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Abstract

Perovskite solar cells (PSCs) have undergone a dramatic increase in laboratory-scale efficiency to more than 25%, which is
comparable to Si-based single-junction solar cell efficiency. However, the efficiency of PSCs drops from laboratory-scale
to large-scale perovskite solar modules (PSMs) because of the poor quality of perovskite films, and the increased resistance
of large-area PSMs obstructs practical PSC applications. An in-depth understanding of the fabricating processes is vital for
precisely controlling the quality of large-area perovskite films, and a suitable structural design for PSMs plays an impor-
tant role in minimizing energy loss. In this review, we discuss several solution-based deposition techniques for large-area
perovskite films and the effects of operating conditions on the films. Furthermore, different structural designs for PSMs are
presented, including the processing technologies and device architectures.
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Introduction

Perovskite material is considered as one of the most promis-
ing candidates for next-generation solar cells because of its
excellent optoelectronic properties, such as a high optical
absorption coefficient [1, 2], low exciton binding energy [3,
4], long carrier diffusion length [5, 6], high defect tolerance
[7, 8], and low-cost fabrication [9-11]. Moreover, it has a
changeable composition with a formula of ABX;, where A
generally represents a monovalent cation, such as a methyl-
amine cation (MA™), formamidine cation (FA™), or Cs™; B
is Pb?*, Sn*, or another divalent metal cation; and X is an
iodine, bromine, or chlorine anion. Furthermore, perovskite
structure can be regulated from three dimensions (3D) to
lower dimensions [12, 13]. The changeable composite and
dimension features endow an adjustable bandgap of ~ 1.2 eV
to 3.0 eV [14-17] and can be applied in single-junction solar
cells and tandem solar cells [18-22].
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During the past decade, the power conversion efficien-
cies (PCEs) of perovskite solar cells (PSCs) at the labora-
tory scale (active area~ 0.1 cm?) have increased from 3.8 to
25.7%, which is comparable with that of silicon solar cells
[23-29]. However, most highly efficient PSCs are based on
the spin-coating method, which is not suitable for large-scale
fabrication because of its radial nonuniformity caused by
centrifugal force [30, 31]. Therefore, the areas of perovskite
solar modules (PSMs) prepared by the spin-coating method
are usually less than 100 cm? [19, 32, 33]. Hence, scala-
ble deposition technologies with high efficiency, excellent
reproducibility, easy controllability, and low operating costs
are key factors for practical PSMs. According to the areas
of PSMs, PSMs can be classified as minimodule (<200
cm?), submodule (200-800 cm?), small module (800-6500
cm?), standard module (6500-14,000 cm?), and large mod-
ule (> 14,000 cm?) [28, 34]. Various strategies have been
developed to deposit large-area perovskite films with high
quality, such as blade coating [35, 36], slot-die coating [37,
38], spray coating [39, 40], and inkjet printing [41]. The
PSM efficiencies have increased to over 20%, and the mod-
ule areas have increased from tens to hundreds of square
centimeters [34, 42, 43] (Fig. 1a). For instance, Panasonic
achieved a module efficiency of 17.9% with an aperture area
of 804 cm? using the inkjet printing method [44]. Nonethe-
less, few standard or large modules have been reported, and
most reported PSMs are under 100 cm® with a nearly 30%
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efficiency drop compared with small cells [25, 44, 45]. As
exhibited in Fig. 1b, PCEs decrease quickly with increasing
module areas.

PSMs have high requirements for the uniformity of the
films because nanoscale phase impurities and lead iodide
inclusions not only trap photogenerated charge carriers but
also accelerate PSCs degradation [45-48]. A major chal-
lenge impeding PSCs application is how to fabricate high-
quality, large-area perovskite films with eminent uniform-
ity, high coverage, and low defect density. Recently, PSMs
have undergone rapid development, and an understanding of
their mechanism has been further developed. Some previous
reviews related to large-area PSMs mainly focused on the
modification methods for perovskite films [45, 49-51] and
charge transport materials [52-55].

In this review, we focus on scalable solution-based dep-
osition methods for perovskite films. We also discuss the
designing process of PSMs and illustrate the operational fac-
tors. Finally, we summarize the challenges standing in the
way of plant-scale applications and provide several future
research directions for enhancing the PCE and stability of
PSMs.

Solution-Based Coating Methods
for Large-Area Perovskite Films

In PSCs, the quality of the perovskite layer plays a deci-
sive role in the efficiencies and stabilities of the final PSMs.
Thus, in this section, we discuss the advantages and dis-
advantages of different fabrication methods for large-scale
perovskite films.

Nucleation and Crystal Growth Mechanism
The general nucleation and grain growth process can

be divided into three steps [71-75]. First, because of
the continuous evaporation of the solvent, the precursor
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concentration increases to form a saturation solution (Cs).
Because of the presence of a nucleation barrier, no nuclei
are generated until the solution concentration is up to the
critical concentration (Cc). Once the precursor concentra-
tion reaches Cc, many nuclei are generated quickly and
begin to grow, and the number of nuclei increases rapidly
until the concentration drops below Cc. Then, nuclei gen-
eration nearly stops while the grains continue to grow.
When the concentration remains above Cc, the solutes
are consumed mainly by the formation of new nuclei.
Normally, this process is finished quickly. Next, when
the solution concentration drops below Cc, the solutes
are expended primarily by crystal growth. If the solvent
evaporates at a low rate, only a few nuclei are generated,
which results in coarse and porous films with large grains.
In contrast, a high solvent evaporation rate leads to the for-
mation of more nuclei. Therefore, controlling the evapora-
tion rate of the solvent is vital for realizing high-quality
perovskite films, and several methods have been developed
to facilitate this process, such as gas flow [76], substrate/
solution preheating [35], and vacuum flashing [77].

