionally, it was discovered that the functional
pendant groups of PFN-1 were capable of passivating defects, e.g., ion vacancies in
perovskite films, and the hydrophobic polymer chain could inhibit the ingress of
moisture (Figure 19c¢).2°” This strategy was also applicable to the modification of
PTAA/perovskite bottom interface in inverted PSCs. Through treating the buried
interface with PFN-Br, the perovskite films based on the two-step sequential
deposition method exhibited a remarkable Shockley—Read—Hall carrier lifetime of
18.2 ps, leading to a maximum PCE of 22.5% for the final inverted PSCs.?®
Alkylammonium salts dissolved in polar solvents are also effective in improving the
wettability of the perovskite underlying substrate. For instance, Matteo’s group treated
HTL/perovskite interface by applying various alkylammonium salts with different
halide anions, exploring their impact on the device performance. It was noted that, in
contrast to studies on organic cations in post-treatment salts, the role of halide
selection in the passivation effect has been largely underexplored.??® They found that
treating the interface with F-PEAI (in DMF) enhanced the wettability of PTAA, which
helped obtain void-free contact at the HTL/perovskite interface and achieve better
coverage of perovskite films compared to control films. Furthermore, when combined
with top-interface modification using the same passivation salt, the F-PEAI-modified

inverted PSCs delivered a champion PCE of 23.7%."°
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Figure 22. (a) The contact angle of water and perovskite precursor solution on the
ITO-coated glass/poly-TPD substrate with various treatments for Ploy-TPD. (b)
Images of corresponding formed perovskite film after spin-coating and annealing
process. (c) Schematic illustration of the interaction between PFN-I with the
perovskite. Reproduced with permission from ref 2°’. Copyright 2020 John Wiley and
Sons. (d) Chemical structures of the polymer materials PTAA, PMMA, and PS. (e)
Scheme for the device architecture with the inverted structure. (f) Energy band
structure of the perovskite films and different substrates. Reproduced with permission

from ref 2%°, Copyright 2020 American Chemical Society.

The deep-level trap states at the buried interface not only come from the bottom
interface of the perovskite light-absorbing layer, but also from the HTLs, especially
the inorganic HTLs typically NiOy in the fabrication of inverted PSCs. The NiOy film
tends to have many types of defects on the surface like hydroxyl groups, oxygen
vaccines, and unsaturated coordinated metal atoms, resulting in interface reaction and

non-radiative recombination. Thereafter, treating the NiOx/perovskite interface with
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appropriate materials to realize the goal of passivating the perovskite films and HTLs
surface is essential for obtaining highly efficient and stable inverted PSCs. Moreover,
such treatment could help achieve improved energy level alignment. Polymers, small
organic molecules, inorganic salts, and SAMs are found to be effective in modifying
the buried interface of NiOx/perovskite film.**” ?2° In 2020, Chen et al. introduced
different polymers including polystyrene, poly(methyl methacrylate) (PMMA), and
PTAA at the contact between NiOx and the perovskite layer (Figure 19d,e). The
polymer barrier inhibited the direct interaction between NiOx and the perovskites, and
the PMMA-containing carbonyl and methoxy groups could passivate defects at the
buried interface, leading to a prominent Voc of 1.19 V. The use of PTAA delivered a
deepened highest occupied molecular orbital (HOMO) level, endowing improved
energy level alignment at the buried interface (Figure 19f). As a result, the inverted

PSCs with PTAA-modified NiOy showed enhanced PCEs from 19.2% to 21.6%.%%

Compared to organic interlayers that may degrade over time and compromise device
stability, inorganic materials demonstrate superior charge carrier dynamics and
thermal stability, also showing great potential as passivation layers to enhance the
performance and stability of PSCs.?° Xu et al. implemented an inorganic bilateral
strategy by applying a potassium fluoride (KF) interlayer at both above and beneath
the perovskite layer.?’®> These bilateral KF "walls" provided chemical-anchoring
functionality, inhibiting the formation of iodine-vacancy defects and suppressing trap-
assisted recombination, while also physically impeding ion migration. The modified
devices achieved a PCE of 22.02% and demonstrated outstanding thermal stability.
Besides the abovementioned chemical passivation strategy, there are also some new
approaches, such as the physical passivation method to undergo film treatment. For
instance, Wang et al. in order to modify carrier distribution at the interface, they
introduced an interlayer possessing fixed charges at the heterojunction.?’® This
approach effectively lowered the density of charge carriers with identical charges near

the heterojunction, while simultaneously increasing the density of charge carriers with
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opposite charges. This led to an alteration in the capture cross-section, ultimately
resulting in a reduced surface recombination rate (Us). Moreover, they systematically
incorporated metal oxides (MO), either aluminium oxide (AlOx), which carried
negative fixed charges, or silicon oxide (SiOy), which carries positive fixed charges, at
the perovskite/NiOx heterojunction (Figure 20a). Note that the ALD technique was
employed to achieve accurate control of the layer thickness. This strategy contributed
to a stabilization of negative and positive charges at the interfaces between the MO
and perovskite, modifying the distribution of electrons and holes and thereby leading
to improved passivation. The optimal device demonstrated superior efficiency and
robust stability, even in stringent aging environments. Apart from depositing the AlOx
by the ALD method, spin-coating a thick Al.O3 nanoplate layer (about 100 nm) with
random nanoscale openings at the buried interface of the perovskite film was also
effective in reducing the non-radiative recombination through contact area reduction
and defect passivation (Figure 20b). This contact design at the buried interface was
referred to as porous insulator contact (PIC). Through this design with optimized
Al,O3 isolated islands coverage (~25%) and concentration (1.4 mg ml™t) on the HTL
(Figure 20c), a simultaneous maximization of Voc and FF of devices was realized,
contributing to a remarkable PCE of 25.6% with a certified PCE of 24.7% (Figure
20d). In addition, the PIC devices with an active area of 1 cm? showed an impressive

PCE of 23.3% (Figure 20e).>’
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Figure 23. (a) Schematic diagrams of the electronic structures and charge carrier
distribution in the conduction and valence bands (CB, VB) for perovskite/NiOy
heterojunctions reveal that incorporating an AlOy interlayer (LHS) or adding a SiOx
interlayer (RHS), would affect charge carried dynamics. Hole transport, represented
by blue arrows, is present in both instances; however, the inherent negative charges in
the AlOy interlayer led to a reduction in electron-hole recombination, as shown by the
black arrow. Conversely, the inherent positive charges in the SiOy interlayer do not
contribute to this reduction. Reproduced with permission from ref 28, Copyright 2023
Springer Nature. (b) Schematic description of the porous insulator contact (PIC)
device (not to scale). Local Al>Os dielectric mask's height, width, and local opening
width are represented by the parameters h, d, and s, respectively. Lateral transport of
carriers that cannot electrically tunnel through the thick Al>Oz is denoted by process a.
Carriers' "through-the-opening™” transport through the channels formed by the
perovskite infill is represented by process b. By reducing the perovskite/HTL contact
area and suppressing interface recombination, the insertion of PIC reduces. The PIC
coverage fraction is defined as [d/(d + s)]% The electron and hole charge carriers are
represented by e and h, respectively. (c) Cross-sectional SEM image of the PIC device.
J-V characteristics of the champion small-area (d) and large-area (e) PIC devices

under reverse and forward scans. Reproduced with permission from ref °’. Copyright
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2023 American Association for the Advancement of Science.

To summarize, interface engineering of the perovskite active layer in the inverted
architecture has become an indispensable part of constructing stable and efficient
PSCs no matter the regular or inverted type. Numerous interface engineering
strategies bloomed together, which served to: 1) Eliminate interface trap states; 2)
Modify band alignment at the heterojunction interface; 3) Reduce the interface charge

recombination; 4) Improve the perovskite film quality.
5.STABILITY OF INVERTED PSCS

Apart from the PCE, PSCs should also have excellent stability to meet the
requirements of commercial applications. Prior to discussing the stability of inverted
PSCs, it is essential to differentiate between stability, reliability, and durability, given
that these terms are frequently misused within the field. Stability refers to the ability
of a PSC to maintain its performance over an extended period of time, especially
under various ageing conditions. It involves assessing the device's resistance to
stresses like heat, light, oxygen, and other external factors that can impact its device
performance.?®2%2 For reliability, it goes beyond stability and encompasses the
overall consistency and predictability of a PSC's performance. It involves evaluating
the device's ability to consistently deliver the expected electrical output over its
operational lifetime, without significant performance deviations or failures.?*®
Durability is a broader concept that includes both stability and reliability. It refers to
the overall capability of PSCs to maintain their performance over an extended period.
It focuses on the device's ability to withstand mechanical stress, temperature cycles,
and other operational conditions without degradation or failure. The durability
assessment aims to ensure that the cell can maintain its performance and structural
integrity for a specified period, typically the intended lifespan of the solar module.?*

Given the previous literature, the stability is mainly discussed here.
For perovskite photovoltaics to compete as commercial solar products, it is of critical
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importance to enable a decent level of certainty that the fabricated PSCs will work for
25 years, which requires going beyond the industrial lifetime assessment standard
issued by the IEC. Among the IEC standards, IEC 61215:2016 is the most-used
standard for mature photovoltaic technologies.”*>?*® For the regular-type PSCs, the
use of TiO2 ETL due to its photocatalytic properties would induce instability issues
when exposed to ultraviolet (UV) illumination. Moreover, to improve the hole-
transporting of 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9'spirobifluorene
(Spiro-OMeTAD), introducing dopants like bis(trifluoromethanesulfonyl)imide (Li-
TFSI) and 4-tert-butylpyridine (TBP) is essential. Whereas, the use of such
hygroscopic dopants tends to trigger degradation of the perovskite films, hastening the
drop of PCE.?®’ In contrast, inverted PSCs are reported to exhibit outstanding long-
term stability under various harsh ageing conditions such as damp-heat testing at 85<C
and 85% relative humidity which is one of the main standard items for the mature IEC
61215:2016 standard, attracting enormous research attention.'®*” The origin of the

superior stability of inverted PSCs is as follows:

1) High-quality perovskite films. Stable PSCs regardless of inverted or regular
configuration need compact, even, and ideally defect-free perovskite films, which
are favorable to minimize trap-assisted recombination and inhibit ion migration.
To achieve this goal, it is important to control perovskite crystallization and
passivate defects in perovskite bulk films, which are mainly accumulated at
surface and grain boundaries. In this regard, selecting proper deposition
techniques, processing solvents, and additives could be effective in assisting the
crystallization of perovskite and managing defects to obtain a high-quality
perovskite layer. Additionally, composition tuning plays a decisive role in
addressing the inherent instability problem of perovskites. MA- and Br- free
perovskite composition may be a possible candidate for realizing stable inverted

PSCs.? %

2) Stable and multifunctional CTLs. Differing from the regular PSCs largely relying
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3)

on Spiro-OMeTAD with hygroscopic dopants, dopant-free CTLs (e.g., PTAA,
SAMs, NiOy, fullerenes) are applicable to the inverted PSCs and exhibit good
energy-level alignment with the perovskite layer. The ETLs atop the perovskite
films like fullerene could protect the perovskite light absorber from the ingress of
moisture due to its hydrophobic nature. Among the HTLs, SAM containing
carbazole and phosphonic acid groups are emerging as an effective HTL,
replacing the conventional HTL in inverted PSCs. It is reported that the SAM-
HTL is beneficial for suppressing light-induced halide segregation due to both fast
hole-extraction and efficient passivation at the buried interface.!’” Additionally,
SAMs with super wetting properties can help form high-quality perovskite films
and passivate the defects at the buried interface, endowing PSCs with improved
stability under the damp-heat stability test compared to devices based on

=3+

hydrophobic HTLs.** For inorganic NiOy, the undercoordinated Ni~3* defects
which are detrimental to the device stability can be pre-treated by SAM layers or
polymers to prevent the perovskite from reacting with defects in NiOy films.*%% 20
238 A better coverage of the SAM layer by surface morphology regulation®®® or

using binary SAM layers.®" ’® is conducive to improving the device stability.

Perovskite-CTL interface engineering. For both regular and inverted PSCs,
interfacial engineering has become an essential procedure for fabricating state-of-
the-art PSCs with outstanding efficiencies and stability. As discussed before,
extensive research efforts have been devoted to interfacial engineering for
constructing stable inverted PSCs like constructing 2D/3D heterojunction
interfaces,*® ¢ 7% perovskite secondary growth by large ammonium salts,*®> and
surface sulfidation.®® A notable illustration would be the surface treatment utilizing
OLAI. The manipulation of the dimensionality (n) of the OLAI-based 2D-
perovskite through adjustment of the annealing temperature significantly affects
the stability of the device.'® Another effective way of tuning the n of 2D

perovskites is via choosing bulkier organic cations together with small
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modifications to ligand, which is able to obtain preferential growth of n = 3
reduced dimensional perovskites (RDPs). Perovskite films coated with increased n
= 3 RDPs exhibit more efficient charge extraction, leading to higher PCEs. More
importantly, the modified devices displayed excellent stability under I1SOS-L-3
ISOS-L-11 accelerated-ageing protocols.®” Note that the interfacial engineering at
the buried interface is equally important as the engineering at the top interface for
improving the stability of inverted PSCs. For instance, constructing a bottom-up
2D/3D heterojunction at the buried interface through doping AICI into the
perovskite precursor enabled excellent stability when subjected to a damp-heat
test (85<C and 85% relative humidity).® Another notable example is depositing an
AlOy layer by ALD at the NiOy/perovskite interface. The optimized inverted PSCs
maintained the initial performance after ageing at harsh conditions (85<C MPP
tracking in the air) for 2000 h, which represents a breakthrough towards the real-

life application of PSCs (Figure 21a,b).?*®

4) CTL-electrode interface engineering. The diffusion or migration of mobile
ions from the perovskite absorber throughout the top ETL, followed by their
accumulation at the metal electrode interface, has been shown to corrode the metal
electrodes, posing a significant risk to the device stability.?*® Additionally, the
migration of metal atoms from the electrode into the underlying electron-
transporting and perovskite layers raises another crucial concern regarding long-
term instability.?>?*> Pioneering research has demonstrated that incorporating a
strategic barrier layer, such as ZnO nanoparticles®* or a bilayered aluminum-
doped zinc oxide (AZO)/SnOx*** between the ETL and the top electrode can
significantly mitigate the issues related to the ingress and egress of mobile species.
Afterwards, Jen and coworkers used a thiol-functionalized 2D conjugated metal—
organic framework at the fullerene ETL/cathode interface, which could not only
protect perovskites from the ingress of moisture and oxygen but also trapped

mobile Pb?* ions (Figure 21c).?*> Alternatively, inserting a bilayer buffer
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consisting of BCP/bismuth (Bi) between ETL and electrode could help prevent the
perovskite from the invasion of moisture and protect the metal electrode from
iodine corrosion (Figure 21d). Thereafter, Bi-devices maintain 95% and 97% of
their initial PCEs after 500 h of ageing under thermal annealing at 85<C and light
soaking in a nitrogen atmosphere, respectively.*° Replacing the Ag electrode with
Cr/Cu alloy is another effective way to prohibit electrode corrosion and diffusion.
Whereas the improvement of device stability by this method may be at the
expense of a slight drop in PCE.% Recently, a novel amorphous ZrNx buffer layer
was developed to suppress ions/atoms diffusion and eliminate metal electrode
corrosion (Figure 21e,f).?*° For inverted PSCs, the direct contact of metal
electrodes with ETLs like PCBM or Ceo is prone to form Schottky contact,
causing serious charge accumulation. It is often necessary to incorporate a BCP
buffer layer to solve this problem. This buffer layer serves multiple purposes: it
promotes an ohmic contact and reduces the accumulation of charges at the
interface. Whereas, the organic BCP is relatively unstable compared to inorganic
materials, posing a threat to the device stability. Replacing BCP with an inorganic
buffer layer has shown great efficacy in improving the device stability.*® >" For
instance, Wolf et al. substituted the organic buffer layer BCP with inorganic
Sn0,/1ZO to improve damp-heat (85<C/85% of relative humidity) stability.*
Recently, we inserted an amorphous ytterbium oxide (YbOy) layer between ETL
and the electrode by simple thermal evaporation (Figure 21g). The YbOx-based
narrow-bandgap PSCs (1.53 eV) showed an outstanding certified PCE of 25.09%.
Meanwhile, the wide-bandgap (1.77 eV) and mid-bandgap (1.61 eV) PSCs with
YbOx realized state-of-the-art PCEs of 20.1% and 22.1%, respectively, indicating
good universality of this buffer layer. We found that the charge transport follows a
thermally activated hopping from one localized state to another. More importantly,
compared to BCP devices, the YbOx-based devices displayed enhanced stability

under ISOS-L-3 ageing protocols. The XPS and Tof-SIMS testing results indicated
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suppressed ion/atom migration by YbOy (Figure 21h). This work underscores the

critical role of the buffer layer in inverted PSCs. Additionally, The success of

amorphous-YbOy buffer layer indicates that amorphous metal oxides would be

ideal buffer materials for inverted PSCs, paving a new avenue of developing

multifunctional buffer layers for the construction of efficient and stable perovskite

photovoltaics.?*
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Figure 24. (a) MPP tracking of an unencapsulated device held at 85<C under 1-Sun
illumination and 50% relative humidity. Reproduced with permission from ref 2%,
Copyright 2023 Springer Nature. (b) Schematic illustration of the degradation process

of PSCs and the immobilization function of ZrL3 on leaked Pb?*. Reproduced with



permission from ref 4>, Copyright 2020 Springer Nature. (c) Schematic illustration of
the blocking function of the bismuth interlayer. Reproduced with permission from ref

