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Abstract: In recent years, perovskite solar cells (PSCs) have experienced rapid development and
have presented an excellent commercial prospect as the PSCs are made from raw materials that
are readily and cheaply available depending on simple manufacturing techniques. However, the
commercial production and utilization of PSCs remain immature, leading to substantial efforts needed
to boost the development of scalable fabrication of PSCs, pilot scale tests, and the establishment of
industrial production lines. In this way, the PSCs are expected to be successfully popularized from
the laboratory to the photovoltaic market. In this review, the history of power conversion efficiency
(PCE) for laboratory-scale PSCs is firstly introduced, and then some methods for maintaining high
PCE in the upscaling process is displayed. The achievements in the stability and environmental
friendliness of PSCs are also summarized because they are also of significance for commercialization.
Finally, this review evaluates the commercialization prospects of PSCs from the economic view and
provides a short outlook.

Keywords: perovskite solar cells (PSCs); power conversion efficiency (PCE); fabrication technique;
commercial promotion

1. Introduction

In recent years, organometallic halide perovskite solar cells (PSCs) have received sig-
nificant attention from the photovoltaic community. In 2009, for the first time, CH3NH;3Pbls
(MAPbI3) and CH3NH;3PbBr; (MAPbBr3) were introduced as photosensitizers in dye-
sensitized solar cells and thus enabled efficiencies of 3.8% and 3.1%, respectively (Figure 1) [1].
In 2012, the efficiency was increased to 9.7% by replacing the liquid electrolyte with solid-
state hole-transporting material (Spiro-OMeTAD) [2], with a profound influence on the
development of high-efficiency PSCs. Based on this innovation, an impressive increase
in efficiency was witnessed, and the highest efficiency of PSCs has even reached 25.5%
so far (Figure 1) [3]. After increasingly intensive research was conducted, the merits
of organometallic halide perovskite gradually appeared, including (1) an excellent light
absorption coefficient (~10° cm~!) and a tunable bandgap [4,5], (2) relatively low ex-
citon activation energy (E, ~ 19 meV) [6], (3) long carrier diffusion length (>1 pm for
MAPDbICl3_) [7], and (4) excellent defect tolerance ability [8]. Accordingly, it is possible
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to obtain high-efficiency solar cells by combining the excellent light absorption capacity
and effective transport of photo-generated carriers.
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Figure 1. PCE development process of PSCs [1-3,9-15].

For popularizing the PSCs from the laboratory to the photovoltaic market, the rigid
demand is to promote large-area PSC development. Large-area PSCs suffer an obvious
decrease in the power conversion efficiency (PCE) due to the device nonuniformity, higher
ohmic loss, and active area loss from interconnection. Common knowledge supports the
optimization of the precursor solution composition, manufacturing method, and integra-
tion technology as the key to upscale photovoltaic devices. So far, the PCE of perovskite
solar module (PSMs) is still inferior to that of laboratory-scale devices, resulting in the
demand for further exploration and consideration of PSMs.

On the other hand, the poor long-term stability of PSCs remains the biggest obstacle
to its industrialization process. Basically, the device stability tends to be affected by two
aspects: (1) the irreversible degradation of the perovskite layer caused by an inappropriate
environmental factor, the organic molecule volatilization [16], the O, /H,O permeation [17],
high temperature [16], etc.; (2) the device instability that is related to the charge transfer
materials [18], the absorption materials [19], and the electrode materials [20]. In order to
overcome the PSC degradation and thus enable the PSCs to be industrialized, it is essential
to concentrate on the material selection, device design, and interface modification. The use
of water-soluble lead (Pb), toxic, capable of penetrating skin, and cancerogenic solutions
also hinders the large-scale application of PSCs.

Given that challenges still exist in the PSC industrialization process, this review was
performed and mainly contains (1) recent achievements in highly efficient PSCs with
different areas, (2) the fabrication and optimization method in the upscaling process of
PSCs/PSMs, (3) an overview of device stability, inevitable safety, and economic problems
during the PSC commercialization process, and (4) the possible solutions to the Pb-leakage
threat and the cost of device preparation as well as material recycling technology. Hopefully,
this review is helpful in offering a comprehensive introduction to PSC devices and in
deepening the knowledge on PSC utilization in a commercial manner.

2. Improved Performance of Large-Area PSMs

In only a decade, the PCE of PSCs has markedly increased to more than 25% from less
than 4% [1-3,21-23], and thus PSCs have been emerging as a competitor to crystalline sili-
con solar cells and cadmium telluride solar cells [22]. As shown in Figure 2a, organometallic
halide perovskites have a suitable bandgap, and the theoretical PCE of PSCs with a bandgap
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of 1.6 eV is 30.5%, according to the Shockley—Queisser limit [24]. However, this theoreti-
cal PCE only considers the radiative recombination without Shockley—Read-Hall (SRH)
charge-carrier recombination and interfacial recombination, so the short circuit current
density (Jsc) and open circuit voltage (Voc) tend to further decline in practical devices
(Figure 2a,b) [24,25]. Grain boundaries, ion, and interface defects are the main reasons for
nonradiative recombination, which can be resolved by solvent (antisolvent) engineering,
compositional engineering, or defect passivation, etc. In 2014, toluene drop-casting was
innovatively introduced to prepare perovskite layers by Jeon et al.; the resulting perovskite
films were extremely uniform and dense compared to other methods (Figure 2c). Due
to the superior properties of the absorber, PSCs with a certified PCE of 16.2% without
hysteresis were successfully fabricated [26]. Saliba et al. incorporated rubidium cations
into perovskite to improve the perovskite material properties (Figure 2d) and reduced
bulk recombination losses, where a high PCE of 21.6% with an excellent Voc of 1.24 V
was achieved [27]. In addition, Jiang et al. adopted phenethylammonium iodide (PEAI) to
passivate perovskite film and aimed to reduce the surface defect, which enabled a high Voc
of 1.18 V that is close to the Shockley—Queisser limit Voc (this composition is 1.25 eV) [13].
According to these three works mentioned above, the PCE of PSCs has been significantly
improved relying on the fabrication method, compositional engineering, and interface
engineering, providing new insights for other researchers in similar fields.

As for the PSCs, the performance improvement is also related to the optimization
of the charge transport layers [18,28,29]. An ideal transport layer, usually containing a
high carrier mobility, suitable band alignment, and high-quality film, has the ability to
efficiently extract the carrier from the absorption layer and convey it to the front electrode.
In view of this phenomenon, many efforts have also been made, such as optimization of the
annealing process, doping engineering, and interface passivation. For example, Anaraki
et al. investigated Nb doping of SnO; deposited by a chemical bath deposition method, by
which the roughness of the SnO, surface was notably decreased, the FF was increased from
72% to 74%, and the hysteresis behavior in their corresponding devices was suppressed [30].
In addition, a SnO,-KCl composite electron transport layer (ETL) was employed in planer
PSCs to simultaneously passivate the defects at the interface (ETL/Absorber layer), and
this contact could be passivated by K and Cl ions (Figure 2e). A PCE increasing from 20.2%
to 22.2% was obtained for the devices using such a composite ETL [31]. Although these
mentioned highly-efficient PSCs are obtained based on a small scale (<1 cm?), they provide
helpful insight that is the basis for scaling up technologies under the background that
efficiency loss is a normal phenomenon when the devices are scaled up.

2.1. Scalable Coating Methods

As aforementioned, the area of highly efficient PSCs is less than 1 cm?, far less than the
required area for the commercialization of solar cells, while the state-of-the-art large-area
PSM is 802 cm?2, with a PCE of 11.6% [21,32]. Herein, the main reason of the efficiency
gap between small area devices and large-area modules is the unsatisfactory large-area
film of each layer after the scaling up of devices. Because the efficiency is of significance
to push forward the commercialization of a solar cell, it is crucial to minimize the PCE
loss while scaling up the PSCs. As for this issue, the fabrication of large-area functional
layers is recommended, which has excellent uniformity and comparable optical-electrical
properties to the small-area devices. The traditional fabrication methods such as spin-
coating are generally limited to a square area (<10 x 10 cm?) in, which more than 90%
of the precursor solution is wasted (Figure 3a,b) [33]. Moreover, with the increased area,
the homogeneity of films fabricated by spin-coating decreases significantly, which results
in a high process reliability and the acquisition of devices with good performance to be
quite challenging [34-36]. Thus, further exploration of suitable coating methods is crucial
for scaling up PSCs. In this work, the regular coating methods for large-area thin film
deposition are summarized.
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Figure 2. (a) PCE limit as a function of the bandgap for single junction solar cells calculated using the Shockley—Queisser
(SQ) theory [25]. (not fully updated) (b) J-V curves for PSCs with different carrier recombination mechanisms [24]. (c)
Solvent engineering procedure for preparing the uniform and dense perovskite film [26]. (d) Tolerance factor and perovskites
at different temperatures with Rb doping [27]. (e) Device structure of planar PSCs and schematic fabrication process of
SnO,-KCI composite ETL [31].

2.1.1. Blade Coating

Blade coating, also named doctor blading, is one of the extensively used methods
to fabricate scalable perovskite thin film. The precursor ink is flatted into a thin film by
a blade on a smooth substrate, and then the wet thin film is dried to form a solid thin
film (Figure 3c). The film thickness is generally controlled by several factors, such as
the concentration and dispersion of the precursor ink, the working speed of the blade,
the distance between the blade and substrate, and the temperature of the substrate [36].
By adjusting the initial ink thickness and the solvent evaporation rate, films of different
thicknesses can be prepared, and the ink waste is substantially reduced compared with
the traditional spin coating method [37—44]. Recently, Zhang et al. adopted this method to
achieve a high PCE of 16.54% for 5 x 5 cm? PSMs [45].

2.1.2. Slot-Die Coating

The working unit of slot-die coating is a mechanically made fluid-die, where one
side is connected to the pump to extract the precursor ink, and the other side with mi-
crofluidic metal die is the outlet of the precursor ink to form uniform wet films [36,46-53]
(Figure 3d). Compared with blade-coating, this method has higher control accuracy and
better repeatability, but it also requires higher quality and larger quantities of ink. As a
result, slot-die coating has been less employed in solar module fields, and only limited
reports are related to the film fabricated by slot-die coating. Recently, depending on the
slot-die coating method, PSCs of 12 cm x 12 cm with a PCE of 14.3% have been fabricated,
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and uniform perovskite thin films of 80 cm x 80 cm have been prepared by the same
process [54].

2.1.3. Spray Coating

This method uses nozzles to spray highly dispersed droplets on the substrate in, which
both the solvent evaporation and the crystallization rate are characterized as high on the
high-temperature substrate [19,36,55-64] (Figure 3e). According to the generation modes
of the droplets, the spraying method contains flow air-assisted spraying (through fast flow
air), ultrasonic-assisted spraying (through ultrasonic dispersion), and electro-spraying
(through electrical repulsion) [36].

However, as for this method, the balance between solvent evaporation and mate-
rial redissolution (deposited materials can be dissolved again by new droplets) needs to
be controlled carefully. Accordingly, this spray-coating method involves a more compli-
cated fabrication process compared with blade coating. Recently, Taheri et al. employed
sprayed SnO; as the ETL and achieved a maximum PCE of 8.15% on an aperture area of
17.24 cm? [65]. However, the coverage of droplets is random, so that several spray cycles
are set to obtain a compact film.

2.1.4. Inkjet Printing

Inkjet printing is a technique with multiple nozzles working simultaneously [17,20,36,66-70],
as shown in Figure 3f. Each nozzle has its own ink supply channel and pressure control unit
on the side to control the injection speed and volume of the “jet”. There are few reports
about fabricating PSCs in this way, and whether it is suitable for the commercial process
needs further investigation [36].

2.1.5. Screen Printing

In screen printing, the printing ink is fixed with a reticulated net and is transferred
to the substrate [71-74]. Excess areas of the screen are blocked by exposed photosensitive
polymer emulsions, and as the rubber spatula spreads ink across the screen, the holes in
the screen hold the viscous ink in place (Figure 3g) [36]. The thickness of the film depends
on the mesh size and the thickness of the emulsion layer. Screen printing is usually used to
fabricate thicker films (>1 pm) in PSCs [75]. This method is mainly used in devices with
71O, and carbon electrodes, by which Bashir et al. obtained a high PCE of 8.47% on a large
aperture area of 70 cm? [76].

In addition to these technologies described above, other deposition methods, such
as physical vapor deposition (PVD) [77], chemical vapor deposition (CVD) [78], chemical
bath deposition (CBD) [79], and co-sputtering etc. [80], are also used to fabricate large-area
thin films.

In 2013, the deposition of perovskite thin films was first achieved using the PVD
method [77]. Therein, the co-evaporation of PbCl; and methylammonium iodide (MAI)
generated uniform and compact MAPbI;_,Cly thin films, accordingly constructing efficient
planar PSCs. However, the ultrathin (50 nm) and large-area (5 cm x 5 cm) perovskite
films, usually difficult to be made using a solution method, were realized depending on
the thermal evaporation [81].

The reaction of Pbl; thin films with MAI vapor was involved in the CVD, namely,
the first method for the perovskite material deposition [82]. Afterwards, more CVD-based
systems have been conducted under different conditions of chamber configurations and
designs, reaction temperatures, and pressures, as well as sources of organic halide [83-85].

Basically, vapor-phase deposition is treated as a potential method to obtain perovskite
thin films with large areas and thus is helpful in boosting the technology maturity. The
vapor-phase deposition is solvent-free and accordingly is almost independent of the sub-
strate, resulting in increasing attention paid to the continuous processing of tandem solar
cells that are based on perovskite and are integrated with either low bandgap perovskites
or available CIGS, Si, CdTe, etc. in commercial production. Nevertheless, these methods
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solar modules) remains challenging, which is the unique passage that is able to enable the
Perovskite/Si tandem solar module to be cost competitive compared to the mature Si PV
technology.

The common characteristic of these methods is the high cost and the requirement of
complex apparatus, which increases the cost of device fabrication. From the data in the
Table S1, Supplementary Materials (Reports on PSMs from 2014 to July 2021), we can obtain
a pie chart (Figure 3h) of the methods used in PSM fabrication. From this chart, we can
see that the spin-coating method is still the most common approach (accounts for around
40%), due to the simple and mature technology process of spin-coating. In addition, other
scalable fabrication methods need further development.
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Figure 3. (a,b) Illustration of perovskite films deposited by the pressure-assisted processing method and by the spin-coating
method [33]. (c) Blade-coating method [36]. (d) Slot-die coating method [36]. (e) Spray-coating method [36]. (f) Inkjet
printing method [36]. (g) Screen printing method [36]. (h) Pie chart of the methods in the PSM fabrication (Data sources
from Table S1) (not fully updated).

2.2. Upscaling of the Absorber Layer

The fabrication of smooth and uniform large-area thin film is a huge challenge for
scaling up the absorber layer. Perovskite crystals tend to have preferential growth and
form dendritic structures in the natural drying process of the perovskite precursor solution,
leading to numerous recombination centers and shunted paths to exist in the PSCs (cluster
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and pinhole) [86]. Thus, applying appropriate strategies to control crystal growth and to
improve the large-area film quality is extremely urgent, which are summarized as follows.

2.2.1. Compositional Engineering

The general perovskite formula is ABX3 in, which A is a monovalent cation (MA*,
FA* or Cs*), B is divalent metallic cation (Pb>* or Sn?*), and X is a halide (C1~, Br~ or I7).
The properties of perovskite are tuned with different A, B, and X ions. Jeon et al. combined
formamidinium Pb iodide (FAPbI3) with MAPDbBr3 as the absorber materials and found
that the film became more uniform and smoother with increasing Br concentration [12].
In addition, perovskite films obtained from a chloride-containing precursor with 3% CI~
presented a better coverage (Figure 4a) [87]. Similarly, Qiu et al. added 60% PbCl; into the
mixed Pb source and fabricated a pinhole-free module with a PCE of 13.6% based on the
above precursor [88]. Ren et al. used an LBIC image to confirm that Pbl, can improve the
homogeneity of the perovskite film [23]. Generally, using C1~ to replace I~ can suppress
the formation of Pb-I-Pb plumbates and thus improve the morphology of thin films [89].
This compositional engineering provides some feasible ideas for scaling up the absorber
layer.

As aforementioned, the extra CI” in composition is beneficial to film quality; likewise,
its corresponding additives should be able to improve the film morphology. Jin et al. ex-
plored the partial substitution of Pbl, by ZnCl, and its effect on perovskite morphology [90].
The introduction of ZnCl, significantly increased the grain size and reduced the pinhole of
perovskite film. This phenomenon is attributed to the formation of a chloride-containing
intermediate phase, which postpones the nucleation and crystal-growth processes and
thus enhances the coverage fraction of film. Ethlammonium chloride also was employed
in combination with a facile solvent bathing approach to achieve high-quality MAPbI;3
films, resulting in well-oriented and micron-sized grains and corresponding PSMs with a
PCE of 7.36% (aperture area 25 cm?) [91]. Deng et al. found a slight excess of AX, where A
is FA or the Cs cation, can improve the photostability by compensating iodide vacancies
and suppressing ion migration and defect generation [16]. In addition, Lewis base, similar
to dimethyl sulfoxide (DMSO) and N-methylpyrrolidone (NMP), is also a satisfactory
additive to optimize the crystallization process of perovskite film. DMSO can be combined
with strong Lewis acid (Pbl,) according to Lewis acid-base theory. In this process, the
nucleation and crystal growth rates can be affected by basicity; thus, whether in the field of
organic or inorganic perovskite, DMSO is commonly used to improve the morphology of
thin films. Via DMSO conduction, FAPbl; perovskite showed better film quality, a larger
grain size, and long-lived carrier lifetime, through, which a PCE of 19.7% with an aperture
mask area of 0.125 cm? was obtained [92]. In the scalable fabrication process, increasing the
wettability of the perovskite solution on the substrate is essential for smooth film. Deng
et al. showed that exceedingly small amounts of L-a-Phosphatidylcholine (LP) surfactant
additives dramatically increased the adhesion of the perovskite ink to the underlying ETL,
resulting in a PCE of 14.6% measured at an aperture area of 57.2 cm?. This surfactant could
be a kind of general additive in perovskite ink to improve the perovskite film quality in
various scalable fabrication methods (Figure 4b) [37].

Fabrication of 2D-3D hetero-structured perovskite is another way to control the
perovskite film morphology. In 2018, Li et al. introduced a 2D CgH;3N,O,Pbly microcrystal
into the precursor solution, the grain boundaries of the deposited 3D perovskite film were
passivated, and less rough film was obtained by employing 2D perovskite. The grain
size and surface coverage were increased with the enhancement of the 2D perovskite
concentration, which was helpful to fabricate high-efficiency PSMs. Accordingly, PSCs
with a PCE of 21.06% in small size and 11.59% in the solar module (active area 57 cm?)
were obtained based on this 2D-3D phase-segregated vertical heterojunction [93].
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2.2.2. Solvent and Antisolvent Engineering

Although Cl™ is beneficial to improve the perovskite film morphology as mentioned
above, directly obtaining a mixed halide perovskite thin film with a uniform composition
is arduous due to the formation of unreacted MAI and MACI. Thus, Heo et al. adjusted
the ratio of dimethylformamide (DMF) and y-butyrolactone (GBL) to obtain the largest
mixed halide perovskite crystal grains in the 8:2 ratio. In the fabrication process, underlying
polycrystalline perovskite film with small crystal grains re-dissolved and merged into larger
crystal grains by re-crystallization [59]. Similarly, Ozaki et al. introduced a high-purity
MAPbI3 complex with intercalated DMF molecules as a precursor material for fabrication
of dense perovskite film with the pure DMSO solvent, in addition, the low volatility of
the pure DMSO solvent prolonged the time period for the antisolvent addition step. Then,
the PSM with an optimized PCE of 11.5% was successfully achieved on the aperture area
of 27.25 cm? [94]. Li et al. added DMSO to 2-ME-based perovskite ink. By adjusting
the amount of DMSO, they achieved 20.8% slot-die coated small area MAPbI3 PSCs [95].
Chiang introduced the H,O additive in the MAI/IPA solution, and high-quality film with a
pure MAPbI; phase, and larger grains were formed due to the higher penetration ability of
MALI Based on this investigation, controlling the humidity in the future fabrication process
may also have the same effect [96].

Cooperation bonds between Pb ion and DMSO help to control the crystalline process
of perovskite films. Inspired by this, Chen et al. employed crown ether as a Lewis base
to further slow crystal growth, resulting in 4 cm x 4 cm PSMs with a PCE of 16.69% and
excellent stability greater than 1000 h [97]. Novel forces such as hydrogen-bonding have
attract researchers’ attention. Huang et al. introduced sulfolane to interact with organic
cations by hydrogen-bonding forces, achieving a device efficiency of 16.06% with an active
area of 36.6 cm? [98]. Bai et al. introduced an ionic liquid, 1-butyl-3-methylimidazolium
tetrafluoroborate (BMIMBEF,), aiming to form halide complexes and to optimize the energy-
level alignment, and accordingly observed PSCs with excellent stability greater than 1800 h
under illumination at 70 to 75 °C [99].

The natural drying process is the main cause of the heterogeneous nucleation and
crystallization of thin films. Antisolvent engineering has been applied to control halide
perovskite material crystal growth, and it rapidly removes the solvent of thin films by
coating, which could reduce the migration of the solute in the solution, thus generating
a smoother and high-quality film. Toluene, chlorobenzene, and diethyl ether, etc., are
common antisolvents with a strong solubility in solvents (DMF and DMSO). When the
antisolvent was dripped into film surface, the solvent was quickly extracted. Bu et al.
employed simple dynamic antisolvent quenching (DAS) to replace the traditional static
antisolvent (SAS) process. This method provides a facile and universal approach to fabricate
crack-free and uniform large-area perovskite films (Figure 4c) [100]. However, the present
antisolvents used in the one-step spin-coating method always encounter problems with the
narrow process window, which would limit the application of antisolvent in large-area film
fabrication due to the delayed reaction. Zhao et al. introduced anisole into the one-step-
coating method, and the dripping time ranged from 5 to 25 s. Finally, they achieved a high
PCE of 17.39% for large-area (1.08 cm?) PSCs. These results provide a deeper understanding
of antisolvent application in large-area PSMs [101].