The nucleation rate is also limited by solution and sub-
strate properties. Huang and coauthors [78] investigated
the effects of wettability by depositing perovskite films
on several types of hole transport layers (HTLs) with dif-
ferent wettabilities. They found that more nuclei were
generated on the wettable HTLs, while large-aspect-ratio
grain growth (2.3-7.9) was obtained on non-wetting HTLs
because of the limited heterogeneous nucleation with
larger nucleus spacing and enhanced migration of the grain
boundary during grain growth caused by a smaller drag
force. Pylnev et al. [79] explored the effects of substrate
wettability on the nucleation and grain growth of perovs-
kite by depositing perovskite films on a double-layered
Ti0,/Sn0O, with different wettabilities. The changed wetta-
bility of the TiO,/SnO, surface was obtained by hydropho-
bic recovery after UV treatment. They found that nuclea-
tion occurs more easily on a wettable surface, but only
a 14% bigger grain size was observed when the contact
angle increased from 3° to 72°.
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Fig.2 a Schematic illustration of the spin-coating process involving
antisolvent. b J-V curves of PSM prepared with antisolvent spray
processing. The insets are the schematics of PSMs and spray antisol-
vent processing. Reproduced with permission from Ref. [30]. Copy-
right © 2017, American Chemical Society. ¢ Schematic illustration of
different antisolvent dropping methods of the commonly used static

Spin Coating

Spin coating is the most commonly adopted method for
depositing perovskite films in the laboratory because of its
easy operation, low equipment cost, and eminent reproduc-
ibility. During the spin-coating process, the precursor solu-
tion is preloaded on the substrate center and is driven to
spread over the entire surface of the substrate by centrifu-
gal force while the excess precursor solution is expelled,
as shown in Fig. 2a. The film thickness is determined by
the rotating speed and the properties of the precursor solu-
tion, including the volatility and viscosity of the solvent,
the temperature, and the initial solution concentration [80].
The film quality can be controlled by varying the solvents,
the precursor compositions, the annealing temperature,
the operational atmosphere, and particularly the humidity
[80—84]. Moreover, the spinning speed has a great influ-
ence on the final film morphology by regulating the solvent
evaporation rate [32]. In the past, introducing antisolvent has

Spin-coating and
Antisolvent process

Annealing

>

Perovskite films

antisolvent (SAS) process (the top image) and dynamic antisolvent
extracting (DAS) method (the bottom image). Reproduced with per-
mission from Ref. [31]. Copyright © 2019, John Wiley and Sons. d
Schematic illustration of the antisolvent process by multi-tip pipette.
Reproduced with permission from Ref. [91]. Copyright © 2019, John
Wiley and Sons

helped the rapid development of PSCs in laboratory-scale
and minimodules because using antisolvent changes the path
from wet films to intermediate-phase films [§3—88]. Notably,
most of the highly efficient PSCs are fabricated involving
the use of antisolvents [25, 26, 89]. Generally, quick solvent
removal is needed to generate enough nuclei to form dense
and uniform films [71-73]. Using antisolvent enables the
quick extraction of solvent to reach the critical concentra-
tion and generate enough nuclei to form fully covered, dense
intermediate films [85, 90].

However, getting homogeneous films on large-size sub-
strates for the spin-coating method is difficult because of
the increasing centrifugal force along the radial direction.
In addition, to form homogeneous pinhole-free intermediate
films, the antisolvent should be dropped quickly but softly at
a certain time and then uniformly spread over the entire sub-
strate. This process can be controlled at a small size, but it
becomes difficult when the size of the substrate is enlarged.
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To apply antisolvent in large-area substrates, different
antisolvent processes have been developed. Kim et al. [30]
performed this process by spraying antisolvent (the inset of
Fig. 2b). With this method, the antisolvent could be simul-
taneously dropped on the entire surface of the substrate, and
a certified PCE of 12.1% on an aperture area of 16 cm? was
achieved (Fig. 2b). Huang and coauthors [31] changed the
commonly used static antisolvent processing into dynamic
processing (Fig. 2¢) and achieved a PCE of 17.82% on the
module’s aperture area of 53.64 cm® with a short-circuit cur-
rent of 101.4 mA and open-circuit voltage of 13.56 V. They
further expanded the antisolvent processing by replacing the
single-tip pipette with a multi-tip pipette (Fig. 2d), which
enabled the antisolvent to be quickly and homogenously
spread over the liquid perovskite films [91]. These methods
exhibit advantages over traditional antisolvent quenching
processing, but they are inapplicable when further enlarg-
ing the substrate.

The spin-coating method occupies a vital position in
perovskite solar cell development because it provides an
easy and effective approach for investigating the processing
mechanisms of PSCs and minimodule PSMs. However, it
is inappropriate to realize larger-area perovskite films with
high uniformity and quality in submodules because of the
radial, uneven centrifugal force. Many reports show PCEs
of more than 20% on an active area of approximately 1 cm?
[33, 89, 92], but few reports show a PCE of over 15% with
an active area larger than 100 cm? [56, 93]. Carlo et al. [94]
achieved efficiencies of 18.71% and 17.79% based on sub-
strate sizes of 2.5%2.5 cm? and 10x 10 cm? with active areas
of 2.25 cm? and 48 cm?, respectively, while only 11.9% was
obtained when the substrate size increased to 20 x 20 cm?
with an active area of 192 cm?. More importantly, a substan-
tial waste of precursor ink and a discontinuous fabrication
feature further inhibit the large-scale application of the spin-
coating method in PSMs.

