Nano Research

Energy

ISSN 2791-0091 (print); 2790-8119 (online)
https://doi.org/10.26599/NRE.2022.9120024

NI
@

High-performance large-area perovskite photovoltaic modules

Liang Chu' (>4), Shuaibo Zhai®, Waqar Ahmad?®, Jing Zhang4 (), Yue Zang1, Wensheng Yan' (Xd), and
Yongfang Li°

! Institute of Carbon Neutrality and New Energy & School of Electronics and Information, Hangzhou Dianzi University, Hangzhou 310018, China

2 School of Electronic and Optic Engineering, Nanjing University of Posts and Telecommunications, Nanjing 210023, China

3 Department of Physics, Faculty of Sciences, University of Sialkot, Punjab 51310, Pakistan

* School of Materials Science & Engineering, Jiangsu Collaborative Innovation Center of Photovoltaic Science & Engineering, Changzhou University,
Changzhou 213164, China

® Beijing National Laboratory for Molecular Sciences, CAS Key Laboratory of Organic Solids, Institute of Chemistry, Chinese Academy of Sciences,
Beijing 100190, China

Received: 25 June 2022 / Revised: 17 July 2022 / Accepted: 18 July 2022

ABSTRACT

Perovskite solar cells (Pero-SCs) exhibited a bright future for the next generation of photovoltaic technology because of
their high power conversion efficiency (PCE), low cost, and simple solution process. The certified laboratory-scale PCE has
reached 25.7% referred to small scale (< 0.1 cm2) of Pero-SCs. However, with the increase of the area to module scale, the
PCE drops dramatically mainly due to the inadequate regulation of growing large-area perovskite films. Therefore, there
is a dire need to produce high-quality perovskite films for large-area photovoltaic modules. Herein, we summarize the
recent advances in perovskite photovoltaic modules (PPMs) with particular attention paid to the coating methods, as well
as the growth regulation of the high-quality and large-area perovskite films. Furthermore, this study encompasses future

development directions and prospects for PPMs.
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1 Introduction

At present, perovskite solar cells (Pero-SCs) have attracted
great attention from both academia and industry due to their
unique advantages [1, 2]. Its suitable optoelectronic properties
for photovoltaic applications such as flexible direct bandgap,
broad absorption spectra, long carrier diffusion length, and
high carrier mobility [3-6] led to the rapid development of
Pero-SCs reaching the record power conversion efficiency
(PCE) of certified 25.7%. In particular, the high-efficiency
Pero-SCs can be manufactured through a low-cost solution
process, which shows charming prospects for future
commercialization. Despite these enormous achievements,
Pero-SCs with high efficiency are usually fabricated with an
area of less than 0.1 cm?®. However, enlarging the perovskite
films for efficient and stable photovoltaic modules remains
difficult for commercialization [7, 8].

For industrial applications, the photovoltaic modules are
categorized as large module (> 14,000 cm?), standard module
(6,500-14,000 cm?), small module (800-6,500 cm?), and
mini-module (200-800 cm?). According to National Renewable
Energy Laboratory (NREL) “champion photovoltaic module

efficiency chat”, the first certified PCE (11.7%) of perovskite
photovoltaic modules (PPMs) was reported by Toshiba in
2018 for mini-module of 703 cm? [9]. In 2019, Microauanta
successively achieved 11.98% and 14.24% certified PCE for
mini-modules. In 2020, Panasonic delivered the certified PCE
of 16.1% for an 802 cm® PPM. Later, Panasonic refreshed the
certified PCE of 17.9% on a PPM with 804 cm” area. Recently,
Utmolight reported 18.2% record PCE for 300 cm* modules.
In comparison with the above module, the laboratory PPMs
are usually less than 100 cm’ and the highest PCE is about
21% [10, 11]. From the above efficiency evolution, it is found
that the certified PCE of large-area PPMs is far behind that
of small-area Pero-SCs, which is mainly ascribed to the four
aspects: (1) non-uniform large-area deposition of perovskite
films and other function layers, (2) increment of series resistance
and decrement of parallel resistance in PPMs, (3) dead area for
connecting independent sub-cell units, and (4) local perovskite
degradation at the etched edges of P2 lines.

For manufacturing large-area PPMs towards industrialization,
lots of issues are needed to be solved, such as relatively low
efficiency of large-area PPMs, preparation of large-area and
high-quality perovskite films, and design of interconnected
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sub-cells to composite modules. The prerequisite is to
deposit large-area perovskite films with high uniformity and
reproducibility. The architecture prototype of Pero-SCs is a
sandwich structure usually including electron transport layer (n),
perovskite film, hole transport layer (p), and top electrode.
The top electrodes are metal or carbon conductive materials,
which can be easily deposited for large area by respective
thermal evaporation or printing methods [12, 13]. The electron
and hole transport layers can also be easily formed by industrial
large-area technologies. However, it is difficult to expand
the perovskite films with high quality from small-area to
large-area modules [14]. Nowadays, the schemes of depositing
large-area perovskite films are still varied, without a standardized
industrial scale. Importantly, the thickness, crystallinity, surface
roughness and compactness of perovskite films directly affect
their absorption, charge generation and separation, and device
performance [15-17].