240 Copyright 2019 Springer Nature.
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Figure 25. (a) Photographs of control and ZrNx-based devices after thermal annealing
at 85 <C for 100 h. (b) Cross-sectional energy dispersive spectrometer (EDS) images
of the ZrNx devices and the control device after thermal aging at 85 <C for 1,000 h.
Reproduced with permission from ref 2*°. Copyright 2023 John Wiley and Sons. (c)
Schematic illustration of the device configuration with the YbOx buffer layer. The
magnified area illustrates the amorphous nature of the YbOyx buffer layer. (d)
Schematic illustration of the functions of an ideal buffer layer between the electron-
selective layer (ESL) and the metal electrode, demonstrating its ability to prevent the

movement of harmful species and non-radiative recombination.?*°

5) Effective encapsulation. Encapsulation is an important and widely used
method to dramatically enhance the photovoltaic technology operational stability
via preventing environmentally related performance degradation and improving
the mechanical strength against external impact.?*” Chen et al. used low-cost
paraffin as the encapsulant. It was found that in addition to preventing perovskite
phase segregation by removing residual oxygen and moisture, the paraffin-based

encapsulation strategy also impeded perovskite decomposition by suppressing
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species volatilization.?*® Moreover, encapsulation with lead-absorbing materials
(e.g., materials containing phosphonic acid groups) could reduce Pb leakage from
PSCs.?° Epoxy resin-based encapsulation could also effectively reduce the Pb
leakage rate due to its great self-healing properties.?*” Similarly, very recently,
Shao and coworkers reported a simple and economic shellac-based encapsulation
strategy, which was effective in lead sequestration after mechanical shock damage.
Moreover, the perovskite solar modules encapsulated by shellac had successfully
passed various accelerated ageing testing according to IEC 61215 standards.?*
The encapsulation techniques in the silicon solar cells are also adaptable to the
PSCs. In detail, commercial polymer encapsulants like polyolefin (POE)
cohesively sandwiched the PSCs between two glass sheets, protecting the PSCs
from the ingress of moisture and oxygen. For instance, Shi et al. reported a
polymer/glass blanket encapsulation technique through the use of POE or
polyisobutylene (PIB). Compared to the edge-sealed cells, PIB or POE blanket
encapsulated cells showed greatly enhanced stability, passing the requirement set
by the IEC 61215:2016 damp-heat and humidity freeze tests. Based on gas
chromatography—mass spectrometry analysis, it was uncovered that by utilizing a
polymer-glass blanket encapsulation method, a pressure-tight environment was
created, inhibiting the escape of decomposition products (e.g., CHsl, CH3Br, and
NHs) and thus enhancing the device stability.”®! In general, the typical
encapsulation techniques can be classified into two types. One is thin-film
encapsulation, in which the encapsulation materials are directly deposited on the
active layer; The other is edge seal, in which sealant is placed on the edge of the

active area.’*?

IEC 61215:2016 and similar stability testing protocols typically focus on a single

stressor or, at most, two stressors.?®® For instance, the damp-heat test assesses device

stability under elevated temperature and humidity but does not consider exposure to

light illumination. However, in real-life solar cell operating conditions, all aging
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stressors, including sunlight intensity and spectrum, heat, and ambient humidity, are
combined. Consequently, outdoor stability testing for solar cells is a complex
undertaking. Despite the challenges, a comprehensive investigation of outdoor

stability of PSCs is necessary for addressing the concerns about the stability of PSCs.

The ISOS protocols for outdoor stability testing can be divided into three types. First,
in the ISOS-O-1 protocol, J-V curves are measured periodically using a solar
simulator for illumination. For example, He et al. reported that by inserting a boron
chloride subphthalocyanine (ClsSubPc) interlayer between the perovskite layer and
Ceo (Figure 22a), the interfacial defect density was reduced and ion migration was
inhibited. The outdoor stability tests following 1ISOS-O1 protocol confirmed the
excellent stability of ClsSubPc-based devices (Tes of 1272 h) (Figure 22b).*** In the
ISOS-0-2 protocol, the J-V measurements are periodically obtained under natural
sunlight. Figure 22c¢ shows an example of stability testing results under the 1SOS-O-2
protocol. For outdoor testing, the devices were encapsulated by POE as an
encapsulant and butyl rubber as the edge sealant, and this encapsulation method is
also widely employed in silicon solar cells. The encapsulated devices maintained the
initial PCE after outdoor stability testing for about 9 months. The performance
recovery during the night contributes to such impressive stability. During the summer
season (July—September, Berlin), the temperature of the device was increased, leading
to a rapid performance drop. This means that the combination of illumination and
thermal ageing stressors is likely to accelerate the degradation of PSCs.?>* As for
ISOS-0-3, it necessitates both in situ MPPT under natural sunlight and periodic
performance measurements using a solar simulator, which is the most demanding
testing protocol for outdoor stability testing.?>> 2°° For instance, following the 1SOS-
O-3 protocol, Khenkin et al. compared two common encapsulation techniques: glue-
based encapsulation and lamination-based encapsulation. The former method has been
widely used in the laboratory, while the latter one is generally used in the commercial

field. As shown in Figure 22d, a sample with glue-based encapsulation failed after
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only 4 days, while the other sample with the same encapsulation method failed after 6
weeks. The reason behind the quick drop in device performance when using glue-
based encapsulation is probably the result of mechanical stress caused by an uneven
encapsulation process. In comparison, devices with lamination-based encapsulation
showed excellent stability with no performance loss after 10 months outdoor stability
testing. A night-time performance recovery was also found after periodical indoor
measurements.”® The outdoor stability testing is complicated and has stringent
requirements, making it hard to implement for most research groups. Indoor stability
testing is more accessible. An investigation of the correlation between indoor tests and
outdoor field operation can help many research groups better evaluate their device
stability under real-world outdoor conditions. Zhu et al. found that the indoor
operational stability testing at high temperatures (e.g., 85<C) under light illumination

shows a significant correlation with outdoor stability testing(Figure 22e,f). 2°/
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Figure 26. (a) Device architecture of the inverted PSCs with ClsSubPc. (b) Outdoor
stability of the encapsulated control Ceo devices (five cells) and ClsSubPc/Ceo devices
(nine cells) based on ISOS-O-1 protocol. Reproduced with permission from ref 4,
Copyright 2021 Elsevier. (b) Normalized PCE evolution (averaged over three PSCs)
and cell MPP power at 500 W m~ based on ISOS-O-2 protocol. (c) Variations in the

global irradiance in the plane of array and the power output of a PSC during one day.
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(d) Device temperature and global irradiance throughout the entire exposure period.
Reproduced with permission from ref 24, Copyright 2023 John Wiley and Sons. ()
Normalized PCE evolution of glued and laminated cells based on ISOS-O-3 protocol.
Gray lines indicate the days in which indoor control measurements were taken.
Reproduced with permission from ref 2°°. Copyright 2022 American Chemical Society.
(f) The temperature-dependent hourly degradation rates (k= 1/T80). The error bars for
each temperature are derived from 8-17 individual devices. (g) Normalized PCE
evolution based on ISOS-O-1 protocol. The light green band demonstrates the
calculated degradation range based on the temperature-dependent hourly degradation
rates derived from Figure 22f. Reproduced with permission from ref 2°’. Copyright

2023 Springer Nature.
6. TANDEM DEVICES WITH INVERTED PSCS

Nowadays, the PCE of single-junction solar cells is quite approaching their theoretical
performance ceiling of ~33% PCE based on S—Q calculation.* To further increase the
solar cell performance and break the S—Q limit of PCE, several absorber films with
complementary absorption ranges can be stacked to fabricate the multijunction solar
cells (tandem solar cells, TSCs). In one tandem solar cell, the front cell with a larger
bandgap absorbs the high-energy photons, while the low-energy photons are captured
by the smaller bandgap rear cell. By mitigating the losses of carrier thermalization, the
TSCs can deliver an efficiency higher than either a single front or rear cell itself.
Based on theoretical estimation, the ceiling PCE of two-junction TSCs could surpass
40%, and the ultimate efficiency achievable is 68% when infinite absorbers are
stacked.?®>>° Note that triple-junction perovskite TSCs with higher theoretical PCE
limit versus the two-junction TSCs have also been attracting more and mor research
attentation and made significiant progresses. Sargent’s group and Hou’s group have
realized champion certified PCEs of 23.87% for triple-junction all-perovskite TSCs
and 27.10% for triple-junction perovskite/perovskite/Si TSCs, respectively.?® 26
Considering that a TSC with two absorbers is cost superiority and sufficient for most
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of the practical needs, therefore TSCs refer to two-junction solar cells specifically in
the following text. The two absorbers of one TSC can be either stacked with a
monolithic two-terminal configuration (2T) or stacked mechanically with a four-
terminal configuration (4T). In the 2T configuration, two subcells are connected in
series by an interconnecting layer (ICL) within one monolithic device. For the 4T
configuration, the wide bandgap (WBG) subcell is only mechanically placed in front
of the narrow bandgap (NBG) subcell, while both subcells have their own circuits and
are electrically separated. Although the 4T configuration does not require the current
matching between two subcells, this design would increase the fabrication process and
cost. Over the past few years, the inverted PSC showing advantages of low-
temperature processing, low parasitic absorption, and excellent operational stability
has become a popular choice as the subcell for the construction of TSCs and achieved

remarkable success.

Here we will mainly focus on the TSCs with 2T configuration. For a more
comprehensive review of perovskite TSCs, we refer the readers to the previous
works.?®%2%* Figure 23 shows the efficiency evolution of three main types of 2T TSCs
based on inverted PSCs, including perovskite-Si TSCs, all-perovskite TSCs, and
perovskite-organic TSCs. In this section, we will review the development of all three
types, with a focus on the optimization of subcells, manufacturing engineering, and

the design of ICLs.
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Figure 27. Chronological evolution of the PCE of inverted-structured TSCs.
6.1 2T Perovskite-Si TSCs

With the fast development in the past several decades, silicon solar cells have become
the most mature photovoltaic technology and dominate the commercial photovoltaic
market, which probably will last for another ten years or more. Since the champion
PCE of silicon solar cells is 26.7%, which is quite approaching their S—Q limit,
efficiency enhancement in silicon solar cells becomes very difficult with a small
marginal benefit against vast research investment.*® The low-cost perovskite materials
with tunable bandgap have attracted communities’ attention to fabricating perovskite-
Si TSCs. The first perovskite-Si TSC was reported by Mailoa et al. in 2015.7%°
Although the first perovskite-Si TSC delivered a moderate PCE of 13.7%, this
seminal work demonstrates that the design of perovskite-Si TSC is feasible and the
perovskite subcell is the efficiency-limiting part for further improvement. In the early
years, most of the perovskite-Si TSCs employed the regular configuration due to the
superior efficiency of n-i-p PSCs against their inverted counterparts.?®®?%° However,

these n-i-p devices employed the Spiro-OMeTAD as the HTL, which introduced
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issues of material instability and low Jsc due to its strong parasitic absorption in the
short wavelength range.?®” 2’ Owing to these issues of n-i-p structures and the raising
of inverted PSCs, the perovskite-Si TSCs with inverted architecture have been
attracting growing attention. To this end, McGehee et al. adopted the inverted
structure in perovskite-Si TSCs for the first time in 2017.%"* To tackle the low Jsc of
n-i-p TSCs, this work used a functional bilayer consisting of SnO2 and zinc tin oxide
(ZTO) as the buffer layer, enabling the sputtering of the transparent 1TO electrode.
Through this design, parasitic absorption of window layers (i.e., layers that light
passes through first before entering perovskite films) was minimized. Also, the bilayer
was deposited by either ALD or pulsed chemical vapor deposition (CVD) that
guaranteed a compact, conformal, and pinhole-free film, preventing shunt and damp-
heat damage. For the WBG absorber, the recently developed perovskite with the
composition of Cso.17FA0.83Pb(Bro.17l0.83)s was used due to its more complementary
bandgap and much enhanced thermal stability compared with previous MAPbI3z. By
integrating an infrared-tuned silicon heterojunction bottom cell (SHJ), this work lifted

the Jsc to 18.1 mA cm2 and achieved a record efficiency of 23.6% at that time.?"

The efficient fabrication route for perovskite films atop Si substrate is another
challenge. In previous works, the front sides of silicon cells were usually polished to
be compatible with the crystallization features of perovskite precursor solutions. This
inevitably leads to high reflection, low light trapping, and increased manufacturing
costs. To solve this problem, Ballif’s group et al. proposed a hybrid “evaporation +
solution” (eva + sol) route to fabricate the perovskite films directly atop silicon
pyramidal surfaces (Figure 24a-c).?’? In brief, the Pbl, and CsBr were co-evaporated
firstly, followed by the spin-coating of the FAI/FABr mixture, through which the
perovskite films could maintain good conformal growth on the micrometer-sized
silicon textured surfaces. Since as-fabricated TSCs made full use of the light
management in silicon cells, a high Jsc of 19.5 mA cm™ and consequentially a high

PCE of 25.5% were yielded (Figure 24d,e). Liu et al employed the same method to
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fabricate the WBG perovskite subcell on commercial silicon solar cells with an
average pyramid size variation of ~ 2-5 pm.**? Combined with interface passivation,
Ballif et al. realized an outstanding PCE of 31.25%.?"® Sargent et al. and Huang et al.
successfully demonstrated that perovskite films could be solution-processed directly
atop non-polished silicon pyramidal surfaces using either spin-coating or blading
techniques, and achieved PCEs of 25.7% and 26.2%, respectively.?’*?" Inspired by
the idea of making use of the texture, Becker et al. reported a gently designed
nanotextured surface recently.?’® This nanotexture distinctly reduced the reflection
loss while enabling excellent perovskite film formation. This design integrated the
advantages of both polished surfaces and micrometer-sized textured surfaces and was
responsible for minimizing Jsc loss and increasing Voc respectively, finally leading to
a certified PCE of 29.80%. These works indicate that the fabrication of perovskite

films on textured substrates is no longer the most challenging factor.
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Figure 28. (a) Schematic of a fully textured monolithic perovskite/SHJ TSC. (b) Top-
view SEM images of the perovskite film. (c) Cross-sectional SEM images of the full
perovskite top cell prepared on the SHJ bottom cell. (d) External quantum efficiency
(EQE) spectra and total absorptance (1-R, where R is the reflectance) of the
champion TSC. (e) Certified J-V curves of the champion device under reverse and

forward scans with a scan rate of 100 mV s 1. Reproduced with permission from ref
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22, Copyright 2018 Springer Nature.