Blade Coating

According to the difference in blade coaters, blade coating
can be divided into knife/doctor-blade coating and bar/rod
coating [95, 96]. These techniques are close analogs and
suitable for the roll-to-roll (R2R) manufacture of large-area
perovskite films. Figure 3a presents a schematic illustration
of the general blade coating process with the assistance of a
gas knife to accelerate solvent volatilization. Similar to the
spin-coating method, the coating solution is preloaded on the
substrate, and a liquid film is formed by moving the blade
coater or substrate.

According to the blade coating speed, the coating pro-
cess can be divided into three cases: the evaporation regime
(under a low coating rate), mixed regime (under a medium
coating rate), and Landau-Levich regime (under a high
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coating rate), as shown in Fig. 3b [59, 97]. A transition
between regimes can be triggered by changing the solution
concentration, deposition temperature, and the distance
between the substrate and blade. When the operating pro-
cess is under a sufficiently low coating speed (related to the
evaporation regime), solid films are directly obtained with-
out forming liquid/wet films. The main characteristic of the
evaporation regime is that the film thickness decreases with
increasing coating speed. This characteristic results from
the capillary flow toward the three-phase contact line, which
is also called the coffee-ring effect [98, 99]. Moreover, the
surface tension gradient induced by the ink concentration
gradient may trigger Marangoni flow to enhance or repress
the capillary flow [97, 98]. He et al. [100] demonstrated
a feasible, meniscus-assisted solution printing method to
deposit large-grained perovskite films with enhanced crys-
tallization and high crystal orientation in the evaporation
regime with a very low coating speed of 12 pm/s. Because
of the fast solvent evaporation at the three-phase contact
line of air, ink, and substrate, the deposition velocity equals
the receding speed of the meniscus. This low coating speed
enables the outward convective flow to just supplement the
evaporated solvent and ceaselessly transport the perovskite
precursors to the contact line, thus facilitating perovskite
film deposition with micrometer-scale grains and preferred
orientation. Overall, in the evaporation case, the final films
are affected by complex microscale liquid flows and must be
carefully considered if the coating speed is in this regime.
In contrast, increasing thickness with increasing coating
speed is the main feature of the Landau—Levich regime [97].
In addition, the wet films are formed after coating because
of the high printing speed. Thus, additional treatments,
such as substrate heating [101, 102], gas quenching [62, 96,
103], vacuum flashing [104, 105], and antisolvent extraction
[46], are usually needed to control the nucleation and grain
growth processes. These techniques are also widely used in
other upscaling deposition methods to facilitate the nuclea-
tion and grain growth processes during the wet film drying
process. Zhong et al. [106] explored the effects of substrate
temperature on MAPbI; film morphology through in situ
optical and X-ray scattering techniques. They found that the
operating temperature can mediate the polymorphism and
composition of the solvates by changing the solvent evapora-
tion rate. Low temperatures lead to different compositions
and yield poor PCE. Elevated temperatures lead to directly
crystallizing from the solgel ink without forming intermedi-
ate-phase films, which results in large and compact domains
of perovskite accompanied by enhanced PCE [106, 107].
Figure 3c, d shows that vacuum-assisted drying and anti-
solvent bathing processes are not synchronized with wet film
formation. Because of the narrow time window for the post-
treatments, determining the best time is difficult, resulting in
poor-quality perovskite films with pinholes or rough surfaces
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Fig.3 a Schematic of the general blade coating process assisted by
gas quenching. Reproduced with permission from Ref. [60]. Copy-
right © 2019, AAAS. b Perovskite film thickness as a function of the
printing rate. Reproduced with permission from Ref. [59]. Copyright
© 2018, Springer Nature. ¢ Schematic illustration of vacuum flash-
ing-assisted blade coating. Reproduced with permission from Ref.
[104]. Copyright © 2018, Royal Society of Chemistry. d Schematic
illustration of antisolvent bathing-assisted blade coating. Reproduced

[58, 107]. To solve this problem, Zhu and coauthors [58]
demonstrated that the methylammonium chloride (MACI)
additive coupled with solvent adjusting (NMP:DMF) can
effectively endow a wider precursor-processing window
of up to~8 min. Using the antisolvent bathing-assisted
blade coating method, they achieved an average efficiency
of 17.33% on an area of 1.2 cm? and a PCE of 13.3% for
12.6 cm? PSMs. Additionally, many studies show that
mixed solvents are beneficial for widening the precursor-
processing window [40, 58, 108]. For the mixed solvents,
a component with a low boiling point, such as DMF and
ACN, serves as the main solvent, while another solvent usu-
ally exhibits a high Gutmann’s donor number (Dy) (with

with permission from Ref. [46]. Copyright © 2018, American Chem-
ical Society. e Schematic diagram of the directional microscale liquid
flow toward the perovskite islands during wet film drying. Repro-
duced with permission from Ref. [59]. Copyright © 2018, Springer
Nature. f Schematic illustration of restrained ink flow in the presence
of a surfactant. Vy represents the surface tension gradient. Repro-
duced with permission from Ref. [59]. Copyright © 2018, Springer
Nature

strong coordinating ability) and relatively low volatility.
These cosolvents include dimethyl sulfoxide (DMSO),
dimethylacetamide, dimethylpropyleneurea, and N-methyl-
2-pyrrolidone (NMP). The main solvent favors nucleation
and growth by quickly evaporating, while the cosolvent can
stabilize the precursor ink (widen the processing window)
by strong interaction with the Pb?* center. Very recently, Qi
and coauthors [109] revealed that N-methyl-2-pyrrolidone
can impede the formation of the perovskite-DMF complex
intermediates that lead to poor film quality. Combining the
introduction of MACI, they achieved an efficiency of 15.3%
on a module area of 205 cm?”. Additionally, more works on
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Fig.4 a Schematic of slot-die coating assisted with an air knife.
Reproduced with permission from Ref. [114]. Copyright © 2021,
John Wiley and Sons. b Schematic illustration of a capillary coating
bead during the slot-die coating process. Reproduced with permis-
sion from Ref. [113]. Copyright © 2021, John Wiley and Sons. ¢ Cal-
culated interaction energy of DMF, NMP, or DPSO molecules with
FA+ and Pbl, species. Reproduced with permission from Ref. [122].

additives and cosolvents are provided in the previous reports
[110, 111].