In this review, we divide the following study into three main
sections: Firstly, we introduce the fundamentals of nucleation
and crystallization for solution-process perovskite films
to understand the next coating methods, and the solvent
engineering to control the crystallization kinetics of the
perovskite films; secondly, we analyze the various coating
methods films, identify their main limitations, and provide
insights for large-area perovskite films; lastly, we present the
development directions of PPMs for future commercial
applications.

2 Forming mechanism of perovskite films

The low-cost solution process is one of the most factors to
introduce the future commercialization of perovskite photovoltaic
technology. The LaMer model explains the nucleation and
growth mechanism in perovskite films (Figs. 1(a) and 1(b)),
which contains three different stages: (i) pre-nucleation, (ii)
burst-nucleation, and (iii) growth [18-22]. With evaporating
solvent continuously, the solution concentration increases, and
the nuclei generate. Meanwhile, the continuous consumption
of solute with nucleation and growth leads to the effect of
decreasing the solution concentration. After coating the wet
films with subsequent heating, the solution gradually evaporates
and the concentration attains supersaturation (C.) (stage I). In
stage II, perovskite nuclei start to form and grow while the
solution attains a critical concentration of C. to overcome the
energy barrier for nucleation. When the solute consumption is
faster than the solvent evaporation, the solution concentration
drops below C., and there is only growth existence of the
formed nuclei without forming new nuclei (stage III). Thus,
the quality of perovskite films can be tuned by either nucleation
or growth control.

Based on the thermodynamic homogeneous nucleation [19,
23], continuous evaporation of solution in wet films leads to
perovskite nuclei formation and the perovskite nucleus grows
gradually up to the critical nucleation radius of rc, as shown in
Fig. 1(c). The nucleation rate can be described by the critical
Gibbs free energy of AG., which needs to be overcome as a
barrier to achieving the transition from I to II stage in Figs. 1(a)
and 1(b). The transition is also a process from solution state
to nucleation and growth. Significantly, once the perovskite
nucleation begins, the process will happen very rapidly and is
difficult to control. Thus, the supersaturation (C;) is relatively
easier to be controlled for nucleation to regulate the perovskite
films. To date, solvent engineering has been frequently used to
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Figure 1 (a) LaMer schematic diagram for the nucleation and growth
of perovskite films, where C.. and Cc are the equilibrium concentration
of solute with the bulk solid and the critical minimum concentration
for nucleation, respectively. (b) Corresponding schematic illustration for
nucleation and growth of perovskite films at each stage. (c) Free energy
diagram for nucleation. AGs: surface free energy, AGy: bulk free energy,
AG: total free energy, AGe: critical free energy, and rc critical radius of
nucleus.

control the natural nucleation for high-quality perovskite films,
such as anti-solvent [24], pumping vacuum [25], gas-quenching
[26], and additive engineering [27], which can promote the
nucleation speed, and prolong precursor-processing window and
short-grain growth rate to favor the preparation of high-quality
perovskite films with large gains.

3 Coating methods

To date, a series of coating methods have been applied to
deposit large-area perovskite films, including doctor blade,
slot-die, spray, ink-jet, screen printing, soft-cover deposition,
vacuum deposition, as well as spin coating. Meanwhile, various
strategies have been adopted to control the nucleation and
growth of the perovskite films. The coating methods of other
charge transporting layers are accompanied by the introduction
of perovskite films. Next, we briefly summarize the coating
methods for large-area PPMs.

3.1 Spin coating

Spin coating is the simplest synthesis method used in laboratory
for deposition of small-area Pero-SCs. In general, spin coating
is a solution-based synthesis method whereby the precursor
solution is dropped on the substrates and then rotated at a
high speed to form thin films during the spin process. This
method can be divided into “one-step” and “two-step” processes.
For the one-step spin-coating method, the perovskite precursor
in one solution is rotated to form perovskite films. In the
two-step method, the PbX, (X = I, Br, Cl) solution is firstly
spin-coated for films, which then turn to the perovskite films
in the next step [29]. However, the precursor solution is
wasted seriously in the spin-coating process. Notably, the spin
coating method cannot suit to form larger-area uniform
perovskite films. As for the relatively small-area modules
(less than 10 cm x 10 cm), there are also previous reports
of the spin-coating method to prepare PPMs [11, 30-32]. To
the best of our knowledge, the maximum area of the effective
spin-coated PPMs is 10 cm x 10 cm, where the PCE approached
18.0% [30].