The optimization of perovskite-Si TSCs motivates increasing attention to another
performance-limiting factor i.e., the WBG perovskite subcells. To be optically
complementary with the silicon subcell, a WBG perovskite with a bandgap of 1.67—
1.75 eV is desired.?®® Finely tuning perovskite bandgaps through compositional
engineering without introducing stability issues is challenging. Instead of engineering
the cation components, Kim et al. developed a 2D-3D mixed perovskite (1.68 eV)
using an anion mixture of thiocyanate (SCN) with iodine.?’” Through careful anion
engineering, optimal WBG perovskites treated by PEA(lo.2sSCNo.75) produced a PCE
of 20.7% with a Voc larger than 1.2 V. Also, passivated by the 2D phase, as-prepared
WBG PSCs can retain 80% of initial PCE after more than 1,000 h continuous
illumination. Based on this treatment, the champion perovskite-Si TSC achieved 26.7%
PCE with a Jsc of 19.2 mA cm™, a Voc of 1.756 V, and an FF of 0.792 with negligible
hysteresis. In the meantime, Xu et al. extended the traditional WBG perovskite
double-halide composition using | and Br into a triple-halide composition including
CL* Thanks to the ability of CI to reduce defect density, it was observed the triple-
halide WBG perovskite showed much enhancement in photocarrier lifetime and
mobility by a factor of 2. The incorporation of Cl also suppressed the light-induced
phase segregation at 100-sun illumination, ensuring long-term operational stability.
By combining these WBG perovskites with silicon subcells, a PCE of 27.1%
(stabilized PCE at the maximum power point of 27.04%) was obtained. Another
notable example of reducing the bulk defects of WBG perovskite films is adding
trimethylphenylammonium tribromide (TPABTr3). With the addition of TPABr3, the
best-performing WBG perovskite cell containing a thick perovskite absorber layer
(about 1 pm) realized a PCE of 21.9% with an outstanding Voc of 1.25 V. The
superior performance of WBG subcells contributed to an impressive PCE of 28.6% in

monolithic perovskitesilicon tandem devices.?’

In addition to the bulk perovskite materials, there are also massive imperfections that
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exist at both surfaces and buried interfaces of perovskite films, rendering severe local
non-radiative recombination and poor charge carrier extraction.® Using Me-4PACz as
the HTL, Albrecht’s group successfully minimized the non-radiative recombination
while keeping efficient hole extraction simultaneously and a high FF of 84% was
obtained in the WBG PSC (Figure 25a,b). By incorporating it into the silicon subcell,
an outstanding PCE of 29.15% with an FF of 79.4% was achieved. Notably, Me-
4PACz also provided excellent stability that 95.5% of the initial PCE was retained
after 300 h operation under illumination.!’” Based on the same SAM, Ballif et al.
managed to reduce Voc losses originating from the perovskite/HTL interface. After
introducing the 2,3,4,5,6-pentafluorobenzylphosphonic acid (FBPAc) into the
perovskite precursors, the top interface-related Voc losses were also suppressed due to
favorable perovskite microstructures and reduced trap states. With the dual interfacial
modification of the perovskite top cells, the PCE of final perovskite-Si TSCs reached
31.25%.2" The substantial charge carrier recombination and mismatched energy level
alignment at the perovskite/Ceo interface result in the loss of device performance,
particularly a significant Voc deficit.'® 22> 273 A feasible approach to address this issue
is to introduce an interlayer between perovskite/Ceo, and the lithium fluoride (LiF)
interlayer prepared by thermal evaporation has been widely employed. Whereas, the
deliguescent and high ion diffusivity of the Li salts exert an adverse impact on the
device stability.*®* Wolf and colleagues found that a 1~ nm thick MgFx interlayer could
not only improve the PCEs due to the reduced non-radiative recombination and
facilitated charge transportation at the perovskite/Ceo interface (Figure 25c¢), but also
greatly enhance the device stability. The perovskite-Si TSCs with MgFx retained 95.4%
of the initial PCE after over 1,000 h ageing tests following IEC 61215:2021 standards
(Figure 25d).'® Recently, Albrecht et al. inserted PI, which was firstly reported by
Jen’s group,” into the perovskite/Ceo interface, a decreased conduction band offset
was found originating from a positive dipole (Figure 25e¢). Different from the previous

reports, the Pl interlayer was only effective in forming better energy level alignment
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rather than chemical passivation despite the fact that Pl containing both electron
acceptor and electron donor functional groups was capable of interacting with various
kinds of defects at the perovskite surface. By combining the PI-modified perovskite
top cell with the silicon cell, the TSCs realized a remarkable certified PCE of 32.5%
(Figure 25f,g).?*® Note that SAMs were also employed in the former works using
MgFx or Pl interlayer, exerting a huge impact on the device performance. Although
the development of SAMs has greatly enhanced both single and tandem inverted
PSCs. Nevertheless, it is still challenging to obtain energetically homogenous SAM
coverage, inducing the loss of device performance. As discussed in Section 3, one
effective way to improve the SAM coverage is using mixed SAMs with relatively
small and large SAMs.”® 8 Another strategy is the rational design of SAMs.
Developing new SAM molecules with weakened n- intermolecular interaction was
able to reduce the undesirable aggregation, thus improving the coverage of SAMs on
the substrate. The favorable self-assembly of SAMs led to more uniform surface
potential. When introduced into the fabrication of devices, a boosted PCE was
observed due to improved charge transport and suppressed non-radiative
recombination, contributing to a high PCE of 28.9% in monolithic perovskite-Si
tandem devices.'®> Furthermore, the coverage of SAMs is also influenced by the
anchored-substrate. Stefaan and coworkers found that SAMs showed better coverage
on amorphous 1ZO compared to crystalline materials (i.e. ITO, 1ZrO) as evidenced by
KPFM mapping and XPS spectra (Figure 25h). The optimal thickness of 1ZO was
verified to be ~ 5 nm. Combining thinned front and rear 1ZO electrodes, an
exceptionally certified PCE of 32.5% was realized. In addition, the encapsulated 1ZO-
based tandem devices exhibited exceptional stability, maintaining 90% of their initial
PCE after undergoing MPPT for 870 hours under approximately 1-sun illumination.
This achievement represents one of the highest levels of stability observed in

perovskite-Si tandem devices.'**
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Figure 29. (a) Time-resolved photoluminescence (TRPL) of the perovskite film

deposited on different ITO/HTL substrates. (b) J-V curves of the best single wide-

bandgap PSCs based on various interfaces. Reproduced with permission from ref X7,

Copyright 2020 American Association for the Advancement of Science. (c) Quasi-

Fermi level splitting mapping for perovskite/LiF/Ceo (left) and perovskite/MgFx/Ceo

(right) under 1-sun illumination (Scale bar: 50 um). (d) Variation of the PCEs at

damp-heat test of the encapsulated tandem devices. Reproduced with permission from

ref 8. Copyright 2022 American Association for the Advancement of Science. (e)

Energy-level alignment of the pristine perovskite and perovskite/Ceo interface. (f)

Schematic illustration of the device architecture. (g) J-V curve of the champion

perovskite-Si TSC based on PI treatment. Insert: the performance parameters and a

photograph of the encapsulated tandem cell. Reproduced with permission from ref 22,

Copyright 2023 American Association for the Advancement of Science. (h) KPFM

images 2PACz-coated 1ZO (left), ITO (middle), and 1ZrO (right) substrates (Scale bar:
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500 nm). Reproduced with permission from ref 1%, Copyright 2023 Springer Nature.
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Table 5. Summary of representative high-efficiency 2T perovskite-Si TSCs with inverted configuration.

NBG Front/rear Voc Jsc PCE
WBG/front cell ICL Irear cell surface V) (MAcm?) FF (%) Year  Ref.
- - - - 1.97 20.8 0.83 33.92 2023 219
Cs0.05FA0sMAg 15Pb(1o.755BTo0255)3 10 SHJ Textured 1.95 20.9 0.81 (g’zz'g)a 2023 1%
Cs0.05(FA077MAG 23)0.95 Pb(l0.77Br0.23)3 1ZO SHJ Ptg)'('tihrig’ 2.00 20.0 0.81 (5’22_';)3 2023 2%
Cs0.18FA0.82Pb(IBr)3 ITO SHJ Textured 1.91 20.5 0.80 31.3° 2023 213
Cs0.05FA0.8MA0.15P(lo.755Br0.255)3 1ZO SHJ Textured 1.92 19.7 0.81 (z?’g'??)a 2022 18
C50.05(FA0.77M~A0 23)0.95Pb(l0.77Br0.23)3 ITO SHJ Textured 1.90 19.5 0.81 29.8 2022 280
Cso.05(FA077MA0 23)0.95Pb(l0.77Br0 23)3 ITO SHJ Ft’g)'('tsuhri‘;’ 1.90 19.3 0.80 29.22 2020 77
Polished/ 195
Cs0.15FA0.6sMAg 2Pb(l0 8Bro.2)s ITO SHJ textured 1.91 19.1 0.79 28.9 2023
CsxFAYMA_x+)P(1Br)3 ITO SHJ Textured 1.79 20.1 0.80 28.8° 2023 132
Cs0.1tFA0.2MAG 7Pb(lo.85Bro.15)s ITO SHJ Textured 1.92 18.9 0.79 28.6 2022 278
Polished/ 281
CSo,zzFAo]ng(C|o,osBro,15|o,35)3 ITO TOpCOﬂ 1.79 19.7 0.78 27.6 2022
textured
Si:H(n+)/ 28
Si:H(p+) SHJ Textured 1.81 19.8 0.77 275 2021
Polished/ 27.3
Cs0.22FA0.78Pb(l0.85Br0.15)3 ITO SHJ textured 1.86 19.2 0.76 (27.2)° 2022 283
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FA0.76CS0.22Pb(lo.65Bro.15)3 + 3 mol%
MAPDI3

(FA0.6sMA0.2Cs0.15)Pb(lo.sBro2)3
CSo,lMAo,ng(|o,gBl’o,1)3

Cs0.0sMA.15FAq.8Pbl2 25Bro.75

ITO
ITO
ITO

InOx

SiCx(n)
/Si:H(p+)

SHJ
SHJ
SHJ
SHJ

Topcon

Polished/
textured

Polished/
textured

Textured

Textured

Textured/
polished

1.89

1.76

1.82

1.78

1.74

19.1

19.2

19.2

19.3

19.5

0.75

0.79

0.75

0.75

0.75

27.1

26.7
(26.2)2

26.2
25.72

25.4

2020

2020

2020

2020

2019

40

277

275

274

284

aCertified values.

Table 6. Summary of representative high-efficiency 2T perovskite-perovskite and perovskite-organic TSCs with inverted configuration

C(I):r:?ar::tt s WBG/front cell ICL NBG/rear cell coi(::gts \(/\% (m A]SCCmZ) FF lzg/:o I)E Year Ref.

} - - - 2.16 16.6 079 2822 2023 27
lTA(c:,ngA((jezcl)z-P FAosCsoPh(loerBross)s oS0 0% FA°-7§f]ﬁﬂ-zpb°-5 CoBCP am 16.5 0.82 (22885’) 2023 %5
VotpAcy  CsoFAusPbligBry  eSTRridl CoomMutar - CoBP 21 15.6 084 281 2023
ITOIPACZ  FAosCsosPblisBri,  SSIO2AY FA"%?;(’I;P*’O-S CulBCP o1 16.0 0.82 (2277.-38)61 o023 3
ITO/PTAA  CsozFA0sPb(losBros)s CF?"EIS%OTZ:/F'ég’ FAF‘,’gstrfjjj‘)-l CSO/SSOZ 211 15.4 0.83 (%:g; 2023 286
,u— eO_ Q:'IA%; Cso.2FA0sPb(lo.6Bro.)3 ﬁsélgggzéég CSoggiﬁé);xCo.zs CS(}/ASSOX 2.19 15.1 0.83 (22 67:;3);1 2022 287

108



ITO/2F

ITO/SAMs

ITO/NiOy/
VNPB

ITO/NiOx/
VNPB

ITO/PTAA

ITO/MeO-
2PACz

ITO/PTAA
ITO/NiOy

ITO/PTAA
ITO/PTAA
ITO/poly-

TPD

ITO/NIOW/
2PACz

ITO/DC-PA

ITO/NiOy/
2PACz

CSo,zFAo,st(|o,eBro,4)3

Cso.3FA0sDMAg 1
Pb(lo.7Bro3)3

FA0.8Cs0.2Pb(lo.62Bro.38)3

DMA.1FA05Cs0.4Pb
(lo.75Br0.25)2.95Clo.05

FAo_eCSo,4Pb|zBr

FA0.7Cs0.3Pbl2.1Brog
FA0.8Cs0.2Pb(lo.6Bro.4)3
FA0.8Cs0.2Pb(lo.6Bro.4)3

FA0.6CS0.4Pb(lo.65Bro.35)3

FA0.8MA0.15CS0.05Pb
(lo.esBro.15)3

FA0.sDMAL.1CSso.3Pb
(lo.gBro.2)3

FA08Cs0.2Pbl16Br14
Cs0.2FA0gPb(lo.6Bro.4)s

FA08Cs0.2Pb(losBros)s

Ceo/SﬂOz”ZO/
PEDOT:PSS/2F

Cs0/SnO2/Au
/PEDOT:PSS

Cs0/SnO2/Au
[PEDOT:PSS

Ceo/SI’]Oz/AU
/PEDOT:PSS

Ceo/SI’]Oz/

graphene oxide

/PEDOT:PSS

LiF/Cgo/SNOy/
AU/PEDOT:PSS

Ceo/SﬂOz/AU
/PEDOT:PSS

Ceo/SﬂOz/AU
/PEDOT:PSS

Ce0/SnO1.76

Ceo/BCP/Ag/
MoO./ITO/
PEDOT:PSS
LiF/Ceo/PEIE
/AZO/NZO/
PEDOT:PSS
Ceo/BCP/Ag/
MoO3/2PACz

Cs0/BCP
IAU/ MoOQOs

Cs0/BCP
/Au/MoO3

FA0.6MA03Cso.1
PbosSnosls

FA0.6MA0.4SNno6
Pbo.ls

FA,.7MAo 3Pbos
Snosls

MA.3FA0.7Pbos
Sno,5|3

Cs0.2FA0.8Pbo.sSNossl3

(FASH|3)0_5(MA
Pb|3)o,4

FA07MA.3Pbos
Snosls

FA0.7MAo 3Pbos
Sno,5|3

FA05MA0.45CS0.05
PbosSnosls

(FASI’]|3)0_5(MA
Pb|3)o,4

FA0.75CS0.255N0 5

D18-CI:N3:PCBM

PM6:Y6:PC71BM

PM6:PM7:Y6:
PC:1BM
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Cso/SﬂOz
/Cu

Cs0o/BCP
/Ag
Cs0o/BCP
/Cu

Ceo/BCP
/Cu

Ceo/BCP
/Cu

Ceo/BCP
/Ag

Ceo/BCP
/Cu

Ceo/SI’]Oz
/Cu

Ceo/BCP
/Cu

Ceo/BCP
/Ag

Ceo/BCP
/Ag

Ceo/BCP
/Ag

PNDIT-
F3N/Ag

Ceo/BCP
IAg

2.13

2.20

2.03

2.05

2.03

2.12

1.97

2.01

2.03

1.94

1.88

212

2.15

2.14

15.5

151

16.5

16.0

15.8

15.0

15.6

15.5

15.2

15.0

16.0

14.7

144

14.2

0.82

0.82

0.80

0.80

0.79

0.80

0.81

0.79

0.80

0.80

0.77

0.83

0.82

0.81

27.2
(26.3)

27.2

26.7
(26.4)

26.2

25.6

25.5
(24.3)2

24.8%

24.7
(24.2)

24.6

234

23.1

25.8
(25.1)2
25.2
(24.3)

24.5

2023

2023

2022

2022

2022

2022

2019

2020

2020

2019

2019

2024

2024

2023

288

289

290

291

292

293

34

294

295

296

297

298

299

300



ITO/MeO-
2PACz

ITO/MeO-
2PACz

ITO/NiOy/
BPA

ITO/2PACz

ITO/poly-
TPD

ITO/NiOy

ITO/PEDOT:

PSS

FAo,gMAo,sz(|o,sBl‘o,4)3

FA0.5Cs0.2Pb(lo.5Bros)3

FA0.75Cs0.25Pb(l0.6Bro.4)s

FA0.6MA0.4Pb(lo.6Bro.4)3

MA.96FA0.1Pb12Br
(SCN)o.12

FA0.8sMA.02CS0.18Pb
1(0.6Bro.4)s

MAPbDI3

Ce0/C-C1-P/
Ag/Mo0O3
PCBM/AZO-
NP/S”OX
/InOx/MoOx
Cs0/BCP/1Z0
/MoOy

Cso/BCP/Ag
/MoOy
PCBM/BCP/Ag
/MoOy
Ceo/BCP/Ag/
MoOxy

PCBM/Cgo-
SB/Ag/Mo0s

PM6:BTP-eC9:
PC»1BM

PM6:Y6:PCBM

PM6:Y6:PCBM

PTB7-Th:BTPV-
4CleC9

PM6:CH1007

PM6:Y6:PC7.BM

PTB7-Th:PC71.BM

TPMA/Ag

Ceo/BCP
/Ag

PNDIT-
F3N/Ag

PDINN/Ag
PFN-Br/Ag
TPBI/Ag

Ceo-N/Ag

2.09

2.15

2.06

1.88

1.96

1.90

1.63

14.6

141

14.8

15.7

13.8

13.1

13.1

0.79

0.78

0.77

0.75

0.78

0.83

0.75

24.1

24.0
(23.1)

23.6
(23.0)2

22.0

21.2

20.6
(19.5)2

16.0

2023

2022

2022

2022

2022

2020

2016

301

302

159

303

304

305

306

aCertified values. PNote that the active area is 1.044 cm?.
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6.2 2T All-Perovskite TSCs

Due to the nature of tunable bandgaps, different perovskites with complementary
absorption ranges can be combined to fabricate all-perovskite TSCs. Compared with
other perovskite-based TSCs, all-perovskite TSCs can retain and make full use of the
merits of perovskites e.g., high efficiency, low cost, solution-processability, and good
flexibility. Although the early all-perovskite TSCs were designed with the n-i-p
configuration,®*’=% at present, most of the high-efficiency all-perovskite TSCs have
been fabricated in the inverted geometry, mainly due to two reasons: 1) efficient NBG
perovskite cells are mainly in inverted type; 2) inverted perovskite devices are
catching up with the n-i-p counterparts.'? 3% In this section, we will briefly review the
representative efforts related to the construction of high-performance all-perovskite

TSCs including the optimization of NBG and WBG subcells and the design of ICLs.