In addition to controlling solvent evaporation, regulating
the microscale ink flow dynamics is also an effective way to
control the nucleation and grain growth during the wet film
drying process [112]. Huang and coauthors [59] reported a
method for controlling the fluid drying dynamics by intro-
ducing a surfactant of L-a-phosphatidylcholine (LP). They
found that during the drying process of wet perovskite films,
once the grain islands are generated, the microscale fluid
flows (labeled as red arrows in Fig. 3e) transport the perovs-
kite solutes to the islands, which results in rough and porous
perovskite films. The microscale liquid flows are speculated
to result from a faster evaporation rate of solvent around
the islands. As shown in Fig. 3f, after LP is introduced, the
solution flows lead to the accumulation of LP molecules
on the periphery of the perovskite islands. Additionally, a
reduced surface tension gradient from the body ink to the
island is established because of the increasing LP concentra-
tion. This surface tension gradient can induce the Marangoni
flow to restrain the solution flow. Furthermore, adding LP
can improve the adhesion of the precursor solution to the
non-wetting surface by diminishing the surface tension of
the precursor ink. Thus, the uniform dense perovskite films
were fabricated using the blade coating method with a high
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2021, AAAS. e Schematic diagram of the slot-die coating process on
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coating rate of up to 180 m/h. Based on these perovskite
films, the PSMs achieved efficiencies of 15.3% and 14.6%
for aperture areas of 33.0 cm? and 57.2 cm?, respectively.
More interestingly, this method can also be used in other
solution-based deposition techniques that use the liquid dry-
ing process.

Blade coating is a simple and R2R-compatible technol-
ogy with the features of low operating cost and a facile con-
trolling process. It is a promising method for upscaling the
manufacture of perovskite films. However, many operating
conditions need to be optimized for dense, pinhole-free,
and uniform perovskite films. The optimization processes
include the basic operating parameters and wet film solidi-
fication control, as illustrated above.

Slot-Die Coating

Slot-die coating is a versatile technique that is widely used
to deposit thin films with high uniformity. Benefiting from
its pre-metered feature, the thickness of wet films can be
preset and precisely adjusted by optimizing the ink flow
rate and the substrate moving speed or coating speed [113].
Figure 4a shows that a slot-die coater generally consists of
an ink-supplying system and a die head [114]. Moreover,
to precisely control the crystallization process, an air knife
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and substrate heating system are usually introduced. Dur-
ing operation, precursor ink is continuously supplied from
the ink reservoir to the die head by a pump, which endows
slot-die coating with the feature of large-scale, continuous
manufacturing with high reproducibility. Once the precursor
ink reaches the substrate, a capillary coating bead is formed
to link the die head and the substrate through two edges,
which are referred to as upstream and downstream menisci
(Fig. 4b). Additionally, the shape of the coating bead plays
an important role in the thickness and morphology of the
final films [45]. While the die head or substrate moves rel-
atively, a uniform wet thin film is generated by dragging
the capillary coating bead. To obtain high-quality perovs-
kite films, some operating parameters should be carefully
designed, such as the ink flow rate, coating speed, coating
gap, and operating temperature [113, 115-117]. In addition,
the properties of precursor ink, including the concentration
and composition of solutions, the solvent volatility, and the
surface tension of the coating ink, play a decisive role in the
quality of the final films by intervening in the solidification
process of the wet films. Furthermore, similar to the blade
coating technique, various additional treatments, such as gas
quenching, vacuum drying, and antisolvent bathing, can be
used to control the nucleation and grain growth during the
drying process of liquid films [116, 118].

Liu and coauthors [66] explored the effects of N, pressure
on PSC efficiency. They found that high-pressure nitrogen
extraction (HPNE) can accelerate solvent volatilization and
decrease the ink temperature, which helps to achieve a wid-
ened processing window in a well-designed coating process.
They demonstrated that HPNE leads to yellow-phase inter-
mediate perovskite film, which is prone to forming large-
area, high-quality perovskite films after annealing. Further
combining the surface passivation with tetramethylammo-
nium tetrafluoroborate ([M,N]BF,), the final PCE efficiency
is up to 19.6% with an active area of 7.92 cm?. Fievez et al.
[116] reached a similar conclusion that a higher gas flow
rate leads to higher substrate coverage. They further dem-
onstrated that reducing the distance between the gas knife
and the substrate is beneficial for forming a more homogene-
ous lateral gas flow. Cotella et al. [119] found that substrate
preheating and a cold air knife could induce an increasing
temperature gradient from the surface to the bottom of the
wet film. The relatively high substrate temperature could
facilitate the drying dynamics and nucleation process, while
the thermal gradient favored vertical crystal growth [119,
120]. Thus, the final perovskite films exhibited an improved
surface coverage and vertical orientation feature.