2.2.3. Physical Methods

Analogously, some physical approaches can also remove solvent rapidly and obtain
high-quality films. For example, Chiang et al. adopted a hot solution and solvent annealing
to fabricate perovskite film, where the film with casting engineering showed a higher
grain size and less grain boundary compared with the control group, and a PCE of 14.3%
for PSMs (active area of 25.2 cm?) was achieved [102]. Huang et al. adopted perovskite
nanocapsules to promote homogeneous nucleation and achieved PCEs of 22.10% and
16.12% for PSCs and modules, respectively [103]. In addition, gas blowing was introduced
by Gotanda et al., in, which Nj is blown onto the precursor solution after spin-coating
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and the substrate is then dipped in an antisolvent bath. Therein, the surface of perovskite
fabricated with gas blowing showed a common dark-brown and uniform morphology, and
a PCE of 14% for PSMs (active area of 25 cm?) was obtained [104]. Similarly, Dai et al. used
N, gas as the air knife. Moving the blade spreads the film across the substrate; an air knife
moving with a blade simultaneously blows N, gas on the as-coated wet film to remove the
solvent, inducing crystallization (Figure 4d,e) [105].

ITO - coated Willow Glass ITO - coated Willow Glass
4 Pb-1 » MA » Solvent © Voids formed after solvent evaporated

Figure 4. (a) Morphological characterization of perovskite MAPbI; films without and with 3% CI~ incorporation by optical
microscopy and scanning electron microscopy [87]. (b) A photographic image of blade-coated perovskite films without and
with LP surfactant [37]. (c) The schematic diagram of the static antisolvent process and dynamic antisolvent quenching
process [100]. (d,e) Blade-coated perovskite films on indium tin oxide (ITO) coated with Willow Glass with N; gas to
improve film morphology [105].

2.3. Upscaling of the Transport Layer (ETL & HTL) and Back Electrode

Compared with charge transport materials in small-area PSCs, transport layers with
a lower cost and more uniform film deserve more attention in large-area PSCs. As the
traditional ETL, TiO, is not suitable for widespread use in scalable PSCs due to its high
temperature (>450 °C) fabricated process, which is also undesirable for wearable devices
(large-area flexible device) [106]. Low-temperature solution fabrication with inexpen-
sive materials can be widely used in future scalable produce. In comparison, SnO, has
gradually exhibited superiorities, which can be fabricated at a much lower temperature
(<180 °C) [107]. Nevertheless, the SnO,-based ETL with spontaneous aggregation will
form island morphology and local shunt pathways, which result in drastic nonradiative
recombination [108]. Traditional HTL, such as Spiro-OMeTAD, has the same problem; thus,
Qin et al. applied Bifluo-OMeTAD into slot-die coating to replace Spiro-OMeTAD, which
can effectively suppress crystallization and improve film morphology [51]. Moreover,
interfacial engineering is commonly used to solve interface defects and shunt pathways.
A Cgp-self-assembled monolayer was introduced to passivate the surface of SnO, [109].
With passivation, PSCs showed a significantly higher fill factor (FF), which demonstrate
the shunt pathway was covered adequately and it led to decreased shunt resistance (Rgp).
Similarly, graphene could be used to “on-demand” tune the interface properties of PSCs.
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Agresti et al. on-demand modulated the photoelectrode charge dynamic by doping the
mesoporous TiO; layer with graphene flakes to optimize charge extraction, and they
achieved a PCE of 9.2% based on a PSM with an aperture area of 69.52 cm? [110].

In small-area PSCs, Au and Ag are common back electrodes adopted to form befitting
energy band matches and to reduce contact resistance. However, due to the expensive
price of Au and Ag, they must be substituted by other cheaper materials for reducing
fabrication cost upon scaling up the size of devices, for example, the carbon electrode. Hu
et al. employed a triple layer of mesoporous TiO, /ZrO, /carbon as a scaffold without any
hole conductor or Au reflector. By optimizing the thickness of the tripe scaffold, PSMs
(active area 49 cm?) with a PCE of 10.4% were obtained [111]. This paves the way for the
awareness of efficient large-area PSMs for industrialization.

2.4. Module Design

Although large-area film with outstanding morphology has been fabricated, solar
cells still struggle to achieve high PCE due to the parasitic resistance loss in the transparent
conducting electrode, such as fluorine-doped tin oxide (FTO), ITO, Al-doped zinc oxide
(AZO), and hydrogenated indium oxide [112]. Dividing a large-area PSCs into smaller
sub-cells with series interconnection to form a module is needed.

2.4.1. Fabrication of Series Connected Modules

Making a series-connected module is the most used interconnect approach, which is
fabricated by a parallel scribe, and the laser or mechanical scribing can be used to finish
this process. In general, the interconnection is composed of several parallel scribes referred
to as P1, P2, and P3 (Figure 5a) [36]. In the first step, transparent conductive oxide on the
glass substrate is divided into two parts by the P1 scribe to form stripe-shaped conducting
electrodes. Secondly, after finishing the fabrication of the photovoltaic P1 layer (absorber
and charge transport layer), the P2 scribe is added near the P1 scribe to connect the sub-cells
in series. The P3 scribe, which is set to isolate the top electrode between neighboring cells,
is parallel to the P1 and P2 and is added after deposition of the top contact [113]. The
interconnection area is inactive to generate power and is a major source of power loss in
PSMs, which is called the dead area. The ratio of the active area relative to the total area
(sum of active area and dead area) of the module is named the geometric fill factor (GFF),
which is a significant module parameter. A higher GFF of the module means less power
loss for a given module size. To obtain such an excellent GFF, the scribes (P1, P2 and P3)
should be narrow and placed as close together as possible. In the efficiency test process of
solar cells, a shadow mask is commonly used to determine the illumination area, which is
also defined as the aperture area. Applying the aperture area (including all interconnection
areas) to calculate efficiency is well-accepted, on the contrary, applying the active area
(without any interconnection area) could obtain a higher and incorrect efficiency due to the
contribution of the dead area. In this case, it is necessary to present the GFF so that PCE of
modules can be exactly compared.

2.4.2. Optimization of Series-Connected Modules

The essential point for optimization of series-connected modules is to enhance the
GFF (increase utilization ratio) and FF (decrease contact resistance) by minimizing the ratio
of the dead area and optimizing interconnection technology (P2). Due to the advantages
of a low cost, fast scribing rate, and high precision, laser scribing is commonly used in
module fabrication, which can obtain a smaller interconnection contact resistance and
prevent more waste area compared with the mechanical scribing. In 2017, a high GFF of
94% was obtained by Rakocevic, and this demonstrated that much less waste of PSMs can
be achieved by mature laser patterning technology, and researchers can pay more attention
to the decrease in contact resistance [114]. Recently, Ren et al. adjusted the strength of the
laser and tried to avoid extra residue, in this case, they achieved a 25.49 cm? (aperture
area) PSMs with a 17.88%-certified efficiency and the highest FF (over 78%) in PSMs, and
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(b),

it also was the highest certified minimodule PCE in a recent report [23]. Considering
the effect of residue (during P2 scribing) on the PSMs, choosing a flexible or soft-charge
transport material is beneficial to remove the residue. In this case, Bu et al. used slot-die
printing to fabricate a large size (5 cm x 6 cm) flexible module to obtain an efficiency
greater than 15%; this flexible PSM had no hysteresis [115]. Moreover, soft-charge transport
materials such as poly (triaryl amine) (PTAA) were employed on the polymer substrate
and accordingly a record aperture efficiency of 15.86% on a flexible module (42.9 cm?) was
obtained [105]. It is worth mentioning that, during the increase in the PSM area, increasing
the length of the sub-cell can obtain a higher PCE than increasing the width, which could
offer another design consideration for researchers in PSM fields [116]. Optimizing the
sub-cell departure and module interconnection for PSMs is essential for further improving
the module performance. Although an extremely large-area (802 cm?) module with 11.6%
efficiency has been reported, the current condition of modules is still far from the normal
scaling dependence [21], and most research has concentrated on the mini-module (the data
in the figure were obtained from Table S1); some high-efficiency modules in previous work
are displayed in Figure 5b,d.

Metal
ETL

Perovskite

| NS

,../,1 HTL
B TCO
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Figure 5. (a) Interconnection of a perovskite module fabricated by typical scribing processes for thin-film solar modules. [36]
(b) In 2018, Deng et al. obtained PSMs with a PCE of 15.3% (aperture area 33 cm?) [37]. (c) In 2019, Qiu et al. obtained PSMs
with a PCE of 12.3% (aperture area 22.8 cm?) [117] and (d) in 2020, Ren et al. obtained PSMs with a PCE of 17.88% (aperture

area 25.49 cm?) [23].

In conclusion, various coating methods have been applied to the scalable process. In
spite of various emerging fabrication techniques (PVD: 64 cm?, 15.8% [118]; CVD: 22.4 cm?,
12.3% [119]; blade coating: 57.8 cm?, 14.6% [37]; Slot-die coating: 149.5 cm?, 11.8% [47];
Inkjet printing: 198 cm?, 6.6% [120]), the most efficient PSMs with area >200 cm? were
successfully fabricated by using spin coating (12.6% with an aperture area of 354 cm? on
a203 x 203 mm? glass substrate) [121] and meniscus printing (11.6% with 802 cm?) [32].
Therefore, the printing-based methods seem to have potential in preparing scalable, low-
cost PSMs. Methods such as blade-coating, spray-coating as well as screen printing will be
further developed due to their low cost. Hence, it is essential for the commercialization of
PSMs to pay more attention to these coating methods. On the other hand, high-efficiency
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PSMs must have a high GFF, which is closely related to the module design such as reducing
the width of P1-P3.

3. Stability of PSCs

Recently, the PCE has reached >25% for single-junction devices [15]. Nevertheless, the
poor long-term stability is still the main limitation for operational application, which has
been one of the most critical development challenges of PSCs [122,123]. Apart from the
instability caused by environmental issues such as high temperature, humidity, or light
illumination, the inappropriate charge transport layers will not only impede the charge
separation and transport but will also induce the degradation of the absorption layer [124].
Hence, many studies have enhanced the stability of the cell for industrial applications. In
this part, we mainly summarize recent investigations on materials used in each functional
layer for enhancing the stability of PSCs.

3.1. The Stability of the Hole Transport Layer

Organic Hole Transport Materials (HTMs) such as Spiro-OMeTAD and PTAA are
commonly used in n-i-p structures. PEDOT:PSS can only be used in p-i-n structures. In-
deed, Spiro-OMeTAD and PTAA with poor charge conductivity are not the most suitable
HTMs. It is necessary to add tert-butylpyridine (t-BP) and lithium bis (trifluoromethanesul-
fonyl)imide (Li-TFSI) to enhance the performance of Spiro-OMeTAD and achieve higher
PCE. Li-TFSI functions as the p-dopant to increase the hole conductivity and facilitate the
oxidative reaction between Spiro-OMeTAD and O,, t-BP can enhance the hole extraction
on the interface between the perovskite layer and HTL. However, Li-TFSI is hygroscopic
and easy to liquefy, which will accelerate the degradation of the perovskite layer and
reduce the stability of devices. Another additive (t-BP) can gradually evaporate at room
temperature, leading to the formation of pinholes in the HTL, which makes the perovskite
contact the mental electrode directly and induce a decrease in the Voc of PSCs [125,126].
In addition, the acidic nature (pH < 1) and hygroscopicity of PEDOT:PSS could corrode
electrode and induce the degradation of the perovskite layer when PEDOT:PSS contacts
perovskite directly. The solvent of PEDOT:PSS is water, which has negative effect on the
perovskite layer [127].

It is urgent to deal with these disadvantages of the frequently used organic HTLs.
Several studies have been done to achieve superior stability of PSCs, such as to apply
hydrophobic dopants, to introduce interlayers, and to adopt chemically stable HTMs.

3.1.1. Organic HTMs

PEDOT:PSS with high transparency, high thermal stability, good mechanical flexibility,
and a suitable band level is a commonly used HTM. Optimizations have been made to
overcome the instability problem of PEDOT:PSS to further boost the long-term performance
of PSCs.

Doping has proved to be an efficient method to regulate the pH value of PEDOT:PSS
and enhance the stability of PSCs. Graphene oxide (GO) and its derivates with low cost and
mild acidity are good alternatives to PEDOT:PSS. Yu et al. employed PEDOT:GO composite
film as the HTM, and the devices exhibited a PCE of 18.09% with better environmental
stability than devices based on PEDOT:PSS (Figure 6a). According to the report, this was
due to the low acidity of the GO solution (pH 9), which suppressed the degradation of ITO
and the perovskite layer [42]. The stability of devices was further improved by Wang's
group after treating GO and PEDOT:PSS with ammonia or ammonium to reduce the natural
acidity of PEDOT:PSS. They presumed that the ammonium moieties of a-GO captured the
Iions and restrained the layer-to-layer diffusion of I- ions. The long-term stability result
shown in Figure 6b,c exhibited that non-corrosive HTMs had improved stability compared
with pristine GO and PEDOT:PSS [124]. Other dopants, such as CuSCN [128,129] and Zn
(TFSI), [130], were used to improve the crystallinity of perovskite and decrease the trap
density, which could further enhance the resistance of water or oxygen.
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In addition, modification of hygroscopic PSS could also make notable progress toward
more stable HTM. Hu proposed water-rinsed self-assembled PEDOT:PSS and confirmed
the PSS attached strongly onto ITO via In-O-S bonds. It appeared that more hydrophobic
PEDOT distributed at the surface and formed an oriented arrangement with a stronger
hydrophobic surface and less hygroscopic PSS component, which were beneficial to im-
prove the moisture stability [70]. Lin et al. replaced PSS with a new dispersant sulfonated
acetone—formaldehyde condensate (SAF) to obtain lower acidity and more hydrophobic
HTM with pH value of 6, and SAF exhibited stronger absorption in the UV-visible region
than PSS, which would help to suppress the decomposition of the perovskite layer caused
by UV light [131].

Spiro-OMeTAD with Li-TFSI and tBP is another commonly used HTM in the n-i-p
structure for high-efficiency PSCs. Liu et al. introduced an easy fabrication method to
overcome the aggregation of Li-TFSI by introducing a small amount of Pbl, into Spiro-
OMeTAD to form a complex (Pbl,-X tBP), which could hinder the evaporation of tBP
effectively and suppress the aggregation of Li-TFSI. The excess Pbl, also worked as an
interlayer passivator to reduce the defect density. The devices based on modified HTM
exhibited superior long-term stability than the control device in air under relative humidity:
20-30% or at 60-65 °C in a N, atmosphere [132]. Guo et al. employed reduced graphene
oxide (rGO) to modify Spiro-OMeTAD and confirmed the rGO could provide adsorption
sites for Li* ions and limit Li* ion migration. The rGO-based device exhibited a drop of
less than 3% of its initial PCE when stored at 25 °C under humidity of 40% for 700 h, while
the pristine devices dropped to 75% of the initial value after 450 h and dropped to 0% after
600 h (Figure 6d) [133].

The majority of PSCs with high PCE still use conventional organic HTLs; however, the
instability of the devices resulting from additives cannot be ignored. Wu et al. designed
and synthesized two new dopant-free polymers as HTMs by attaching a carbazole-based
hole-transporting unit to a polystyrene chain (Figure 6e,f) [134]. The polymer P2 with the
triphenylamine substituent at the 3,6-positions of the carbazole unit achieved a PCE of
18.45%. However, two novel side chain polymers both showed excellent long-term stability;
the PSC devices without encapsulation retained more than 80% of the initial PCE after
30 days in an ambient environment with approximately 30% humidity (Figure 6g) [134].
The application of Li*-free hydrophobic EH44 has been used as a more reliable HTM. Dr.
Jeffrey used AgTFSI to oxidize EH44 (Figure 6h) and formed EH44*TFSI~ (EH44-0x). By
blending different ratios of neat EH44 and EH44-ox to optimize the device performance,
the improved EH44-based devices showed obvious enhancement in moisture stability tests
(Figure 6i) [135].

3.1.2. Inorganic HTMs

Inorganic HTMs are superior in chemical stability and have hole mobility, easy syn-
thesis, and lower cost than organic HTMs [104,136-139].

Stoichiometric NiO is insulating, but the undoped NiOy is well-known as a p-type
semiconductor due to the Ni vacancies. NiOy with an appropriate work function and high
hole mobility is one promising HTM, whereas several limitations hinder the application
of NiOy. The major factors are the unmatched band alignment and the low conductivity,
which will result in hole accumulation at the perovskite interface and increase the charge
recombination rate. Doping and surface treatment (e.g., oxygen plasma treatment) are
useful methods to enhance the conductivity and regulate the WF to mitigate these problems.
Metal ions such as Ag”, Cu?*, Zn?*, Cs*, and Y3* can be used as effective dopants to
improve the conductivity of NiOy and hole extraction [104,136].
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Figure 6. (a) Stability characteristics of the PSCs with PEDOT:PSS and PEDOT:GO composite films under ambient air
conditions [42]; long-term stability result of devices with (b) PEDOT:PSS, a-PEDOT:PSS, ap-PEDOT:PSS [124], and (c) a-GO,
GO [124], stored in N, atmosphere; (d) the scheme of the structure of the device fabricated with rGO-added HTL and the
stability test results [133]; the molecular structure of (e) P1 [134], (f) P2 [134]; (g) the stability test of devices with P1 or
P2 [134]; (h) the molecular structure of EH44 [135]; (i) the operational stability test of TiO, /FAMACs/Spiro-OMeTAD or
EH44/ Au devices under ambient conditions [135].

Cu is considered to occupy Ni sites and increase both carrier concentration and carrier
mobility. Chen and coworkers prepared Cu-doped NiOy nanoparticle ink to form high-
quality films, and the Cu:NiOy-based devices retained ~295% of initial PCE (stored under
ambient conditions at 50-65% humidity) after 1000 h [137]. Yao et al. applied a bilayer
structure of mesoscopic Cu:NiOy /blocking layer-NiOy to achieve more stable solar cells
with improvements in the photocurrent and fill factor. The mp-Cu:NiOy nanoparticles
formed a highly porous surface area and reduced the recombination loss; simultaneously,
the Cu:NiOy bilayer-based cells exhibited superior light long-term stability (retained >90%
of the initial PCE after 1000 h under light illumination without encapsulation in a dry
cabinet at 25 °C and with <30% relative humidity) [138].

Silver ions are another effective p-type dopant for NiOy. Appropriate concentrations
of Ag ions can effectively enhance the optical transparency, work function, electrical
conductivity, and hole mobility of NiOy. Zheng’s group added 5 mol % Ag to NiOx and
confirmed that slightly incorporation of Ag* doping would not degrade the performance
of devices and could modify the energy alignment (Figure 7a). The control devices and
Ag-based devices both retained 93% of the initial performance after 30 days of storage in
a N box in the dark (Figure 7b) [29]. Wei et al. applied 2 at% Ag-doped NiOy as HTL,
and the Ag:NiOy-based devices exhibited higher environmental stability owing to the
improved crystallinity and morphology of the perovskite layer formed on Ag:NiOy. The
unencapsulated Ag:NiOx cells maintained more than 80% of their initial PCE after one
month of storage in the ambient environment (around 30% humidity, T = 25 °C) in a glass
container (Figure 7c) [139].
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Nevertheless, the doping of Cu ions will result in a decrease in transmittance and
resistance under unsuitable Cu?* concentrations. The incorporation of alkali ions, such as
Li*, Na*, K* or Cs*, in NiOy can also achieve improvement in efficiency and stability of
PSCs with negligible impact on the light absorption of NiOy, The suitable alkali ion dopants
can optimize the carrier extraction ability and regulate the band level to reduce the band
mismatch with perovskite layer so as to suppress the charge recombination. K*-doped
NiOy can not only improve the electrical properties but induce the formation of excess
Pbl,, which can further improve the surface or boundary passivation. Yin et al. proposed
that the partial diffusion of K* possibly replaced B sites and resulted in the increased
amount of Pbl, [140]. Chen et al. demonstrated 19.35% using Cs-doped NiOy as a hole
extraction layer with inverted structure PSCs. The encapsulated Cs:NiOy devices had
excellent stability; the devices retained ~90% of the initial efficiency after almost 80 days.
The devices were tested in an ambient environment and stored in an argon glove box
(H,O < 0.1ppm, O, < 30 ppm) [141].
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Figure 7. (a) Energy level diagram of PSCs with NiOy and Ag:NiOx HTLs [29]. (b) Stability test of the of PSCs based on
NiOx and Ag:NiOx (5 mol %) as a function of storage (N, box in the dark) time [29], (c) Stability test of PEDOT:PSS-based
devices, NiOx-based devices and Ag:NiOx (2 at.%)-based devices [139].

With the development of high-efficiency and stable PSCs, various materials have been
studied as HTLs. Copper-based materials such as Cul, CuSCN, CuOy, and CuCaO; and
other inorganic materials are promising HTLs due to their photoelectrical characteristics.

Cul with a wide band gap of 3.1 eV were observed to improve the device stability
due to its hydrophobic nature. Sun et al. achieved the highest PCE of 16.8% using room-
temperature and solution-processed Cul as HTL, and this device maintained more than
93% of its original PCE after 288 h of storage under 25% humidity and room tempera-
ture [142]. CuOy including Cu,O and CuO are typical p-type semiconductors and can work
as attractive inorganic HTMs in PSCs due to their high conductivity, solution-processing,
and suitable band levels (Figure 8a). [143] Yu et al. reported one inverted PSCs based on
CuOy, which greatly improved the stability. The CuOy-based devices maintained 90% of
the initial efficiency after 650 h, as shown in Figure 8b [143].

Novel, economical, and environmentally friendly MnS can be applied as an efficient
HTL of PSCs. Li et al. prepared MnS by vacuum vapor deposition. MnS with a suitable
band alignment (Figure 8c) and hydrophobic properties is beneficial to achieve high-
efficiency and stable devices. The cells based on MnS achieved a champion PCE of 19.86%
and had a superior stability over their counterparts adopting organic HTLs. MnS-based
devices retained over 90% of their initial efficiency after exposure in air with a relative
humidity of 80% for 1000 h without any encapsulation (Figure 8d). Remarkably, the devices
based on MnS performed better with long-term stability under harsh conditions. Under
1-sun illumination, in the air with ~80% humidity the MnS-based devices could retain more
than 80% of the initial PCE for 500 h at room temperature (Figure 8e) and retained 89% of
the initial PCE after 400 h at 85 °C (Figure 8f) [144].
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Figure 8. (a) The energy-level diagram of a typical device structure involving CuOy [143]; (b) the stability test of PEDOT:PSS-
based and CuOx-based devices, the normalized PCE decay of devices based on various HTLs [143]; (c)The energy-level
diagram of a typical device structure involving MnS [144]; (d) under dark conditions [144]; (e) under continuous 1-sun
illumination (100 mW cm~2) at room temperature in ambient air; [144] (f) thermal stability of PSCs at a maximum power
point under continuous 1-sun illumination at 85 °C in ambient air [144].