Solvent engineering can control the nucleation and growth
of large-area perovskite films for improving the performance
of PPMs. Till now, the antisolvent quenching is still the most
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used strategy to form uniform perovskite films. Figure 2(a)
shows the typical spin coating of large-area PPMs using the
architecture of “FTO/SnO./perovskite/Spiro-OMeTAD/Au”
(FTO = fluorine-doped tin oxide) [30]. The P1, P2, and P3
were etched by a laser to form the module substrate with 12
strips. The SnO, electron transport layer was deposited by
chemical bath deposition, and the perovskite film, as well as
spiro-OMeTAD hole transport layer, were all fabricated by the
spin-coating method. The antisolvent dropping at the center of
the spinning film cannot interact with the whole 10 cm x 10 cm
wet film, leading to the inhomogeneous perovskite film
(Fig. 2(b)). On another hand, the antisolvent moving from the
center to the edge of substrate during dropping can extract the
solvent of the whole wet film to form a homogenous large-area
perovskite film (Fig. 2(c)). According to the movement of
the syringe, the perovskite film shows good uniform and
pinhole-free morphology.

In 2018, Jung’s group introduced anisole as the antisolvent
into the one-step spin-coating perovskite films with an
ultrawide processing window by varying dimethylformamide
(DMF):dimethyl sulfoxide (DMSO) ratio, and successfully
fabricated uniform perovskite films as large as 100 cm? [31]. In
2019, they fabricated large-area SnO; electron transport layers
by an electrostatic self-assembly method through the attraction
between the negatively charged SnO: colloids and FTO substrate
and then deposited perovskite films by the above spin-coating
method [29]. The PCE of 100 cm* PPMs achieved 14.0% without
shunt resistance loss. Liu et al. used spin-coating method with
Cs" additive engineering to obtain a PCE of 21.08% for PPMs
with an active area over 30 cm’ which demonstrates better
reproducibility and stability than the methylammonium lead
iodide (MAPbI;)-based modules with the PCE of 18.26% [11].
Recently, Dai’s and Nazeeruddin’s groups described the surface
passivation of spin-coated perovskite films using ortho-
(phenylene)di(ethylammonium)iodide for PPMs with an active
area of 26 cm’ led to a record efficiency of 21.4% [32].
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Figure 2 (a) Illustration of the procedure for PPMs fabrication. Schematic
diagrams and photographs of the 10 cm x 10 cm perovskite film by (b)
antisolvent quenching process on the center and (c) dynamic antisolvent
quenching process from the center to the edge. Reproduced with
permission from Ref. [30], © WILEY-VCH Verlag GmbH & Co. KGaA,
2019.
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3.2 Doctor blading

For large-area PPMs, doctor blading is a traditional skillful
technology for the substitution of spin-coating method [33].
A perovskite precursor solution is coated on the surface of
substrate to form wet films through the scraper movement.
The thickness of the perovskite films can be controlled by
managing the precursor concentration, distance of scraper
with the substrate, coating speed and blade pressure [34]. In
addition, the nature of the solvent evaporation and the inherent
solution flow dynamics in blade process can significantly affect
the processing window to tune the perovskite film quality and
device photovoltaic performance. They have been controlled,
such as solvent engineering [34], substrate heating [35], and
gas-assisted drying [36-39]. Compared to the spin-coating
method, doctor blading has obvious advantages of raw material
saving, easy equipment cleaning, simple and stable process. But
the supply of perovskite precursor solution is not automated.
Thus, the doctor-blading method is suitable for the small-scale
production of PPMs.

In 2014, blade-coating was first introduced to deposit
perovskite films for small-area Pero-SCs and showed significantly
improved air stability with PCE of 9.52% [33]. In 2015, Huang’s
group blade-coated perovskite films with large domain and
concentric ring photonics structure. The precursor solution
drying in the doctor-blade coating process is responsible for
the formation of the large domains and the coffee-ring-like
perovskite photonic structures, whose periodicity can be
well tuned by the substrate temperature and the precursor
solution concentration [40]. In 2017, it was demonstrated that
antisolvent treatment by formulating solvents prolonged the
precursor-processing window up to 8 min and shorted the
grain growth rate as 1 min in blade coating [34]. In addition,
the excess methylammonium chloride (MACI) in MAPbI;
precursor widened the thermal processing window to achieve
a highly crystalline film. At last, a 12.6-cm? four-cell module
achieved 13.3% stabilized efficiency. In 2018, Huang’s group
heated the substrate (typically 70-145 °C) to speed up the
blade coating rate and suppress the formation of needle-like
structures for large-area perovskite films [35]. Meanwhile, a
tiny surfactant dramatically changed the solvent evaporation
and increased the adhesion of the perovskite precursor
solution. The surfactant at the surface reduced the surface
energy and created a surfactant concentration gradient. The
high concentration of surfactant in the center reduced the
surface tension, generating Marangoni flow in a direction
reverse to the original solute flow for equilibrium. Fast blading
perovskite films in air led to stabilized module efficiencies
of 15.3% and 14.6% with aperture areas of 33.0 and 57.2 cm?,
respectively. In 2019, they reported a method to accelerate
the drying of wet perovskite films at room temperature
by introducing an N. knife (Fig. 3(a)) [36]. A 2% volatile
noncoordinating solvent (VNCS) was introduced into the
nonvolatile coordinating solvent (NVCS) to dissolve the
perovskite powder, which achieved rapid drying at room
temperature and larger perovskite grains (Fig. 3(b)). Subsequently,
they expand N»-knife assisted doctor blading perovskite on
flexible and textured silicon substrates for a record aperture
efficiency of 15.86% on modules with an area of 42.9 cm® and
26%-efficient monolithic perovskite/silicon tandem solar cells,
respectively [37, 38].