Different from perovskite-Si TSCs where the NBG silicon absorber has a fixed
bandgap of ~1.1 eV, the compositions and bandgaps of WBG and NBG absorbers in
all-perovskites TSCs can be engineered to cater to each other, which provides a wide
range of material combinations. The optimal bandgap combinations between WBG
(1.7~1.8 eV) and NBG (1.0~1.2 eV) perovskites have been estimated elsewhere to
guide the TSC design.?® Due to the fact that the classic Pb-based perovskite cannot be
tuned to below 1.48 eV while the Sn-based materials are notoriously air-sensitive, the
fabrication of stable and efficient NBG perovskites becomes the main challenge. With
the ideal 1.2 eV NBG FA0.75CS0.25SnosPbosls, the first representative inverted all-
perovskite TSCs was fabricated by Snaith et al. in 2016.%° Through a precursor-phase
antisolvent immersion technique, the precursor complex was firstly formed due to
retarded crystallization in a DMF/DMSO mixture solvent, followed by an antisolvent
bath and gentle annealing for complete crystallization. As-prepared materials were
highly crystalline, uniform, smooth, and dark, delivering a PCE of 14.8% and a Voc of
0.74 V (with bandgap ~1.2 eV). Combining with a 1.8 eV perovskite in the
construction of WBG perovskite top cell, the TSC delivered a notable PCE of 17.0%
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with a Jsc of 14.5 mA cm, a Voc of 1.66 V, and an FF of 0.70, exceeding either
individual subcells. To meet the requirement of current matching between two
subcells, the NBG perovskite should be thick enough to absorb sufficient infrared
light. However, limited by the suitable fabrication and consequential bulk material
imperfections, it is difficult to grow thick NBG perovskite without sacrificing FF or
Voc. To tackle this issue, Yan et al. developed a strategy of incorporating chlorine into
(FASNI3)o.s(MAPDI3)0.4 and successfully fabricated 750 nm thick perovskite films with
good quality.** The 2.5% chlorine incorporation was found to segregate onto and
passivate grain boundaries, resulting in enlarged grain with good crystallinity and
reduced trap densities. These enabled fewer charge carrier scattering at grain
boundaries and ionized defects, and therefore charge carrier transportation and
extraction were facilitated. The reduced electronic disorder and suppressed non-
radiative recombination guaranteed a good perovskite film and the NBG PSCs
obtained a high PCE of 18.1% with a Voc of 0.841 V. Based on this efficient NBG
subcell, the TSCs obtained a PCE of 21.0% with a Voc of 1.922 V. Following the idea
of improving Sn-based perovskites, Zhu et al. proposed the incorporation of another
additive i.e., guanidinium thiocyanate (GuaSCN) into (FASNIz)o.s(MAPbDI3z)0.4, Which
presented a strong passivation ability.?*® The treated perovskite showed reduced defect
densities by a factor of 10, resulting in a long carrier lifetime > 1 microsecond and
diffusion length > 2.5 micrometers. Such a treatment ensured the perovskite film with
superior quality up to 1 micrometer thickness (Figure 26a-c), providing sufficient
infrared absorption and achieving a high Jsc of 30.5 mA c¢cm and the PCE exceeded
the threshold of 20% for the first time to 20.2%. The final all-perovskite TSC also
achieved a high PCE of 23.1%. Later, reductive zwitterionic antioxidant*** and
metallic Sn power®* have been separately used by Tan’s group. to inhibit Sn?*
oxidation. The PCEs of as-treated NBG cell and all-perovskite TSC were successfully
enhanced to 21.7% and 24.8% respectively. Since the widely used surface passivators

like PEA are partially adsorbed on the surface defective sites at perovskite
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crystallization temperatures, leading to the fact that a certain amount of grain surfaces
was left un-passivated. To enhance the passivator adsorption on perovskite surfaces,
Tan et al. reported a new ammonium cation, 4-trifluoromethyl-phenylammonium
(CF3-PA), to passivate the NBG Pb-Sn perovskite.”®® The theoretical calculation and
experiments confirmed that CF3-PA noticeably suppressed the defects owing to the
strongest binding energy with acceptor-type defects on the perovskite grain surface
and increased Sn vacancy formation energy (Figure 26d-f). This effective passivator
enabled much enhanced Jsc of 33 mA cm 2 due to the sufficient infrared light
absorption from 1.2 micrometers thick absorber and a high PCE of 22.2% was
measured. The final TSC hit an outstanding PCE of 26.7%, which, for the first time,

surpassed the best PCE of single-junction PSCs.

One step further beyond the single molecular passivation, a bimolecular passivation
strategy has been demonstrated on multiple perovskite compositions.®* Specifically,
the diammonium molecule was paired with the methylthio molecule as one
combination. Through this approach, the field-effect passivation and chemical
bonding passivation could be achieved simultaneously. By comparing a set of
combinations, the PDAI>/3MTPAI combination generated the best efficiency of 28.1%
for all-perovskite TSCs. This work successfully combined the merits of several types
of molecules, providing a new idea in designing the passivation route. Different from
the molecular passivation, a 3D/3D bilayer heterojunction has also been constructed
on the NBG perovskite surfaces for both suppressing non-radiative recombination and
facilitating carrier extraction.’® By taking a two-step evaporation-solution route, a
~50 nm layer of lead-halide WBG perovskite was deposited on the NBG perovskite
surface. The formed type Il band alignment at the interface could effectively drive
holes away and accelerate the drift of electrons, thus minimizing the non-radiative
recombination at the NBG perovskite-ETL interface (Figure 26g,h). Such an exquisite
design increased the PCE of NBG perovskite to 23.8% with a remarkably high Voc of
0.873 V. Thereby, the champion all-perovskite TSC reached a record-high PCE of
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28.5% (certified 28.0%) (Figure 26i).
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Figure 30. TRPL spectra of the control perovskite film without adding GuaSCN (a)
and with adding 7% GuaSCN (b). (c) Cross-sectional SEM image of the NBG PSC
using the GuaSCN-treated (FASNI3)os(MAPbI3)os perovskite film. Reproduced with
permission from ref 25, Copyright 2019 American Association for the Advancement
of Science. (d) Schematic diagram of the interaction between CF3-PA with the defects
in the perovskite film. (e) The number of adsorbed molecules for CF3-PA,
phenylammonium (PA), and PEA at 300 and 400 K. (f) The binding energy (Eb)
between passivators and different acceptor-like defects. Reproduced with permission
from ref 2%, Copyright 2022 Springer Nature. Energy diagram for the control (g) and
perovskite heterojunction (h) Pb—Sn PSCs. Note that the abbreviations DIL and FL in
the figure are referred to as defective interface layer and full-lead, respectively. (i) J-V
curves of the champion devices under reverse and forward scans. Reproduced with
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permission from ref 2, Copyright 2023 Springer Nature.

To enhance the performance of subcells, the buried interface between HTL and the
perovskite absorber layer is of significant importance since these interfaces usually act
as the starting point for the perovskite crystallization process. Therefore, it is
necessary to regulate the crystal growth for better film quality. As introduced in
Section 3, SAM has been increasingly explored for wider applications in solar cells.
However, current SAMs are still nonideal in terms of regulating crystallization, full
substrate coverage, band alignment, charge selection, and extraction, etc. Thus,
rational design in new SAMs may provide innovative breakthroughs. For instance, a
SAM of (4-(7H-dibenzo[c,g]carbazol-7-yl)butyl)phosphonic acid (4PADCB) was
designed as the HTL for WBG PSCs.?®% Here two benzene rings were introduced into
the carbazole groups of the commonly used 4PACz. The partial distortion in the
backbone could modulate the self-aggregation of the unfused-ring electron acceptor,
improve the solubility, and generate uniform-coating of SAMs. Also, the larger
conjugation range of the building block helped the charge transport. Ultimately, the
cell based on this new SAM achieved a high Voc of 1.31 V in a 1.77-eV PSC and
achieved a PCE of 27.0% (26.4% certified stabilized). Later, a donor-acceptor type
SAM, 4-(7-(4-(bis(4-methoxyphenyl) amino)-2,5-
difluorophenyl)benzo[c][1,2,5]thiadiazol-4-yl) benzoic acid (MPA2FPh-BT-BA,
denoted as 2F), was synthesized as the hole selective contact.?®® In addition to the
good functionalities as the HTL, the synthesis process of 2F only contained four steps,
implying a moderate synthetic yield. It is also worth mentioning that 2F could be
applied for both wide and narrow bandgap subcells, exerting different functions. As a
result, the WBG and NBG subcells yielded PCEs of 19.33% and 23.24%, respectively.
As a result, the PCE of as-prepared TSC reached 27.22% (certified 26.3%).

In addition to the improvement in the absorbers, copious efforts have also been put
into the ICLs. A typical ICL consists of several parts: ETL, HTL, and recombination
layer (RL)/tunnelling layer in most cases, which makes the design of ICLs an

115



interactive and sophisticated engineering. Generally, the ICLs should meet the
constraints from three aspects, e.g., electrics, optics, and mechanics, plus practical
processing compatibility. The main role of ICLs in 2T TSCs is to electrically connect
both subcells in series, which requires the annihilation of opposite charge carriers that
occurs at ICLs. However, ETLs usually possess low work function while HTLs
possess high work function, leading to an energy barrier for direct carrier transport
and a parasitic p-n junction formed to ruin the TSCs’ Voc. To address this issue, there
are two concepts of solutions: a) forming a tunnelling junction; b) forming an RL. In
the former case, both sides of the small p-n junction are heavily doped, for narrowing
the width of the depletion region thin enough to enable tunnelling through. This
strategy has been widely applied in III-V group TSCs as the ease realization of
degenerate doping in corresponding materials, which however is not applied to
perovskite-based TSCs. Then perovskite researchers looked into the second strategy
where an ICL was constructed using an RL and a sandwiched structure of
ETL/RL/HTL has been widely adopted in perovskite- and organic-based TSCs.
Another requirement of ICLs is to be highly optically transparent, especially in the
near-infrared region (NIR) region, to enable sufficient low-energy photons to pass
through and arrive at the rear absorbers. Thirdly, ICLs should provide outstanding
mechanical connections between two subcells. For example, ICLs should be compact
enough to be physical barriers to solvent permeation and ion migration from the rear
cells into the front cells. In particular, due to that both subcells in all-perovskite TSCs
use similar strong polar solvents, it sets a higher standard of compactness to prevent
solvent from dissolving the underlying layers. Therefore, the quality of ICLs impacts,
and even determines, the performance and long-term stability of TSCs. To date, TCO
and metals are the two dominant options for RLs in inverted TSCs, as summarized in

Tables 5 and 6.

TCOs e.g., indium tin oxide (ITO), 1ZO, and AZO, have inherent high transparency

and conductivity, making them very compatible being the RLs. To produce a dense
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and compact film, the target TCO material will be magnetically sputtered with high
energy, which may damage the underlying layers. Therefore, a dense and compact
buffer layer is needed in advance to shield the sputtering damage. As the buffer layer
also needs to meet the three constraints applied to the ICLs, this inevitably introduces
further complexity and uncertainty. In the first representative all-perovskite TSC,
Snaith’s group demonstrated a sophisticated TCO-based ICL consisting of
PCBM/SnOy/zinc-tin-oxide (ZTO)/ITO/PEDOT:PSS. In this stack, SnO.; (4
nm)/ZTO(2 nm) was deposited using the ALD technique as the buffer layer, followed
by the sputtering of ITO with 100 nm.*’® The dense ICL allowed for direct spin-
coating of aqueous PEDOT:PSS on top. No distinct hysteresis was observed in the J-
V curves of TSC, while the mismatched Jsc from two subcells meant there was plenty
of room to further optimize. The small voltage loss of the TSC (defined as the
difference between Voc tandem and the sum of Voc frontand Voc rear) 0f 0.2 V and the FF
of 0.70 demonstrated the effectiveness of carrier transportation and recombination
within this ICL. Generally, this ICL fulfilled the basic duties and provided a good
example of ICL design. Replacing the ALD-grown SnOg, Yan’s group demonstrated
the role of MoOx used in ICLs. The multilayer Ag (1 nm)/MoOx(3 nm)/ITO(120 nm)
was sandwiched between the ETL and HTL. In this stack, both ultrathin Ag and
sputtered 1TO were used together as the recombination sites, while MoOy had a dual
role of a buffer layer for preventing sputtering damage and a spacer to separate Ag
from ITO (otherwise the silver oxide may form). With this ICL, the TSC voltage loss
was reduced to a negligible value of ~0.07 V, and the FF reached 78.1%, proving it
was an effective design.®'! Due to the concern of rear cell solvent permeation, the
sputtered TCOs have to be thick enough (~100 nm), which inevitably increases the
parasitic absorption and probably leads to shunting between subcells. Reducing the
thickness of TCOs can be realized by sharing their responsibility of preventing
solvent permeation e.g., by strengthening the ALD-grown dense films. In another

work, Snaith’s group used the dense ALD-grown AZO film (25 nm) as the buffer
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layer followed by sputtering a thin layer of 1ZO with only 5 nm as the RL.>%° This thin
bilayer combined the merits of strong resistance to solvent permeation and high
transparency. It is worth mentioning that the thin TCO made the ICL much less brittle
and therefore flexible devices can be made. In fact, the ALD-grown film can be

further thinned to ~10 nm while still being an effective solvent barrier.>'?

Although TCOs can almost meet the requirements from electrical and optical
considerations, the high energy sputtering processing to some extent limits the wider
applications. In contrast, ultrathin metal layers can be deposited through thermal
evaporation at low temperatures, guaranteeing a less damaging fabrication process.
The ultrathin metal layers (~1 nm) e.g., gold, have both good conductivity and
transparency. Combined with the ALD-grown dense films, the metal-based RLs are
expected to construct the qualified ICLs. Since SnO: has excellent electron extraction
ability and is also ALD-grown friendly, SnO2/Au becomes a competitive candidate for
ICLs of all-perovskite TSCs. Note that a layer of Ceo or PCBM is usually needed in
advance of SnO- for two reasons: 1) ALD process starts with nucleation at substrates
where PCBM surfaces have more suitable nucleation sites than bare perovskite
surfaces; 2) water is widely used as oxidant during ALD process which is harmful to
perovskite. The concept of SnO2/Au-based ICL was realized by Tan’s group in 2019.3
Using the Ceo/SnO2/AU/PEDOT:PSS as the ICL, the TSC generated a high PCE of
24.8%, a high FF of 81.0%, and a negligible voltage loss of 0.06 V, demonstrating the
huge success of this ICL. In the following years, a number of all-perovskite TSCs
have adopted this concept as the ICLs and achieved high PCEs, proving its wide

appl icabi | ity.290-291, 294, 296

Despite the success of ETL/RL/HTL sandwiched ICL concept, the TSC community is
constantly pursuing simplifying the ICL structures to shorten the manufacturing time
and lower the cost. In this regard, a pioneer work by Huang et al. on Cgo/SnO1.76 Set a
good example.’® In this work, through the precise control over the ALD process
parameters e.g., pulse time, reaction time, and temperature, the SnOi76 was
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intentionally left incomplete oxide and therefore possessed the ambipolar transport
property (Figure 27a). Owing to the incomplete oxidation status, a high density of
Sn?* existed in SnO1.76 formed mid-gap states, enabling the extraction ability of holes
from the rear cells. Also, the Ceo layer was unintentionally n-doped by the iodine ions
from adjacent perovskite materials, thereby forming the Ohmic contact with SnO1.76
(Figure 27b). This ingenious ICL obtained a PCE of 24.6% with a high FF of ~80%
and a small Voc loss of ~0.1 V, indicating that the bilayer ICLs, and even monolayer
ICLs, become feasible in the future and point the direction of enhancing ICL

fabrication efficiency (Figure 27c).
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Figure 31. (a) Schematic of the device architecture with simplified ICL highlighted
by the yellow-dash rectangle. (b) J-V characteristics of the TSCs with various ICLs.