3.2. The Stability of the Electron Transport Layer

The stability of PSCs is strongly influenced by the properties of adjacent functional
layers. Properly selected hole-transport and electron transport layers can provide an
effective isolation for the perovskite layer and decelerate the degradation resulting from
moisture and oxygen in the ambient environment. The most used ETL is TiO; with n-i-p
architecture and Phenyl-C¢;-butyric acid methyl ester (PCBM) with p-i-n architecture. TiO,
is known to be aggressive with respect to the perovskite layer, and the strong photocatalytic
effect can reduce the stability of PSCs under illumination (including ultraviolet light). It
is difficult for PCBM to form uniform and defect-free coatings on perovskite films. In
addition, the aggregation behavior of PCBM and tendency to crystallize might form voids
and pinholes in ETL, accelerating the degradation of the perovskite layer. The more severe
problem is that PCBM facilitates photodecomposition of complex Pb halides by absorbing
organic iodide (MAI) in the cavities of the crystal lattice. Therefore, several studies have
investigated more suitable HTLs to enhance the PCE and stability of PSCs. Here, we outline
the notable achievements of ETLs in recent years.

To realize highly efficient and stable PSCs, a considerable number of studies have been
carried out. SnO, is one promising alternative due to its better photoelectric properties,
excellent band alignment to the perovskite layer, and superior stability compared with
conventional TiO,. Wei et al. incorporated polyethylene glycol (PEG) in the SnO, ink
(Figure 9a) to produce high-quality ETL; the device exhibited an obvious improvement
in stability. In contrast to the fast PCE decay from 17.5% to 7% within 10 d of SnO,-
based devices, PEG-incorporated SnO,-PSC maintained more than 97% of its initial PCE
after a period of 90 d. The long-term stability tests of PSCs were examined under dark
(30-80% RH) and under illumination without any encapsulation. The enhanced stability
was mainly due to the improved bonding ability gained though the modification of PEG
at the ETL/perovskite interface and the protection effect of PEG on perovskite at the
interface [145]. In order to improve the electronic property of the SnO, and passivate
the interface between the perovskite and the SnO;, Liu et al. introduced ammonium
chloride (NH4Cl) into commercial SnO, aqueous colloidal dispersion. In this research,
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they observed an increase in electron mobility and a proper energy band alignment well-
matched to perovskite (Figure 9b). Furthermore, NHy"and C1~ effectively passivated the
defects at the ETL/perovskite interface. Long-term stability was traced once a day with the
PSCs stored in the glove box. The PSCs using the NH4C1/SnO film as the ETL maintained
more than 95% of their initial PCE after storage for 1000 h (Figure 9c) [146].

Fullerene and its derivatives are ideal alternative HTMs, but they suffer from chemical
instability and low electron mobility [104]. George et al. introduced reduced graphene
oxide (rGO) in PCBM to optimize the ELT/perovskite interface, passivate the top sur-
face of the perovskite layer, and improve the grain size simultaneously. Compared with
the control device, the rGO-based devices retained an almost fivefold higher PCE after
~50 h of continuous solar illumination at high levels of relative humidity (RH) (>50%)
(Figure 9d) [147]. Xu et al. found hydrophilic PCBB-OEG was an effective dopant for PCBM
to boost the stability against oxygen. The PCBB-OEG doped devices retained 98.4% of the
initial efficiency after 300 h storage in the ambient atmosphere without encapsulation [148].

Some research employed an interface layer between ETL and perovskite or HTL and
the electrode in order to enhance the device stability under continuous light illumination.
Mohammad provided an ETL, that is, an amorphous layer of SnO, on top of the TiO,
compact layer fabricated by the solution process. The double layer of a-SnO,/c-TiO; can
improved the carrier transportation, band alignment, PCE, hysteresis, and stability of PSCs
drastically. The stability results of devices after 500 h under continuous light illumination
showed that a-SnO, /c-TiO; device retained 91% of its initial PCE value, higher than that
of the pure c-TiO, device (67%) (Figure 9e,f) [18].
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Figure 9. (a) Schematic diagram of the interaction between PEG and SnO, [145], (b) the illustration of the energy band
alignment of SnO,, NH4Cl-S5nO,, and the perovskite layer [146], (c) the stability test of SnO,-based and NH4CI-5nO,-based
devices [146], (d) the stability test of PCBM-based devices and rGO:PCBM-based devices [147]; the stability test of TiO,-
based devices and SnO; /TiO,-based devices (e) under continuous light illumination at room temperature [18], and (f)

under continuous UV light illumination inside a dry air box [18].

3.3. The Stability of the Perovskite Layer

Generally, the instability of PSCs originates from the interfaces and bulk of the per-
ovskite absorber layer. Perovskites are solids with an ABX3 composition in which X is an
anion and A and B are cations of different sizes (A is larger than B, e.g., A = CH3NH;",
CH(NH,),*, Cs *; B = Pb?*, Sn**; X = C1~, Br—, I"). The B and X ions are from BXg*
octahedra; the A cation is located in the cavity between the four BX64’ octahedra and
forms a 3D periodic structure. The symmetry of the materials and the stability of the



Materials 2021, 14, 6569

18 of 41

producing devices depend on the scale and shape of the lattice structure. A cation in-
fluences the crystal phase of perovskite directly, as the size of the A cations can causes
shrinkage or expansion of the entire network. MAPbI3 was first used in photovoltaic
devices, but it had poor stability under atmospheric conditions. Degradation induced
by high temperature, oxygen, atmospheric water or light of MA-based perovskite has
been widely studied. Partly or entirely substituting A cations is aimed to achieve a more
stable perovskite crystal phase and promote the stability of perovskite films and devices.
FA™ with a relatively larger radius is the most investigated organic cation alternate for
MA. FAPbI; has a higher tolerance factor (t = 0.88) than MAPbI; and forms a cubic phase
proved to be more stable than the tetragonal phase of MAPbI;. Numerous achievements
indicate FA-based and MA-FA mixed perovskite display superior stability when exposed
to moisture, elevated temperature, UV light, and so forth. Inorganic cations such as alkali
metal ions are also suggested to replace organic A cations to improve the stability and
performance of devices [149-151].

B cations are usually toxic and environmentally unfriendly Pb?*; other divalent cations
such as Sn%*, [152] Ge?*, [153] Mn?*, [154] and Zn?* [155] have been researched to replace
Pb?* to tune the bandgap and decrease the content of Pb>*. Perovskite with Sn?* exhibits
poor stability as Sn?* is extremely easy to oxidize, which remains an intractable issue to be
resolved.

Numerous studies on organic-inorganic hybrid materials, all-inorganic perovskite,
have been performed to achieve higher thermal-, moisture-, and light-stability of PSCs.
Here, we summarize the recent progress on the chemical composition, dopant engineering,
surface or interface modification, encapsulation engineering, and other useful strategies
for optimizing the stability of PSCs.

3.3.1. Organic-Inorganic Hybrid Perovskites

Regulating the composition of perovskite and inserting a hydrophobic interlayer or
other surface/interface engineering are commonly used to enhance the stability of PSCs. In
the composition substitution field, A cations are commonly MA™*, FA*, Cs*, Rb*, and K*,
and B cations are divalent ions, e.g., Pb2*, Sn?*, Min2*, Zn%*, GeZ*, etc.; the X anions tend to
beI~,Cl7, Br~ or SCN™, SeCN™. By replacing or mixing the composition to achieve the
promotion of stability mainly due to the improvement of perovskite film, one can suppress
the ion migration or reduce the defect density.

The small amount of excess Pbl, can work as a passivation agent, reducing charge
recombination by formation of I-type band alignment, while a large amount of unde-
sirable Pbl, is likely to be a recombination center and cause a decrease in the device
stability [13]. Notably, high doping of Br~ and Cs* will induce phase segregation, which
relates to the halide migration through defects especially in the grain boundaries in a
mixed-halide system. Duong et al. proved that appropriate doping of Rb* could sup-
press the ion migration effectively and enhance the crystallinity with a larger grain
size, finally improving the light stability performance of devices [156]. Matsui’s group
demonstrated that the incorporation of Rubidium (Rb) cations into triple-cation perovskite
(Csp.05(MAg 17FA(.83)0.95Pb(Ig 83Brg 17)3) caused the formation of RbPbls, which can sup-
press the growth of Pbl,. The devices were stored at 85 °C, under dry air (<5% humidity),
and the devices with and without Rb retained 74% and 61%, respectively, of the initial PCE
after 347 h. [157] Alkali metal ions such as K*, Rb*, and Cs* have been fully researched to
supersede the organic molecule to produce higher quality perovskite film with better crys-
tallinity [157-159]. Considering of the tolerance factor, only Cs* can be used to sustain the
perovskite structure. Mixed cation PSCs showed better stability (Figure 10a). [159] Bu et al.
compared the effect of Cs*—K* cooperation and Cs* alone on the device hysteresis and
stability. Ultimately, KCsFAMA-cells exhibited the best stability (Figure 10b) and apparent
increase in grain size (Figure 10c—e) compared with the CSFAMA and FAMA groups with a
negligible decrease in PCE over 1000 h stored under ambient air (10 = 5 RH%) without
encapsulation [160]. Tong et al. introduced NH4Cl, which forms an intermediate phase
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with Pbl, to regulate the crystallization process, and fabricated 10 x 10 cm? modules with
80% PCE after 1100 h under continuous light illumination [161].
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Figure 10. (a) Light stability of opaque perovskite cells on FTO substrates with different cation compositions upon 12 h
under continuous 1-sun illumination [159]. (b) Long-term stabilities of the best perovskite devices stored under ambient air
conditions without encapsulation for longer than 1000 h. [160] SEM images of (c) FAMA [160], (d) CsFAMA [160], and (e)
KCsFAMA [160] perovskite films. The scale bar is 1 mm.

Materials such as PEAI that contain hydrophobic long-chain organic cations as termi-
nation groups and can react with residual Pbl, in perovskite layers, forming wide-band
gap 2D perovskites, which show better stability but poor PCEs than 3D perovskites, and
can passivate the interface defects and block the water and oxygen into the perovskite layer
to enhance the resistance to intrinsic and extrinsic degradation [162]. The reactions can be
described as follows [163]:

2PEAI + Pbl, £ (PEA),Pbly

2BAI + nPbl, + nMAI £ (BA),MA,_1Pbylzn 1 + MAI

Li et al. introduced suit growth of gradient diffusion 2D pure PEA;Pbl, in 3D MAPbI3;
both the 2D-3D mixed devices and 2D-3D gradient devices exhibited improved moisture
stability after 15 days of storage in an air environment with 35~55% humidity, which
could be due to hydrophobic benzene groups in PEA*, and the 2D-3D gradient devices
showed excellent operation stability at maximum power point under AM 1.5G illumination
with 100 mW /cm? over 1000 h relative to the regular 3D PSCs [162]. You et al. reported
another effective method in defect passivation, and they deposited organic halide salt PEAI,
rather than 2D PEA,Pbly perovskite, on the perovskite (FA;_MA,Pbl3) to suppress the
surface defects and to decrease non-radiative recombination, by which great improvement
of thermal stability was achieved. The PCE of the PEAI-treated device decreased at the
start of several hours of annealing at 85 °C, and then the performance remained almost
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constant up to 500 h [12]. FAPbI; is known to undergo phase conversion under ambient
conditions, but the propriate 2D adducts can stabilize the cubic structure of FAPbI3. Lee
et al. incorporated 1.67 mol % PEALI into the perovskite precursor solution to protect the
FA-based perovskite from moisture and suppress ion migration; the prepared devices with
efficiency above 20% maintained 98% of their initial PCE after 1392 h in dark [164].

Introducing both Pb(SCN), and PEAI to perovskite precursor to form 2D or quasi-2D
materials is an efficient method to enhance the operational stability of PSCs. Kim et al.
regulated the doping concentration of PEAI and Pb(SCN); and fabricated devices with
outstanding stability that could maintain more than 80% of the initial PCE of 20.7% after
1000 h of continuous illumination [165], and other work based on the same dopants with
different proportion showed <4% degradation under storage at room temperature in a
N, environment for longer than 4000 h (Figure 11a). [165] Zheng’s group studied the
length of different surface-anchoring alkylamine ligands (AAL), and perovskite film with
long-alkyl-chain AALs (OA or OAm) exhibited longer carrier lifetimes (Figure 11b) and
larger water contact angles. The AAL-modified perovskite showed more n-types, and the
ion migration was hindered, which were beneficial to the stability. The devices with AALs
exhibited no PCE loss after continuous operation for 1000 h under AM1.5 illumination in a
N, atmosphere with a UV filter with a 420-nm cut-off, and lost only around 10% of their
initial PCE after a thermal stability test of ~1020 h (T = 85 °C) (Figure 11c) [166].
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Figure 11. (a) Long-term stability of perovskite devices with different 2D additives under light illumination without
encapsulation [165]. (b) Arrhenius plots (obtained by linear fitting of data points) of the temperature dependence of T/,
showing an ion migration activation energy (E,) for pristine films and films with AALs, respectively [166]. (c) Long-term
stability of the pristine CSFAMA device and the CSFAMA device with AALs under constant simulated solar illumination
(100mW cm~2) in a Np atmosphere with a UV filter with a 420-nm cut-off [166].

Works on the substitution of Pb?* to enhance stability have made some progress. Ion
dopants (e.g., Zn%*, Min?*) with a smaller ionic radius than Pb?* can cause shrinkage of
the crystal lattice, which may compensate the expansion result from the illumination or
elevated temperature. The inclusion of appropriate concentration of Zn?** or Mn?* at the
B site can reduce the void in the [BXy]*~ octahedral, enhance the interaction between
the octahedral, and suppress the defect recombination, leading to a more stable crystal
structure [102]. Liu et al. applied Mn-doped MAPDbI; to achieve high film quality, larger
grain size, and reduced carrier recombination. The best devices with 1% Mnl, doping
represented greater stability as the improved devices retained 95% of the original PCE
while the control devices dropped to 87% (after storing under 30% humidity and 25 °C
after 48 h) [167]. Li et al. fabricated Zn-doped MAPDbBr; single crystal (MPZB) with
increased structure stability and lower density of defect states. It was confirmed that
Zn?* could be inserted into the perovskite lattice and reduce unwanted vacancy defects
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inside the octahedron. The Zn-doped devices showed a higher PCE of 19.09% with better
thermal stability and excellent long-term photostability. Long-term photostability tests
were operated by monitoring the PL intensity of perovskite films under illumination using
a 325 nm continuous wave laser with power density around 70 mW cm 2, and the samples
were exposed to laser light directly at room temperature for 4 h per day. The MPZB sample
had negligible loss after 60 days, but the pristine samples decreased to ~40% under the
same condition [168].

Other interesting works in boundary passivation through doping or molecular modi-
fication are also noteworthy. Qin’s group added core-shell Au@CdS nanoparticles into anti-
solvent in the perovskite-making process; the Au@CdS formed the intermediate Au@CdS-
Pbl, adduct, which not only induced heterogeneous nucleation for high-quality perovskite
film, but also adjusted the band alignment and decreased the barrier between HTL and
the perovskite layer. The stability of Au@CdS-modified cells showed high stability due
to the high quality of the perovskite film and the effect defensive function of H,O inva-
sion [169]. Sha et al. sandwiched perovskite film and HTL with bridge-jointed graphene
oxide nanosheets (BJ-GO) to immobilize iodide ions, passivate Pb defects, and tune sur-
face energy [170]. Other dopants such as PBTI [171] and organic-conjugated molecules
with rhodamine moieties (e.g., SA-1 and SA-2) [172] also work as effective passivators at
the boundaries and boost the stability of devices. The stability of PSCs can be enhanced
significantly by applying a customized thin-film encapsulation (TFE), which is composed
of a multilayer stack of organic/inorganic layers that are deposited by chemical vapor
deposition and atomic layer deposition (ALD). Lee et al. used low-temperature ALD to
integrate TFE directly into functional layers to enhance the stability of PTAA-based PSCs.
The multilayer structure showed excellent hydrophobic property and helped the devices
maintain 97% of their initial efficiency after exposure to 50 °C and 50% RH for 300 h [173].

3.3.2. All-Inorganic PSCs

The organic components are thermally unstable and easy to volatilize, resulting in the
instability of the absorber layer. All-inorganic PSCs are developed due to the nonexistence
of any volatile organic components and the better thermal stability.

CsPblz, CsPbBr3, CsPbl;Br, and CsPbIBr; are the most widely studied all-inorganic
perovskites. CsPbls has a suitable band gap (1.73 eV), while CsPbIBr, (~2.05 eV), CsPbl,Br
(~1.91 eV) and CsPbBr3(2.3 eV) have large band gaps. High-quality CsPbXj3 films are
difficult to synthesize and undergo phase transition at room temperature and in a moist
environment, that is, the desirable cubic perovskite phase spontaneously transforms to
the orthorhombic, more thermodynamically stable o phase. It is very desirable to design
the component and ratio of all-inorganic halide perovskites to reach higher stability and
efficiency [174].

Liang et al. designed Mn substitution in Cs-based Pb halide for high-stability all-
inorganic PSCs. Mn doping modulated the electronic and optical properties of CsPbIBry»,
and the Mn-doped perovskite film showed better crystallinity and morphology than the
un-doped counterpart with an appropriate concentration of Mn dopants. The PCE of
encapsulated PSCs based on non-doped CsPbIBr, decreased by 20% of its initial value
after about 144 h, while the PCE of encapsulated Mn-doped PSCs decreased by 8% after
storage in the ambient environment for more than 300 h [175]. Tan et al. proposed Li-doped
CsPblIBr; with no-additive HTL-CuPc, which is highly hydrophobic, chemically stable,
and beneficial to enhance the resistance to moisture of perovskite. The insertion of Li
ions enhanced the interaction between Cs, Pb, and halides so as to boost highly stable
chemical stability, and Li ions also helped to reduce the defect density and make smoother
perovskite film [176]. Xiang et al. utilized Europium, which has been reported as an
efficient sensitizer of photoluminescence in perovskites, to increase the tolerance factor of
CsPbl,Br and result in an enhancement of the perovskite stability. The unencapsulated
Eu-doped (CsPbyg ¢5Eug 951, Br) device showed no signs of degradation during the first 300 h
and retained 93% of its initial efficiency at the end of the test (370 h) under continuous white
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light LED illumination at 100 mW cm~?2 with N, gas flow [177]. Wang et al. introduced
Zn(Ac); to CsPbl,Br to improve the thermal stability of CsPblBr, Partial replacement of
Pb?* with Zn?* can increase the tolerance factor and stabilize the dark phase. The Ac~
group might passivate the defects at the boundaries. The devices based on Zn(AC); had
better long-term stability than in dry air (15-20% humidity, 25 °C) due to the enhanced
stable structure. The unencapsulated devices retained >90% of their initial PCE after
30 days [178].

3.4. The Stability of Electrodes

Silver (Ag) and gold (Au) are widely used as electrodes in PSCs. Apart from the high
material cost, using metal electrodes induces a metal ion-driven degradation in which
metal ions on top migrate into the perovskite layer, lowering the PSC stability. Using
interlayers to isolate the undesirable external moisture can protect the metal electrode from
iodine corrosion. Wu et al. demonstrated a bismuth interlayer between the absorption layer
and Ag electrode (Figure 12a,b) to enhance device stability. The Bismuth-interlayer-based
devices exhibited greatly improved stability when subjected to humidity, thermal, and
light stresses. The unencapsulated device retained 88% of its initial efficiency in ambient
air in the dark for more than 6000 h; the devices maintained 95% and 97% of their initial
efficiencies under 85 °C thermal aging and light soaking in a N, atmosphere for 500 h,
respectively (Figure 12c—e) [179].

Mose Hy Misée

Figure 12. (a) Schematic diagram of the device structure; the Bi interlayer has a superior shielding capability, prohibiting

both inward and outward permeation [179]. (b) Energy level diagram and diagram of the device [179], Stability test of

unencapsulated devices (c) stored in the dark in ambient air at RT without humidity control, and J-V curves acquired

periodically in ambient air [179]; (d) aged in the dark at 85 °C in a N, atmosphere, and J-V curves acquired periodically in

ambient air [179]; (e) aged under continuous illumination in a N, atmosphere with electrical biases (0.641-0.885 V) near

MPP at a cell temperature of 45 °C. The light intensity for aging was generated by a white light LED array and calibrated to
achieve the same Jg¢ from the devices as for 1-sun AM1.5G solar irradiation [179].

Replacing the metal electrode with a carbon electrode has been reported to be one of
the most effective ways to enhance the device stability of PSCs due to no ion migration,
water resistance, and outstanding encapsulation effect. Diverse carbon materials, such as
carbon nanotube, carbon fiber, carbon black, graphite, and graphene, have been utilized
as counter electrodes. [128,154,180,181] Zhang et al. developed a sort of self-adhesive
microporous carbon film as a counter electrode; the PCE reached 19.2%, and the devices
exhibited greatly improved long-term stability. More than 95% of the initial efficiency was
retained after 1000 h storage under an ambient atmosphere. Furthermore, after aging for
80 h under illumination and maximum power point in a N atmosphere, the carbon-based
PSC retained more than 94% of its initial performance (Figure 13a,b) [128].
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Compared with other carbon allotropes, carbon nanotubes (CNTs) are of special
interest for the industry because of their high conductivity, excellent mechanical durability,
as well as scalable manufacturing capability. Luo et al. fabricated freestanding cross-
stacking CNT (CSCNT) films in flexible PSCs. The devices based on CSCNT exhibited good
performance preservation, retaining more than 90% of their original efficiencies after 1000 h
light soaking or thermal stress in humid air. The improvement of stability was mainly
due to the thick and hydrophobic CSCNT layer (/1.2 um) combined with Spiro-OMeTAD
that provided a stable encapsulating layer to protect perovskite from moisture aggression
(Figure 13c¢,d) [180].

Ni et al. observed light-induced degradation in PSCs that was self-healed completely
by resting in the dark for <1 min and was entirely prevented by operating at 0 °C, by which
they proposed that the light-stability problem was due to the formation of light-activated
meta-stable deep-level trap states [182]. Pulsatile therapy for PSCs has also been developed
to prolong device lifetime by addressing the accumulation of both charges and ions in the
middle of the maximum power point tracking (MPPT). In Kiwan Jeong’s work, reverse
biases were repeatedly applied for a very short time without any pause of operation.
Accordingly, the formation of harmful deep-level defects can be prevented, and already
formed defects can be cured by driving charge-state transition; this technique is helpful in
leading to stabilization of the working device [183].
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Figure 13. (a) Stability test of Au-based devices and self-adhesive microporous carbon (C2)-based devices kept in ambient

atmosphere without any encapsulation [184], (b) Long-term aging test under constant illumination and MPP in N,
atmosphere at 20 °C. The inset shows the detailed degradation characteristics of C2-PSCs during the first 10 h [184];
Efficiency stability of the standard and all-carbon electrode-based flexible PSCs as a function of soaking time under different
conditions (c) in ambient atmosphere under AM 1.5G illumination in air without a UV filter [180], and (d) in ambient
atmosphere with constant heating temperature of 60 °C [180].