In 2021, Huang’s group found that the DMSO at the buried
layer could induce high-density voids in the N»-knife assisted
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(a) Schematic illustration for N2-knife-assisted blade coating of perovskite films at 99 mm/s at room temperature using coordination tailored

ink. Insets: photograph images of wet, perovskite/intermediate and perovskite films. (b) Schematic illustration of the wet film drying into perovskite/
intermediate film and perovskite film with full crystallization. Reproduced with permission from Ref. [36], © Deng, Y. H. et al. 2019. (c) Schematic
illustration for the void formation at the buried interfaces, (d) NREL certified performance of PPMs with aperture areas of 18.1 and 50.0 cm?. (e) Long-term
operational stability of five PPMs under simulated 1-sun illumination at 50 °C. Reproduced with permission from Ref. [39], © Chen, S. S. et al. 2021.

doctor blading process, which will accelerate film degradation
under illumination [39]. They partially replaced DMSO with
solid carbohydrazide coordination additive to reduce the
formation of interface voids (Fig. 3(c)]. The blade-coated p-i-n
PPMs with aperture areas of 18.1 and 50.0 cm® achieved certified
PCEs of 19.3% and 19.2%, respectively (Fig. 3(d)). Furthermore,
the reduced interfacial voids and carbohydrazide residuals at
the buried layer stabilized the Pero-SCs and improved the yield
of high-efficiency perovskite modules (Fig. 3(e)).

3.3 Slot-die coating

Slot-die coating is another ease-scalable industrial technology
for film formation, which is highly mechanized. In this method,
the ink is fed from a stored reservoir through a thin slit to
extend over the substrate surface by the relative movement.
During the coating process, the ink concentration does not
change as it is sealed in a closed reservoir, which ensures the
reproducibility of the working process. Moreover, the thickness
of films can be controlled by the solution concentration, the
distance of the coating head with the substrate, the movement
speed, the feed speed of the storage pump, and substrate width.
These attractive features promote that slot-die coating is the
most potential industrial technology for depositing large-area
perovskite films for PPMs.

In 2015, three-dimensional (3D) printer-based slot-die coater
technique was used to fabricated 11.6%-efficiency PPMs with
an active area of 47.3 cm® [41]. The MAPbI; perovskite films,
ZnO electron transfer, and poly(3-hexylthiophene) (P3HT)
hole transfer layers were all coated by slot-die with the
assistance of air knife drying. For MAPbI; films, Pbl films
were initially formed by slot-die coating, which was then

q, ; rf%/ ””M}iu | SC|.pen

converted into MAPDL film by dipping methylammonium
iodide (MAI) solution. In 2017, the slot-die coated perovskite
films were immediately dried by a vacuum chamber to
promote 10.6% efficiency with good reproducibility of the
carbon-electrode-based 5 cm x 5 cm module (active area of
17.3 cm?) [42]. In 2018, a PPM (active area of 168.75 cm?) on
a 6-inch substrate was sheet-to-sheet produced by slot-die
coating with remarkable efficiency of over 10% [43]. In 2020,
Han’s group employed slot-die coating to infiltrate the perovskite
precursor into the TiO»/ZrO./carbon scaffold, and PPMs
with an active area of 60.08 cm” achieved a PCE of 12.87%
(Figs. 4(a) and 4(b)) [44]. In the same year, textured silicon was
utilized as the bottom cell to achieve the first slot-die-coated
perovskite/silicon monolithic 2-terminal tandem with a PCE
of 23.8% (Fig. 4(c)) [45].