(c) Energy-level scheme for the Ces0/SnO1.76/NBG/Ceo layers in all-perovskite TSCs.

Reproduced with permission from ref 2%, Copyright 2020 Springer Nature.
6.3 2T Perovskite-Organic TSCs

Benefiting from the progress of non-fullerene acceptors (NFA), the past several years
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have witnessed rapid advances in high-efficiency monolithic perovskite-organic
TSCs.3*31 This type of TSC shares a high similarity in device structure with the all-
perovskite TSC, only replacing the NBG perovskite rear cell with the NBG organic
rear cell. This replacement provides the design of TSCs with more freedom and
flexibility, as the orthogonal solvents are used in two subcells which relieves the
concerns about solvent permeation in all-perovskite TSCs. Furthermore, the issue of
unwanted transformation of Sn?*in NBG PSCs would be inhibited by substituting the
NBG PSCs with NBG organic solar cells (OSCs).>** By taking advantage of this
unique feature, the WBG perovskite and NBG organic bulk heterojunction (BHJ) can
be even contacted directly without the ICLs inserted thus forming the so-called
perovskite-organic bilayer integrated cells. This type of hybrid cell is another
promising topic in recent years but it is beyond the scope of this review. Interested
readers are advised to read the information elsewhere.®®> Table 6 summarizes the
high-efficiency inverted perovskite-organic TSCs reported in recent years. Compared
with the perovskite/Si and all-perovskite TSCs, it is clear that perovskite-organic

TSCs show generally inferior PCEs, which mainly result from the lower Jsc and FF.

In 2015, Yang’s group reported a pioneer work where an organic BHJ of
PBSeDTEG8:PCBM was used as the infrared absorber and worked with MAPDI3 to
construct the TSC.*'® The mismatched bandgap combination between two subcells led
to the distinct absorption overlap. Also, since the absorption coefficient of organics
was lower than that of perovskites, the NBG organic subcell was placed in front of the
WBG perovskite subcell to absorb more light and match the current. This stack order
however obstructed the sufficient absorption of high-energy photons by the WBG
perovskite subcell and therefore further decreased the total Jsc attainable. Although
the final TSC obtained a PCE of 10.23% with a Jsc of 10.05 mA cm2, this work paves
an avenue that perovskite-organic TSC can deliver further high PCEs with more
reasonable structures if efficient NBG organic absorbers are synthesized. Given that

the organic subcell is the performance-limiting factor, Russell’s group optimized it in
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both the BHJ composition and the stack order.>°® Interestingly, despite that the PCE of
the organic subcell had a small increment (from Yang’s work 7.03% to this work 9.7%)
while the same perovskite was used, the PCE of TSC saw a large increment (from
Yang’s work 10.23% to this work 16.0%), together with the enhancement of Jsc to
13.1 mA cm~, implying the contribution and importance of organic subcells on TSC
performance. Since then, the efficiency gap between all-perovskite TSCs and
perovskite-organic TSCs has been increasingly widened due to the skyrocketing

development of NBG Pb-Sn perovskites.

The development of perovskite-organic TSCs waited for more efficient NBG organic
absorbers, and the successful application of NFA in OSCs has brought a new round of
breakthroughs. In 2020, the PM6:Y6:PC7:BM, a star NFA-based BHJ, was used as the
NBG absorber in the perovskite-organic TSC by Yang’s group.®® Thanks to the NBG
absorber’s strong light-harvesting ability, the inter-subcell current matching was easily
fulfilled through thickness optimization guided by the device simulation. More
importantly, both the FF and Voc of NFA-based organic subcell were enhanced
benefited from much-improved film morphology and reduced non-radiative
recombination. The big breakthrough in organic subcells led to the enhancement in
Voc and FF of TSC to 1.902 V and 83.1%, respectively, and the final PCE exceeded
the 20% milestone for the first time. Based on this star NFA-based BHJ as the NBG
absorber, the further optimization of WBG subcells successively lifted the PCE of
perovskite-organic TSCs. Note that the majority of efficient perovskite-organic TSCs
rely on the PM6:Y6 BHJ system with a bandgap of 1.33 eV. To pair with this organic
NBG light absorber, the ideal bandgap for the WBG perovskites is determined to be
around 1.85 eV, which is larger than those of the WBG perovskites in perovskite-
silicon (1.65-1.75 eV) and all-perovskite TSCs (~ 1.8 eV).26% 28317 A wider bandgap
in typical perovskites generally means higher Br amount, which induces severe phase
segeration under illumination and greatly impairs the performance of perovskite-

organic TSCs. To solve this problem, Riedl’s group replaced traditional PTAA HTL
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with a SAM layer, and modified the perovskite surface with PEAI to form a 2D
capping layer. The resulting WBG PSCs with a bandgap of 1.85 eV delivered a high
Voc of 1.34 V. More importantly, the increase in Voc is not accompanied by the loss of
FF. A champion FF of 82% was obtained. These led to an outstanding PCE of 24.0%
(certified 23.1%) in the TSCs.*°? Considering the oxidation of iodine and the
formation of metallic Pb® under illumination in WBG solar cells severely deteriorate
the device performance, recently, a redox mediator-stabilized strategy was developed
by Jen’s group. The anthraquinone-based mediator could not only reduce iodine and
oxidize metallic Pb®, but also passivated perovskite film defects. As a result, the 1.85-
eV WBG PSCs achieved a PCE of 19.58% with a Voc of 1.35 V. When employed into
the fabrication of perovskite-organic TSCs, the final optimized devices provided an
impressive of PCE of 25.22% (certified 24.27%).?% Subsequently, pseudo-halogen
thiocyanate (SCN) ions, in the form of Pb(SCN)2, were added to the WBG perovskite
presursor by Li and coworkers. It was discovered that the addition of Pb(SCN):
enhanced crystallization and reduced grain boundaries of perovskite films. Morevover,
a atrace amont of SCN- entered the perovskite lattice, passivating the halide vacancies
and thus inhibiting the nontorious ion migration. The resulting single-junction WBG
PSCs delievered a high PCE of 18.96% with a Voc of 1.32 V, and a chanpion PCE of
25.82% (certified 25.06%) was achieved in the TSCs. This work further reduces the
PCE gap between perovskite-organic TSCs and other type of perovskite-based
TSCs.2%

Despite the success achieved by the PM6:Y6:PC7:BM, the NFA in this BHJ absorber
I.e. Y6 possesses a bandgap of ~1.4 eV, which is larger than the optimal 1.15 eV to
pair with the typical WBG perovskite with bandgaps around 1.75 eV.*%® The nonideal
bandgap combination between WBG and NBG leads to the inefficient absorption of
incident light and therefore lower Jsc. To tackle the issue, another NFA, BTPV-4CI-
eC9, with 1.22 eV bandgap was synthesized by Meng’s group.>® As a result, the NBG

single cell delivered an ultrahigh Jsc of 28.6 mA cm=. Based on this efficient NFA
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organic cell, the TSC eventually achieved a PCE of 22.0% with an outstanding Jsc of
15.7 mA cm2, which is also comparable with that of all-perovskite TSCs. The main
PCE deficit resulted from the low Voc of this new NFA-based NGB subcell which
provided room for future enhancement. Since the debut of NFA, the perovskite-
organic TSCs have seen rapid development in the past several years and are still in the
close running after their all-perovskite counterparts. In the near future, the advance of
perovskite-organic TSCs will still rely on the progress of NBG OSCs as they are the
limiting subcells. Specifically, the organic absorbers with more suitable (narrow)
bandgaps with strong abilities of light absorption, exciton dissociation, and carrier
transportation are expected. With the understanding deepening into the working
mechanism of NFA-based absorbers, device engineering, and material innovation, the
PCE of single-junction OSCs is expected to surpass 20% or even higher soon. And the

competitiveness between all-perovskite and perovskite-organic TSCs will continues.

In addition to the absorber materials, the design of ICL for perovskite-organic TSCs
also plays a decisive role in device performance. Recently, a dual-functional molecule,
4,7-bis((4-vinylbenzyl)oxy)-1,10-phenanthroline (C1), was introduced in the ICL to
act as both the transport and protective layer.*** The conjugated phenanthroline
skeleton in C1 provided high electron mobility and hole-blocking capability, making
it a qualified candidate for ETL in the ICL. Also, C1 possesses styryl groups which
could be thermally crosslinked and thereby strong enough to protect the underlying
layers from the sputtering damage. By using Cl-based ICL, the perovskite-organic
TSC reached an eminent PCE of 24.07%. This work points out the new route for ICL
design. In the ICL, the commonly used charge recombination layer (CRL) is thin
metal (1 nm Ag or Au) prepared by thermal evaporation. Nevertheless, these CRLs
cannot meet requirements of an ideal ICL including efficient carrier recombination,
minimum current leakage, and minimum optical losses.’ It was found that when
metal CRLs were replaced by 4-nm-thick 1ZO or 1.5-nm-thick InOy, such issues can

be addressed, contributing to the enhancment of PCEs.**% %%

123



7. SCALING UP INVERTED PSCS

At present, most high-performance PSCs are fabricated on substrates with small
active areas by the spin-coating method (typically < 0.1 cm?), which is far from the
requirement of large-scale application.’ ** For the commercial application of
perovskite photovoltaics, it is necessary to scale up the size of PSCs and fabricate
perovskite solar modules. Depending on the area of the solar module, the perovskite
solar modules can be classified into minimodule (<200 cm?), submodule (200-800
cm?), small module (800—6500 cm?), standard module (6500—14,000 cm?), and large
module (>14,000 cm?).'?® ¥ To reduce the resistive loss and limit the current
generated from a perovskite solar module, dividing the large cell into small subcells
with series interaction is the most frequently applied technique. The general
fabrication procedures of perovskite solar modules in this way are demonstrated in
Figure 28a. To divide the subcells, a scribing process is employed, which can be done
mechanically or through laser ablation. The scribing process typically involves three
steps referred to as P1, P2, and P3. During P1, the transparent conductive oxide
electrode is patterned to create conducting stripes. In P2, the ETL, perovskite, and
HTL are removed before depositing the top-electrode material. This top-electrode
material serves to connect the top contact of one cell to the bottom contact of the next
cell. Lastly, P3 is performed to separate one subcell from another.®°3?° The
photograph of the final perovskite module is shown in Figure 28b. The scribing
regions, also known as dead areas, are inactive for photocurrent generation in
perovskite solar modules. These regions are necessary to physically separate the
subcells, however, they contribute to power loss in the module. The presence of dead
areas reduces the overall active area available for light absorption and conversion to
electrical energy, thus decreasing the power output of the solar module. Therefore, it
is important to develop strategies to minimize the impact of dead areas and improve

the power output of perovskite solar modules.

Both inverted- and regular-structured perovskite solar modules have been reported.
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The inverted perovskite solar modules have some attractive advantages for large-scale
deployment. Firstly, fabricating inverted perovskite solar modules is cost-effective,
since cheap metal electrodes (e.g., Cu, Ag) are used without the need to use noble
metals (e.g., Au).>** Secondly, the manufacturing process of inverted perovskite solar
modules does not need high-temperature thermal annealing, greatly reducing energy
consumption and making it a suitable candidate for constructing flexible as well as

perovskite-silicon tandem devices.?%* 322
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Figure 32. (a) Schematic illustration of the fabrication procedure of an inverted
perovskite solar module. Reproduced with permission from ref *'°. Copyright 2020
Springer Nature. (b) Schematic of the final module structure. (c) Schematic of
different methods to prepare perovskite films for perovskite solar modules.

Reproduced with permission from ref *23. Copyright 2022 John Wiley and Sons.

The lab-scale PSCs with a substrate size < 2.5 cm x 2.5 cm is generally fabricated by
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the spin-coating method. While, this method is not adaptable for fabricating
perovskite solar modules due to the unpleasant film uniformity in a large area
especially with the antisolvent-dropping method. Additionally, approximately 90% of
the precursor ink would be wasted during this method, increasing the device
fabrication cost.* In comparison, blade coating, slot-die coating, spray coating, dip
coating, evaporation, and CVD coating are more suitable for fabricating large-sized
solar modules (Figure 28c). Among the various scalable methods for perovskite
deposition, blade coating and slot-die coating are the most widely used. Blade coating
is a relatively simple and cost-effective method where a blade is used to spread the
perovskite precursor solution onto a substrate. The thickness of the resulting film can
be controlled by adjusting the blade height or tilt angle. Slot-die coating, on the other
hand, offers more precise control over film thickness. It involves the use of a slot die,
which uniformly dispenses the perovskite solution onto the substrate in a continuous
manner. The film thickness can be adjusted by controlling parameters such as solution
flow rate, substrate speed, and slot-die geometry. Slot-die coating is frequently
employed in manufacturing processes where high-quality and uniform films are

required.

Achieving high-quality perovskite coatings on a large-area substrate is the
prerequisite for constructing efficient and stable perovskite solar modules. The solvent
volatilization time of the wet precursor film directly impacts the perovskite film
morphology. Adding diphenyl sulfoxide, a nonvolatile Lewis base solvent with strong
coordination capability, was effective in enlarging the nucleation energy barrier,
modulating the nucleation of perovskite, and stabilizing the wet precursor film (Figure
29a).%?* The thickness inhomogeneities in the wet perovskite film due to the
inhomogeneous flow (also referred to as ribbing effects) would induce perovskite film
inhomogeneity after thermal annealing. To solve this problem, an effective way is to
adjust the perovskite ink. Through the addition of the low-viscosity solvent ACN, the

dynamic viscosity () of the perovskite ink was reduced. In the meantime, surface
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tension (o) was increased, contributing to eliminating the ribbing effects (Figure 29b).
Furthermore, the film porosity and thickness variation were reduced by this method.
When adding 46 vol% ACN into the precursor solution, the slot-die-coated perovskite
solar mini-modules obtained a champion PCE of 17.1% with an active area of 12.7
cm?.2** Huang et al. reported that the addition of a trace amount of surfactant additive
could suppress microscale fluid flows and helped obtain uniform perovskite film over
large area at a high coating speed of 180 m h™* using a blade coating method (Figure
29c). Afterward, in the same group, they combined the advantages of volatile
noncoordinating solvents (e.g., 2-ME, ACN) and low-volatile coordinating solvents
(e.g., DMF, DMSO), achieving both fast deposition and large perovskite grains. The
inverted perovskite modules with an aperture area of over 63.7 cm? showed a
champion-certified PCE of 16.4%. Furthermore, they found that compared to
commercial CIGSe and silicon solar cells, the perovskite modules exhibited a smaller

temperature coefficient.*'®

It is reported that the crystallization of perovskite films is from the top surface to the
bottom interface.*”> During film formation, the evaporation of initially trapped DMSO
could result in the generation of amorphous regions and voids at the bottom of
perovskite films on a scale of tens of nanometers.®® Although the voids at the buried
interface can be eliminated by additive engineering, the amorphous regions with
nonuniform distribution may still presented, reducing the device efficiency and
performance reproducibility, especially for large-area devices. To address this problem,
Huang et al. demonstrated a lead chelation molecule (LCM) strategy by incorporating
a commonly used electron-transporting material, BCP, into the interface between the
HTL and perovskite which could significantly diminish the amorphous area at the
buried interface of perovskite films. The BCP is considered as LCM to effectively
compete with DMSO for binding with lead ions via strong chelation interaction,
leading to a reduction in DMSO residue and, consequently, increasing the crystallinity

of the buried perovskite interface and giving a better film quality. The treated films
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displayed fewer pinholes at the grain boundary during light soaking and gave rise to
an enhanced crystallinity. The resulting small-area device delivered a champion PCE
of 24.6%. More importantly, the champion minimodules (aperture area of 26.9 cm?)
achieved a certified PCE of 21.8% with a notable FF of 0.803, which was the highest

FF reported for perovskite minimodules.®

The interface properties like band alignment and wettability are also closely relevant
to the perovskite film quality at a large substrate. A hydrophobic surface poses
challenges to depositing pinhole-free large-area perovskite films. It is known that
most vacuum-processed NiOx films exhibit relatively hydrophobic surfaces, which
would reduce the adhesion of perovskite inks. Liu and coworkers report a surface
redox engineering (SRE) strategy, which could effectively solve this problem. In
detail, the SRE process combined an Ar-plasma-initiated oxidation process and a
Brensted acid-mediated reduction process, which is desirable for increasing the
surface energy and diminishing the pinholes (Figure 29d). Additionally, SRE
improved the band alignment and reduced trap-assisted recombination, thus leading to
an outstanding PCE of 18.6% on a 156 x 156 mm? substrate (Figure 29e).'** We

summarize the representative research on inverted perovskite mini-modules in Table 7.
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Figure 33. (a) Semi—in situ observation of morphology evolutions of the perovskite
precursor film (scale bar, 100 um). The perovskite precursors dissolved in DMF,
DMF-NMP, and DMF-NMP-DPSO are labeled as precursors 1, 2, and 3, respectively.
Reproduced with permission from ref **, Copyright 2021 Springer Nature. (b)
Photographs of wet perovskite films without ACN (left) and 46% ACN. Reproduced
with permission from ref 2°*. Copyright 2023 John Wiley and Sons. (c) Photographs of
perovskite films with and without surfactant. Reproduced with permission from ref 2°,
Copyright 2018 Springer Nature. (d) Photographs of the perovskite films coated on
control and SRE NiOy films (156 %200 mm?). () I-V curves of the module measured
in the reverse and forward scan modes. Reproduced with permission from ref *°,

Copyright 2022 Elsevier.