3.5. External Encapsulation Engineering

In the previous achievements, we studied the stability of PSCs from the perspective
of the internal material and structure optimization, but in commercial applications, we
must also consider the external environment in which the solar cell actually works (such
as extreme weather and mechanical damage). The external damage to the devices not
only directly affects the operation conditions of the devices but also relates to the environ-
mental problems caused by the decomposition of the materials. Therefore, the external
encapsulation of the solar cells is an indispensable segment.

First, we need to strictly select materials that can be applied to the solar cell encap-
sulation, which at least need to meet the following requirements: (1) High transmittance
to incident light, usually higher than 80%, so as to ensure there are enough photons to
be absorbed by the perovskite absorber; (2) In order to meet the photovoltaic module
25-year life requirement, the packaging materials need to have stable physical and chemical
properties and maintain stability when exposed to extreme environments (such as light
soaking, high humidity, high and low temperature); (3) Excellent sealing performance,
which requires high water and oxygen permeation resistance to prevent the water and
oxygen from diffusing into the interior of functional layers; and (4) Based on the above
requirements, the cost of encapsulants should be as low as possible. According to related
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literature [185-189], the materials currently used in solar cell packaging mainly include
some specific resins and polymer films, and related properties are listed in Tables 1 and 2,
respectively.

Table 1. Properties of commercial epoxy used in solar cell encapsulation.

Materials Provider Curing Condition Appearance Hardness (D)
UV-curable epoxy ThreeBond 60kJ/m?2,80°C,1h pinkish white 76
AB epoxy glue Super Glue Corp. 25 °C, 4-6 min Hazy white 75-85
Thermally curable epoxy Kyoritsu Chemical 6000 m]J /cm?, 80 °C, 30 min — 83

Table 2. Properties of commercial encapsulants used in solar cell encapsulation.

Materials Provider Transmittance (%) Elastic Modulus (MPa) Possibly Harmful
EVA Mitsui Chemicals 93 10 Acetic acid

Surlyn Dupont 93.4 397 Methacrylic acid
Polyolefin 3M 91 9.1 Unknown

7

Currently, the most widely used packaging structure is “glass/PSC + sealant/glass’
as shown in the Figure 14. [190] First, place the as-prepared solar cell on the bottom glass,
then cover the surrounding cell with sealant, and remember to draw forth the electrodes
out of the package. After that, cover the top half with another glass. Finally, seal the edges.
Much work has been done to demonstrate the validity of this approach, Dong et al [189].
found that encapsulation with UV-curable epoxy resulted in better stability compared to
thermally curable epoxy when applied to TiO-based PSCs, which can maintain 85% of the
initial efficiency at 85 °C and 65% RH after 144 h. Furthermore, they showed UV-curable
epoxy that worked well for TiO,-based devices failed to protect ZnO-based devices in
rapid degradation tests. However, due to the inherent defects in the light transmittance of
resin-based materials, some polymer thin films with better light-transmitting properties
have been used to package the PSCs. Fu et al. compared the packaging effect of three
polymer materials (PU, POE, and EVA) on small-area solar cells and then transplanted the
technique into the package of large-area modules (substrate area 100 cm?); their devices
maintained 97.52% of the initial efficiency after 2136 h outdoor work [186]. Ny filling in
the encapsulation process is curial for obtaining long-term PSC stability. Alberti et al.
performed encapsulation under a slightly pressurized N, ambient and found that N; not
only provided an inert environment, but also played an active role in the stabilization of
perovskite surfaces [190].

Cheacharoen et al. designed an optimized packaging technique as shown in the figure;
the devices (5 cm x 5 cm) encapsulated with their method passed a 1000-h damp-heat
test (85 °C-85%RH) and 200 thermal cycling tests (between —40 °C and 85 °C) [187]. Their
work showed that the optimized design of the packaging can well improve the stability of
devices.
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Figure 14. The encapsulation strategies of PSCs [189].

During the process of commercialization, there is still room to improve the current
packaging methods. How to design the electrode extraction mode and ensure the perfect
sealing of devices is one of the crucial technical questions of encapsulation. In addition,
developing novel packaging materials with higher transmittance and better stability to
reduce the loss of efficiency caused by encapsulation also needs our close attention.

In Table 3, we summarize some reports including the test of stability of PSCs in which
test conditions significantly differ for different achievements. Except for the aging time
and humidity, whether encapsulated, heated or illuminated is inconsistent, which makes
it difficult to compare the stability of PSCs between different reports. To sum up, there
are several strategies to be introduced to solve stability problems. (1) More alternative
materials need to be further developed, such as some inorganic functional materials, which
show better stability performance than organic materials. (2) Compositional engineering
can be a feasible method to improve device stability. For example, doping of some alkali
metal ions can change the tolerance factor of perovskite and make it more stable from
the perspective of thermodynamics. (3) Interface engineering is also an important way to
protect unstable materials from unfavorable environments or the harmful diffusion of metal
atoms and functional groups. Numerous works have been done to achieve extraordinary
stability of PSCs, but there is still a long way to go before commercialization.
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Table 3. Stability of PSCs.
. . . Active Initial i i1 Published
Perovskite Materials Device Structure Area/mm? PCE (%) Test Condition Stability Result Year Ref.
MMP tracking on encapsulated devices under AM1.5 Negligible
Cs0.05(FA0.92MAg 08)0.95 Pb(Ip.92Brg08)3 IT;)CQI;}HQCAP//PgEK 6.69 23 illumination for 1000 h decrease 2020 [191]
T =85 °C, for 1020 h in N, environment lost around 10%
110/ Under full AM1.5G illumination (without UV-filter)
Csp1MAg2FAg7Pbg5Sn0 515 PEDOT:PSS/PVSK/PCBM/ 49 18.95 R lost around 10% 2020 [192]
PEIE/Ag )
FTO/5n0O, /PVSK/Spiro- Unencapsulated devices stored under ambient air
(x(Co0.05(FAo.85MA015)0.95Pb(lo.85Bro.15)3 OMeTAD/ Au 16 20.56 conditions with 10 + 5 RH% over 1000 h no decrease 2017 [160]
FA(.75Cs0.255n05Pbg 513 PEDOT:PSS /P¥SCI)<//C /BCP/Ag / 15.6 Under continuous one-sun illumination over 30 h no decrease 2018 [193]
: 60
. under continuous one-Sun illumination after >12 h o
Rb-FAg 7sMA 15Csg 1 PbL,Br FTO/TiO, /PVSK/PTAA/Au 17.64 17.4 ander N, environment and the T - 25 °C lost around 5% 2017 [159]
Rb- . Unencapsulated devices stored at 85 °C, under dry air o )
Cs0.05(MAg 17FA0 83)0.95Pb(I0.53Br0 17)3 ITO/TiO, /PVSK/PTAA/Au 4 18.03 (<5% humidity), after 347 h lost around 26% 2018 [194]
ITO/PTAA/PVSK/Cgy/ Stored at room temperature under N, environment for o
(FA0.6sMA(20Cs0.15)Pb(lo.sBro2)s BCP/Ag 6 19.8 over 4000 h lost around 4% 2019 [195]
ITO/PTAA/PVSK/Cg/ Unencapsulated devices tested under continuous o
(FA0.6sMA02Cs0.15)Pb(losBro2)s BCP/Ag / 207 illumination in an Nj-filled environment for 1000 h lost around 20% 2020 [80]
FTO/TiO, /PVSK/Spiro- Placed in Nj-filled glove box after continuous testing o
MAPDI;5_, (SeCN)y oMeTAD/ Ag 16 18.41 for 500 h (tested every 24 h) lost around 14% 2019 [196]
(CsPbl3z)g.04 L Test at room temperature and 70% humidity and
(FAPbI3)0.82 FTO/gI;/[OZ{ fg?i/sp 1ro 9 21.38 stored in ~25% humidity at RT in the dark over 1080 h lost around 10% 2020 [126]
(MAPDbBr3)o.14 € u without encapsulation
FTO/TiO, /PVSK/Spiro- Encapsulated devices under continuous one sun o
Cs0.05(MAg.17FA0 83)0.95Pb(l0.83B10.17)3 OMeTAD/ Au 12 216 {llumination (30 °C, ~35% humidity) for 300 h lost around 24% 2019 [197]
(FAPbI3)0.85 . Encapsulated devices under continuous one-sun o
(MAPbBrs)g.5 ITO/NiOx/PVSK/PCBM/ZrAcac/Ag 7.5 20.67 illumination (=23 °C, ~35% humidity) for 200 h lost around 24% 2019 [127]
ITO/ . .
(FAPbI3)p 8 . unencapsulated devices tested under continuous one o
(MAPbBr3)g PEDOT'P;i/OP/V:g/ PCBM/ 135 203 sun illumination (25 °C, 60% humidity) over 170 h lost around 16% 2018 [171]
MAPb;_ Mn,Is FTO/TiO, /PVSK/Spiro- 9 19.09 unencapsulated devices stored in an ambient lost around 5% 2019 [191]

OMeTAD/Ag

atmosphere (30% relative humidity and 25 °C) for 48 h
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Table 3. Cont.

Active

Initial

Published

Perovskite Materials Device Structure Area/mm? PCE (%) Test Condition Stability Result Year Ref.
FTO/SnO,/PCBM: . .
RbsCs1oFAPbI; PMMA /PVSK/PMMA /Spiro- 10.24 20.35 1000 h of C"“tg‘uous MMP tracking under N, lost around 2% 2018 [158]
OMeTAD/Au atmosphere at room temperature
ITO/Sn0O, /PVSK/Spiro- unencapsulated devices stored in the atmosphere at o
(FAXMA;_,)Pb(I,Cly.y)3 OMLTAD, Au 9 22.03 66% humidity after 110 h lost around 22% 2020 [198]
FTO/TiO, /PVSK/Spiro- Stored at 25 °C with the humidity of 40% after 700 h, o )
(FAPbI3);_x(MAPbBr3)x OMeTAD/Au / 19.3 in dark lost around 3% 2019 [114]
10/ encapsulated devices were measured under an
MAPb(I;Br_ )3 PEDOT:GO/PVSK/PCBM/ 135 18.09 psuiated de e lost around 20% 2018 [107]
Zn0/Ag ambient air condition after 25 days
110/ unencapsulated devices were stored in ambient
MAPbI3—xClx PEDOT:PSS/PVSK/PCBM/ 11 18.0 neap ith % humiditv af h lost around 50% 2018 [105]
RhB101/Ag/LiF environment with 55 & 5% humidity after 240
unencapsulated devices were stored in ambient air
MAPbI,Cl3_ ITO/PEDOT:SAF/PVSK/PCBM/BCP/Ag 125 16.2 with RH% ~30% for 44 days without excluding the lost around 10% 2019 [113]
room light
FTO/NiO:5K/PVSK unencapsulated devices were stored in ambient air o )
MAPb(Iy9Brg1)s3 /PCBM/C60/BCP/ Ag / 18.05 with RH% 15 + 5% for 240 h lost around 10% 2019 [140]
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4. Other Issues of Commercialization

In the above sections, we briefly introduced the current progress of PSCs: performance
improvement strategies from small-area single cells to large-area modules and stability
studies of solar cells from inside to outside (including internal functional layers and ex-
ternal encapsulation). It is concluded that the current laboratory-level PSCs have met
the commercial demand in terms of conversion efficiency while stability still needs to be
improved, though it can also meet the market requirements through appropriate encap-
sulation. Therefore, we will further discuss some other issues about commercialization
from the perspective of environmental protection and cost-saving, which mainly include
Pb toxicity and recycling methods.

4.1. Risk and Hazards

As the safety issues once involved in the marketization of CdTe solar cells [199],
PSCs also face the same problem because of the existence of Pb in photo-active layers.
Researchers have found that CdTe was stable and would hardly cause Cd leakage, while
the situation in perovskite was not optimistic. Several factors including moisture and
oxygen can cause the degradation of perovskite:

MAPbl; £22 CH;NH;I(aq) + Pbly(s)
CH;3NH;zl(aq) <> CH3NH;(aq) + HI(aq)

2HI(aq) & Hy +I(s)
4HI 4 O, « 2I, +2H,0

Therefore, the potential threat of Pb leakage is an inevitable obstacle in the commer-
cialization process. To solve this problem, one of the choices is encapsulation, which has
been discussed before. Jiang et al. [200] prepared encapsulated devices with three kinds
of packaging materials (UV-cured adhesive, Surlyn resin, and epoxy resin package), then
tested their Pb leakage under external conditions. The results showed that the self-healing
properties of epoxy resin prevented Pb leakage when the devices were subjected to mechan-
ical damage, high temperature or some other extreme environments; the corresponding Pb
leakage rate was as low as 0.08 mgh~! m~2.

Although high-quality packaging technology can diminish the risk of Pb leakage
into the environment, it must be complemented with a relevant policy to callback the
products when reaching their operation lifetime, such as First-Solar Corp. did for their
CdTe photovoltaic products. Moreover, encapsulation cannot eliminate the risk as long as
the Pb is still there, and because of this, the Pb-free perovskite absorber has attracted great
attentions in recent years, including using Ag(I) [201,202], Bi(III) [202,203], Sn(II) [204-209],
and Ti(IV) [210,211] to replace Pb (II) in perovskite structures. Among these candidates,
PSCs based on Sn (II) have the highest power conversion efficiency. The PCE of PSCs
based on FALEDA;_,Snl; (ethylammonium, EDA) reached 13.24% [207]. As we know,
this still lags far behind Pb-based PSCs. In addition, divalent Sn has an intermediate
valence, which can be easily oxidized to tetravalent Sn in the air environment. As for
other B-position cation perovskites, they are still in the early age, which means they have
potential to be applied in solar cells but lack inspiring efficiency breakthrough until now.
For example, (CH3NH3)3Bizlg-based solar cells had an efficiency of 1.64% in 2017 [203],
and CsSng 5Ge 513 delivered a promising efficiency of 7.11% in 2019 [204]. Even so, these
Pb-free perovskite candidates with widely tunable bandgap provide more choices for
tandem solar cells.

Briefly speaking, on the one hand, we need to keep upgrading the packaging tech-
nology of the PV modules to improve the safety and reliability; on the other hand, the
non-Pb-based perovskite materials still need intensive studies so as to be applied in some
areas with stringent requirements for safety and environmental protection.
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The relatively small amount of Pb contained in PSCs is much more injurious to health
caused by the commonly used solvents during the PSCs fabrication process, in contrast
to the concerns regarding the water-soluble nature of Pb. [212,213] Solvents including
DMEF [9,214-216], NN-dimethylacetamide [217,218], DMSO [214], and NMP [43,219] are
toxic, capable of penetrating skin, and are cancerogenic. Therefore, the development of
deposition methods with less hazardous reagents is desired under the background that
the PSCs are striving to become largescale commercially viable products. The factors for
the transition from hazardous chemicals mainly include (1) cost savings by the shrinkage
of expenses and future risks, (2) high-level device efficiency, (3) industry leadership, and
(4) advancing corporate stewardship under social responsibility. The potential negative
environmental impact could be limited by (1) replacing hazardous reagents with products
with improved environment, health, and safety (EHS) properties and/or (2) employing
ionic liquids with low vapor pressures, which allows recycling and also eradicates emis-
sion to the atmosphere [220-222]. Others also tend to use a one-step solution process of
perovskites and dedicate to reduce the amount of hazardous solvents, by which the require-
ment to treat solvents is eliminated [223,224]. Based on these cognitions, it is promising,
far-reaching, and worthwhile for the transition to greener chemistry; however, there is
difficulty in clarification of which approaches are greener among many methodologies,
namely, in classifying and ranking reagents regarding the EHS hazard.

4.2. Cost-Related Analysis

Herein, we also evaluated the commercialization prospects of PSCs from the economic
perspective. We collected the materials widely used in device preparation, finding that
the perovskite material, hole transport layer (mainly Spiro-OMeTAD), and gold electrode
occupied a large proportion of the costs. By calculating the raw material cost of the
single cell with 2.5 cm X 2.5 cm area prepared in the laboratory, we found that the Spiro
and perovskite layers accounted for 65% and 29% of total cost, respectively (Figure 15),
according to our laboratory situation. This phenomenon is due to the expensive material
price on the one hand, and the spin-coating method does not have the advantage of the
thin-film cells causing most of the precursor solution to be wasted in the spin process,
which causes the preparation cost to greatly increase on the other hand. Then, we referred
to the cost estimation of commercial devices in the literature and found that the large-
area preparation methods (including blade-coating, spray-coating, slot-die coating) could
effectively reduce the cost of film preparation, and TCO and Au accounted for the main
part of the cost at that time (as shown in Figure 16). [225] In our opinion, the cost problems
faced by commercialization can be reduced from at least the following aspects: (1) reducing
the cost of raw materials; (2) replacing Au electrodes with low-cost carbon electrodes and
using cheaper materials as hole transport layers; (3) recycling of transparent conductive
films; and (4) efficiency improvement, which is always the best way to reduce the cost
of marketization, so optimizing large-area preparation techniques to improve the device
conversion efficiency and stability should never stop.

For the above points, the reduction of the raw material cost needs the integration of
market and technology. Moreover, the study of improved efficiency is always imminent,
while the recovery of transparent conductive oxide (TCO) is rarely reported. Compared to
other functional layers, the recycling of FTO is more feasible. Because of the high stability
of transparent conductive film, we can consider using the “inverse preparation” procedure
to dissolve and clean the functional layer on it, and then the FTO can be reused as substrate.
Binek et al. reported the procedure to remove every layer of the solar cells separately to
recycle the FTO. They peeled off the Au layer by a mechanical method, dissolved the HTL
with CB (Chlorobenzene), and then degraded the perovskite layer with water. Finally,
the FTO substrate was obtained by washing the residues with DMF [226]. Augustine
et al. treated the PSCs with KOH alkaline solution and recycled the ITO for the fabrication
of new PSCs; the conversion efficiency of new devices was only 0.85% lower than that
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of the previous devices [227]. In addition to TCO, the active layer can also be recycled
(Figure 17) [228].

I'TO

ETL

HTL PVSK

Figure 15. The cost proportion of materials used in laboratory small-area PSCs.

Module A Cost of Masterials: 0.127 USS/W Module B Cost of Materials: 0.102 USS/W
73.9% 58% 14%
9 USS$/m? ) = TCO 9 l'S; m? 221 US$/m? nTCO
IRGRORAUNE  m Active Layer ; 17% ® Active Layer
14.0% - 12.0% 11% 296 LSS/’ g
17 USS/m? m Solvent . = Solvent
= Other 1.7 USS/m* ® Other

0.2% 0.02 USS/m*

Figure 16. Cost of material distribution for Module A (left) and Module B (right). The values of materials cost are
assumed by the real amount of material used in both the structure and wholesale price. An 80% material usage ratio was
considered [225].

MAI
(a) ; Réaskiet _MA (b) PRl p ] X
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Figure 17. Schematic showing the recycling process for MAPbI; film deposited by (a) single-step chloride and single-step
acetate route and (b) sequential deposition route [228].

However, the encapsulation, energy consumption, and costs of raw materials and
the fabrication process must be regarded as actual module production as well. Cai et al.
systematically analyzed the total cost of the “humble process” (with moderate efficiency)
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and “noble process” (with high efficiency) and demonstrated that the costs of these two
module structures were lower than those of other PV technologies [225]. The improvement
of conversion efficiency and the development of manufacture technology are always the
two most effective ways to reduce the cost of PV products, guaranteed by unremitting
effort.

Enslaved by the raw material cost, the development of scalable PSCs remains chal-
lenging in realizing the low-cost manufacturing of PV systems. Under this background,
several cost model studies were done to enhance the knowledge of the production cost,
according to the hypothesized device stacks and the production workflows [225,229,230].
Herein, these referred achievements show the cost advantages of PSCs over other PV
technologies in a clear manner. Nevertheless, a critical perspective is needed during the
judgement of the attempts in evaluating the PSC cost competitiveness since that uncertainty
remains in the large-scale implementation of the examined device-stack configurations in
the future. This situation indicates the potential innovation opportunities in the materials
and/or device-stack configurations for large-scale PSCs and also suggests the hardship
in the realistic cost assessments of the deployable PSCs, which is at the initial phase of
technology development and is companied by certainty absence related to the module
requirements such as encapsulation, weight, and structure. Generally, the most uncertain
factor is stability, although continuous progress has been made [230].

5. Conclusions and Perspectives

PSCs have experienced rapid progress in the last couple of years and are already
treated as a promising candidate for the next generation of photovoltaic technologies.
To date, the PCE of the small-area PSC has exceeded 25% [3], while that of the PSM
is 11.6% (802 cm?) [32]. Even though the performance of small-area PSCs exhibits a
dramatic improvement and has reached comparable performance with the conventional Si
PV technology, the difficulty in scaling-up and the further improvement of the intrinsic
stability have become bottlenecks in PSC industrialization.

In this review, we summarized the achievements in PSCs in recent years. The tran-
sition from PSCs to PSMs is described based on the methods of maintaining efficiency
during the scaling up process, including scalable coating methods and optimization of the
functional layer. In addition, the stability, material cost, and environmental issues must be
addressed. There are several key research areas and challenges that need to be expanded
upon and addressed for enhancing the commercial potential for perovskite photovoltaic
technology. (1) Considerable advances have been achieved in the scalable solution pro-
cessing for perovskite deposition, exhibiting the coating perovskite films in large-areas
(hundreds to thousands of square centimeters) relying on the printing and R2R coating.
However, novel film-forming procedures (fabrication method and doping optimization)
with developed inks/vapor deposition sources are urgently required to obtain large-scale
functional layers with negligible scale-up losses. (2) Designing and fabricating modules is
another significant factor to be considered for highly efficient PSMs in the commercializa-
tion process. Investigating an advanced scribing technology and reducing the resistance
in the interconnection area are essential. (3) Further development of alternative stable
materials and continuous innovations on external encapsulation for PSMs are required
to achieve device stability and practical application. (4) Negative environmental impacts
from functional layers (water-soluble Pb in perovskites) and fabrication procedures (can-
cerogenic solvents) of PSMs are substantial, thus needing to be carefully managed for PSM
industrial adoption. (5) Cost analysis is another important aspect that needs to be carefully
evaluated for commercialization of PSMs. Herein, the development of mass fabrication
techniques, with production capability comparable to the commercially available ones,
such as Si, CIGS, and CdTe, is crucial to advance cost-competitive perovskite-based tandem
solar cells.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/mal4216569/s1, Table S1: Reports on perovskite solar modules from 2014 to July 2021.


https://www.mdpi.com/article/10.3390/ma14216569/s1
https://www.mdpi.com/article/10.3390/ma14216569/s1

Materials 2021, 14, 6569 32 0f 41

Author Contributions: Conceptualization, YW., Z.X., T.C. and X.H.; investigation, YYW., Z.X. and
T.C.; writing—original draft preparation, HW., YW., Z.X. and T.C.; writing—review and editing,
YW, ZX., T.C., HW. and 1.C,; supervision, ].Z., X.H. and L.W.; funding acquisition, D.Z., X.H. and
J.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was financially supported by the National Key Research and Development
Program of China (No. 2019YFE0120000), the Science and Technology Program of Sichuan Province
(Nos. 2020YFHO0079, 2021YFG0102 and 2020JDJQO0030), the Engineering Featured Team Fund of
Sichuan University (No. 2020SCUNG102), and the Fundamental Research Funds for the Central
Universities (No. YJ201955201722).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The study does not include publicly archived datasets.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal Halide Perovskites as Visible-light Sensitizers for Photovoltaic Cells.
J. Am. Chem. Soc. 2009, 131, 6050-6051. [CrossRef] [PubMed]

2. Kim, H.-S; Lee, C.-R.; Im, J.-H.; Lee, K.-B.; Moehl, T.; Marchioro, A.; Moon, S.-J.; Humphry-Baker, R.; Yum, J.-H.; Moser, J.E. Lead
iodide perovskite sensitized all-solid-state submicron thin film mesoscopic solar cell with efficiency exceeding 9%. Sci. Rep. 2012,
2,1-7. [CrossRef] [PubMed]

3. Best Research-Cell Efficiencies, NREL. Available online: https:/ /www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies-
1ev210726.pdf (accessed on 31 July 2021).