In 2021, Cheng’s group developed a crystallization strategy
based on the lead halide template for slot-die FACsPbIs
perovskite films [46], which exhibit better thermal stability
and narrower optical bandgap compared with MAPbL; [16].
They proposed a two-step in-situ preparation strategy for the
first time, which realized efficient and stable printing and
preparation of photovoltaic modules (Fig. 4(f)). In the absence
of methylammonium (MA) perovskite system, the formation
of strong PbL.-N-methylpyrrolidone (NMP) complex effectively
induced the large-area dense and stable perovskite films
(Figs. 4(d) and 4(e)). With adding NMP and excess PbCl,, the
intermediate phases with DMF and FA,Pb:ls-4DMF product
can be effectively restrained for the formation of Pbl»-NMP
complex and PbX,-0.5NMP-0.5DMF adduct, respectively,
resulting in the translation of the dense and stable a-(FACs)Pbl.
Thus, the fast nucleation of PbL,-NMP complex can effectively
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Figure 4 (a) Schematic illustration for slot-die coating perovskite precursors on TiO./ZrO,/carbon mesoporous scaffold. (b) Photograph image of the
fabricated PPMs of 60.08 cm? area with efficiency of 12.87%. Reproduced with permission from Ref. [44], © Elsevier B.V. 2020. (c) Device architecture
schematic of perovskite/silicon tandem devices with slot-die-coated perovskite films. Reproduced with permission from Ref. [45], © American Chemical
Society 2020. (d) Schematic diagram of formamidinium lead triiodide (FAPbI;) perovskite crystal growth with or without NMP. (e) Free-energy
calculation for the formation of corresponding FAPbI; perovskites. (f) Schematic illustration for the slot-die printing of perovskite films with low-pressure
dry air blowing. (g) Champion J-V curves of the 5 cm x 5 cm series-connected PPMs based on the spin-coating and slot-die printing methods (F: forward
scan; R: reverse scan). (h) Champion J-V curves of the 10 cmx10 cm PPMs with the slot-die printed perovskite films. Reproduced with permission

from Ref. [46], © Bu, T. L. et al. 2021.

suppress the §-phase formation. Besides, KPFs was added into
the perovskite precursor to eliminate the current hysteresis and
further improve the PCE and stability of PPMs simultaneously.
The KPFs addition has a passivation effect to reduce the defects
for more stability. The unpackaged devices with 23% efficiency
and excellent long-term thermal stability in ambient air
(approximately 80% of the initial efficiency after aging at
85 °C for 500 h) can be achieved. The PCEs of slot printing
modules with an effective area of 17.1 and 65.0 cm® were 20.42%
(certified 19.3%) and 19.54%, respectively (Fig. 4). This study
revealed the crystallization kinetics and regulation mechanism
for controllably preparing perovskite films by solution method,
which provides a novel strategy for industrial fabrication of
PPMs.

3.4 Spray coating

Spray coating is a simple and low-cost depositing technique
for large-area PPMs, in which the precursor solution droplets
are sprayed by the gun pressure, spread across via the sheer
force, and coalesce into wet films on the substrate. And the
solvent evaporates in the wet film to leave a solid film [47].
Spray coating can be performed on various kinds of surfaces

such as textured Si substrate due to the non-contact of the
spray head and the substrate [48]. Spray coating is generally
formulated at relatively low concentration ink to produce the
perovskite films with desired thickness. If the solvent evaporates
too quickly, the solution droplets have not enough time to
spread for coalescing into uniform films. Conversely, if the
drying process lasts for long, the wet film would shrink into
poor-coverage films. Therefore, the regulation of spray coating
perovskite films is a great challenge and the PCE of spray-
coated devices is relatively low. Optimizing the spraying speed,
substrate temperature, the distance between the nozzle and
substrate, wet-film annealing temperature and time as well as
the ink concentration, viscosity, and solvent flux can improve
the film quality and thickness. It is important to note that
possible escaping perovskite ink may contaminate the chamber
and harm the experimental operators. The low utilization of the
precursor solution is also a big barrier to this method toward
commercialization. For fabricating PPMs, spray coating is
easy to deposit charge transport layers, such as SnO and NiOx
[49, 50], but difficult for perovskite films.

In 2014, spray coating was first used to deposit MAPbI;-.Cl.
films under ambient conditions for Pero-SCs [51]. The

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy



substrate temperature, casting-solvent volatility, and annealing
time and temperature of wet films can control the nucleation
and crystallization, which were systemically explored in the
morphology and coverage of the perovskite films. The relatively
low substrate temperatures during solution deposition are
correlated with perovskite films having a low substrate coverage
because of the relatively-long drying time. As the substrate
temperature is increased to 75 °C, the perovskite films become
more continuous. The optimized device efficiency of 11% is
relevant to the creation of dense films with surface coverage
above 85%. In 2016, a dense MAPbI;-.Cl. film composed of
micron-sized grains was formed by controlling the re-dissolution
and crystal grain growth [52]. There was a dynamic equilibrium
by balancing the incoming (Fi) and outgoing solvent flux (Fou)
of the evaporating solvent for spray coating perovskite films
(Figs. 5(a)-5(c)). Finally, 10 cm x 10 cm modules (FTO/TiO,/
perovskite/spiro-OMeTAD/Au, active area of 40 cm?®) were
created with an efficiency of 15.5% (Figs. 5(d) and 5(e)). More
importantly, spray coating can be done at extremely high speed
compared with other scalable techniques to achieve cost-effective,
large-area, and efficient PPMs. Rolston and co-authors
demonstrate rapid, air-ambient spray deposition of perovskite
films at a rate of 12 m/min for efficient PPMs [53]. A heated
substrate was coupled with ultrafast linear processing speeds
to enable immunity to moisture ingress, even under high
humidity conditions. A stable module power output of 18.0%
was achieved.