In the industrial field, perovskite solar modules with an inverted structure have also
gained significant research interest due to their low cost and superior stability. In
China, several companies have been actively involved in the production of inverted
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perovskite solar modules, with module sizes reaching up to 1 m %2 m (Table 8 and
Figure 30a). This highlights the scalability of the technology for larger module sizes
suitable for commercial applications. Additionally, the construction of a perovskite
demonstration station has been undertaken to evaluate the field performance of these
modules (Figure 30b). This station serves as a platform to assess the long-term
stability and overall performance of perovskite solar modules under real-world
conditions. Recently, a company announced a certified steady-state PCE of 20.7%
with a module size of 810 cm? (Figure 30c). Despite the significant advancements in
inverted perovskite solar modules, their stability is generally poorer compared to
small-area modules. This suggests that the performance degradation of these modules
is more complex and challenging to mitigate.?** For instance, in perovskite solar
modules with series-interconnected subcells, the metal electrodes are in direct contact
with the perovskite at the P2 scribe channels. This direct contact raises concerns about
the long-term stability of perovskite solar modules, as there is a possibility of reaction
between the perovskite material and the metals.?**1° Introducing an additional barrier
layer like 2D graphitic carbon nitride nanosheets and  ALD-SnOyx at the
interconnection regions can effectively protect the exposed perovskite material from
lateral ion diffusion, contributing to the enhanced stability of the perovskite solar
modules.??® 24 Recently, a novel and effective method, through the ozone treatment of
laser scribing grooves, was reported by Mai and coworkers, leading to in situ
construction of lead oxide (PbOy) blocking barriers at the edge of the sub-cells. The
resulting perovskite solar modules showed a certified PCE of 21.37% (aperture area
of the perovskite solar module is 12.84 cm?) together with excellent long-term
stability.®” Apart from the aforementioned approaches, an ingenious solution is to
fabricate parallel interconnected modules, which do not require the scribing
process.®** 38 In parallel-connected modules, a metallic grid is needed to reduce
resistive losses at the substrate. Recently, we developed TCOs with buried-metal-grid

to enhance the conductivity of the substrate so as to reduce the substrate-related power
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loss. By modulating the thickness and shaded area of buried-metal-grids, a balance
between high transmittance and low sheet resistance was realized. When upscaling the
device size, the PSCs with buried-metal-grid showed lower PCE drop in comparison
to the devices with pristine 1TO.%?® It is worth noting that apart from progresses of
upscaling the single-junction inverted PSCs, the PCEs perovskite-silicon tandem solar
modules have also achieved huge achievements recently. Oxford PV announced that a
certified PCE of 28.6% was achieved on a commercial-sized ‘M4’ (258.15 cm?) solar
cell.*?® Very recently, another company named Golden Concord Holdings Limited
demonstrated a 4T 1.71 m? perovskite-silicon tandem solar module with a certified
PCE of 26.36%.%*° Nevertheless, no experimental details can be found about these
progresses, and the report on the commercial scale of perovskite-silicon tandem solar

modules is still rare versus the single-junction solar modules.
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Figure 34. (a) Photograph of a perovskite demonstration power station (The module
size is 1 m x 2 m). Reproduced with permission from ref 3, Copyright Pandaily. (b)
Photograph of a perovskite fish-light complementary power station. Reproduced with
permission from ref ¥, Copyright Microquanta Semiconductor. (c) Certification

report of a perovskite module with a size of 810 cm?. Reproduced with permission
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from ref 333, Copyright UtmoLight.
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Table 7. Summary of representative high-efficiency inverted perovskite solar minimodules.

Coating

Module size

Aperture

PCE

Device structure method Solvent (cm xcm) area (cm?) (%) Year Ref.
ITO/NiO\/Me-4PACz/Perovskite/ETL/BCP/Ag Blade DMF:DMSO 5 x5 11192 2030 2023
coating (4:1v:v)
ITO/PTAA/MA. 7FA0 3Pbls/Cea/SNO/ITO Cirt‘idneg 2-ME:DMSO - ~22.0P 192 2023 3%
ITO/Poly-4PACZ/MAg 7FA05Pbl3/Coo/BCP/Cu Blade 2-ME:DMSO - 25P 0.7 5503197
coating (aa)
ITO/PTAA:BCP/FAqsCs0.1Pbl3/Ceo/BCP/CU CE;‘idneg 2-ME:DMSO 15 x12 ~26.9 218 2023  ©
ITO/PTAA/MA. 6FA0.4Pbls/Ceo/BCP/Cu CE;‘?neg 2-ME:DMSO 13.0 <85 50P 192 2021 68
ITO/PTAA/FA.85Cs0.17Pbls/Ceo/BCP/AG Cigt'lr:] . DMF:NMP 6.5 %6.5 23.25 2091 2023
FTO/NiOw/Me-4PACz/FAPbI/PCBM/SnO,/Cu Spin- DMF:DMSO 5 x5 14.65b 21.0 2023 58
coating (4:1v:v)
|TO/PTAA/A|203/CSo,05(FAO,9MAo,l)o,gspb(|o,gBl’o,1)3 Spin— DMF:DMSO b 327
/Ce0/SNO2/Ag coating (4:1vv) 558 12.84 21.37 2024
FTO/Urea-NiOx/CSo_os(FAo,gsMAo_os)o,gst(|0,955r0,05)3 Slot-die DMF:DMSO:NMP a 336
/BzMIMBI/Cg0/BCP/Cu coating (5.5:0.9:1/v:vv) 1414 1784 17.18 2023
|TO/NiOX/PTAA/CSo_os(FAo,gsMAo,os)o,gst(|o_gsBro_05)3 Slot-die DMF:DMSO b 337
/PCBM/BCP/Ag coating (4:1v:v) 66 1930 212 2023
Glass/ITO/MeO-2PACZ/FAPbI3/LiF/Ceo/BCP/Cu Slot-die 2-ME:NMP:ACN 5 x5 12.78 171 2023 4
coating (46:8:46/v:v:v)
ITO/NIO,/Perovskite/PCBM/BCP/Ag Slot-die DMF:NMP 15.6 % 15.6 1748 186 2022 U
coating (6:1/v:v)
FTO/NiMgLiO/FA.3Cs0.17Pbl2.83Bro.17/ Slot-die i i i a 324
LE/ColBCP/BIlAG coting DMF:NMP:DPSO 20.77 16.63 2021

3active area, Paperture area.
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Table 8. Examples of companies or organizations working on the upscaling of

inverted PSCs.

Latest Date of news

Company Country Module type/area progress release Ref.
Golden Concord . Single-junction PSCs/ 0 238
Holdings Limited China T m=2m 19.04% 06 Mar 2024

UtmoLight China S'”g'e';gggcggg PSCS. 20.70% 29 Feb 2024 333

Mellow Energy  China S'”%'g'éﬁq”‘:'ggcfcy 22.86% 30 Aug 2023 339
China Huaneng . Single-junction PSCs/ 0 340
Group Co., Ltg. China 3500 o 18.5% 10 Oct 2022

Renshine Solar  China S'”gg'ggrfq”‘jffgcpnf’cs’ 20.86%  20Sep2023

Oxford PV UK Pero‘z’ég'tleéi'r;scy 28.6%  24May2023
Golden Concord . Perovskite-Si TSCs/ o 330
Holdings Limited ~ CMM 171 m? 26.36% 08 Apr2023

8. ECONOMIC ASSESSMENT OF INVERTED PSCS

Inverted PSCs have been gaining attention for their potential cost advantages compared
to traditional silicon solar cells and regular PSCs. This is due to several factors: 1)
Material cost: Inverted PSCs can be made using low-cost CTL materials like NiOx and
simple manufacturing processes, which can potentially reduce the overall production cost;
2) Efficiency: Inverted PSCs have demonstrated significant success in producing top-of-
the-line single-junction and tandem PSCs. Currently, the highest recorded PCEs for both
single-junction and tandem PSCs are achieved using the inverted structure. This can lead
to higher energy yield and cost savings in the long run; 3) Stability: As discussed in
Section 5, the optimized inverted PSCs have passed stringent ageing tests following ISOS
or IEC protocols. The outstanding stability of inverted PSCs would help reduce the
levelized cost of energy (LCOE), enhancing their market competitiveness; 4) Flexibility:
Inverted PSCs with the advantages of low-temperature processing can be made into
flexible and lightweight modules, which can reduce installation costs and open up new

applications, such as building-integrated photovoltaics, wearable applications, high-
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altitude ballons and airship;***3*® 5) Manufacturing process: The manufacturing process
for inverted PSCs is less energy-intensive compared to silicon solar cells and regular
PSCs using mesoporous TiO2, which can lead to lower production costs and a smaller

carbon footprint.

Since the small-area high-efficiency PSCs are generally based on spin-coating technique,
which is not compatible with high-throughput fabrication. It is more reasonable to
evaluate the costs of perovskite solar modules. As for the cost of fabricating inverted
perovskite solar modules, there is no consensus because no standard process sequence
can be employed for the estimations of manufacturing cost.>** The development period of
PSCs is relatively shorter in comparison to silicon solar cells. The CTLs, perovskite
compositions, deposition methods for perovskite films, passivating materials, and
electrodes remain undetermined for the ultimate commercial deployment. This
uncertainty is further reflected in the range of published manufacturing cost data. Early in
2017, the cost of single-junction inverted perovskite solar modules using inorganic metal
oxide CTLs was estimated to be 31.7 $/m2.%?! Park et al. noted that PSCs with cheap
carrier-transport and conductive layers (e.g., NiOx) as well as a high-throughput solution
process could further reduce the module fabrication cost. They assumed that the
fabrication cost for perovskite solar modules is half the cost of silicon solar cells (40 $/m?
for perovskite solar cells and 80 $/m? for silicon solar cells, respectively).**> The glass
substrate coated with TCO is universally recognized as the priciest component in
perovskite solar modules, constituting more than half of the overall expenses, as
illustrated in Figure 30a.%*> %% In the case of inverted PSCs, cost-effective metals such as
Cu are employed for the rear contact, while CTLs like Cgo represent the second most
significant cost factor. Grancini et al. summarized the calculated manufacturing costs for
perovskite modules from 2016 to 2022 (Figure 30b). The solar cells with the gold

electrode or very expensive CTLs (e.g., Spiro-MeOTAD) would result in manufacturing
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costs > 150 $/m?and these devices were excluded in Figure 30b. It is clear that perovskite
solar modules with the inverted configuration have an average lower cost compared to

their regular counterparts.*’

The assessment of the economic competitiveness of photovoltaic technology often
involves the utilization of LCOE. The LCOE is a key metric in the energy industry used
to assess the cost of generating electricity from a particular energy source over the
lifetime of a system. It takes into account that the total cost of building, operating, and
maintaining a power plant, as well as the amount of electricity it can produce over its
lifetime. The LCOE provides a standardized way to compare different energy
technologies and is a crucial tool for policymakers, investors, and energy planners when
making decisions about energy investments and policy. It enables a direct comparison of
the cost of different energy sources and helps in understanding the long-term economic
viability of different energy generation methods.*** **" The reported LCOE values for
perovskite photovoltaics vary depending on the calculation and assumption approaches
employed.*” Grancini et al. summarized the calculated LCOE values for perovskite solar
modules reported from 2016 to 2022 (Figure 30c). Clearly, the increasing number of
reports indicates a growing interest in the assessment of LCOE values. And the majority
of LCOE calculations assumed perovskite module efficiency between 16 and 20%. Based
on the 95% confidence interval for the remaining values, the LCOE values are shown to
fall between 4.52 and 6.11 c$ per kW h with 95% probability, as highlighted by the
green-shaded area in Figure 30c. Despite the surge in PCEs of PSCs, compared with
silicon solar cells, PSCs still show a higher LCOE due to their high capital
expenditure.®*® Furthermore, silicon solar cells exhibit a long lifespan of more than 25
years, while whether the PSCs can maintain stable long-term field performance is still
obscure. Figure 30d shows the differences ALCOE = LCOEperomin — LCOEsimin and

Arcoe = LCOETandem,min — LCOEs;min, respectively. With decreasing the lifetime of PSCs,
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there is a dramatic increase in the LCOE. For perovskite single-junction solar modules
with PCEs ~ 20% (Aefficiency = —2%) or perovskite solar modules with PCEs approaching
30% (Aefriciency = 8%), approximately 2-5 years shorter lifetimes could be tolerated. Due
to the low perovskite processing cost, perovskite-based TSCs show similar cost
projections. It is predicted by Holman et al. that tandem technology is favorable over
single-junction modules for further reducing the LCOEs when system costs are higher
than the cell cost.>*® However, at present, compared to the single-junction perovskite
solar modules, the perovskite-based TSCs, especially for all-perovskite TSCs, show
unpleasant device stability largely due to the unstable perovskite absorber layers with
NBGs and WGBs. Given the high efficiency of PSCs, it is crucial to focus on addressing
the short lifetime of PSCs in future research. Additionally, the low-cost processing of
perovskite modules is important for commercial applications. Employing cost-effective
raw materials is key to lowering the LCOE. In a recent breakthrough, Xu and colleagues
introduced an aqueous synthesis technique for crafting high-purity FAPbIs perovskite
microcrystals. This method utilizes inexpensive, low-grade starting materials and
achieves a material cost significantly reduced—by two orders of magnitude—compared
to the commercial prices of Pbl, and FAL>**° Additionally, streamlining the manufacturing
process and minimizing equipment investment are promising strategies for reducing the

LCOE) of PSCs.
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Figure 35. (a) Material cost analysis for two representative examples. Reproduced with
permission from ref 46, Copyright 2017 John Wiley and Sons. (b) Manufacturing cost for
n-i-p (regular) and p-i-n (inverted) perovskite solar modules from 2016 to 2022. (c) The
reported LCOE predictions for perovskite photovoltaic. The data is sorted based on the
stability of the perovskite modules (represented by red, blue, brown, and grey dots, with
lifespans ranging from 5 to 30 years) and their efficiencies (illustrated by pink, yellow,
and light blue contours). The rectangular shapes indicate the range of the LCOE when
specific values are not provided. Outlier values are denoted by a star. The green-shaded

area displays the 95% confidence interval for the true LCOE value for perovskite devices,
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which falls between 4.53 and 6.12 c¢$ per kW h. Reproduced with permission from ref 347,
Copyright 2023 Royal Society of Chemistry. (d) Comparing the LCOE impact of lifetime
and efficiency to a silicon module reference with a 25-year lifespan and 22% efficiency in
a future scenario for perovskite single junction modules (left) and perovskite silicon
tandem modules (right) for utility scale. Reproduced with permission from ref 3%,

Copyright 2020 IEEE.