4. Hao, F; Stoumpos, C.C.; Cao, D.H.; Chang, R P.H.; Kanatzidis, M.G. Lead-free solid-state organic-inorganic halide perovskite
solar cells. Nat. Photonics 2014, 8, 489-494. [CrossRef]

5. Pellet, N.; Gao, P; Gregori, G.; Yang, T.Y.; Nazeeruddin, M.K.; Maier, J.; Gratzel, M. Mixed-organic-cation perovskite photovoltaics
for enhanced solar-light harvesting. Angew. Chem. Int. Ed. 2014, 53, 3151-3157. [CrossRef]

6. Lin, Q.; Armin, A.; Nagiri, R.C.R,; Burn, P.L.; Meredith, P. Electro-optics of perovskite solar cells. Nat. Photonics 2014, 9, 106-112.
[CrossRef]

7. Stranks, S.D.; Eperon, G.E.; Grancini, G.; Menelaou, C.; Alcocer, M.].; Leijtens, T.; Herz, L.M.; Petrozza, A.; Snaith, H.]J. Electron-
hole diffusion lengths exceeding 1 micrometer in an organometal trihalide perovskite absorber. Science 2013, 342, 341-344.
[CrossRef]

8. Jones, TW.; Osherov, A.; Alsari, M.; Sponseller, M.; Duck, B.C.; Jung, Y.-K,; Settens, C.; Niroui, F,; Brenes, R.; Stan, C.V,; et al.
Lattice strain causes non-radiative losses in halide perovskites. Energy Environ. Sci. 2019, 12, 596-606. [CrossRef]

9. Lee, M.M,; Teuscher, J.; Miyasaka, T.; Murakami, T.N.; Snaith, H.J. Efficient hybrid solar cells based on meso-superstructured
organometal halide perovskites. Science 2012, 338, 643—647. [CrossRef]

10. Ball, J.M.; Lee, M.M.; Hey, A.; Snaith, H.J. Low-temperature processed meso-superstructured to thin-film perovskite solar cells.
Energy Environ. Sci. 2013, 6, 1739-1743. [CrossRef]

11.  Burschka, J.; Pellet, N.; Moon, S.J.; Humphry-Baker, R.; Gao, P.; Nazeeruddin, M.K.; Gratzel, M. Sequential deposition as a route
to high-performance perovskite-sensitized solar cells. Nature 2013, 499, 316-319. [CrossRef]

12.  Jeon, N.J.; Noh, ].H.; Yang, W.S.; Kim, Y.C.; Ryu, S.; Seo, J.; Seok, S.I. Compositional engineering of perovskite materials for
high-performance solar cells. Nature 2015, 517, 476—480. [CrossRef]

13. Jiang, Q.; Zhao, Y.; Zhang, X; Yang, X.; Chen, Y.; Chu, Z; Ye, Q.; Li, X,; Yin, Z.; You, J. Surface Passivation of Perovskite Film for
Efficient Solar Cells. Nat. Photonics 2019, 13, 460-466. [CrossRef]

14. Kim, G.; Min, H.; Lee, K.S.; Lee, D.Y; Yoon, S.M.; Seok, S.I. Impact of strain relaxation on performance of alpha-formamidinium
lead iodide perovskite solar cells. Science 2020, 370, 108-112. [CrossRef]

15. Jeong,]J.; Kim, M,; Seo, J.; Lu, H.; Ahlawat, P.; Mishra, A.; Yang, Y.; Hope, M.A.; Eickemeyer, ET.; Kim, M.; et al. Pseudo-halide
anion engineering for alpha-FAPbI3 perovskite solar cells. Nature 2021, 592, 381-385. [CrossRef]

16. Deng, Y,; Xu, S.; Chen, S.; Xiao, X.; Zhao, J.; Huang, J. Defect compensation in formamidinium-caesium perovskites for highly
efficient solar mini-modules with improved photostability. Nat. Energy 2021, 6, 633-641. [CrossRef]

17. Hashmi, S.G.; Tithonen, A.; Martineau, D.; Ozkan, M.; Vivo, P,; Kaunisto, K.; Ulla, V.; Zakeeruddin, S.M.; Grétzel, M. Long term
stability of air processed inkjet infiltrated carbon-based printed perovskite solar cells under intense ultra-violet light soaking. J.
Mater. Chem. A 2017, 5, 4797-4802. [CrossRef]

18. Tavakoli, M.M.; Yadav, P; Tavakoli, R.; Kong, J. Surface engineering of TiO, ETL for highly efficient and hysteresis-less planar
perovskite solar cell (21.4%) with enhanced open-circuit voltage and stability. Adv. Energy Mater. 2018, 8, 1800794. [CrossRef]

19. Chai, G.; Luo, S.; Zhou, H.; Daoud, W.A. CH3NH3PbI3—xBrx perovskite solar cells via spray assisted two-step deposition: Impact

of bromide on stability and cell performance. Mater. Des. 2017, 125, 222-229. [CrossRef]


http://doi.org/10.1021/ja809598r
http://www.ncbi.nlm.nih.gov/pubmed/19366264
http://doi.org/10.1038/srep00591
http://www.ncbi.nlm.nih.gov/pubmed/22912919
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies-rev210726.pdf
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies-rev210726.pdf
http://doi.org/10.1038/nphoton.2014.82
http://doi.org/10.1002/anie.201309361
http://doi.org/10.1038/nphoton.2014.284
http://doi.org/10.1126/science.1243982
http://doi.org/10.1039/C8EE02751J
http://doi.org/10.1126/science.1228604
http://doi.org/10.1039/c3ee40810h
http://doi.org/10.1038/nature12340
http://doi.org/10.1038/nature14133
http://doi.org/10.1038/s41566-019-0398-2
http://doi.org/10.1126/science.abc4417
http://doi.org/10.1038/s41586-021-03406-5
http://doi.org/10.1038/s41560-021-00831-8
http://doi.org/10.1039/C6TA10605F
http://doi.org/10.1002/aenm.201800794
http://doi.org/10.1016/j.matdes.2017.04.010

Materials 2021, 14, 6569 33 of 41

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Hashmi, S.G.; Martineau, D.; Li, X.; Ozkan, M.; Tithonen, A.; Dar, M.1; Sarikka, T.; Zakeeruddin, S.M.; Paltakari, J.; Lund, P.D. Air
processed inkjet infiltrated carbon based printed perovskite solar cells with high stability and reproducibility. Adv. Mater. Technol.
2017, 2, 1600183. [CrossRef]

Green, M.A_; Dunlop, E.D.; Hohl-Ebinger, J.; Yoshita, M.; Kopidakis, N.; Hao, X. Solar Cell Efficiency Tables (Version 56). Prog.
Photovolt. 2020, 28, 629-638. [CrossRef]

Jena, A K.; Kulkarni, A.; Miyasaka, T. Halide Perovskite Photovoltaics: Background, Status, and Future Prospects. Chem. Rev.
2019, 119, 3036-3103. [CrossRef] [PubMed]

Ren, A.; Lai, H.; Hao, X; Tang, Z.; Xu, H.; Yu Jeco, BM.E; Watanabe, K.; Wu, L.; Zhang, J.; Sugiyama, M.; et al. Efficient Perovskite
Solar Modules with Minimized Nonradiative Recombination and Local Carrier Transport Losses. Joule 2020, 4, 1263-1277.
[CrossRef]

Park, N.-G.; Zhu, K. Scalable fabrication and coating methods for perovskite solar cells and solar modules. Nat. Rev. Mater. 2020,
5, 333-350. [CrossRef]

Luo, D.; Su, R.; Zhang, W.; Gong, Q.; Zhu, R. Minimizing Non-radiative Recombination Losses in Perovskite Solar Cells. Nat. Rev.
Mater. 2019, 5, 44-60. [CrossRef]

Jeon, N.J.; Noh, J.H.; Kim, Y.C.; Yang, W.S,; Ryu, S.; Seok, S.I. Solvent engineering for high-performance inorganic-organic hybrid
perovskite solar cells. Nat. Mater. 2014, 13, 897-903. [CrossRef]

Saliba, M.; Matsui, T.; Domanski, K.; Seo, ].Y.; Ummadisingu, A.; Zakeeruddin, S.M.; Correa-Baena, J.P; Tress, W.R.; Abate, A.;
Hagfeldt, A.; et al. Incorporation of rubidium cations into perovskite solar cells improves photovoltaic performance. Science 2016,
354, 206-209. [CrossRef]

Wang, Y.; Xiang, P; Ren, A.; Lai, H.; Zhang, Z.; Xuan, Z.; Wan, Z.; Zhang, J.; Hao, X.; Wu, L. MXene-modulated electrode/SnO2
interface boosting charge transport in perovskite solar cells. ACS Appl. Mater. Interfaces 2020, 12, 53973-53983. [CrossRef]
Zheng, J.; Hu, L,; Yun, J.S.; Zhang, M.; Lau, C.E].; Bing, J.; Deng, X.; Ma, Q.; Cho, Y.; Fu, W. Solution-processed, silver-doped
NiO x as hole transporting layer for high-efficiency inverted perovskite solar cells. ACS Appl. Energy Mater. 2018, 1, 561-570.
[CrossRef]

Halvani Anaraki, E.; Kermanpur, A.; Mayer, M.T; Steier, L.; Ahmed, T.; Turren-Cruz, S.-H.; Seo, J.; Luo, J.; Zakeeruddin, S.M.;
Tress, W.R; et al. Low-Temperature Nb-Doped SnO, Electron-Selective Contact Yields over 20% Efficiency in Planar Perovskite
Solar Cells. ACS Energy Lett. 2018, 3, 773-778. [CrossRef]

Zhu, P; Gu, S,; Luo, X; Gao, Y,; Li, S.; Zhu, J.; Tan, H. Simultaneous Contact and Grain-Boundary Passivation in Planar Perovskite
Solar Cells Using SnO2-KCl Composite Electron Transport Layer. Adv. Energy Mater. 2019, 10, 1903083. [CrossRef]

Green, M.A,; Dunlop, E.D.; Levi, D.H.; Hohl-Ebinger, J.; Yoshita, M.; Ho-Baillie, A.W.Y. Solar cell efficiency tables (version 54).
Prog. Photovolt. Res. Appl. 2019, 27, 565-575. [CrossRef]

Chen, H;; Ye, E; Tang, W.; He, J.; Yin, M.; Wang, Y.; Xie, F; Bi, E.; Yang, X.; Gratzel, M.; et al. A solvent- and vacuum-free route to
large-area perovskite films for efficient solar modules. Nature 2017, 550, 92-95. [CrossRef]

Huang, F; Li, M; Siffalovic, P; Cao, G.; Tian, J. From scalable solution fabrication of perovskite films towards commercialization
of solar cells. Energy Environ. Sci. 2019, 12, 518-549. [CrossRef]

Swartwout, R.; Hoerantner, M.T.; Bulovi¢, V. Scalable deposition methods for large-area production of perovskite thin films.
Energy Environ. Mater. 2019, 2, 119-145. [CrossRef]

Li, Z.; Klein, T.R.; Kim, D.H.; Yang, M.; Berry, ].].; van Hest, M.EA.M.; Zhu, K. Scalable fabrication of perovskite solar cells. Nat.
Rev. Mater. 2018, 3, 18017. [CrossRef]

Deng, Y.; Zheng, X.; Bai, Y.; Wang, Q.; Zhao, J.; Huang, J. Surfactant-controlled ink drying enables high-speed deposition of
perovskite films for efficient photovoltaic modules. Nat. Energy 2018, 3, 560-566. [CrossRef]

Ding, J.; Han, Q.; Ge, Q.-Q.; Xue, D.].; Ma, ].Y.; Zhao, B.Y.; Chen, Y.X; Liu, J.; Mitzi, D.B.; Hu, ].-S. Fully air-bladed high-efficiency
perovskite photovoltaics. Joule 2019, 3, 402—416. [CrossRef]

Li, C; Yin, J.; Chen, R; Lv, X;; Feng, X.; Wu, Y.; Cao, J. Monoammonium Porphyrin for Blade-Coating Stable Large-Area Perovskite
Solar Cells with >18% Efficiency. J. Am. Chem. Soc. 2019, 141, 6345-6351. [CrossRef]

Li, J.; Munir, R.; Fan, Y;; Niu, T.; Liu, Y.; Zhong, Y.; Yang, Z.; Tian, Y.; Liu, B.; Sun, J. Phase transition control for high-performance
blade-coated perovskite solar cells. Joule 2018, 2, 1313-1330. [CrossRef]

Tang, S.; Deng, Y.; Zheng, X.; Bai, Y,; Fang, Y.; Dong, Q.; Wei, H.; Huang, ]J. Composition Engineering in Doctor-Blading of
Perovskite Solar Cells. Adv. Energy Mater. 2017, 7, 1700302. [CrossRef]

Wu, W.-Q.; Wang, Q.; Fang, Y.; Shao, Y.; Tang, S.; Deng, Y.; Lu, H.; Liu, Y; Li, T.; Yang, Z. Molecular doping enabled scalable
blading of efficient hole-transport-layer-free perovskite solar cells. Nat. Commun. 2018, 9, 1-8. [CrossRef]

Yang, M.,; Li, Z.; Reese, M.O.; Reid, O.G.; Kim, D.H.; Siol, S.; Klein, T.R.; Yan, Y.; Berry, J.J.; van Hest, M.E.A.M.; et al. Perovskite
ink with wide processing window for scalable high-efficiency solar cells. Nat. Energy 2017, 2, 17038. [CrossRef]

Zuo, C,; Vak, D.; Angmo, D.; Ding, L.; Gao, M. One-step roll-to-roll air processed high efficiency perovskite solar cells. Nano
Energy 2018, 46, 185-192. [CrossRef]

Zhang, J.; Bu, T,; Li, J.; Li, H.; Mo, Y,; Wu, Z,; Liu, Y.; Zhang, X.-L.; Cheng, Y.-B.; Huang, F. Two-step sequential blade-coating of
high quality perovskite layers for efficient solar cells and modules. J. Mater. Chem. A 2020, 8, 8447-8454. [CrossRef]

Cai, L.; Liang, L.; Wu, ].; Ding, B.; Gao, L.; Fan, B. Large area perovskite solar cell module. J. Semicond. 2017, 38, 014006. [CrossRef]


http://doi.org/10.1002/admt.201600183
http://doi.org/10.1002/pip.3303
http://doi.org/10.1021/acs.chemrev.8b00539
http://www.ncbi.nlm.nih.gov/pubmed/30821144
http://doi.org/10.1016/j.joule.2020.04.013
http://doi.org/10.1038/s41578-019-0176-2
http://doi.org/10.1038/s41578-019-0151-y
http://doi.org/10.1038/nmat4014
http://doi.org/10.1126/science.aah5557
http://doi.org/10.1021/acsami.0c17338
http://doi.org/10.1021/acsaem.7b00129
http://doi.org/10.1021/acsenergylett.8b00055
http://doi.org/10.1002/aenm.201903083
http://doi.org/10.1002/pip.3171
http://doi.org/10.1038/nature23877
http://doi.org/10.1039/C8EE03025A
http://doi.org/10.1002/eem2.12043
http://doi.org/10.1038/natrevmats.2018.17
http://doi.org/10.1038/s41560-018-0153-9
http://doi.org/10.1016/j.joule.2018.10.025
http://doi.org/10.1021/jacs.9b01305
http://doi.org/10.1016/j.joule.2018.04.011
http://doi.org/10.1002/aenm.201700302
http://doi.org/10.1038/s41467-018-04028-8
http://doi.org/10.1038/nenergy.2017.38
http://doi.org/10.1016/j.nanoen.2018.01.037
http://doi.org/10.1039/D0TA02043E
http://doi.org/10.1088/1674-4926/38/1/014006

Materials 2021, 14, 6569 34 of 41

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

Di Giacomo, F.; Shanmugam, S.; Fledderus, H.; Bruijnaers, B.].; Verhees, W.J.H.; Dorenkamper, M.S.; Veenstra, S.C.; Qiu, W.;
Gehlhaar, R.; Merckx, T.; et al. Up-scalable sheet-to-sheet production of high efficiency perovskite module and solar cells on 6-in.
substrate using slot die coating. Sol. Energy Mater. Sol. Cells 2018, 181, 53-59. [CrossRef]

Huang, Y.-C; Li, C.-F; Huang, Z.-H.; Liu, P.-H.; Tsao, C.-S. Rapid and sheet-to-sheet slot-die coating manufacture of highly
efficient perovskite solar cells processed under ambient air. Sol. Energy 2019, 177, 255-261. [CrossRef]

Kim, J.E.; Kim, S.S.; Zuo, C.; Gao, M.; Vak, D.; Kim, D.Y. Humidity-tolerant roll-to-roll fabrication of perovskite solar cells via
polymer-additive-assisted hot slot die deposition. Adv. Funct. Mater. 2019, 29, 1809194. [CrossRef]

Lee, D.; Jung, Y.S.; Heo, Y.J.; Lee, S.; Hwang, K.; Jeon, Y.J.; Kim, ].E.; Park, J.; Jung, G.Y.; Kim, D.Y. Slot-Die Coated Perovskite
Films Using Mixed Lead Precursors for Highly Reproducible and Large-Area Solar Cells. ACS Appl. Mater. Interfaces 2018, 10,
16133-16139. [CrossRef] [PubMed]

Qin, T.; Huang, W.; Kim, J.-E.; Vak, D.; Forsyth, C.; McNeill, C.R.; Cheng, Y.-B. Amorphous hole-transporting layer in slot-die
coated perovskite solar cells. Nano Energy 2017, 31, 210-217. [CrossRef]

Whitaker, J.B.; Kim, D.H.; Larson, B.W.; Zhang, F.; Berry, ].J.; Van Hest, M.E,; Zhu, K. Scalable slot-die coating of high performance
perovskite solar cells. Sustain. Energy Fuels 2018, 2, 2442-2449. [CrossRef]

Xu, M.; Ji, W.; Sheng, Y.; Wu, Y.; Cheng, H.; Meng, J.; Yan, Z.; Xu, J.; Mei, A.; Hu, Y,; et al. Efficient triple-mesoscopic perovskite
solar mini-modules fabricated with slot-die coating. Nano Energy 2020, 74, 104842. [CrossRef]

Huang, B.J.; Guan, C.K.; Huang, S.H.; Su, W.E. Development of once-through manufacturing machine for large-area Perovskite
solar cell production. Sol. Energy 2020, 205, 192-201. [CrossRef]

Bi, Z.; Liang, Z.; Xu, X.; Chai, Z,; Jin, H.; Xu, D.; Li, J.; Li, M.; Xu, G. Fast preparation of uniform large grain size perovskite thin
film in air condition via spray deposition method for high efficient planar solar cells. Sol. Energy Mater. Sol. Cells 2017, 162, 13-20.
[CrossRef]

Bishop, J.E.; Routledge, T.J.; Lidzey, D.G. Advances in spray-cast perovskite solar cells. J. Phys. Chem. Lett. 2018, 9, 1977-1984.
[CrossRef]

Bishop, J.E.; Smith, J.A.; Greenland, C.; Kumar, V.; Vaenas, N.; Game, O.S.; Routledge, T.J.; Wong-Stringer, M.; Rodenburg, C.;
Lidzey, D.G. High-Efficiency Spray-Coated Perovskite Solar Cells Utilizing Vacuum-Assisted Solution Processing. ACS Appl.
Mater. Interfaces 2018, 10, 39428-39434. [CrossRef]

Habibi, M.; Rahimzadeh, A.; Bennouna, I.; Eslamian, M. Defect-free large-area (25 cmz) light absorbing perovskite thin films
made by spray coating. Coatings 2017, 7, 42. [CrossRef]

Heo, ].H.; Lee, M.H,; Jang, M.H.; Im, S.H. Highly efficient CH3NH3PbI3—xClx mixed halide perovskite solar cells prepared by
re-dissolution and crystal grain growth via spray coating. J. Mater. Chem. A 2016, 4, 17636-17642. [CrossRef]

Huang, H.; Shi, J.; Zhu, L.; Li, D.; Luo, Y.; Meng, Q. Two-step ultrasonic spray deposition of CH3NH3PbI3 for efficient and
large-area perovskite solar cell. Nano Energy 2016, 27, 352-358. [CrossRef]

Mathies, F.; Eggers, H.; Richards, B.S.; Hernandez-Sosa, G.; Lemmer, U.; Paetzold, U.W. Inkjet-printed triple cation perovskite
solar cells. ACS Appl. Energy Mater. 2018, 1, 1834-1839. [CrossRef]

Park, M.; Cho, W.; Lee, G.; Hong, S.C.; Kim, M.C.; Yoon, J.; Ahn, N.; Choi, M. Highly Reproducible Large-Area Perovskite Solar
Cell Fabrication via Continuous Megasonic Spray Coating of CH3 NH3 PbI3. Small 2019, 15, €1804005. [CrossRef]

Remeika, M.; Raga, S.R.; Zhang, S.; Qi, Y. Transferrable optimization of spray-coated PbI 2 films for perovskite solar cell fabrication.
J. Mater. Chem. A 2017, 5, 5709-5718. [CrossRef]