In addition to directly controlling solvent evapora-
tion, antisolvent processing and vacuum flashing are also
employed [108, 118, 121]. Similar to blade coating, the pro-
cessing window must be widened by an additive or cosolvent
to enhance the operating efficiency. For instance, diphenyl

sulfoxide (DPSO), a Lewis base additive with nonvolatil-
ity and high Dy, is used to improve the nucleation barrier
through strong interaction with the solute in the precursor
inks (Fig. 4c) [122]. Combined with the post-antisolvent
bathing extraction processing, the related solar module
(active area of 20.77 cm?) achieved a certified quasi-sta-
bilized PCE of 16.63%. Notably, the encapsulated PSMs
retained 95% of the initial PCE after continuous illumination
of 1-sun equivalent white light for 1187 h at the maximum
power point.

In addition, the nucleation and grain growth processes
can be modulated by the solvents or intermediate phase.
Li et al. [114] revealed that using pure 2-methoxy-ethanol
(2-ME) as the solvent leads to porous films while adding
DMSO to 2-methoxy-ethanol can dramatically modify the
morphology of MAPbI, film. The in situ X-ray diffraction
and small-angle X-ray scattering results show that a certain
amount of DMSO can impede the generation of an adverse
intermediate product (MAPbI;-2-ME) and facilitate the gen-
eration of a MAPbI; perovskite phase. Huang and coauthors
revealed that N-methyl-2-pyrrolidone (NMP) can convert the
intermediate phase of FA,Pb;Ig-4DMF and 6-(FACs)Pbl,
into lead halide-NMP adducts (Pbl,-NMP and PbX,-NMP/
DMEF complexes) when DMF is used as the solvent [32]. The
lead halide-NMP adducts can directly convert into a-phase
perovskite by in situ reacting with embedded CsI/FAI at low
temperature with a lower free energy requirement (Fig. 4d),
which sidesteps the formation of a d-phase perovskite. Com-
bined with excess PbCl, additive, large-area, dense, and uni-
form perovskite films were prepared based on the slot-die
coating technique. The final PSMs realized high efficiency
of 20.42% (certified efficiency of 19.3%) with an active area
of 17.1 cm?, and an efficiency of 19.54% was achieved when
the active area increased to 65.0 cm?.

Most importantly, slot-die coating is a promising tech-
nique for the R2R upscaling fabrication of PSCs [123]. As
presented in Fig. 4e, using a high initial concentration and a
volatile solvent (MA/ACN), Dou et al. [124] demonstrated
a partial R2R slot-die coating on a flexible substrate in an
ambient environment and achieved an efficiency of 14.1%.
More importantly, they found that 98% of relative crystallin-
ity could be accomplished at room temperature.

Inkjet Printing

Inkjet printing is an all-around technology for control-
lable and large-scale deposition of thin films from a col-
loidal dispersion or homogeneous solution inks [49, 125,
126]. In contrast to the blade coating and slot-die coating
techniques, inkjet printing is a noncontact printing method,
and the ink can be deposited on a flexible or rigid substrate
with a smooth, rough, or even curved surface. In the basic
mechanism of the inkjet printing technique, the ink is misted
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permission from Ref. [125]. Copyright © 2017, John Wiley and Sons.
b Schematic illustration of the droplet spacing (d,, the top image) and
the line spacing (d,, the bottom image) in the inkjet coating process. ¢
Top-view SEM images of the perovskite films printed under different

into small droplets and ejected out through a fine nozzle
onto the substrate to form predesigned patterns. According
to different droplet supplying methods, the inkjet printing
techniques can be divided into two modes: continuous inkjet
(CIJ) printing and drop-on-demand (DOD) inkjet printing
[125]. Figure 5a shows schematic diagrams of the differ-
ent inkjet printing methods. For CIJ printing, continuous
ink droplets are generated and partially deposited on the
substrate, which results in less use of ink. In contrast, DOD
inkjet printing can generate a single droplet at once when
required; thus, much higher ink usage is achieved compared
to continuous inkjet printing. The ejection of ink droplets
is realized through a regular pressure pulse, which is pro-
duced by the explosion of thermally induced bubbles or the
mechanical distortion of a piezoelectric transducer. Thus,
DOD inkjet printing can be divided into two modes: thermal
and piezoelectric. When a regular pressure pulse is used,
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the printing ink is expelled from the nozzles to generate
a single droplet, and then the droplet is accurately settled
on the designed location by moving the printer head or the
substrate. Inkjet printing is a digitally controlled technique
that endows high reproducibility and high throughput. In
addition, the droplet size and droplet distance (Fig. 5b) also
have a great influence on the morphology and thickness of
the final films [127, 128].

Gao et al. [129] found that a low concentration and print-
ing speed could lead to poor surface morphology. Addition-
ally, porous perovskite film is obtained when printing at
low temperatures. By optimizing the operating parameters
of ink concentration, printing speed, and substrate tempera-
ture, they achieved a PCE of 16.78% on an effective area
of 120 cm?. Yang et al. [130] reported a similar result that
low operating temperature leads to a discontinuous morphol-
ogy with low coverage (Fig. 5c¢), which results from a low
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nucleation rate and long grain growth time. By increasing
the temperature to 85 °C, dense perovskite film with rela-
tively small crystal grains was obtained. They further dem-
onstrated that the line space can affect not only the thick-
ness but also the surface morphology of perovskite films
(Fig. 5d). Optimizing the line space could gain a smooth
film with vertically grown perovskite grains.

In addition, when printing with a high boiling point
solvent at low temperature, only the wet films are obtained.
Thus, subsequent treatments, such as vacuum-assisted dry-
ing, are required to prevent inhomogeneous grain growth
caused by the coffee-ring effect [41, 128, 131]. For exam-
ple, Mathies et al. [132] demonstrated that directly anneal-
ing the wet film leads to a rough surface morphology with
large perovskite islands, while the films become smooth
and fully covered when a vacuum is used. Liang et al.
[67] reported that vacuum-assisted thermal annealing can
facilitate intermediate-phase formation by fast removal of
solvent, which benefits fabricating a uniform, dense per-
ovskite film with a large area.