9. SUMMARY AND PERSPECTIVES

With the excellent features, e.g., high stability, excellent PCEs, low-temperature
processing for all functional layers, and tandem structure compatibility, inverted PSCs
have experienced a skyrocketing development in recent years with single-junction
inverted PSCs and perovskite-based inverted TSCs achieving outstanding PCEs of 26.1%
and 33.9%, respectively. We expect the trend of performance enhancement for inverted
PSCs will continue in the near future. Despite the tremendous success of inverted PSCs,
to bring this new technology into commercialization, substantial efforts are still needed to
further improve the device efficiencies and stability, reduce the cell-to-module PCE gap,

and reduce the cost of perovskite solar modules.

Perovskite films. It is known that the quality of perovskite films is a critical factor for the
performance of PSCs, and tremendous efforts have been put into improving the film
quality from the initial composition engineering through the crystal growth process.
Furthermore, the composition of the perovskites is closely related to the device’s intrinsic
stability. In the current state-of-the-art inverted PSCs, mixed-cation perovskites (FA-MA-
Cs) are the most popular choice. Whereas, the organic MA cation with a volatile nature is
likely to lead to irreversible degeneration of perovskite structures, especially under
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elevated temperatures, thereby impairing the device long-term stability.l%% 20 351
Therefore, the utilization of MA-free perovskites could further boost the thermal and
operational stability of PSCs. However, some reports show that inverted PSCs based on
MA-containing compositions also demonstrated excellent stability and passed the
stringent ageing tests protocol.'® 5”218 These controversial results denote that a deeper
understanding of composition-film quality-device performance relationship is needed.
Moreover, all-inorganic perovskites (e.g., CsPbls, CsPbl,Br, CsPbBr3) have recently
attracted increasing attention due to their outstanding thermal stability up to 400°C.
Moreover, all-inorganic perovskites with suitable WBG are good candidates for
fabricating TSCs with NBG solar cells.**? Despite the eye-catching advantages, the all-
inorganic perovskites exhibit poor structural stability induced by the small ionic size of
the Cs cation.®*?>® Taking typical CsPbls as an example, the perovskite-to-nonperovskite
polymorphic transition would perform under ambient conditions and this process would
be accelerated when exposed to moisture. Several challenges need to be overcome to
fully tap the potential of inverted all-inorganic PSCs. Firstly, the exact degradation
mechanisms of all-inorganic PSCs should be investigated by operando/in-situ
characterization techniques. Furthermore, by learning from other types of high-
performance perovskites, developing effective stabilization methods (e.g., composition
tuning, dimensional engineering, additive engineering) is a promising research
direction.®>*3>* Recently, Zhao et al. coated a 2D Cs.Pbl.Cl, perovskite atop the 3D all-
inorganic perovskite light absorber. The existence of a 2D/3D interface layer greatly
suppressed the ion migration and effectively passivates the surface defects, demonstrating
an excellent intrinsic lifetime of 51,000 *+ 7,000 hours at 35°C with the regular
architecture and all-inorganic CTLs.**® Given the water-repelling nature of 2D
perovskites, this feature makes them a perfect candidate to protect the all-inorganic

perovskites from the attack of moisture. Note that most all-inorganic PSCs use the n-i-p
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architecture. We believe that the inverted all-inorganic PSCs with the elimination of
hydroscopic Spiro-OMeTAD could further improve the stability of all-inorganic PSCs,
meeting the mature industrial standard. Moreover, the discovery of stable and high-
performance perovskite compositions could be facilitated by employing the high-
throughput screening or machine learning method. For instance, Brabec et al. utilized a
self-constructed high-throughput screening platform to select a stable perovskite with a
composition of MAg1Cso.05FA0.8sPb(lo.9sBroos)s. When employed in the fabrication of
PSCs, the final device retained its initial PCE after 1,450 h of continuous operation at
65<C.>*° In the long run, to absorb more sunlight and achieve the theoretical record
efficiency limit for solar cells, lowering the bandgap to approach the ideal bandgap (1.34
eV) by using the mixed Pb-Sn perovskites is welcomed while this may raise stability
issues due to the readily oxidizable Sn?*. To address this issue, additives like SnFz, Snla,
SnCly, and metallic Sn have been added to the precursor solvents.*>’*>® Despite the recent
breakthroughs in Sn-containing perovskite, Sn-related inverted PSCs are still
demonstrating unpleasant PCEs, which are far from the theoretical performance limit.
More importantly, the Sn-related inverted PSCs show inferior long-term stability
compared to the Pb-based PSCs, which hinders the development of all-perovskite TSCs.
We reason that the origin of unpleasant stability of Sn-related PSCs is still related to the
Sn?* oxidation and the use of unstable CTLs (i.e., acid PEDOT:PSS). To obtain efficient
and stable inverted Pb-Sn PSCs, selecting high-purity Sn(ll) halides salts as the Sn source,
preparing the perovskite films at highly inert atmospheres, further developing effective
reductants for Sn**, using stable inorganic CTLs, and encapsulation are promising
solutions to solve these problems.®*® With these approaches, all-perovskite TSCs

containing Pb-Sn NBG PSCs are likely to realize a higher PCE and improved stability.

The deposition methods for the perovskite light absorbers should also be given enough

consideration in the future, as the perovskite film quality (e.g., crystallinity, defect
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densities, and morphology) is strongly dependent on the fabrication process. The one-step
method with the assistance of antisolvent treatment has shown great success in attaining
highly efficient PSCs. While the two-step method exhibiting advantages of good
performance reproducibility and ease of processing has attracted rarely less research
attention, especially in the inverted PSCs compared to their regular counterparts. If
selecting suitable HTLs and treating the bottom interface before coating the lead halide
layers in the two-step fabrication process, the performance of the inverted PSCs based on
the two-step method could be enhanced due to the modification of the perovskite
nucleation and growth. Solution-processed polycrystalline perovskite films inevitably
have larger amount defect densities than single-crystal perovskites. Note that commercial
photovoltaic technologies such as silicon and GaAs solar cells largely rely on single-
crystalline absorbers, which demonstrate a small Voc deficit and remarkable FFs of over
86% owing to the very low defect state density. Moreover, the use of single-crystal
absorbers is beneficial for reducing the bandgap to approach the ideal band gap for
single-junction solar cells without alloying the Sn?*. Despite the huge potential, research
on single-crystal PSCs is still rarely seen, which calls for more efforts (e.g., further
reducing the band gap, interfacial defects passivation, CTLs modification, scaling up the
device). To narrow the cell-to-module PCE gap and bring the perovskite photovoltaics
close to commercialization, the commonly used solution-based spin-coating technique
may not be the ideal choice. It was known that the vacuum evaporation method is more
compatible with large-scale production compared to solution-based fabrication
techniques. Additionally, the vacuum evaporation method does not need to use toxic
solvents such as DMF and GBL, which is more environmentally friendly,*°=% and this
mature technique in the semiconductor industry is capable of obtaining highly even and
uniform films on both planar and textured surfaces. Given the fact that most perovskite-Si

TSCs utilize textured bottom cells with high surface roughness, it is difficult to get
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uniform perovskite films atop the highly rough substrate by conventional solution-based
techniques. Thereafter, the vacuum-deposited PSCs could be a potential alternative
strategy to solve this problem. It was reported that the performance of PSCs based on the
vacuum evaporation method is highly sensitive to the processing conditions (e.g., vacuum
chamber pressures, precursor rates and rate stability, post-annealing temperatures,
precursor suppliers).®*® We envision that the vacuum deposition method will be a hot

research topic in the future and greatly help commercialize PSCs.

Charge transporting layers. The CTLs are vital to the device performance, which is
also the most significant difference between the inverted and regular configurations. For
ETL, the majority of inverted PSCs use fullerene and their derivatives (e.g., Ceo, PCBM)
as the ETL prepared by thermal evaporation, less frequent SnO2 prepared by ALD. For
HTL, there are a certain number of outstanding HTLs for inverted structures e.g., PTAA,
NiOx, and SAMs which are compatible with low-temperature processing and possess
enhanced stability, These HTLs endow the fabricated inverted PSCs with remarkable
long-term stability. It is worth noting that the recently-emerging SAMs HTLs have shown
great hole selectivity and the great ability to reduce interfacial recombination, which are
suitable for the fabrication of both high-performance single-junction and tandem inverted
PSCs.% 76. 177,194 225 Nevertheless, modulating the molecular structures of SAMs is still
needed to improve the coverage of SAMs, tune the interfacial interactions and energy
level alignment between SAMs and perovskite, and modify wettability of perovskite inks
on SAMs. In the future, there is a possibility of introducing more novel units for
synthesizing new SAM molecules. If the functional groups on the tail of the SAM
molecule are intentionally designed to further passivate the various defects of perovskite
that arise at the buried interface, such as uncoordinated ions and antisite atoms, it has the
potential to lead to notable improvements in the photovoltaic performance of inverted

PSCs. However, this process involves a trial-and-error approach, necessitating further
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theoretical research and device validation. Another popular HTL for inverted PSCs is the
inorganic NiOx HTL, which presents some unique advantages such as high charge
mobility and intrinsic stability. At present, the chemically synthesized NiOx nanoparticle
ink due to high crystallinity has been widely used to obtain high-quality NiOx HTLs, and
corresponding inverted PSCs delivered high PCEs over 25%. Nonetheless, this solution-
based technique may hamper scalable applications. Sputtering and ALD as alternative
deposition routes for NiOy films could guarantee scalability over large areas. Moreover,
through extinct doping treatment (e.g., Cu-doping, Cs-doping), the conductivity of NiOx
film can be further improved. It is noteworthy that the high defect densities at the NiOx
film surface and misalignment of energy at the NiOx/perovskite interface are detrimental
to the device efficiency and stability.**” 1'% 227 Surface passivation seems to be of vital
importance for the deposited NiOx films. We believe that SAM layers with excellent hole
selectivity and functional anchoring groups are ideal candidates for the modification of
both NiOx HTL and buried perovskite interface. The NiOy/SAM bilayer HTL would also
be applicable to various perovskite compositions. However, employing such bilayer
HTLs tends to increase the fabrication procedures of PSCs, which is undesirable for

commercial applications.

Although the CTLs especially the HTLs in inverted PSCs have widened the range of
choices, this is far from good enough to realize the full potential of inverted PSCs.
Therefore, more CTLs should be developed in the future. We believe that by building a
CTL database based on reported work and using machine learning technology can we
deeply understand the structure-performance relationship and shorten the time of new
CTLs innovation.> *! The development of new CTLs should consider the following
aspects: 1) proper energy level alignment with the perovskite layer for efficient photo-
carrier extraction and reduced charge recombination at the interface; 2) high electron or

hole mobility to guarantee efficient charge carrier transport within the CTL; 3) high
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transmittance to reduce the optical energy loss; 4) excellent stability against ambient
environment to eliminate the risks of CTL degradation earlier than perovskite films
during the device operation period; 5) a moderate deposition method to avoid further

introducing damages or imperfections.

Interface engineering. Since interface defects of perovskite films are the main origin of
non-radiative recombination, it is critical to suppress these imperfections scattered at both
the top and buried surfaces of perovskite films. In addition to these intrinsic surface
defects of perovskite materials, the contact between perovskite and adjacent CTLsS may
further introduce interfacial defects. Until now, most of the studies on interfacial
engineering have focused on the top interface due to the exposed nature which makes it
easy to characterize and modify, while the unexposed buried interface is rarely
investigated, inducing the properties (e.g., microstructure, defect types) of the buried
interface largely unexplored.®® °* 227 The lack of in-depth understanding of the buried
interface in perovskite photovoltaics is impeding the further enhancement of device
performance.??’ Therefore, the buried interface of perovskite light-absorber should be
paid equal attention to the top surface and more work is needed. The massive significance
of interface engineering has been growingly recognized. The wide range of passivation
materials explored in recent years, including inorganic salts and organic molecules, load
the toolbox of defect passivation and pave the way to minimize the non-radiative
recombination and realize the theoretical limits of Voc and FF. However, an in-depth
understanding of perovskite defects and passivation mechanisms for the defects in
perovskite films is still urgently needed. For example, it is still hard to explicitly attain
the distribution, type, and density of certain defects in perovskite films with various
compositions or grown on different substrates, which makes it challenging to develop
target passivation materials. Moreover, we need to investigate the key passivation group

in multifunctional passivation molecules. High-throughput screening and machine
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learning methods could be a reliable solution to selecting proper passivation materials
and developing new passivation materials. For example, Sargent and coworkers
developed a machine learning workflow trained by density functional theory. Through
this method, 15 potential bifunctional desirable pseudo-halide anion-based passivating
molecules were found. The further experiment verified that sodium thioglycolate was the

most effective passivant, leading to a certified quasi-steady-state PCE of 24.04%.%%

Perovskite-based tandem solar cells. Beyond the high-efficiency single-junction solar
cells, TSCs are also the future direction for inverted PSCs. In contrast to the requirement
of high-temperature annealing in n-i-p structures, most inverted PSCs are manufactured
under 100°C, which enables the direct deposition of perovskite subcells atop silicon
heterojunction cell to construct the TSCs. The feature of low-temperature processibility
and consequential saved energy cost make inverted PSCs a warm welcome in the industry.
By taking advantage of established success in silicon cells, the 2T perovskite-Si TSC has
achieved a remarkable certified PCE of approaching 34%, representing the highest
efficiency among perovskite-based TSCs. Meanwhile, by virtue of the tunability of
perovskite composition, all-perovskite TSCs with potentials of ultralight-weight and
flexibility have been seen as the strong game-changer against perovskite-Si TSCs.
Similarly, thanks to the breakthrough of NFA-based organic materials, perovskite-organic
TSCs have become another promising competitor among various TSC technologies.**®
For perovskite-based TSCs, reducing the Voc deficit of WBG subcells is an urgent
requirement.?®* It is generally acknowledged that the origin of the large Voc deficit in Br-
rich WBG PSCs is photo-induced halide segregation. Contrary to popular belief, Snaith
and coworkers claimed that the dominant Voc loss mechanism was imperfections located
at both the perovskite light absorber and the perovskite/CTLs interfaces.*®® Albrecht et al.
have found similar results. SAMs with fast hole extraction and reduced nonradiative

recombination at the HTL interface, when working as the HTLs for WBG PSCs, could
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significantly increase the Voc and inhibit phase segregation under illumination.*’” Such
controversial results indicate that the exact origin of Voc loss for the WBG PSCs is still
unclear and should be carefully investigated in future research. Common methods to
enhance the PCE of PSCs include effectively reducing bulk and surface defects,
implementing precise bandgap tuning strategies, and utilizing robust and reliable charge
carrier extraction materials. For WBG PSCs, the phase segregation under illumination
leads to a loss of device performance, thereby affecting the stability of perovskite-based
TSCs. Shen et al. have suggested potential solutions to this issue, such as using wide-
bandgap perovskite quantum dots or inorganic CsPbls perovskites. Additionally, they
proposed a bifacial design strategy incorporating a narrower perovskite light absorber
(i.e., lower Br content) to mitigate halide segregation concerns.?®> Another pressing issue
related to the unpleasant device stability in all-perovskite TSCs is the easy Sn?* oxidation,
and possible approaches to address this issue have been discussed before. In perovskite-
silicon TSCs, a designed silicon textured surface for the ‘trade-off” requirements of
reducing reflection and fabricating efficient perovskite top cells is needed. Developing
conformal coating techniques for perovskite films is a possible solution to reduce the
limitations imposed by the texturing size. In perovskite-organic TSCs, the OSCs based on
the small-molecule nonfullerene acceptors (e.g., Y6) are the most popular choice in
perovskite-organic TSCs. Recently, Liu et al. reported a highly efficient single-junction
OSC with a certified PCE of over 19% through modulating network morphology in the
active layer, which offers the possibility of exceeding 20% for single-junction OSCs in
the near future.*®** We envision that the future development of perovskite-organic TSCs is
largely dependent on the advancement of OSCs, and there are several possible strategies
for this pressing issue: 1) inventing novel donors and acceptors materials with good
stability and optoelectronic properties;**°%¢ 2) manipulating active-layer morphology;***

3) interfacial modification;** 4) device architecture engineering.®’%="
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In addition to the enhancement of Voc and FF in the WBG PSCs and NBG PSCs/OSCs,
suitable ICLs are also waiting to be designed to cater to perovskite-based TSCs. Meeting

302 mechanics and

the requirement of optics (i.e. minimized parasitic light absorption,
electrics (i.e., low electric loss®®) simultaneously represents one of the important
research directions. Zhang et al. predicted that using dense, crack-free, and amorphous
ICLs was likely to reduce the optical losses.?®* Additionally, the removal of
recombination layers/tunneling junction layers in the ICLs is also a promising research
direction to reduce the cost and processing complexity.?®* The ICLs are also expected to
be fabricated feasible and scalable. Spatial-ALD is one possible direction to speed up the
time-consuming ALD process. The research into monolayer ICL using ambipolar
materials would be the goal. Note that recently the integrated perovskite/OSCs without
employing the ICLs have received wide attention.®*> 3’? This type of device contains both
perovskites and organic near-infrared light absorbers, which can significantly enhance the
Jsc by additional light harvesting of OSCs in the near-infrared region while keeping the
high Voc of PSCs.®”*3"> However, first and foremost, the research on the fundamental
working mechanism for this kind of device is scarce (e.g., the carrier transportation path
at the perovskites/organic BHJs interface), and a deeper understanding of the operational
mechanism is of critical importance for further increasing the PCEs of this kind devices.
Moreover, most high-performance integrated perovskite/OSCs are based on comparably
narrow bandgap perovskites, inducing a comparable low Voc. We believe that combining
WBG perovskites and the organic BHJ layer with decent energy level alignment is the

future direction.