Su, J.; Cai, H.; Ye, X.; Zhou, X,; Yang, ].; Wang, D.; Ni, J.; Li, J.; Zhang, ]. Efficient perovskite solar cells prepared by hot air blowing
to ultrasonic spraying in ambient air. ACS Appl. Mater. Interfaces 2019, 11, 10689-10696. [CrossRef]

Taheri, B.; Calabro, E.; Matteocci, E; Di Girolamo, D.; Cardone, G.; Liscio, A.; Di Carlo, A.; Brunetti, F. Automated Scalable Spray
Coating of SnO; for the Fabrication of Low-Temperature Perovskite Solar Cells and Modules. Energy Technol. 2020, 8, 1901284.
[CrossRef]

Bag, M.; Jiang, Z.; Renna, L.A.; Jeong, S.P; Rotello, V.M.; Venkataraman, D. Rapid combinatorial screening of inkjet-printed
alkyl-ammonium cations in perovskite solar cells. Mater. Lett. 2016, 164, 472-475. [CrossRef]

Wan, T.; Liu, H.-X. Exploitation of fractured shale oil resources by cyclic CO, injection. Pet. Sci. 2018, 15, 552-563. [CrossRef]
Li, S.G;; Jiang, K.J.; Su, M]J,; Cui, X.P,; Huang, ].H.; Zhang, Q.Q.; Zhou, X.Q.; Yang, L.M.; Song, Y.L. Inkjet printing of CH3NH;3PbI;
on a mesoscopic TiO, film for highly efficient perovskite solar cells. J. Mater. Chem. A 2015, 3, 9092-9097. [CrossRef]

Mathies, E.,; Abzieher, T.; Hochstuhl, A.; Glaser, K.; Colsmann, A.; Paetzold, U.W.; Hernandez-Sosa, G.; Lemmer, U.; Quintilla,
A. Multipass inkjet printed planar methylammonium lead iodide perovskite solar cells. ]. Mater. Chem. A 2016, 4, 19207-19213.
[CrossRef]

Xie, M.; Lu, H.; Zhang, L.; Wang, J.; Luo, Q.; Lin, J.; Ba, L.; Liu, H.; Shen, W.; Shi, L. Fully solution-processed semi-transparent
perovskite solar cells with ink-jet printed silver nanowires top electrode. Sol. RRL 2018, 2, 1700184. [CrossRef]

Duan, M.; Hu, Y;; Mei, A.; Rong, Y.; Han, H. Printable carbon-based hole-conductor-free mesoscopic perovskite solar cells: From
lab to market. Mater. Today Energy 2018, 7, 221-231. [CrossRef]

Guo, D.; Yu, J; Fan, K.; Zou, H.; He, B. Nanosheet-based printable perovskite solar cells. Sol. Energy Mater. Sol. Cells 2017, 159,
518-525. [CrossRef]

Raminafshar, C.; Dracopoulos, V.; Mohammadi, M.R.; Lianos, P. Carbon based perovskite solar cells constructed by screen-printed
components. Electrochim. Acta 2018, 276, 261-267. [CrossRef]


http://doi.org/10.1016/j.solmat.2017.11.010
http://doi.org/10.1016/j.solener.2018.11.020
http://doi.org/10.1002/adfm.201809194
http://doi.org/10.1021/acsami.8b02549
http://www.ncbi.nlm.nih.gov/pubmed/29668247
http://doi.org/10.1016/j.nanoen.2016.11.022
http://doi.org/10.1039/C8SE00368H
http://doi.org/10.1016/j.nanoen.2020.104842
http://doi.org/10.1016/j.solener.2020.05.005
http://doi.org/10.1016/j.solmat.2016.12.032
http://doi.org/10.1021/acs.jpclett.8b00311
http://doi.org/10.1021/acsami.8b14859
http://doi.org/10.3390/coatings7030042
http://doi.org/10.1039/C6TA06718B
http://doi.org/10.1016/j.nanoen.2016.07.026
http://doi.org/10.1021/acsaem.8b00222
http://doi.org/10.1002/smll.201804005
http://doi.org/10.1039/C6TA09922J
http://doi.org/10.1021/acsami.9b01843
http://doi.org/10.1002/ente.201901284
http://doi.org/10.1016/j.matlet.2015.11.058
http://doi.org/10.1007/s12182-018-0226-1
http://doi.org/10.1039/C4TA05675B
http://doi.org/10.1039/C6TA07972E
http://doi.org/10.1002/solr.201700184
http://doi.org/10.1016/j.mtener.2017.09.016
http://doi.org/10.1016/j.solmat.2016.09.043
http://doi.org/10.1016/j.electacta.2018.04.178

Materials 2021, 14, 6569 350f 41

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Rong, Y.; Ming, Y.; Ji, W,; Li, D.; Mei, A.; Hu, Y.; Han, H. Toward industrial-scale production of perovskite solar cells: Screen
printing, slot-die coating, and emerging techniques. J. Phys. Chem. Lett. 2018, 9, 2707-2713. [CrossRef]

Priyadarshi, A.; Bashir, A.; Gunawan, J.T.; Haur, L.J.; Bruno, A.; Akhter, Z.; Mathews, N.; Mhaisalkar, S.G. Simplified Architecture
of a Fully Printable Perovskite Solar Cell Using a Thick Zirconia Layer. Energy Technol. 2017, 5, 1866-1872. [CrossRef]

Bashir, A.; Lew, J.H.; Shukla, S.; Gupta, D.; Baikie, T.; Chakraborty, S.; Patidar, R.; Bruno, A.; Mhaisalkar, S.; Akhter, Z. Cu-doped
nickel oxide interface layer with nanoscale thickness for efficient and highly stable printable carbon-based perovskite solar cell.
Sol. Energy 2019, 182, 225-236. [CrossRef]

Liu, M.; Johnston, M.B.; Snaith, H.]. Efficient planar heterojunction perovskite solar cells by vapour deposition. Nature 2013, 501,
395-398. [CrossRef]

Leyden, M.R; Jiang, Y.; Qi, Y. Chemical vapor deposition grown formamidinium perovskite solar modules with high steady state
power and thermal stability. ]. Mater. Chem. A 2016, 4, 13125-13132. [CrossRef]

Tong, G.; Ono, LK,; Liu, Y,; Zhang, H.; Bu, T,; Qi, Y. Up-Scalable Fabrication of SnO2 with Multifunctional Interface for High
Performance Perovskite Solar Modules. Nanomicro Lett. 2021, 13, 155.

Li, J.; Wang, H.; Chin, X.Y.; Dewi, H.A; Vergeer, K.; Goh, TW.; Lim, ] WM.; Lew, ]. H.; Loh, K.P.; Soci, C.; et al. Highly Efficient
Thermally Co-evaporated Perovskite Solar Cells and Mini-modules. Joule 2020, 4, 1035-1053. [CrossRef]

Ono, L.K.; Wang, S.; Kato, Y.; Raga, S.R.; Qi, Y. Fabrication of semi-transparent perovskite films with centimeter-scale superior
uniformity by the hybrid deposition method. Energy Environ. Sci. 2014, 7, 3989-3993. [CrossRef]

Chen, Q.; Zhou, H.; Hong, Z.; Luo, S.; Duan, H.-S.; Wang, H.-H.; Liu, Y.; Li, G.; Yang, Y. Planar Heterojunction Perovskite Solar
Cells via Vapor-Assisted Solution Process. J. Am. Chem. Soc. 2013, 136, 622-625. [CrossRef]

Leyden, M.R.; Lee, M.V,; Raga, S.R.; Qi, Y. Large formamidinium lead trihalide perovskite solar cells using chemical vapor
deposition with high reproducibility and tunable chlorine concentrations. J. Mater. Chem. A 2015, 3, 16097-16103. [CrossRef]
Luo, P; Liu, Z.; Xia, W.; Yuan, C.; Cheng, J.; Lu, Y. A simple in situ tubular chemical vapor deposition processing of large-scale
efficient perovskite solar cells and the research on their novel roll-over phenomenon in J-V curves. |. Mater. Chem. A 2015, 3,
12443-12451. [CrossRef]

Todorov, T.; Gershon, T.; Gunawan, O.; Lee, Y.S.; Sturdevant, C.; Chang, L.-Y.; Guha, S. Monolithic Perovskite-CIGS Tandem Solar
Cells via In Situ Band Gap Engineering. Adv. Energy Mater. 2015, 5, 1500799. [CrossRef]

Li, Y,; He, X.-L.; Ding, B.; Gao, L.-L.; Yang, G.-J.; Li, C.-X,; Li, C.-J. Realizing full coverage of perovskite film on substrate surface
during solution processing: Characterization and elimination of uncovered surface. J. Power Sources 2016, 320, 204-211. [CrossRef]
Liao, H.-C.; Guo, P; Hsu, C.-P; Lin, M.; Wang, B.; Zeng, L.; Huang, W.; Soe, CM.M.; Su, W.-E,; Bedzyk, M.].; et al. Enhanced
Efficiency of Hot-Cast Large-Area Planar Perovskite Solar Cells/Modules Having Controlled Chloride Incorporation. Adv. Energy
Mater. 2017, 7, 1601660. [CrossRef]

Qiu, W.; Merckx, T.; Jaysankar, M.; Masse de la Huerta, C.; Rakocevic, L.; Zhang, W.; Paetzold, U.W.; Gehlhaar, R.; Froyen, L.;
Poortmans, J.; et al. Pinhole-free perovskite films for efficient solar modules. Energy Environ. Sci. 2016, 9, 484-489. [CrossRef]
Guo, Y.; Shoyama, K.; Sato, W.; Matsuo, Y.; Inoue, K.; Harano, K.; Liu, C.; Tanaka, H.; Nakamura, E. Chemical Pathways
Connecting Lead(I) Iodide and Perovskite via Polymeric Plumbate(II) Fiber. J. Am. Chem. Soc. 2015, 137, 15907-15914. [CrossRef]
Jin, J.; Li, H.; Chen, C.; Zhang, B.; Xu, L.; Dong, B.; Song, H.; Dai, Q. Enhanced Performance of Perovskite Solar Cells with Zinc
Chloride Additives. ACS Appl. Mater. Interfaces 2017, 9, 42875-42882. [CrossRef]

Zhang, F; Cong, J.; Li, Y.; Bergstrand, J.; Liu, H.; Cai, B.; Hajian, A.; Yao, Z.; Wang, L.; Hao, Y,; et al. A facile route to grain
morphology controllable perovskite thin films towards highly efficient perovskite solar cells. Nano Energy 2018, 53, 405-414.
[CrossRef]

Lee, JJW,; Kim, H.S.; Park, N.G. Lewis Acid-Base Adduct Approach for High Efficiency Perovskite Solar Cells. Acc. Chem. Res.
2016, 49, 311-319. [CrossRef] [PubMed]

Li, P; Zhang, Y.; Liang, C.; Xing, G.; Liu, X,; Li, F; Liu, X.; Hu, X,; Shao, G.; Song, Y. Phase Pure 2D Perovskite for High-Performance
2D-3D Heterostructured Perovskite Solar Cells. Adv. Mater. 2018, 30, €1805323. [CrossRef] [PubMed]

Ozaki, M.; Shimazaki, A.; Jung, M.; Nakaike, Y.; Maruyama, N.; Yakumaru, S.; Rafieh, A.I.; Sasamori, T.; Tokitoh, N.; Ekanayake,
P; et al. A Purified, Solvent-Intercalated Precursor Complex for Wide-Process-Window Fabrication of Efficient Perovskite Solar
Cells and Modules. Angew. Chem. Int. Ed. 2019, 58, 9389-9393. [CrossRef] [PubMed]

Li, J.; Dagar, J.; Shargaieva, O.; Flatken, M. A.; Kobler, H.; Fenske, M.; Schultz, C.; Stegemann, B.; Just, J.; Tobbens, D.M.; et al.
20.8% Slot-Die Coated MAPDbI(3) Perovskite Solar Cells by Optimal DMSO-Content and Age of 2-ME Based Precursor Inks. Adv.
Energy Mater. 2021, 11, 2003460. [CrossRef]

Chiang, C.-H.; Nazeeruddin, M.K.; Gratzel, M.; Wu, C.-G. The synergistic effect of H20 and DMF towards stable and 20%
efficiency inverted perovskite solar cells. Energy Environ. Sci. 2017, 10, 808-817. [CrossRef]

Chen, R;; Wu, Y;; Wang, Y.; Xu, R;; He, R;; Fan, Y;; Huang, X; Yin, J.; Wu, B.; Li, ].; et al. Crown Ether-Assisted Growth and Scaling
Up of FACsPbI(3) Films for Efficient and Stable Perovskite Solar Modules. Adv. Funct. Mater. 2021, 31, 2008760. [CrossRef]
Huang, H.-H.; Liu, Q.-H.; Tsai, H.; Shrestha, S.; Su, L.-Y.; Chen, P.-T.; Chen, Y.-T.; Yang, T.-A.; Lu, H.; Chuang, C.-H.; et al.
A simple one-step method with wide processing window for high-quality perovskite mini-module fabrication. Joule 2021, 5,
958-974. [CrossRef]

Bai, S.; Da, P; Li, C.; Wang, Z.; Yuan, Z.; Fu, E; Kawecki, M.; Liu, X.; Sakai, N.; Wang, ].T.; et al. Planar perovskite solar cells with
long-term stability using ionic liquid additives. Nature 2019, 571, 245-250. [CrossRef]


http://doi.org/10.1021/acs.jpclett.8b00912
http://doi.org/10.1002/ente.201700474
http://doi.org/10.1016/j.solener.2019.02.056
http://doi.org/10.1038/nature12509
http://doi.org/10.1039/C6TA04267H
http://doi.org/10.1016/j.joule.2020.03.005
http://doi.org/10.1039/C4EE02539C
http://doi.org/10.1021/ja411509g
http://doi.org/10.1039/C5TA03577E
http://doi.org/10.1039/C5TA02306H
http://doi.org/10.1002/aenm.201500799
http://doi.org/10.1016/j.jpowsour.2016.04.098
http://doi.org/10.1002/aenm.201601660
http://doi.org/10.1039/C5EE03703D
http://doi.org/10.1021/jacs.5b10599
http://doi.org/10.1021/acsami.7b15310
http://doi.org/10.1016/j.nanoen.2018.08.072
http://doi.org/10.1021/acs.accounts.5b00440
http://www.ncbi.nlm.nih.gov/pubmed/26797391
http://doi.org/10.1002/adma.201805323
http://www.ncbi.nlm.nih.gov/pubmed/30387210
http://doi.org/10.1002/anie.201902235
http://www.ncbi.nlm.nih.gov/pubmed/31033135
http://doi.org/10.1002/aenm.202003460
http://doi.org/10.1039/C6EE03586H
http://doi.org/10.1002/adfm.202008760
http://doi.org/10.1016/j.joule.2021.02.012
http://doi.org/10.1038/s41586-019-1357-2

Materials 2021, 14, 6569 36 of 41

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Bu, T.; Liu, X,; Li, J.; Huang, W.; Wu, Z.; Huang, F; Cheng, Y.-B.; Zhong, ]. Dynamic Antisolvent Engineering for Spin Coating of
10 x 10 em? Perovskite Solar Module Approaching 18%. Sol. RRL 2019, 4, 1900263. [CrossRef]

Zhao, P; Kim, B.J.; Ren, X.; Lee, D.G.; Bang, G.J.; Jeon, ].B.; Kim, W.B.; Jung, H.S. Antisolvent with an Ultrawide Processing
Window for the One-Step Fabrication of Efficient and Large-Area Perovskite Solar Cells. Adv. Mater. 2018, 30, €1802763. [CrossRef]
Chiang, C.-H.; Lin, J.-W.; Wu, C.-G. One-step fabrication of a mixed-halide perovskite film for a high-efficiency inverted solar cell
and module. J. Mater. Chem. A 2016, 4, 13525-13533. [CrossRef]

Huang, Z.; Hu, X.; Zhao, Z.; Meng, X.; Su, M.; Xue, T.; Chi, J.; Xie, H.; Cai, Z.; Chen, Y,; et al. Releasing Nanocapsules for
High-Throughput Printing of Stable Perovskite Solar Cells. Adv. Energy Mater. 2021, 11, 2101291. [CrossRef]

Gotanda, T.; Oooka, H.; Mori, S.; Nakao, H.; Amano, A.; Todori, K.; Nakai, Y.; Mizuguchi, K. Facile and scalable fabrication of
low-hysteresis perovskite solar cells and modules using a three-step process for the perovskite layer. J. Power Sources 2019, 430,
145-149. [CrossRef]

Dai, X.; Deng, Y.; Van Brackle, C.H.; Chen, S.; Rudd, P.N.; Xiao, X; Lin, Y.; Chen, B.; Huang, J. Scalable Fabrication of Efficient
Perovskite Solar Modules on Flexible Glass Substrates. Adv. Energy Mater. 2019, 10, 1903108. [CrossRef]

Chen, W.; Wu, Y;; Yue, Y;; Liu, J.; Zhang, W.; Yang, X.; Chen, H; Bi, E.; Ashraful, I; Gratzel, M.; et al. Efficient and stable large-area
perovskite solar cells with inorganic charge extraction layers. Science 2015, 350, 944-948. [CrossRef]

Song, J.; Zheng, E.; Bian, J.; Wang, X.-F,; Tian, W.; Sanehira, Y.; Miyasaka, T. Low-Temperature SnO,-Based Electron Selective
Contact for Efficient and Stable Perovskite Solar Cells. . Mater. Chem. A 2015, 3, 10837-10844. [CrossRef]

Liu, Q.; Qin, M.-C.; Ke, W.-].; Zheng, X.-L.; Chen, Z.; Qin, P.-L.; Xiong, L.-B.; Lei, H.-W.; Wan, J.-W.; Wen, J.; et al. Enhanced
Stability of Perovskite Solar Cells with Low-Temperature Hydrothermally Grown SnO2Electron Transport Layers. Adv. Funct.
Mater. 2016, 26, 6069-6075. [CrossRef]

Wang, C.; Zhao, D.; Grice, C.R.; Liao, W.; Yu, Y.; Cimaroli, A.; Shrestha, N.; Roland, P.J.; Chen, J.; Yu, Z.; et al. Low-temperature
Plasma-enhanced Atomic Layer Deposition of Tin Oxide Eectron Selective Layers for Highly Efficient Planar Perovskite Solar
Cells. J. Mater. Chem. A 2016, 4, 12080-12087. [CrossRef]

Agresti, A.; Pescetelli, S.; Palma, A.L.; Martin-Garcia, B.; Najafi, L.; Bellani, S.; Moreels, I.; Prato, M.; Bonaccorso, F.; Di Carlo,
A. Two-Dimensional Material Interface Engineering for Efficient Perovskite Large-Area Modules. ACS Energy Lett. 2019, 4,
1862-1871. [CrossRef]

Hu, Y; Si, S.; Mei, A.; Rong, Y.; Liu, H.; Li, X.; Han, H. Stable Large-Area (10 x 10 cm2) Printable Mesoscopic Perovskite Module
Exceeding 10% Efficiency. Sol. RRL 2017, 1, 1600019. [CrossRef]

Fu, E; Feurer, T.; Jager, T.; Avancini, E.; Bissig, B.; Yoon, S.; Buecheler, S.; Tiwari, A.N. Low-temperature-processed efficient
semi-transparent planar perovskite solar cells for bifacial and tandem applications. Nat. Commun. 2015, 6, 8932. [CrossRef]
[PubMed]

Kim, D.H.; Whitaker, J.B.; Li, Z.; van Hest, M.FA.M.; Zhu, K. Outlook and Challenges of Perovskite Solar Cells toward
Terawatt-Scale Photovoltaic Module Technology. Joule 2018, 2, 1437-1451. [CrossRef]

Rakocevic, L.; Gehlhaar, R.; Merckx, T.; Qiu, W.; Paetzold, U.W.,; Fledderus, H.; Poortmans, J. Interconnection Optimization for
Highly Efficient Perovskite Modules. IEEE ]. Photovolt. 2017, 7, 404—408. [CrossRef]

Bu, T; Li, ].; Zheng, F; Chen, W.; Wen, X.; Ku, Z.; Peng, Y.; Zhong, J.; Cheng, Y.B.; Huang, F. Universal passivation strategy
to slot-die printed SnO2 for hysteresis-free efficient flexible perovskite solar module. Nat. Commun. 2018, 9, 4609. [CrossRef]
[PubMed]

Gao, L.; Chen, L.; Huang, S.; Li, X.; Yang, G. Series and Parallel Module Design for Large-Area Perovskite Solar Cells. ACS Appl.
Energy Mater. 2019, 2, 3851-3859. [CrossRef]

Qiu, L,; Liu, Z.; Ono, L.K,; Jiang, Y.; Son, D.Y.; Hawash, Z.; He, S.; Qi, Y. Scalable Fabrication of Stable High Efficiency Perovskite
Solar Cells and Modules Utilizing Room Temperature Sputtered SnO2 Electron Transport Layer. Adv. Funct. Mater. 2018, 29,
1806779. [CrossRef]

Borchert, J.; Milot, R.L.; Patel, ].B.; Davies, C.L.; Wright, A.D.; Martinez Maestro, L.; Snaith, H.].; Herz, L.M.; Johnston, M.B.
Large-Area, Highly Uniform Evaporated Formamidinium Lead Triiodide Thin Films for Solar Cells. ACS Energy Lett. 2017, 2,
2799-2804. [CrossRef]

Qiu, L.; He, S.; Liu, Z.; Ono, L.K,; Son, D.-Y,; Liu, Y.; Tong, G.; Qi, Y. Rapid hybrid chemical vapor deposition for efficient and
hysteresis-free perovskite solar modules with an operation lifetime exceeding 800 hours. J. Mater. Chem. A 2020, 8, 23404-23412.
[CrossRef]

De Rossi, E; Baker, J.A.; Beynon, D.; Hooper, K.E.A.; Meroni, S.M.P.,; Williams, D.; Wei, Z.; Yasin, A.; Charbonneau, C.; Jewell,
E.H,; et al. All Printable Perovskite Solar Modules with 198 cm2 Active Area and Over 6% Efficiency. Adv. Mater. Technol. 2018, 3,
1800156. [CrossRef]

Higuchi, H.; Negami, T. Largest highly efficient 203 x 203 mm? CH3NH3PbI3 perovskite solar modules. Jpn. ]. Appl. Phys. 2018,
57,08rell. [CrossRef]