3.5 Inkjet printing

Inkjet printing is a digital method for coating films, where the
precursor ink is pressed from a chamber through the printing
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head and patterned by a computer procedure. The inkjet
printing can be performed in two models, such as continuous
or selective dropping process. The perovskite ink is uniformly
printed on the predesigned position by a digital procedure
with the print nozzle relative motion on the substrate. The
film thickness is finely affected by the size, movement speed
and trajectory of the droplets through the nozzle, and the
frequency and amplitude of the digital pulses [54]. The raw
materials are highly utilized and multiple head printing can be
realized to meet the needs of industrial production. In addition,
this non-contact printing process is independent of special
substrate morphology and materials. However, it is challenging
to control the perovskite nucleation and crystal growth during
the inject printing process to obtain high-quality films over a
large area.

Inkjet printing is suitable for the large-area production of
PPMs; however, it has been mainly reported to fabricate Pero-SCs.
The metal oxide layers, i.e., c-TiO», m-TiO,, and m-ZrO,, as
well as the perovskite precursor, were all injected and printed
for carbon-based Pero-SCs [55]. The oxide layers and the
carbon electrode were sintered at elevated temperature and
then infiltrated with the perovskite ink by inkjet printing at
room temperature (Fig. 6(a)). The carbon-based Pero-SCs with
an area of 1.5 cm? achieved a PCE of 9.1%. Also p-i-n Pero-SCs
were fabricated by inkjet printing the NiO. hole-transport
layer, perovskite films, and electron-transport double layers
of (6,6)-phenyl-C71-butyric acid methyl ester (PCBM) and
bathocuproine (BCP) (Fig. 6(b)) [56]. The ink properties, inkjet
parameters, and annealing procedure were all optimized for
each layer with regard to the optical and electrical properties
to promote an efficiency over of 17% with low hysteresis of
the Pero-SCs. Given the fact that inkjet printing is a scalable
technology, there are high prospects for printing large-area
PPMs.
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Figure 6 (a) Device architecture with desired layer thicknesses. Process
flow demonstrating inkjet-printed compact TiO: layer, mesoporous TiOz
layer, mesoporous ZrO layer and infiltration of perovskite precursor.
Yellow dots represent the print head nozzles while red dots represent
the ejected droplets. Reproduced with permission from Ref. [55], © The
Royal Society of Chemistry 2020. (b) Schematic of the device architecture
with indium tin oxide (ITO), printed NiOx, perovskite, PCBM and BCP
layers. (c) Cross-sectional SEM image of the device. Reproduced with
permission from Ref. [56], © Schackmar, F., et al. 2020.
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3.6 Soft-cover deposition

In 2016, Han’s group first introduced the soft-cover deposition
for perovskite films in ambient air, where the surface wettability,
solution viscosity, and thermal crystallization are the key factors
for the film quality [57]. At first, a substrate is preheated
on a hotplate, and then a certain amount of perovskite ink is
dropped onto the substrate. Then a soft flexible piece is covered
in the liquid precursor, which can drive the precursor ink to
spread up for films due to the superior surface wettability
(Fig. 7(a)). In addition, the perovskite ink is stable on the
preheated substrate even at the solution boiling point because
the soft cover blocks the solvent evaporation from the thin
liquid film into the air. Then the soft piece is peeled off by
the programmed mechanical hand, and one side is clenched
and moved to the other at a certain speed. Once the solution
is exposed to the air, the solvent starts to evaporate and the
crystallization of perovskite films occurs simultaneously. They
deposited large-area perovskite films (51 cm?) with large
crystal grains and without pinholes and rough borders. Highly
reproducible PCE up to 17.6% was achieved in unit cells
(FTO/NiO/MAPbIL:/PCBM/BCP/Ag) with 1 cm? effective area.
Later on, they fabricated 36 cm® PPMs with a PCE of 12.07%,
which has been certified by the National Institute of Advanced
Industrial Science and Technology.