Inkjet printing is a promising method for upscaling
PSC fabrication. Its advantages include a contact-free
and digital controlling process, high reproducibility, and
high printing efficiency. However, various operating limits
should be determined by the experimental design of fea-
tures such as ink properties, printing temperature, printing
speed, drying conditions, droplet size, and droplet and line
spaces. Furthermore, the print heads are less durable and
prone to being blocked by the precipitate caused by the
drying of the precursor ink.

© 2020, American Chemical Society. ¢ Electrospray coating and d
a schematic of solidified crystal formation by electrospray coating.
Reproduced with permission from Ref. [138]. Copyright © 2017,
Royal Society of Chemistry

Spray Coating

Similar to inkjet printing, spray coating is also a noncontact
printing technology. Thus, it is suitable for depositing thin
films on a substrate with a smooth, rough, or even curved
surface. However, the misted droplets for spray coating are
uncontrollably deposited on the substrate, while this pro-
cess is precisely set for inkjet printing. According to the
differences in atomization mechanisms, spray coating can
be mainly divided into three categories: pneumatic spray
coating, ultrasonic spray coating, and electrospray coating
[133]. For pneumatic spray coating, compressed gas, such as
air, N,, or Ar, is used to atomize and disperse the precursor
ink to form aerosol [134]. Then, the atomized ink is driven
onto the substrate by gravity and the compressed gas, as pre-
sented in Fig. 6a. The main advantage is a very low operat-
ing cost with simple equipment. Although the size of a mist
droplet can be controlled by the gas pressure and flow rate,
generating monodisperse droplets is a challenge. Moreover,
the high-pressure gas with strong flow used to atomize the
ink may cause large material losses. As for ultrasonic spray
coating, the coating inks are misted by the mechanical vibra-
tions produced by the ultrasonic waves used, and then the
atomized inks are delivered onto the target surface by add-
ing a low-pressure carrier gas as well as using gravity, as
shown in Fig. 6b [135]. The droplets generated by ultra-
sonic vibrations are ultrafine (usually at micrometer size)
and uniform [136]. Additionally, the size of a mist droplet
can be adjusted by changing the resonant frequency and ink
flow rate. Generally, a higher ultrasonic frequency leads to
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a smaller droplet size. Furthermore, the low-pressure carrier
gas flow produces negligible splashing; thus, the utilization
rate of precursor ink can be greatly enhanced. In contrast to
the above two methods, the atomic process is achieved by
electrostatic repulsion in electrospray coating. Figure 6c, d
presents the electrospray coating process and high-voltage
electric field-assisted atomizing process, respectively. Dur-
ing the coating processing, the ink is supplied through a
designed metallic capillary, which is charged with static
electricity to several thousand volts (Fig. 6¢) [137]. Then,
because of the shrinkage caused by solvent evaporation, the
increasing Coulombic repulsion leads to an explosion of
ejected coating ink into mists with narrow size distributions.
Furthermore, this process can realize a wide and continu-
ous adjusting of the droplet dimensions from the nanoscale
to the microscale, as shown in Fig. 6d [133, 136, 138]. The
generated ultrafine ink mists are attracted to the target sub-
strate surface that is fixed on a grounded stage. In addition,
nearly all of the mists are deposited on the designed surface
by electrostatic attraction. Therefore, the ink use is further
improved compared to ultrasonic spray coating.

During the spray coating process, once the ink leaves the
spray nozzle, solvent evaporation occurs, and the solution
concentration begins to increase. If the solution concentra-
tion increases to the critical concentration before reaching
the substrate, nuclei will generate, which leads to poor-qual-
ity film with pinholes and a rough surface [136, 139, 140]. A
critical concentration should be formed immediately when
the droplets reach the substrate so that the substrate surface
can serve as a nucleation center [139, 141]. Therefore, the
flight time must be suitable for depositing uniform, dense
perovskite films, and it is affected simultaneously by droplet
size, the gas flow rate, the gap between the substrate and
spraying nozzle, operating temperature, and ink properties.

Hong et al. [137] investigated the effects of droplet size
on the morphology and crystallinity of the final perovskite
films, as well as the performance of the prepared device.
The results show that if the droplet size is too small, solvent
evaporation will be too quick to form smooth and pinhole-
free perovskite films, while an oversized droplet leads to the
coffee-ring effect. Barrows et al. [39] explored the effects of
substrate temperature on the morphologies of the final per-
ovskite films. They found that a low operating temperature
leads to large grains but low surface coverage due to a low
solvent removal rate with few nuclei. Therefore, some post-
treatments, such as hot casting [137, 142], vacuum-assisted
drying [40, 143], and antisolvent bath quenching [144, 145],
are also needed to facilitate nucleation and grain growth dur-
ing the solidification process of liquid/wet films.

Furthermore, spray coating is the preferred method for
graded structure films with a composition gradient. A com-
position gradient can be achieved by changing the coating
inks layer by layer. For instance, Heo et al. [69] prepared

@ Springer

CsPbl;_,Br, composition gradient films by successively
depositing a CsPbl,Br layer and a CsPblj, layer. They found
that this graded structure can enhance light absorption and
benefit charge carrier separation and collection by induc-
ing the redistribution of the electrical field. The graded
CsPbl;_,Br,-based PSMs achieved a PCE of 13.82% with
an aperture area of 112 cm?.