Tsarev, S.; Olthof, S.; Boldyreva, A.G.; Aldoshin, S.M.; Stevenson, K.J.; Troshin, P.A. Reactive modification of zinc oxide with
methylammonium iodide boosts the operational stability of perovskite solar cells. Nano Energy 2021, 83, 105774. [CrossRef]
Saliba, M.; Matsui, T.; Seo, ].Y.; Domanski, K.; Correa-Baena, J.P.; Nazeeruddin, M.K.; Zakeeruddin, S.M.; Tress, W.; Abate, A.;
Hagfeldt, A ; et al. Cesium-containing triple cation perovskite solar cells: Improved stability, reproducibility and high efficiency.
Energy Environ. Sci 2016, 9, 1989-1997. [CrossRef]


http://doi.org/10.1002/solr.201900263
http://doi.org/10.1002/adma.201802763
http://doi.org/10.1039/C6TA05209F
http://doi.org/10.1002/aenm.202101291
http://doi.org/10.1016/j.jpowsour.2019.05.012
http://doi.org/10.1002/aenm.201903108
http://doi.org/10.1126/science.aad1015
http://doi.org/10.1039/C5TA01207D
http://doi.org/10.1002/adfm.201600910
http://doi.org/10.1039/C6TA04503K
http://doi.org/10.1021/acsenergylett.9b01151
http://doi.org/10.1002/solr.201600019
http://doi.org/10.1038/ncomms9932
http://www.ncbi.nlm.nih.gov/pubmed/26576667
http://doi.org/10.1016/j.joule.2018.05.011
http://doi.org/10.1109/JPHOTOV.2016.2626144
http://doi.org/10.1038/s41467-018-07099-9
http://www.ncbi.nlm.nih.gov/pubmed/30389948
http://doi.org/10.1021/acsaem.9b00531
http://doi.org/10.1002/adfm.201806779
http://doi.org/10.1021/acsenergylett.7b00967
http://doi.org/10.1039/D0TA09007G
http://doi.org/10.1002/admt.201800156
http://doi.org/10.7567/JJAP.57.08RE11
http://doi.org/10.1016/j.nanoen.2021.105774
http://doi.org/10.1039/C5EE03874J

Materials 2021, 14, 6569 37 of 41

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Wang, Y.; Hu, Y,; Han, D.; Yuan, Q.; Cao, T.; Chen, N.; Zhou, D.; Cong, H.; Feng, L. Ammonia-treated graphene oxide and
PEDOT:PSS as hole transport layer for high-performance perovskite solar cells with enhanced stability. Org. Electron. 2019, 70,
63-70. [CrossRef]

Fu, Q.; Tang, X,; Huang, B.; Hu, T.; Tan, L.; Chen, L.; Chen, Y. Recent Progress on the Long-Term Stability of Perovskite Solar Cells.
Adv. Sci. 2018, 5, 1700387. [CrossRef]

Gil, B.;; Yun, AJ; Lee, Y,; Kim, J.; Lee, B.; Park, B. Recent progress in inorganic hole transport materials for efficient and stable
perovskite solar cells. Electron. Mater. Lett. 2019, 15, 505-524. [CrossRef]

Zhang, J.; Zhang, W.; Cheng, H.M.; Silva, S.R.P. Critical review of recent progress of flexible perovskite solar cells. Mater. Today
2020, 39, 66-88. [CrossRef]

Xiong, Q.; Tian, H.; Zhang, J.; Han, L.; Lu, C.; Shen, B.; Zhang, Y.; Zheng, Y.; Lu, C.; Zeng, Z.; et al. CuSCN modified PEDOT:PSS
to improve the efficiency of low temperature processed perovskite solar cells. Org. Electron. 2018, 61, 151-156. [CrossRef]

Liu, Y;; Liu, Z.; Lee, E.-C. High-Performance Inverted Perovskite Solar Cells Using Doped Poly(triarylamine) as the Hole Transport
Layer. ACS Appl. Energy Mater. 2019, 2, 1932-1942. [CrossRef]

Saygili, Y.; Kim, H.-S.; Yang, B.; Suo, J.; Mufioz-Garcia, A.B.; Pavone, M.; Hagfeldt, A. Revealing the Mechanism of Doping of
spiro-MeOTAD via Zn Complexation in the Absence of Oxygen and Light. ACS Energy Lett. 2020, 5, 1271-1277. [CrossRef]

Lin, Z.; Zhou, J.; Zhou, L.; Wang, K; Li, W.; Su, J.; Hao, Y.; Li, Y.; Chang, J. Simultaneously enhanced performance and stability of
inverted perovskite solar cells via a rational design of hole transport layer. Org. Electron. 2019, 73, 69-75. [CrossRef]

Liu, Y;; Hu, Y,; Zhang, X.; Zeng, P; Li, F.; Wang, B.; Yang, Q.; Liu, M. Inhibited aggregation of lithium salt in spiro-OMeTAD
toward highly efficient perovskite solar cells. Nano Energy 2020, 70, 104483. [CrossRef]

Guo, X,; Li, J.; Wang, B.; Zeng, P; Li, F; Yang, Q.; Chen, Y.; Liu, M. Improving and stabilizing perovskite solar cells with
incorporation of graphene in the spiro-OMeTAD layer: Suppressed Li ions migration and improved charge extraction. ACS Appl.
Energy Mater. 2019, 3, 970-976. [CrossRef]

Wu, J.; Liu, C,; Li, B,; Gu, F; Zhang, L.; Hu, M,; Deng, X.; Qiao, Y.; Mao, Y.; Tan, W.; et al. Side-Chain Polymers as Dopant-Free
Hole-Transporting Materials for Perovskite Solar Cells-The Impact of Substituents’ Positions in Carbazole on Device Performance.
ACS Appl. Mater. Interfaces 2019, 11, 26928-26937. [CrossRef]

Christians, J.A.; Schulz, P; Tinkham, ].S.; Schloemer, T.H.; Harvey, S.P.; Tremolet de Villers, B.J.; Sellinger, A.; Berry, ].].; Luther,
J.M. Tailored interfaces of unencapsulated perovskite solar cells for >1000 hour operational stability. Nat. Energy 2018, 3, 68-74.
[CrossRef]

Zhou, J.; Liu, M,; Xian, X,; Jiang, Y.; Liu, Q.; Wang, X. Measurements and modelling of CH4 and CO, adsorption behaviors on
shales: Implication for CO, enhanced shale gas recovery. Fuel 2019, 251, 293-306. [CrossRef]

Chen, W.; Wu, Y,; Fan, J.; Djurisi¢, A.B.; Liu, E; Tam, HW.,; Ng, A.; Surya, C.; Chan, W.K.; Wang, D.; et al. Understanding the
Doping Effect on NiO: Toward High-Performance Inverted Perovskite Solar Cells. Adv. Energy Mater. 2018, 8, 1703519. [CrossRef]
Yao, K; Li, F; He, Q.; Wang, X,; Jiang, Y.; Huang, H.; Jen, A.K.Y. A copper-doped nickel oxide bilayer for enhancing efficiency and
stability of hysteresis-free inverted mesoporous perovskite solar cells. Nano Energy 2017, 40, 155-162. [CrossRef]

Wei, Y.; Yao, K.; Wang, X,; Jiang, Y.; Liu, X.; Zhou, N.; Li, E. Improving the efficiency and environmental stability of inverted
planar perovskite solar cells via silver-doped nickel oxide hole-transporting layer. Appl. Surf. Sci. 2018, 427, 782-790. [CrossRef]
Yin, X.; Han, J.; Zhou, Y.; Gu, Y.; Tai, M.; Nan, H.; Zhou, Y.; Li, J.; Lin, H. Critical roles of potassium in charge-carrier balance and
diffusion induced defect passivation for efficient inverted perovskite solar cells. ]. Mater. Chem. A 2019, 7, 5666-5676. [CrossRef]
Chen, W,; Liu, FZ; Feng, X.Y.; Djurisi¢, A.B.; Chan, WK.; He, Z.B. Cesium Doped NiOx as an Efficient Hole Extraction Layer for
Inverted Planar Perovskite Solar Cells. Adv. Energy Mater. 2017, 7, 1700722. [CrossRef]

Saranin, D.; Gostischev, P,; Tatarinov, D.; Ermanova, I.; Mazov, V.; Muratov, D.; Tameev, A.; Kuznetsov, D.; Didenko, S.; Di Carlo,
A. Copper Iodide Interlayer for Improved Charge Extraction and Stability of Inverted Perovskite Solar Cells. Materials 2019, 12,
1406. [CrossRef]

Yu, Z.-K.; Fu, W.-F; Liu, W.-Q.; Zhang, Z.-Q.; Liu, Y.-J.; Yan, J.-L.; Ye, T.; Yang, W.-T.; Li, H.-Y.; Chen, H.-Z. Solution-processed
CuO as an efficient hole-extraction layer for inverted planar heterojunction perovskite solar cells. Chin. Chem. Lett. 2017, 28,
13-18. [CrossRef]

Li, X.; Yang, J.; Jiang, Q.; Lai, H.; Li, S.; Tan, Y.; Chen, Y,; Li, S. Perovskite solar cells employing an eco-friendly and low-cost
inorganic hole transport layer for enhanced photovoltaic performance and operational stability. J. Mater. Chem. A 2019, 7,
7065-7073. [CrossRef]

Wei, J.; Guo, F; Wang, X.; Xu, K,; Lei, M,; Liang, Y.; Zhao, Y.; Xu, D. SnO2 -in-Polymer Matrix for High-Efficiency Perovskite Solar
Cells with Improved Reproducibility and Stability. Adv. Mater. 2018, 30, e1805153. [CrossRef]

Liu, Z.; Deng, K.; Hu, J.; Li, L. Coagulated SnO2 Colloids for High-Performance Planar Perovskite Solar Cells with Negligible
Hysteresis and Improved Stability. Angew. Chem. Int. Ed. 2019, 58, 11497-11504. [CrossRef]

Kakavelakis, G.; Maksudov, T.; Konios, D.; Paradisanos, I.; Kioseoglou, G.; Stratakis, E.; Kymakis, E. Efficient and Highly Air
Stable Planar Inverted Perovskite Solar Cells with Reduced Graphene Oxide Doped PCBM Electron Transporting Layer. Adv.
Energy Mater. 2017, 7, 1602120. [CrossRef]

Xu, G.; Wang, S.; Bi, P; Chen, H.; Zhang, M.; Xue, R.; Hao, X.; Wang, Z.; Li, Y; Li, Y. Hydrophilic Fullerene Derivative Doping in
Active Layer and Electron Transport Layer for Enhancing Oxygen Stability of Perovskite Solar Cells. Sol. RRL 2019, 4, 1900249.
[CrossRef]


http://doi.org/10.1016/j.orgel.2019.03.048
http://doi.org/10.1002/advs.201700387
http://doi.org/10.1007/s13391-019-00163-6
http://doi.org/10.1016/j.mattod.2020.05.002
http://doi.org/10.1016/j.orgel.2018.05.033
http://doi.org/10.1021/acsaem.8b02047
http://doi.org/10.1021/acsenergylett.0c00319
http://doi.org/10.1016/j.orgel.2019.04.035
http://doi.org/10.1016/j.nanoen.2020.104483
http://doi.org/10.1021/acsaem.9b02037
http://doi.org/10.1021/acsami.9b07859
http://doi.org/10.1038/s41560-017-0067-y
http://doi.org/10.1016/j.fuel.2019.04.041
http://doi.org/10.1002/aenm.201703519
http://doi.org/10.1016/j.nanoen.2017.08.014
http://doi.org/10.1016/j.apsusc.2017.08.184
http://doi.org/10.1039/C8TA11782A
http://doi.org/10.1002/aenm.201700722
http://doi.org/10.3390/ma12091406
http://doi.org/10.1016/j.cclet.2016.06.021
http://doi.org/10.1039/C9TA01499C
http://doi.org/10.1002/adma.201805153
http://doi.org/10.1002/anie.201904945
http://doi.org/10.1002/aenm.201602120
http://doi.org/10.1002/solr.201900249

Materials 2021, 14, 6569 38 of 41

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Wang, Z.; Shi, Z.; Li, T.; Chen, Y.; Huang, W. Stability of Perovskite Solar Cells: A Prospective on the Substitution of the A Cation
and X Anion. Angew. Chem. Int. Ed. 2017, 56, 1190-1212. [CrossRef]

Park, B.W.; Seok, S.I. Intrinsic Instability of Inorganic-Organic Hybrid Halide Perovskite Materials. Adv. Mater. 2019, 31, e1805337.
[CrossRef]

Fan, Y.; Meng, H.; Wang, L.; Pang, S. Review of Stability Enhancement for Formamidinium-Based Perovskites. Sol. RRL 2019, 3,
1900215. [CrossRef]

Hao, F,; Stoumpos, C.C.; Chang, R.P.; Kanatzidis, M.G. Anomalous band gap behavior in mixed Sn and Pb perovskites enables
broadening of absorption spectrum in solar cells. J. Am. Chem. Soc. 2014, 136, 8094-8099. [CrossRef] [PubMed]
Krishnamoorthy, T.; Ding, H.; Yan, C.; Leong, W.L.; Baikie, T.; Zhang, Z.; Sherburne, M,; Li, S.; Asta, M.; Mathews, N.; et al.
Lead-free germanium iodide perovskite materials for photovoltaic applications. J. Mater. Chem. A 2015, 3, 23829-23832. [CrossRef]
Liang, J.; Liu, Z,; Qiu, L.; Hawash, Z.; Meng, L.; Wu, Z; Jiang, Y.; Ono, L.K,; Qi, Y. Enhancing Optical, Electronic, Crystalline, and
Morphological Properties of Cesium Lead Halide by Mn Substitution for High-Stability All-Inorganic Perovskite Solar Cells with
Carbon Electrodes. Adv. Energy Mater. 2018, 8, 1800504. [CrossRef]

Sun, H.; Zhang, J.; Gan, X,; Yu, L.; Yuan, H.; Shang, M.; Lu, C.; Hou, D.; Hu, Z; Zhu, Y,; et al. Pb-Reduced CsPb0.9Zn0.112Br Thin
Films for Efficient Perovskite Solar Cells. Adv. Energy Mater. 2019, 9, 1900896. [CrossRef]

Matteocci, F.; Vesce, L.; Kosasih, EU.; Castriotta, L.A.; Cacovich, S.; Palma, A.L.; Divitini, G.; Ducati, C.; Di Carlo, A. Fabrication
and Morphological Characterization of High-Efficiency Blade-Coated Perovskite Solar Modules. ACS Appl. Mater. Interfaces 2019,
11, 25195-25204. [CrossRef]

Matsui, T.; Yokoyama, T.; Negami, T.; Sekiguchi, T.; Saliba, M.; Gritzel, M.; Segawa, H. Effect of rubidium for thermal stability of
triple-cation perovskite solar cells. Chem. Lett. 2018, 47, 814-816. [CrossRef]

Turren-Cruz, S.H.; Hagfeldt, A.; Saliba, M. Methylammonium-free, high-performance, and stable perovskite solar cells on a
planar architecture. Science 2018, 362, 449—453. [CrossRef]

Duong, T.; Wu, Y.; Shen, H.; Peng, ].; Fu, X,; Jacobs, D.; Wang, E.-C.; Kho, T.C.; Fong, K.C.; Stocks, M.; et al. Rubidium Multication
Perovskite with Optimized Bandgap for Perovskite-Silicon Tandem with over 26% Efficiency. Adv. Energy Mater. 2017, 7, 1700228.
[CrossRef]

Bu, T,; Liu, X,; Zhou, Y.; Yi, J.; Huang, X.; Luo, L,; Xiao, J.; Ku, Z.; Peng, Y.; Huang, F.; et al. A novel quadruple-cation absorber for
universal hysteresis elimination for high efficiency and stable perovskite solar cells. Energy Environ. Sci. 2017, 10, 2509-2515.
[CrossRef]

Tong, G.; Son, D.-Y.; Ono, LK,; Liu, Y.; Hu, Y.; Zhang, H.; Jamshaid, A.; Qiu, L; Liu, Z.; Qi, Y. Scalable Fabrication of >90 cm(2)
Perovskite Solar Modules with >1000 h Operational Stability Based on the Intermediate Phase Strategy. Adv. Energy Mater. 2021,
11,2003712. [CrossRef]

Li, S; Hu, L; Zhang, C.; Wu, Y,; Liu, Y;; Sun, Q.; Cui, Y;; Hao, Y.; Wu, Y. In situ growth of a 2D/3D mixed perovskite interface
layer by seed-mediated and solvent-assisted Ostwald ripening for stable and efficient photovoltaics. J. Mater. Chem. C 2020, 8,
2425-2435. [CrossRef]

Lin, Y,; Bai, Y.; Fang, Y.; Chen, Z; Yang, S.; Zheng, X.; Tang, S.; Liu, Y.; Zhao, J.; Huang, J. Enhanced Thermal Stability in Perovskite
Solar Cells by Assembling 2D /3D Stacking Structures. |. Phys. Chem. Lett. 2018, 9, 654—658. [CrossRef]

Lee, JW.; Dai, Z.; Han, TH.; Choi, C.; Chang, S.Y.; Lee, S.J.; De Marco, N.; Zhao, H.; Sun, P.; Huang, Y.; et al. 2D perovskite
stabilized phase-pure formamidinium perovskite solar cells. Nat. Commun. 2018, 9, 3021. [CrossRef]

Kim, D.; Jung, H.J.; Park, L].; Larson, B.W.; Dunfield, S.P,; Xiao, C.; Kim, J.; Tong, J.; Boonmongkolras, P.; Ji, S.G.; et al. Efficient,
stable silicon tandem cells enabled by anion-engineered wide-bandgap perovskites. Science 2020, 368, 155-160. [CrossRef]
Zheng, X.; Hou, Y,; Bao, C.; Yin, J.; Yuan, F; Huang, Z.; Song, K.; Liu, ].; Troughton, J.; Gasparini, N.; et al. Managing grains and
interfaces via ligand anchoring enables 22.3%-efficiency inverted perovskite solar cells. Nat. Energy 2020, 5, 131-140. [CrossRef]
Liu, W,; Chu, L,; Liu, N.; Ma, Y.,; Hu, R,; Weng, Y.; Li, H.; Zhang, J.; Li, X.; Huang, W. Efficient perovskite solar cells fabricated by
manganese cations incorporated in hybrid perovskites. J. Mater. Chem. C 2019, 7, 11943-11952. [CrossRef]

Shai, X.; Wang, J.; Sun, P.; Huang, W.; Liao, P; Cheng, F.; Zhu, B.; Chang, S.-Y.; Yao, E.-P,; Shen, Y,; et al. Achieving ordered and
stable binary metal perovskite via strain engineering. Nano Energy 2018, 48, 117-127. [CrossRef]

Qin, P; Wu, T,; Wang, Z; Xiao, L.; Ma, L.; Ye, F; Xiong, L.; Chen, X.; Li, H.; Yu, X,; et al. Grain Boundary and Interface Passivation
with Core-Shell Au@CdS Nanospheres for High-Efficiency Perovskite Solar Cells. Adv. Funct. Mater. 2020, 30, 1908408. [CrossRef]
Sha, Y.; Bi, E.; Zhang, Y.; Ru, P,; Kong, W.; Zhang, P; Yang, X.; Chen, H.; Han, L. A Scalable Integrated Dopant-Free Heterostructure
to Stabilize Perovskite Solar Cell Modules. Adv. Energy Mater. 2021, 11, 2003301. [CrossRef]

Yu, J.C.; Hong, J.A; Jung, E.D.; Kim, D.B; Baek, S.-M; Lee, S.; Cho, S.; Park, S.S.; Choi, K.J.; Song, M.H. Highly efficient and stable
inverted perovskite solar cell employing PEDOT: GO composite layer as a hole transport layer. Sci. Rep. 2018, 8, 1-9.

Yu, J.C.; Badgujar, S.; Jung, E.D.; Singh, VK,; Kim, D.W.; Gierschner, J.; Lee, E.; Kim, Y.S.; Cho, S.; Kwon, M.S; et al. Highly
Efficient and Stable Inverted Perovskite Solar Cell Obtained via Treatment by Semiconducting Chemical Additive. Adv. Mater.
2019, 31, €1805554. [CrossRef]

Lee, Y.I; Jeon, N.J.; Kim, B.J.; Shim, H.; Yang, T.-Y.; Seok, S.I; Seo, ]J.; Im, S.G. A Low-Temperature Thin-Film Encapsulation for
Enhanced Stability of a Highly Efficient Perovskite Solar Cell. Adv. Energy Mater. 2018, 8, 1701928. [CrossRef]

Ouedraogo, N.A.N.; Chen, Y;; Xiao, Y.Y.; Meng, Q.; Han, C.B; Yan, H.; Zhang, Y. Stability of all-inorganic perovskite solar cells.
Nano Energy 2020, 67, 104249. [CrossRef]


http://doi.org/10.1002/anie.201603694
http://doi.org/10.1002/adma.201805337
http://doi.org/10.1002/solr.201900215
http://doi.org/10.1021/ja5033259
http://www.ncbi.nlm.nih.gov/pubmed/24823301
http://doi.org/10.1039/C5TA05741H
http://doi.org/10.1002/aenm.201800504
http://doi.org/10.1002/aenm.201900896
http://doi.org/10.1021/acsami.9b05730
http://doi.org/10.1246/cl.180211
http://doi.org/10.1126/science.aat3583
http://doi.org/10.1002/aenm.201700228
http://doi.org/10.1039/C7EE02634J
http://doi.org/10.1002/aenm.202003712
http://doi.org/10.1039/C9TC05212G
http://doi.org/10.1021/acs.jpclett.7b02679
http://doi.org/10.1038/s41467-018-05454-4
http://doi.org/10.1126/science.aba3433
http://doi.org/10.1038/s41560-019-0538-4
http://doi.org/10.1039/C9TC03375K
http://doi.org/10.1016/j.nanoen.2018.03.047
http://doi.org/10.1002/adfm.201908408
http://doi.org/10.1002/aenm.202003301
http://doi.org/10.1002/adma.201805554
http://doi.org/10.1002/aenm.201701928
http://doi.org/10.1016/j.nanoen.2019.104249

Materials 2021, 14, 6569 39 of 41

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Liang, J.; Zhao, P.; Wang, C.; Wang, Y;; Hu, Y.; Zhu, G.; Ma, L.; Liu, J.; Jin, Z. CsPb0.9Sn0.1IBr2 Based All-Inorganic Perovskite
Solar Cells with Exceptional Efficiency and Stability. . Am. Chem. Soc. 2017, 139, 14009-14012. [CrossRef]

Tan, X,; Liu, X,; Liu, Z.; Sun, B.; Li, J.; Xi, S.; Shi, T.; Tang, Z.; Liao, G. Enhancing the optical, morphological and electronic
properties of the solution-processed CsPbIBr2 films by Li doping for efficient carbon-based perovskite solar cells. Appl. Surf. Sci.
2020, 499, 143990. [CrossRef]

Xiang, W.; Wang, Z.; Kubicki, D.J.; Tress, W.; Luo, J.; Prochowicz, D.; Akin, S.; Emsley, L.; Zhou, J.; Dietler, G.; et al. Europium-
Doped CsPbI2Br for Stable and Highly Efficient Inorganic Perovskite Solar Cells. Joule 2019, 3, 205-214. [CrossRef]

Wang, Z.; Gan, J.; Liu, X.; Shi, H.; Wei, Q.; Zeng, Q.; Qiao, L.; Zheng, Y. Over 1 um electron-hole diffusion lengths in CsPbI2Br for
high efficient solar cells. J. Power Sources 2020, 454, 227913. [CrossRef]

Wu, S.; Chen, R.; Zhang, S.; Babu, B.H.; Yue, Y.; Zhu, H.; Yang, Z.; Chen, C.; Chen, W.; Huang, Y. A chemically inert bismuth
interlayer enhances long-term stability of inverted perovskite solar cells. Nat. Commun. 2019, 10, 1161. [CrossRef]

Luo, Q.; Ma, H,; Hou, Q.; Li, Y;; Ren, J.; Dai, X.; Yao, Z.; Zhou, Y.; Xiang, L.; Du, H.; et al. All-Carbon-Electrode-Based Endurable
Flexible Perovskite Solar Cells. Adv. Funct. Mater. 2018, 28, 1706777. [CrossRef]

Jiang, X.; Yu, Z,; Li, H.-B.; Zhao, Y.; Qu, J; Lai, J.; Ma, W,; Wang, D.; Yang, X.; Sun, L. A solution-processable copper(ii)
phthalocyanine derivative as a dopant-free hole-transporting material for efficient and stable carbon counter electrode-based
perovskite solar cells. J. Mater. Chem. A 2017, 5, 17862-17866. [CrossRef]

Nie, W,; Blancon, J.C.; Neukirch, A.].; Appavoo, K.; Tsai, H.; Chhowalla, M.; Alam, M.A_; Sfeir, M.Y.; Katan, C.; Even, J.; et al.
Light-activated photocurrent degradation and self-healing in perovskite solar cells. Nat. Commun. 2016, 7, 11574. [CrossRef]
[PubMed]

Jeong, K.; Byeon, J.; Jang, J.; Ahn, N.; Choi, M.]. Pulsatile therapy for perovskite solar cells. arXiv 2020, arXiv:2007.06190. Available
online: https://ui.adsabs.harvard.edu/abs/2020arXiv200706190] (accessed on 1 July 2020).