In 2017, Han et al. used low-temperature soft-cover deposition
for perovskite films, where the thermal convection-induced
defects are eliminated through a strategy of surface tension
relaxation [58]. They deposited compact, homogeneous, and
convection-induced-defects-free perovskite films with an area
of 12 cm? which enables a PCE up to 15.5% on one cell with
the effective area of 5 cm’. The flexible solar cell was also
fabricated with a PCE of 15.3%. Later on, they produced a novel
type of yellow transparent perovskite precursor by mixing the
CH:NH:I-3CH3NH: transparent liquid and Pbl.-CH;NH,
colloid, which were prepared by direct reaction between
CH:NH:I (and Pbl,) powder and CH:NH, gas [59]. Then, they
developed the soft-cover deposition for perovskite films using
the above solvent-free perovskite precursor, in which there are
mainly three steps: (I) add amine complex precursors and
cover with the PI film; (II) apply pressure; (IIT) heat and peel
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NiO/FTO Rt

N “Hotplate

(1) Preheat substrate

(Il) Drop precursor

“e " Peelin
43

Polyimide film
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(1) Cover polyimide

(IV ) Peel polyimide

(b) Squeezing board

/Precursr
/ @&
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Figure 7 (a) Schematic illustration for the soft-cover deposition with four
steps: (I) preheat the substrate, (II) drop the precursor, (III) cover the
polyimide (PI) film, and (IV) peel the PI film. Reproduced with permission
from Ref. [57], © The Royal Society of Chemistry 2016. (b) Schematic
illustration for the developed soft-cover deposition with pressure processing
for perovskite films [59].

off the PI film (Fig. 7(b)). The mesoporous TiO,-based modules
with the aperture areas of 17.6 and 36.1 cm? achieved efficiencies
up to 15.8% and 13.9%, respectively. This work paves a novel
way for the solvent- and vacuum-free soft-cover deposition of
uniform perovskite films for PPMs on a large scale.

3.7 Vapor deposition

Vapor evaporation such as dual-source [60], single-source
evaporation [61], and chemical vapor deposition [62], has been
successfully used to deposit perovskite films with uniformity
and reproducibility. The perovskite films can be managed by
the organic salt component, vapor pressure, reaction rate, and
post-treatment. Importantly, the vapor evaporation can finely
control film thickness, which enables film uniformity for flexible
devices and optimization of optical properties for tandem devices
[62-64]. In 2013, Snaith et al. initially used this method to
deposit CH;NH;PbI;_.Cl, films for Pero-SCs with a PCE of
15.4% [60]. Liu’s group deposited large-area perovskite films
with superior uniformity and excellent quality on 300 cm? flexible
substrates [62]. In 2020, an all-evaporation technique was
developed for both perovskite films and the hole-transporting
layer to achieve 13.15% PCE of the flexible perovskite solar
module (active area of 16.0 cm?) [63]. However, the cost is higher
than that of the solution method, especially the expensive
vacuum equipment, which limits the widespread application
of vapor deposition for large-area PPMs.

In the hybrid chemical vapor deposition, the inorganic
precursor films (e.g., Pbl, PbCl, and CsI) are first deposited
by a large-area deposition method, and then transformed into
perovskite films in the vapor of organic amine halide (e.g.,
formamidinium iodide (FAI), methylammonium iodide (MAI),
and methylammonium bromide (MABr)). However, the
conventional process needs several hours, which increases the
fabrication cost. Moreover, the long-time deposition has a
detrimental effect on the oxide buried layers, which is unfavorable
for the device performance [65]. Qi’s group has developed rapid
hybrid chemical vapor deposition for large-area perovskite films
toward PPMs. In Step 1, a crucible containing the organic
compound and substrate with pre-coated inorganic layer was
loaded into a single-zone quartz tube; in Step 2, the carrier gas
flowed and the vacuum was kept at a pressure of 10 torr; in
Step 3 the infrared (IR) heating system was slid to enclose
both the organic powder and substrate and followed by the
starting the IR heating system; in Step 4 after the heating
process is finished, the IR heating system is turned off and the
cooling system is turned on (Fig. 8(a)). They significantly
reduced the deposition time to less than 10 min, comparable
with the typical solution process. The PPMs with a designated
area of 22.4 cm’ (Fig. 8(b)) achieved an efficiency of 12.3%
without obvious hysteresis (Fig. 8(c)), and maintained 90% of
the initial value with continuous operation after 800 h in a dry
N: box (Fig. 8(d)) [66].

4 Serial and parallel interconnected PPMs

In manufacturing PPMs, the consisting layers need to be
patterned for the interconnection of individual cells. Figure 9
shows the cross-sectional diagram of serial and parallel
interconnected PPMs. To date, the series of interconnected
PPMs were more frequently studied as compared to parallel
ones. In the serially interconnected architectures (Fig. 9(a)),
there are mainly three scribes P1, P2, and P3. P1 scribe is
defined as the etched lines of the transparent conductive layers,

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy
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Royal Society of Chemistry 2020.

such as ITO and FTO. P2 scribe is the selectively etched lines
of active layer (electron transport (n), transport hole (p), and
perovskite layers). And P3 scribe is the patterned lines of the
back electrode (such as Ag and Au). The dead area is related
to the three scribes, and the effect can be quantified by the
geometric fill factor (GFF) as following

Active area

GFF x100%

- Active area + Dead area

The parallel interconnected PPM consists of two scribes of
P1 and P2 lines. P1 is the patterned line separated by two
electrodes, similar to the one cell. P2 is the etched lines of
active layers and the conductive electrode, similar to the P3
of serially interconnected architectures, as shown in Fig. 9(b).
The conductive girds are connected to form parallel
interconnections.