Structural Design of Perovskite Solar
Modules

Classification of Perovskite Solar Modules

In contrast to a small solar cell, PSMs comprise many sub-
cells. To describe the module efficiency more conveniently
and clearly, module areas are usually divided into a des-
ignated illumination area, aperture area, and total area, as
illustrated in Fig. 7a [146, 147]. The designated illumination
area presents the region where light illuminates when meas-
uring the module performance. The aperture area includes
the entire subcell area and interconnection area of the mod-
ule. The total area is the sum of the total projected area,
including the frame area. Moreover, the active areas, which
exhibit photoactivity during performance measurement, are
usually used to estimate PSM performance.

For large-area PSCs, the charge carriers must be trans-
ported a long distance in a transparent conducting electrode
with relatively low conductivity. This requirement inevitably
results in additional resistance loss [148, 149]. This energy
loss can be diminished by module designing and shortening
the charge carrier transmission path. According to differ-
ent connection modes between subcells, the PSMs can be
divided into parallel and series modules [94, 150].

PSMs in Parallel Connection

For parallel-connected PSMs, a major feature is that the
current is the sum of subcell currents. This feature is prefer-
able in tandem solar cells because the adjustable current can
benefit from matching with the current of the bottom cells
[30, 151]. Figure 7b presents a type of parallel-connected
PSM. In this kind of module, two scribes, commonly named
P1 and P2, are used to achieve the final design. P1 removes
the transparent conductive oxide (TCO) layer and isolates
the connection between the final top electrode and the bot-
tom electrode. P2 is operated after depositing the perovskite
layer, electron transport layer (ETL), and HTL but before
depositing the metal electrode. P2 makes space for metal
grid deposition on the bottom electrode. For an ideal P2,
the materials deposited on TCO are removed completely,
while the TCO layer remains undamaged. These scribe pro-
cedures can be avoided when metal grids are predeposited
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Fig.7 a Schematic of defined areas for PSM performance measure-
ment. Reproduced with permission from Ref. [162]. Copyright ©
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on the TCO or used directly as bottom metal electrodes with
transparent top electrodes, as shown in Fig. 7c¢ [151-153].
Metal grids (consisting of fingers and a busbar) are used to
collect the current from the subcells to decrease the charge
transport distance in TCO. However, many more metals or
conductors are in demand to reduce the resistive loss caused
by the high current, and a balance between lessening resis-
tive losses and increasing the grid-shadowed areas must be
struck. Moreover, high-quality and uniform perovskite films
with high reproducibility are difficult to manufacture using a
solution procedure on metal substrates or substrates loaded
with metal grids.

PSMs in Series Connection

The series PSMs comprise a range of parallel subcells, as
shown in Fig. 7d. Each subcell is connected by the design of
three parallel scribes referred as P1, P2, and P3. This process
is also called the “monolithic interconnection” method. P1
scribe is used to remove the conductive layer (TCO or other
conductors) on the substrate to divide the large substrate

Voltage (V)

Cell Area Width [mm)

interconnected by P1, P2, and P3 scribes. Reproduced with permis-
sion from Ref. [163]. Copyright © 2021, John Wiley and Sons. e J-V
curve of FTO/TiO,/Au with different TiO, thicknesses. Reproduced
with permission from Ref. [46]. Copyright © 2018, American Chem-
ical Society. f PSM performances with different cell area widths.
Reproduced with permission from Ref. [94]. Copyright © 2022, John
Wiley and Sons

into a series of small, parallel patterns. These patterns are
insulated from each other by P1 scribes, and each pattern
corresponds to a subcell. After the depositions of HTL, the
perovskite layer, and ETL, the P2 scribe is operated near P1.
The ideal P2 clears the deposited materials without damag-
ing the TCO layer (the magnified image in Fig. 7d). The
residual TiO, and damages in the TCO layer are adverse to
PSM performance [154]. Zhu and coauthors [46] explored
the effects of residual TiO, on contact resistance. As pre-
sented in Fig. 7e, residual TiO, induces a change of the
interconnection contact type between the metal electrode
and TCO from Ohmic contact to a Schottky diode behavior.
The P3 scribe is operated to isolate the top electrode with
adjacent cells to form the final series of PSMs.

The output voltage is the accumulated voltage of each
subcell, while the value of the current equals the value of
the smallest subcell’s current. A limited current flow can
efficiently diminish the parasitic loss caused by the relatively
low TCO conductivity [155]. However, because of the direct
contact of perovskite and the metal electrode at the P2 scribe
region, the chemical reactions between perovskite and the
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metal electrode have an important impact on PSM stability
[65, 122, 156]. Qi and coauthors [156] demonstrated that air
could facilitate the reaction between methylammonium lead
perovskite and silver electrodes, and this reaction could be
limited in a dry nitrogen atmosphere.

Subcell Design in PSMs

As for PSMs, the connection regions (scribe areas or metal
grid-covered areas) are inactive and are called a “dead area,”
as exhibited in Fig. 7c, d. To estimate this dead area, the geo-
metric fill factor (GFF) is introduced, which is the ratio of
active areas and aperture areas (the sum of active areas and
dead areas) of PSMs. To increase the GFF, the connection
area should be decreased as much as possible.

The scribing process can be performed by laser ablation
or mechanical scribing. Laser ablation can achieve a high
GFF of over 95% with high reproducibility [91, 94, 152,
157]. However, the damage to perovskite film caused by the
residual heat effect near the ablation line is difficult to avoid,
particularly during P2 ablation. The operating limitations for
laser ablation, such as the laser wavelength, output power,
pulse frequency, and duration, must be carefully determined
to minimize the damage to perovskite and perform etching
[151, 152, 158]. Compared with laser ablation, mechanical
scribing may be a potential method because of its low oper-
ating cost and negligible damage to perovskite. However,
operating on a flexible substrate and gaining a high GFF are
challenging [46, 69, 159].