Zhang, H.; Xiao, J.; Shi, ].; Su, H.; Luo, Y.; Li, D.; Wu, H.; Cheng, Y.-B.; Meng, Q. Self-Adhesive Macroporous Carbon Electrodes
for Efficient and Stable Perovskite Solar Cells. Adv. Funct. Mater. 2018, 28, 1802985. [CrossRef]

Ramasamy, E.; Karthikeyan, V.; Rameshkumar, K.; Veerappan, G. Glass-to-glass encapsulation with ultraviolet light curable
epoxy edge sealing for stable perovskite solar cells. Mater. Lett. 2019, 250, 51-54. [CrossRef]

Fu, Z.; Xu, M,; Sheng, Y.; Yan, Z.; Meng, |.; Tong, C.; Li, D.; Wan, Z.; Ming, Y.; Mei, A ; et al. Encapsulation of Printable Mesoscopic
Perovskite Solar Cells Enables High Temperature and Long-Term Outdoor Stability. Adv. Funct. Mater. 2019, 29, 1809129.
[CrossRef]

Cheacharoen, R.; Boyd, C.C.; Burkhard, G.F; Leijtens, T.; Raiford, J.A.; Bush, K.A.; Bent, S.F; McGehee, M.D. Encapsulating
perovskite solar cells to withstand damp heat and thermal cycling. Sustain. Energy Fuels 2018, 2, 2398-2406. [CrossRef]

Shi, L.; Young, T.L.; Kim, J.; Sheng, Y.; Wang, L.; Chen, Y.; Feng, Z.; Keevers, M.].; Hao, X.; Verlinden, P].; et al. Accelerated
Lifetime Testing of Organic-Inorganic Perovskite Solar Cells Encapsulated by Polyisobutylene. ACS Appl. Mater. Interfaces 2017, 9,
25073-25081. [CrossRef]

Dong, Q.; Liu, F; Wong, M.K,; Tam, HW.; Djurisic, A.B.; Ng, A.; Surya, C.; Chan, WK_; Ng, A.M. Encapsulation of Perovskite
Solar Cells for High Humidity Conditions. ChemSusChem 2016, 9, 2597-2603. [CrossRef]

Alberti, A.; Deretzis, I.; Mannino, G.; Smecca, E.; Giannazzo, F,; Listorti, A.; Colella, S.; Masi, S.; Magna, A. Nitrogen Soaking
Promotes Lattice Recovery in Polycrystalline Hybrid Perovskites. Adv. Energy Mater. 2019, 9, 1803450. [CrossRef]

Wang, C.; Tan, G.; Luo, X; Li, J.; Gao, X.; Mo, Y.; Zhang, X.-L.; Wang, X.; Huang, F. How to fabricate efficient perovskite solar
mini-modules in lab. ]. Power Sources 2020, 466, 228321. [CrossRef]

Wei, M.; Xiao, K.; Walters, G.; Lin, R.; Zhao, Y.; Saidaminov, M.L; Todorovic, P.; Johnston, A.; Huang, Z.; Chen, H.; et al. Combining
Efficiency and Stability in Mixed Tin-Lead Perovskite Solar Cells by Capping Grains with an Ultrathin 2D Layer. Adv. Mater.
2020, 32, €1907058. [CrossRef]

Leijtens, T.; Prasanna, R.; Bush, K.A.; Eperon, G.E.; Raiford, ].A.; Gold-Parker, A.; Wolf, E.J.; Swifter, S.A.; Boyd, C.C.; Wang, H.-P.
Tin-lead halide perovskites with improved thermal and air stability for efficient all-perovskite tandem solar cells. Sustain. Energy
Fuels 2018, 2, 2450-2459. [CrossRef]

Jung, E.H.; Jeon, N.J.; Park, E.Y.; Moon, C.S.; Shin, T.].; Yang, T.Y,; Noh, ].H.; Seo, ]. Efficient, stable and scalable perovskite solar
cells using poly(3-hexylthiophene). Nature 2019, 567, 511-515. [CrossRef]

Lim, K.-S.; Lee, D.-K; Lee, J.-W,; Park, N.-G. 17% efficient perovskite solar mini-module via hexamethylphosphoramide (HMPA)-
adduct-based large-area D-bar coating. J. Mater. Chem. A 2020, 8, 9345-9354. [CrossRef]

Ma, Z; Xiao, Z.; Zhou, W.; Jin, L.; Huang, D.; Jiang, H.; Yang, T; Liu, Y.; Huang, Y. Efficient CH3NH3PbI3-x (SeCN) x perovskite
solar cells with improved crystallization and defect passivation. J. Alloy. Compd. 2020, 822, 153539. [CrossRef]

Zhao, X.; Yao, C; Liu, T.; Hamill, ].C,, Jr.; Ngongang Ndjawa, G.O.; Cheng, G.; Yao, N.; Meng, H.; Loo, Y.L. Extending the
photovoltaic response of perovskite solar cells into the near-infrared with a narrow-bandgap organic semiconductor. Adv. Mater.
2019, 31, 1904494. [CrossRef]

Wang, H.; Wang, Z.; Yang, Z.; Xu, Y,; Ding, Y; Tan, L.; Yi, C.; Zhang, Z.; Meng, K.; Chen, G.; et al. Ligand-Modulated Excess Pbl,
Nanosheets for Highly Efficient and Stable Perovskite Solar Cells. Adv. Mater. 2020, 32, €2000865. [CrossRef]

Babayigit, A.; Ethirajan, A.; Muller, M.; Conings, B. Toxicity of organometal halide perovskite solar cells. Nat. Mater. 2016, 15,
247-251. [CrossRef]


http://doi.org/10.1021/jacs.7b07949
http://doi.org/10.1016/j.apsusc.2019.143990
http://doi.org/10.1016/j.joule.2018.10.008
http://doi.org/10.1016/j.jpowsour.2020.227913
http://doi.org/10.1038/s41467-019-09167-0
http://doi.org/10.1002/adfm.201706777
http://doi.org/10.1039/C7TA04569G
http://doi.org/10.1038/ncomms11574
http://www.ncbi.nlm.nih.gov/pubmed/27181192
https://ui.adsabs.harvard.edu/abs/2020arXiv200706190J
http://doi.org/10.1002/adfm.201802985
http://doi.org/10.1016/j.matlet.2019.04.082
http://doi.org/10.1002/adfm.201809129
http://doi.org/10.1039/C8SE00250A
http://doi.org/10.1021/acsami.7b07625
http://doi.org/10.1002/cssc.201600868
http://doi.org/10.1002/aenm.201803450
http://doi.org/10.1016/j.jpowsour.2020.228321
http://doi.org/10.1002/adma.201907058
http://doi.org/10.1039/C8SE00314A
http://doi.org/10.1038/s41586-019-1036-3
http://doi.org/10.1039/D0TA02017F
http://doi.org/10.1016/j.jallcom.2019.153539
http://doi.org/10.1002/adma.201904494
http://doi.org/10.1002/adma.202000865
http://doi.org/10.1038/nmat4572

Materials 2021, 14, 6569 40 of 41

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

Jiang, Y.; Qiu, L.; Juarez-Perez, E.J.; Ono, L.K,; Hu, Z,; Liu, Z.; Wu, Z.; Meng, L.; Wang, Q.; Qi, Y. Reduction of lead leakage from
damaged lead halide perovskite solar modules using self-healing polymer-based encapsulation. Nat. Energy 2019, 4, 585-593.
[CrossRef]

Du, K.Z.; Meng, W.; Wang, X,; Yan, Y.; Mitzi, D.B. Bandgap Engineering of Lead-Free Double Perovskite Cs2 AgBiBr6 through
Trivalent Metal Alloying. Angew. Chem. Int. Ed. 2017, 56, 8158-8162. [CrossRef]

Wang, M.; Zeng, P; Bai, S.; Gu, ].; Li, F; Yang, Z.; Liu, M. High-Quality Sequential-Vapor-Deposited Cs2AgBiBr6 Thin Films for
Lead-Free Perovskite Solar Cells. Sol. RRL 2018, 2, 1800217. [CrossRef]

Zhang, Z.; Li, X.; Xia, X.; Wang, Z.; Huang, Z.; Lei, B.; Gao, Y. High-Quality (CH3NH3)3Bi2I9 Film-Based Solar Cells: Pushing
Efficiency up to 1.64. ]. Phys. Chem. Lett. 2017, 8, 4300-4307. [CrossRef] [PubMed]

Chen, M.; Ju, M.G; Garces, H.F,; Carl, A.D.; Ono, L K.; Hawash, Z.; Zhang, Y.; Shen, T,; Qi, Y.; Grimm, R.L.; et al. Highly stable
and efficient all-inorganic lead-free perovskite solar cells with native-oxide passivation. Nat. Commun. 2019, 10, 16. [CrossRef]
[PubMed]

Dang, Y.; Zhou, Y.; Liu, X,; Ju, D.; Xia, S.; Xia, H.; Tao, X. Formation of Hybrid Perovskite Tin Iodide Single Crystals by Top-Seeded
Solution Growth. Angew. Chem. Int. Ed. 2016, 55, 3447-3450. [CrossRef]

He, X.;; Wu, T,; Liu, X,; Wang, Y.; Meng, X.; Wu, J.; Noda, T.; Yang, X.; Moritomo, Y.; Segawa, H.; et al. Highly efficient tin
perovskite solar cells achieved in a wide oxygen concentration range. J. Mater. Chem. A 2020, 8, 2760-2768. [CrossRef]
Nishimura, K.; Kamarudin, M.A.; Hirotani, D.; Hamada, K.; Shen, Q.; Iikubo, S.; Minemoto, T.; Yoshino, K.; Hayase, S. Lead-free
tin-halide perovskite solar cells with 13% efficiency. Nano Energy 2020, 74, 104858. [CrossRef]

Shao, S.; Liu, J.; Portale, G.; Fang, H.-H.; Blake, G.R.; ten Brink, G.H.; Koster, L.].A.; Loi, M.A. Highly Reproducible Sn-Based
Hybrid Perovskite Solar Cells with 9% Efficiency. Adv. Energy Mater. 2018, 8, 1702019. [CrossRef]

Chen, Q.; Luo, J.; He, R;; Lai, H.; Ren, S; Jiang, Y.; Wan, Z.; Wang, W.; Hao, X.; Wang, Y.; et al. Unveiling Roles of Tin Fluoride
Additives in High-Efficiency Low-Bandgap Mixed Tin-Lead Perovskite Solar Cells. Adv. Energy Mater. 2021, 11, 2101045.
[CrossRef]

Chen, M,; Ju, M.-G.; Carl, A.D.; Zong, Y.; Grimm, R.L.; Gu, J.; Zeng, X.C.; Zhou, Y.; Padture, N.P. Cesium Titanium(IV) Bromide
Thin Films Based Stable Lead-free Perovskite Solar Cells. Joule 2018, 2, 558-570. [CrossRef]

Ju, M.-G.; Chen, M.; Zhou, Y.; Garces, H.F,; Dai, ].; Ma, L.; Padture, N.P; Zeng, X.C. Earth-Abundant Nontoxic Titanium(IV)-based
Vacancy-Ordered Double Perovskite Halides with Tunable 1.0 to 1.8 eV Bandgaps for Photovoltaic Applications. ACS Energy Lett.
2018, 3, 297-304. [CrossRef]

Park, N.-G.; Grétzel, M.; Miyasaka, T.; Zhu, K.; Emery, K. Towards stable and commercially available perovskite solar cells. Nat.
Energy 2016, 1, 16152. [CrossRef]

Berry, ].J.; van de Lagemaat, J.; Al-Jassim, M.M.; Kurtz, S.; Yan, Y.; Zhu, K. Perovskite Photovoltaics: The Path to a Printable
Terawatt-Scale Technology. ACS Energy Lett. 2017, 2, 2540-2544. [CrossRef]

Ahn, N,; Son, D.Y,; Jang, LH.; Kang, S.M.; Choi, M.; Park, N.G. Highly Reproducible Perovskite Solar Cells with Average Efficiency
of 18.3% and Best Efficiency of 19.7% Fabricated via Lewis Base Adduct of Lead(II) Iodide. J. Am. Chem. Soc. 2015, 137, 8696-8699.
[CrossRef]

Nie, W.; Tsai, H.; Asadpour, R.; Blancon, J.C.; Neukirch, A.].; Gupta, G.; Crochet, ].].; Chhowalla, M.; Tretiak, S.; Alam, M.A.; et al.
High-efficiency solution-processed perovskite solar cells with millimeter-scale grains. Science 2015, 347, 522-525. [CrossRef]
Kim, D.H,; Park, J.; Li, Z,; Yang, M,; Park, ].S.; Park, L].; Kim, ].Y.; Berry, ].].; Rumbles, G.; Zhu, K. 300% Enhancement of Carrier
Mobility in Uniaxial-Oriented Perovskite Films Formed by Topotactic-Oriented Attachment. Adv. Mater. 2017, 29, 1606831.
[CrossRef]

Shen, D.; Yu, X,; Cai, X,; Peng, M.; Ma, Y,; Su, X,; Xiao, L.; Zou, D. Understanding the solvent-assisted crystallization mechanism
inherent in efficient organic—inorganic halide perovskite solar cells. . Mater. Chem. A 2014, 2, 20454-20461. [CrossRef]

Lv, M,; Dong, X.; Fang, X.; Lin, B.; Zhang, S.; Ding, J.; Yuan, N. A promising alternative solvent of perovskite to induce rapid
crystallization for high-efficiency photovoltaic devices. RSC Adv. 2015, 5, 20521-20529. [CrossRef]

Yang, M.; Kim, D.H.; Klein, T.R.; Li, Z.; Reese, M.O.; Tremolet de Villers, B.].; Berry, J.J.; van Hest, M.FA.M.; Zhu, K. Highly
Efficient Perovskite Solar Modules by Scalable Fabrication and Interconnection Optimization. ACS Energy Lett. 2018, 3, 322-328.
[CrossRef]

Hsieh, T.Y.; Wei, T.C.; Wu, K.L.; Ikegami, M.; Miyasaka, T. Efficient perovskite solar cells fabricated using an aqueous lead nitrate
precursor. Chem. Commun. 2015, 51, 13294-13297. [CrossRef]

Kosta, I.; Grande, H.; Tena-Zaera, R. Dimethylformamide-free processing of halide perovskite solar cells from electrodeposited
PbI2 precursor films. Electrochim. Acta 2017, 246, 1193-1199. [CrossRef]

Sveinbjornsson, K.; Kyi Thein, N.K.; Saki, Z.; Svanstrom, S.; Yang, W.; Cappel, U.B.; Rensmo, H.; Boschloo, G.; Aitola, K;
Johansson, E.M.]. Preparation of mixed-ion and inorganic perovskite films using water and isopropanol as solvents for solar cell
applications. Sustain. Enerqy Fuels 2018, 2, 606-615. [CrossRef]

Gardner, K.L,; Tait, ].G.; Merckx, T.; Qiu, W.; Paetzold, U.W.; Kootstra, L.; Jaysankar, M.; Gehlhaar, R.; Cheyns, D.; Heremans, P.;
et al. Nonhazardous Solvent Systems for Processing Perovskite Photovoltaics. Adv. Energy Mater. 2016, 6, 1600386. [CrossRef]
Noel, N.K.; Habisreutinger, S.N.; Wenger, B.; Klug, M.T.; Hérantner, M.T.; Johnston, M.B.; Nicholas, R.J.; Moore, D.T.; Snaith, H.J.
A low viscosity, low boiling point, clean solvent system for the rapid crystallisation of highly specular perovskite films. Energy
Environ. Sci. 2017, 10, 145-152. [CrossRef]


http://doi.org/10.1038/s41560-019-0406-2
http://doi.org/10.1002/anie.201703970
http://doi.org/10.1002/solr.201800217
http://doi.org/10.1021/acs.jpclett.7b01952
http://www.ncbi.nlm.nih.gov/pubmed/28840727
http://doi.org/10.1038/s41467-018-07951-y
http://www.ncbi.nlm.nih.gov/pubmed/30604757
http://doi.org/10.1002/anie.201511792
http://doi.org/10.1039/C9TA13159K
http://doi.org/10.1016/j.nanoen.2020.104858
http://doi.org/10.1002/aenm.201702019
http://doi.org/10.1002/aenm.202101045
http://doi.org/10.1016/j.joule.2018.01.009
http://doi.org/10.1021/acsenergylett.7b01167
http://doi.org/10.1038/nenergy.2016.152
http://doi.org/10.1021/acsenergylett.7b00964
http://doi.org/10.1021/jacs.5b04930
http://doi.org/10.1126/science.aaa0472
http://doi.org/10.1002/adma.201606831
http://doi.org/10.1039/C4TA05635C
http://doi.org/10.1039/C4RA16253F
http://doi.org/10.1021/acsenergylett.7b01221
http://doi.org/10.1039/C5CC05298J
http://doi.org/10.1016/j.electacta.2017.06.104
http://doi.org/10.1039/C7SE00538E
http://doi.org/10.1002/aenm.201600386
http://doi.org/10.1039/C6EE02373H

Materials 2021, 14, 6569 41 of 41

225.

226.

227.

228.

229.

230.

Cai, M.; Wu, Y,; Chen, H.; Yang, X.; Qiang, Y.; Han, L. Cost-Performance Analysis of Perovskite Solar Modules. Adv. Sci. 2017, 4,
1600269. [CrossRef]

Binek, A.; Petrus, M.L.; Huber, N.; Bristow, H.; Hu, Y.; Bein, T.; Docampo, P. Recycling Perovskite Solar Cells To Avoid Lead
Waste. ACS Appl. Mater. Interfaces 2016, 8, 12881-12886. [CrossRef]

Augustine, B.; Remes, K.; Lorite, G.S.; Varghese, J.; Fabritius, T. Recycling perovskite solar cells through inexpensive quality
recovery and reuse of patterned indium tin oxide and substrates from expired devices by single solvent treatment. Sol. Energy
Mater. Sol. Cells 2019, 194, 74-82. [CrossRef]

Chhillar, P.; Dhamaniya, B.P.,; Dutta, V,; Pathak, S.K. Recycling of Perovskite Films: Route toward Cost-Efficient and Environment-
Friendly Perovskite Technology. ACS Omega 2019, 4, 11880-11887. [CrossRef]

Chang, N.L.; Yi Ho-Baillie, A.W.; Basore, P.A.; Young, T.L.; Evans, R.; Egan, R.J. A manufacturing cost estimation method with
uncertainty analysis and its application to perovskite on glass photovoltaic modules. Prog. Photovolt. Res. Appl. 2017, 25, 390-405.
[CrossRef]

Song, Z.; McElvany, C.L.; Phillips, A.B.; Celik, I.; Krantz, PW.; Watthage, S.C.; Liyanage, G.K.; Apul, D.; Heben, M.]. A
technoeconomic analysis of perovskite solar module manufacturing with low-cost materials and techniques. Energy Environ. Sci.
2017, 10, 1297-1305. [CrossRef]


http://doi.org/10.1002/advs.201600269
http://doi.org/10.1021/acsami.6b03767
http://doi.org/10.1016/j.solmat.2019.01.041
http://doi.org/10.1021/acsomega.9b01053
http://doi.org/10.1002/pip.2871
http://doi.org/10.1039/C7EE00757D

	Introduction 
	Improved Performance of Large-Area PSMs 
	Scalable Coating Methods 
	Blade Coating 
	Slot-Die Coating 
	Spray Coating 
	Inkjet Printing 
	Screen Printing 

	Upscaling of the Absorber Layer 
	Compositional Engineering 
	Solvent and Antisolvent Engineering 
	Physical Methods 

	Upscaling of the Transport Layer (ETL & HTL) and Back Electrode 
	Module Design 
	Fabrication of Series Connected Modules 
	Optimization of Series-Connected Modules 


	Stability of PSCs 
	The Stability of the Hole Transport Layer 
	Organic HTMs 
	Inorganic HTMs 

	The Stability of the Electron Transport Layer 
	The Stability of the Perovskite Layer 
	Organic–Inorganic Hybrid Perovskites 
	All-Inorganic PSCs 

	The Stability of Electrodes 
	External Encapsulation Engineering 

	Other Issues of Commercialization 
	Risk and Hazards 
	Cost-Related Analysis 

	Conclusions and Perspectives 
	References