Series and parallel connected modules are characterized by
high voltage with low current, and low voltage with high current,
respectively. For practical application, a number of series and
parallel connected modules are taken to form a solar array for
the desired voltage and current level. Notably, a reasonable
and logical dividing piece and module design are critical for
the high efficiency and stability of PPMs. In 2019, Yang’s group
discussed the influence of the length and width on the output
performance when device areas were increased and design of
series and parallel connection for large-area PPMs [67]. High
efficiencies of 19.52% and 18.65% are obtained for single cells
based on areas of 0.1 and 1.0 cm?, respectively. When the device
area is increased, increasing the length of the device can
achieve a higher efficiency than increasing the width for single
cells. Comparing series and parallel connection mode, the first
series and then parallel connection of PPMs is the best way to
obtain a high power output. The design study offers a direction
for PPMs in future applications.
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5 Stability of PPMs

The stability of PPMs is one of the most challenges that needs
to be addressed for commercial applications. The long-term
stability of small-area Pero-SCs has reached about one year,
far below 25 years of silicon cells [68]. To date, a series of
strategies have been adopted to improve the device stability,
such as grain boundary passivation [69], interface/stress
engineering [70-73], low dimension structure [68, 74, 75],
and device encapsulation [76]. Here, the degradation of PPMs
will be highlighted to analyze the module stability issue with
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the relative scribes [77]. Among the three scribes in parallel
architectures, the P2 scribe has the most influence on the
device stability. Firstly, the laser energy leads to the local
degradation of the perovskite film during the P2 etching [78].
Secondly, if the P2 scribe is not thoroughly removed, there is
additional shunt resistance at interconnections, which can
accelerate potential-induced degradation [79, 80]. Thirdly,
impurities may degrade perovskite films due to an unclean
etching environment. And the possible lateral contact between
perovskite and metal electrodes reduces the stability of the
PPMs [81]. Furthermore, the degraded lead halide compounds
can further diffuse from the P2 scribe into the perovskite area
[82]. Besides, as for etching the P3 scribe, the exposed
environment may destroy the perovskite layer again. It should
be noted that the encapsulation can improve the device
stability, but the encapsulation materials in the P3 scribe may
react with the perovskite structures [81].

The compact layer of TiO through high-temperature
annealing is difficult to be etched thoroughly and can be
replaced by a low-temperature-treated n-type layer to avoid
the incomplete P2 scribes [76, 83]. To avoid the direct contact
between perovskite and metal back electrode inside of the P2
scribe, a diffusion barrier was proposed [81] and a series of low
dimensional materials were chosen as diffusion barriers, such
as chemically and thermally stable zero-dimensional (0D) ALO;
nanoparticles, one-dimensional (1D) polydimethylsiloxane
(PDMS), and two-dimensional (2D) C;Ns (Fig. 10). After
the P2 scribe is filled with the diffusion barrier material, an
additional laser scribe should be taken inside of the original
P2 to create a protective layer. The leakage rate of iodide was
reduced by 10°~107 times, and the non-radiation recombination
at the perovskite surface was also reduced due to the defect
passivation of the diffusion barriers. A stable PPM at an aperture
area of 36 cm’® had an efficiency of 15.6%, which maintained
95% of the initial value after being baked 1,000 h at 85 °C and
91% after 1,000 h under the maximum power point tracking.
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Figure 10 (a) Schematic illustration of diffusion barrier layer (DBL)
in PPMs. (b) 0D ALOs nanoparticles, 1D PDMS, and 2D C;N4 for DBL.
(c)-(e) The depth profiles of diffused iodide and Ag in Ag/0D (1D,
2D)-DBL/perovskite films with aluminum, silicon and carbon signals,
respectively. Reproduced with permission from Ref. [81], © Elsevier
B.V.2019.

6 Summary and future outlook

This review covered various coating methods for large-area
perovskite films, including spin coating, doctor blading, slot-die
coating, spray coating, inkjet printing, soft-cover deposition,
and vapor deposition, indicated their limitations and provided an
outlook. The technical characteristics have been comprehensively
discussed as well as the growth of high-quality perovskite films
for large-area modules. For future commercialization, the
following development directions should be worth noting:

(I) The coating methods should be continued to develop for
the large-area high-quality perovskite films accompanied by
nucleation and growth control, and the perovskite compositions
should be further optimized to enhance the efficient PPMs.

(II) The buried and surface layers should be simultaneously
modified to passivate the perovskite defects in PPMs, in which
the enhanced band alignment can accelerate charge transfer.
Besides, the corrosion reaction by permeating the perovskite
components into metal electrodes should be also solved by
interface layers.

(III) The stability strategies have been widely used in small-
area Pero-SCs. Those strategies should be referenced and
coordinated to greatly improve the stability of large-area PPMs.
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