Moreover, for certain aperture areas, the number of
subcells also affects efficiency and stability [94]. When
increasing the subcell number, a shorter distance is needed
for charge carriers to reach the electrodes, which helps mini-
mize the resistive loss. However, in this case, more contact
lines inevitably lead to a lower GFF. More scribe lines may
also aggravate the damage to the perovskite, leading to poor
stability and performance. In contrast, a large subcell size
can realize a high GFF while increasing the current flow
through each subcell, resulting in a higher resistance-related
loss [151, 154]. A trade-off between resistive loss and the
GFF should be made, and the power losses related to the
dead area (f;) and the TCO resistance (frco) can be illus-
trated by the loss factor (f) [160, 161]:

I =fa+frco
a1 T W (1)
We+W, 3 "WV We+ W,

where W, and W, are the width of the dead area and active
area, respectively; R, is the TCO sheet resistance; Vmpp and
Jmpp Present the voltage and current density at the maxi-

mum power point, respectively. For certain values of W,, the
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power losses can be minimized by decreasing the dead area
width [161]. For a definite dead area width, the total power
losses will decrease first and then increase with the width
of the active area. The subsequent increase in power losses
results in increased TCO resistance-induced energy loss.
These calculated results are consistent with experiments
(Fig. 7f) [94]. The best PEC was achieved with a cell area
width of 4.5 mm when the GFF was 91%.

Stability of PSMs

Some previous reports have summarized the stability of
PSCs/PSMs under different conditions and the strategies
for stabilizing them [164—-168]. Therefore, we will mainly
focus on the stability challenge caused by the interconnec-
tions of subcells in PSMs. The interconnection region exhib-
its a faster degradation during the aging process, which is
mainly caused by the direct contact of perovskite and the
metal electrode at the P2 scribe and the exposure of perovs-
kite to the environment at the P3 scribe [165, 169]. Chen
and coauthors [170] found that a compact and chemically
inert Bi layer between the HTL layer and metal electrode
can serve as a permeation barrier that simultaneously pro-
tects the perovskite from moisture and the metal electrode
from iodine corrosion. Bi interlayer-based devices presented
greatly enhanced stability and maintained 88% of their initial
PCE after aging for over 6000 h in ambient air. Combining
the ALD-AI,Oj; thin-film encapsulation, no obvious color
change was observed for the as-prepared PSMs after soaking
in water for several minutes [122]. The encapsulated mod-
ules retained 97% of their initial PCE after 10 000 h under
day/night cycling. Aside from Bi, Cr can also serve as a bar-
rier layer to prevent chemical reactions between perovskite
and the metal electrode [171]. Han and coauthors [65] dem-
onstrated that the chemical reaction between perovskite and
the electrode could be limited by building low-dimensional
diffusion barriers (DBLs). The DBLs comprised thermally
and chemically stable materials, such as metal oxide nano-
particles (0OD), inert silicon-based organic polymers (1D),
and 2D inorganic materials. More importantly, the device
performance could be enhanced by the DBLs by passivat-
ing the surface defect of perovskite. Using graphitic car-
bon nitride (g-C5N,) as DBLs, they achieved a PCE of 15%
on a module area of 36 cm?, and the device retained over
95% of its initial PCE after heating at 85 °C for 1000 h.
The promising strategy of superseding a noble metal elec-
trode with inert and inexpensive materials without a great
PCE drop, such as carbon materials, can not only avoid the
electrode—perovskite reaction but also further reduce cost
[172-174].
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Summary and Perspective

In summary, small PSCs exhibit excellent PCE of over 25%,
which is comparable to that of silicon solar cells. However,
high efficiencies are achieved based on the spin-coating
method, and a dramatic efficiency drop is observed for
large-area PSMs. Although many mature upscaling deposi-
tion technologies have been successfully introduced to solve
this problem, more efforts need to be focused on the fabrica-
tion process of large-area perovskite films to obtain further
in-depth understanding, particularly of the effects of solvent
properties, such as volatility, surface tension, and coordi-
nation ability, precursors (additives and chemical composi-
tions), and the operating parameters of depositing technol-
ogy, on the nucleation and grain growth processes. At the
same time, technologies need to be developed to minimize
the power loss caused by PSM structural design. In particu-
lar, the contact resistance between the metal electrodes and
TCO electrodes should be reduced by carefully designing the
preparation process. In addition, highly efficient and inex-
pensive charge extraction materials should be developed to
replace the expensive materials, such as [6,6]-phenyl C61-
butyric acid methyl ester (PCBM) and 2,2',7,7'-tetrakis-
(N,N-di-p-methoxyphenyl-amine)-9,9'-spirobifluorene
(spiro-MeOTAD), because this tactic has great potential
for reducing the precursor cost of industrial manufacture.
In addition to the efficiency, the stability of PSMs under
humidity, UV light, heat, and oxygen is of equal impor-
tance for large-scale practical applications. Although recent
studies performed the device stability test over thousands
of hours, this duration is far from meeting the requirement
for large-scale applications with a lifetime of over 10 years.
As the first protecting barrier, encapsulation plays a crucial
role in PSC stability in moisture and oxygen. Encapsulation
can also prevent toxic lead from entering the environment
and is conducive to raw material recycling. Finally, devel-
oping lightweight and high-performance, flexible PSMs is
a great advantage compared to conventional silicon solar
cells because of the soft crystal and size-tunable properties
of perovskite [175, 176].
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