Stability, scaling up, and cost. For the field application and commercialization of
perovskite photovoltaics, the stability, scaling up, and cost are dominant factors. Stability
as a dominant factor for the commercial application of photovoltaic technologies is

presently known as the main obstacle for PSCs. Even though several lab-scale inverted
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PSCs have shown excellent stability under industrial damp-heat conditions, based on the
research experience from silicon solar cells, such results are insufficient to guarantee
long-term stable operation of the PSCs under real-world exposure. Therefore, more
research attention should be paid to long-term field testing of PSCs. To further enhance
the stability of PSCs, first and foremost, uncovering the fundamental degradation
mechanisms and the factors that influence perovskite degradation are needed to construct
PSCs with enhanced stability. Subsequently, more work is required to develop holistic
defect passivation strategies,”® /°3’" stable CTLs,?*" *'8 effective encapsulation,?® 252
and stable perovskite compositions®® %53 with the aim of better withstanding external
stress (e.g., moisture, oxygen, heat, applied electric bias, light illumination) for inverted

PSCs.

The industrial development of PSCs greatly relies on the large-scale fabrication of
perovskite solar modules with high PCEs, high stability, and high performance
reproducibility. Differing from the fabrication of lab-scale PSCs with < 1 cm? active area,
upscaling this to modules necessitates different technologies and instruments. Making
homogeneous large-area perovskite films is a critical step. We expect that for single-
junction perovskite solar modules, slot-die coating will provide more accurate control
over film thickness compared to other coating methods, making it a preferred choice for
preparing perovskite films on larger surfaces. For perovskite-silicon TSCs, hybrid
sequential deposition, using vacuum deposition of a porous inorganic template followed
by solution deposition of organic salts, combines the benefits of vacuum and solution-
based deposition techniques, making it ideal for conformal coating perovskite films on
textured surfaces. From technical and economic points of view, it is impractical to expand
the space of nitrogen-filled gloveboxes to meet the requirements of depositing large-area
perovskite films (e.g., 1 m x 2 m) so preparing these films in ambient air is more realistic.

However, the moisture in ambient air can trigger the decomposition of the perovskite
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layer, resulting in a reduction of device efficiency. Additive engineering®”® and solvent
engineering®® have proven to be effective in enabling the crystallization of high-quality
films in ambient air. To realize practical application, performance reproducibility of the
solar modules is another important consideration. Since in the pilot line, the perovskite
films are generally deposited in ambient air, the humidity and temperature should be
strictly controlled. In addition, to ensure the high yield of perovskite solar modules,
according to the experience of silicon technology, electroluminescence measurements
should be performed during the fabrication of perovskite solar modules. Currently, laser
scribing is the most commonly employed method for dividing a large-area device into
smaller subcells and creating a series-connected solar module. However, challenges
remain in terms of precisely controlling scribing lines (e.g., depth, width, straightness
accuracy), minimizing thermal damage to the perovskite layer near scribe channel edges,
and preventing direct contact of metal electrodes with perovskite within the P2 scribe
channels. These challenges present a significant risk to the PCE of the final perovskite
solar modules. To address these challenges, the following strategies can be considered in
future research: 1) substituting the gauss light beam with the flat-topped light beam; 2)
depositing a protection layer to prevent the direct contact of metal with the perovskite
within the P2 scribe channels; 3) avoiding the use of laser scribing by making parallel-

connected modules.

Lastly, in order to penetrate the solar market, a sufficient level of market competitiveness,
which can be assessed through LCOE, is essential. The initial step is choosing an
appropriate production route for the PSCs, a key determinant. Due to silicon solar cells
representing over 92% of the solar market, substantial financial investment has been
directed towards silicon technology.?®> Considering economic and feasibility factors, the
fabrication of perovskite-silicon TSCs may serve as a shortcut for the entry of perovskite

photovoltaics into the solar market in the immediate future. Additionally, in perovskite-
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silicon TSCs, the module size is smaller compared to large-area single-junction
perovskite solar modules (e.g., 1 m = 2 m), likely resulting in decreased capital
expenditure. It was reported that for commercial systems made from perovskite-Si TSCs
to be competitive, they would need to achieve an efficiency exceeding 26% and maintain
module fabrication costs in the range of US$90 to US$150 m 2, with the assumption that
the TSC stability matches that of c-Si cells.?> Whereas, most perovskite-based TSCs
show inferior device stability versus their single-junction counterparts due to the higher
Br content in WBG perovskites, leading to a reduced LCOE. This means that the most
pressing issue is to increase the device stability of perovskite-silicon TSCs. As mentioned
before, employing bifacial TSCs strategy could lower the bandgap of the perovskite
subcells so as to increase the device stability. We envision that this would be a promising
direction in future research. It is predicted that in order for an 1 TWp cumulative PV
installation around 2025 to become a reality, the perovskite technology must advance to a
stage where single junction modules efficiencies above 22% or tandem solar modules
efficiencies surpassing 30% are realizable, while ensuring that system lifetimes are akin
to silicon, all through cost-effective industrial scale production.®** Note that single-
junction perovskite solar modules offer distinct advantages in certain application
scenarios, such as building-integrated photovoltaics®** and high-altitude balloons®#? 382,
thanks to their thin films, lightweight design, and flexibility. Traditional silicon
photovoltaics face challenges in being used in these fields. To enter the market with a
competitive edge in the initial stages of perovskite photovoltaic development, employing
a differentiated competitive strategy by targeting perovskite products specifically for
these applications could be a wise move. Furthermore, we speculate that the effective
approaches to further decrease the cost and LCOE of inverted perovskite solar modules
are (1) Further improving the PCEs and stability, especially the stability; (2) Reducing the

cost of raw materials for devices; (3) Developing more efficient, cost-effective or simple
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manufacturing processes for devices; (4) Increasing the installed power-generating

capacity to GW level.

The past few years have witnessed rapid development in both single-junction and tandem
inverted PSCs. The champion-certified PCE of single-junction inverted PSCs has
surpassed that of regular PSCs for the first time in 2023. While for inverted TSCs, the
optimal PCE is approaching 34%. The tremendous experience and strategies accumulated
during this period have paved the way for the systematic exploration of perovskite-based
device physics and the optimization of device performance. This enables us to have a

reasonable expectation for the commercialization of PSCs in the next decade.
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GLOSSARY

2F = 4-(7-(4-(bis(4-methoxyphenyl) amino)-2,5- difluorophenyl)benzo[c][1,2,5]thiadi
2ME = 2-methoxy-ethanol

2PACz = 2-(9H-carbazol-9-yl)ethyl)phosphonic acid

2T = two-terminal

345FAn = 3,4,5-trifluoroanilinium

3-APy = 3-(Aminomethyl)pyridine

3F-PEA = 3-fluoro-phenethylammonium

3-MPA = 3-mercaptopropionic acid

3MTPAI = 3(methylthio) propylamine hydroiodide
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4PADCB = (4-(7H-dibenzo[c,g]carbazol-7-yl)butyl)phosphonic acid
AT = four-terminal

ACN = acetonitrile

AFM = atomic force microscopy

AICI = 2-aminoindan hydrochloride

ALD = atomic layer deposition

AlOx = aluminium oxide

ANS = anisole;

ATO = antimony-doped tin oxides

AZO = aluminum-doped zinc oxide

-azol-4-yl) benzoic acid

BA = n-butylamine

BAI = butylammonium iodide

BAMA™ = (butylamino)methaniminium

BCP = bathocuproine

BDAI = butanediammonium iodide

BHJ = bulk heterojunction

Bi = bismuth

BMIMBF4 = 1-Butyl-3-methylimidazolium tetrafluoroborate
BPA = benzylphosphonic acid

Bphen = bathophenanthroline

Br-2EPT = (2-(3,7-dibromo-10H-phenothiazin-10-yl)ethyl)phosphonic acid

C1 = 4,7-bis((4-vinylbenzyl)oxy)-1,10-phenanthroline
CB = chlorobenzene

CF3-PA = 4-trifluoromethyl-phenylammonium

CIGSe = copper indium gallium selenide

CleSubPc = boron chloride subphthalocyanine

CI-PEAI = 4-chloro-phenylethylammonium iodide
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CI-PEAI = 4-chloro-phenylethylammonium iodide

CSBA = p-chlorobenzenesulfonic acid

CTLs = charge transporting layers

CVD = chemical vapor deposition

DC-PA = (2,7-dimethoxy-9H-carbazol-9-yl) methyl) phosphonic acid
DE = diethyl ether;

DMACc = dimethylacetamide;

DMACPA = (4-(2,7-dibromo-9,9-dimethylacridin-10(9H)yl)butyl)phosphonic acid
DMDP = diammonium-methylthio dual passivation

DMF = dimethyl formamide

DMSO = dimethyl sulfoxide

Dn = Gutmann donor number

DPPP = 1,3-Bis(diphenylphosphino)propane

DSSCs = dye-sensitized solar cells

EA = ethyl acetate

EDAI>= ethylenediammonium diiodide

EQEEeL = external quantum efficiency of the electroluminescence
ETL = electron transporting layer

FBPAc = 2,3,4,5,6-pentafluorobenzylphosphonic acid

FcTc. = ferrocenyl-bis-thiophene-2-carboxylate

FEAI = 2-(2,3,4,5,6-pentafluorophenyl) ethylammonium iodide
FF = fill factor

F-PEAI = 4-fluoro-phenylethylammonium iodide

F-PEAI = 4-fluoro-phenylethylammonium iodide

FTIR = fourier transform infrared

FWHM = full width at half maximum

GABTr = guanidinium bromide

GAI = guanidinium iodide

159



GBL = y-butyrolactone

GIWAXS = grazing-incidence wide-angle X-ray scattering
GlyHCI = glycine hydrochloride

GuaSCN = guanidinium thiocyanate

GYL = y-valerolactone

HAADF = high-angle annular dark-field

HRTEM = high-resolution transmission electron microscopy
HTL = hole transporting layer

IAHA = 6-(iodo-A5-azanyl) hexanoic acid

ICBA = indene-Cgo bisadduct

ICL = interconnecting layer

IEC = International Electrotechnical Commission

InBrs = indium bromide

IPA = isopropanol

ISOS = international summit on organic photovoltaic stability
ITO = indium tin oxide

I1ZO = indium zinc oxide

Jsc = short-circuit current density

KF = potassium fluoride

KPFM = kelvin probe force microscopy

LAI = large alkylammonium interlayers

LCM = lead chelation molecule

LCOE = levelized cost of energy

LiF = lithium fluoride

Li-TFSI = bis(trifluoromethanesulfonyl)imide

MACI = methylammonium chloride

MAFa = methylammonium formate

Me-4PACz = 4-(3,6-dimethyl-9H-carbazol-9-yl)butyl)phosphonic acid
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MeO-2PACz = 2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl)phosphonic acid
MeO-4PADBC = (4-(3,11-dimethoxy-7H-dibenzo[c,g]carbazol-7-yl)butyl)phosphonic
acid

MoOy = molybdenum oxide

MPA = methyl phosphonic acid

MPA-CPA = (2-(4-(bis(4-methoxyphenyl)amino)phenyl)-1-cyanovinyl)phosphonic
acid

MPP = maximum power point

MPyFA+ = N-(3-methylpyridine)formamidinium

NBG = narrow bandgap

NFA = non-fullerene acceptors

NiOx = nickel oxide

NMP = N-methyl-2-pyrrolidone;

NPs = nanoparticles

OA = octylamine

OAm = oleylamine

OLAI = olaylammonium iodide

OSCs = organic solar cells

P3HT = poly(3-hexylthiophene)

PBAI = benzenebutanammonium iodide

PbPyA; = pyridine-2-carboxylic lead

PC = propylene carbonate

PCBM = [6,6]-phenyl-C61-butyric acid methyl ester

PCE = power conversion efficiency

PDAI, = 3-propane diammonium iodide

PEA = phenethylamine

PEABT = phenethylammonium bromide

PEACI = phenethylammonium chlorine

161



PEAI = phenethylammonium iodide

PEAMA" = phenethylamino)methaniminium

PEDOT:PSS = poly(3,4-ethylenedioxythiophene)—poly(styrenesulfonate)

PEIE = polyethyleneimine ethoxylated

PEN = polyethylene naphthalate

PFDT = 1H,1H,2H,2H-perfluorodecanethiol

PFN-Br = poly[(9,9-bis(3’-(N, N-dimethyl)-N-ethylammonium)-propyl)-2,7-flu-
orene)-alt-2,7-(9,9-di-octylfluor-ene)] dibromide

PEN-I = poly[(9,9-bis(3’-(N, N-dimethyl)-N-ethylammonium)-propyl)-2,7-flu-orene)-
alt-2,7-(9,9-di-octylfluor-ene)] diiodide

Pl = piperazinium iodide

PIB = polyisobutylene

PIC = porous insulator contact

PL = photoluminescence

PLEDs = perovskite light-emitting diodes

PMMA = poly(methyl methacrylate)

POE = polyolefin

poly-TPD = poly(N,N'-bis-4-butylphenyl-N,N'-bisphenyl)benzidine

PPP = polyhedral oligomeric silsesquioxane-poly(trifluoroethyl methacrylate)-b-
poly(methyl methacrylate)

PPS =

PS = polystyrene

PSCs = perovskite solar cells

PSP= =(phenylsulfonyl)pyrrole

PTAA = poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]

RDPs = reduced dimensional perovskites

RP = Ruddlesden-Popper

SAM = self-assembled monolayers
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SC = single-crystal

SCN = thiocyanate

SEM = secondary electron microscopy

SiOx = silicon oxide

SnO; =tin(lV) dioxide

Spiro-OMeTAD = 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-
9,9'spirobifluorene

S-Q = Shockley—Queisser

SRE = surface redox engineering

SST = surface sulfidation treatment

STEM = scanning transmission electron microscopy

TCO = transparent conductive oxides

TiO = titanium dioxide

TL = toluene

ToF-SIMS = time-of-flight secondary ions mass spectroscopy
TPABr3 = trimethylphenylammonium tribromide

TPB = 4-tert-butylpyridine

TPBI = 1,3,5-Tris(1-phenyl-1H-benzimidazol-2-yl)benzene
TRPL = time-resolved photoluminescence

TSCs = tandem solar cells

Voc = open-circuit voltage

VOy = vanadium oxide

WBG = wide bandgap

XPS = X-ray photoelectron spectroscopy

YbOy = ytterbium oxide

ZTO = zinc tin oxide

B-pV2F = B-poly(1,1-difluoroethylene)
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