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The record power conversion efficiency of small-area perovskite solar cells has impressively exceeded 25%.
For commercial application, a large-area device is the necessary next step. Recently, significant progress has been
achieved in fabricating efficient large-area perovskite solar cells. In this review, we will summarize recent achieve-
ments in large-area perovskite solar cells including the deposition methods as well as growth control of the
large-area, high-quality perovskite layer and also the charge transport layer. Finally, we will give our insight

into large-area perovskite solar cells.
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1. INTRODUCTION

Inorganic-organic hybrid perovskite solar cells (PSCs) have
been one of the brightest spotlights in the photovoltaic research
field in recent years. Their power conversion efficiency (PCE)
has risen from 3.9% to 25.2% since 2009 [1-9], which sur-
passes the most effective thin-film solar cells such as CulnGaSe
(CIGS) and CdTe and could be comparable with crystal silicon
solar cells [10]. This remarkable progress is due to its excellent
optoelectronic properties: excellent light absorption coefficient
(~10° cm™), long carrier diffusion lengths (>1 pm), and
high defect tolerance [11]. Despite these impressive achieve-
ments, most high PCEs of PSCs are recorded on small areas
and fabricated by spin-coating methods, typically around
0.1 cm?® [12-14].

When considering commercial application, it is necessary to
fabricate large-area PSCs. The area of most modules is greater
than or equal to 1 cm? and less than or equal to 800 cm?.
According to different substrate materials, large-area PSCs
can be divided into rigid and flexible types. So far, the cham-
pion cell efficiency of the flexible cell is 19.11% [15], and the
world-best efficiency for a flexible perovskite module is about
15% with an area of 30 cm? [16]. To date, there are also sig-
nificant progress in rigid large-area device fabrication.

For example, Han ez al. attempted to fabricate 1 cm? large-
area perovskite solar cells by traditional spin coating in 2015
via heavily doped inorganic charge extraction layers in PSCs,
and a PCE > 15% in 1 cm? cells was obtained [17]. In 2017,
Sargent and co-workers used chlorine-capped TiO,(CI-TiO,)
films as an electron transport layer, which suppressed inter-
face nonradiative recombination in solution-processed PSCs.
A certified PCE of 19.5% for active areas of 1.1 cm? was
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achieved [18]. In the same year, Seok et al reported that
the introduction of excessive iodide ions into the solution of
perovskite, which through an intramolecular exchange process
formed the perovskite layers and decreased the concentration of
deep-level defects, resulted in obtaining a certified PCE of
19.7% in 1 cm? [6]. Later, our group reported a 1 cm? per-
ovskite solar cell with efficiency of 20.1% by optimization of
grain boundary passivation with Pbl, [19].

However, it is a crucial challenge to produce a large-area de-
vice with an area larger than 5 cm x 5 cm by using a conventional
spin-coating method. Several scalable deposition techniques have
been developed to prepare perovskite films, such as doctor blad-
ing, inkjet printing, and slot-die coating. Some progressed have
also been made in preparing large-area PSCs by these methods.
For example, in 2015, by using bladed MAPbI; films, a maxi-
mum PCE of 15.1% in approximately 6.45 cm’ substrates was
achieved. In 2018, through adding L-a-phosphatidylcholine in
perovskite ink, the blading coating rate was controlled, and a
smoother perovskite film was obtained, resulting in stabilized
module PCE of 15.3% and 14.6% measured at aperture areas
of 33.0 cm? and 57.2 cm?, respectively [20,21]. In 2017, Han
et al. reached a certified PCE of 12.1% with an aperture area of
36.1 cm? by a pressure-processing method for the deposition of
perovskite films [22].

In addition to the above-mentioned published results, some
companies have also achieved good results in developing large-
area PSCs. In 2019, Microquanta Semiconductor reported large-
area perovskite modules (about 20 cm?) with a PCE of 18.04%
[23]. A PCE of 16.1% was also reported by Panasonic for a sub-
module (55 series cells) with an area of 802 cm? [24]. The effi-
ciency for flexible PSCs with single junctions for large-area
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modules reported by Toshiba and Nedo stands at 11.7% with an
area of 703 cm? [25].

In this mini-review, we will briefly summarize the progress
in large-area perovskite solar cells, including optimization of the
deposition method as well as growth control of the large-area,
high-quality of perovskite layer and also the charge transport
layer (CTL). Finally, a perspective of PSCs is also included.

2. DEPOSITION METHODS OF LARGE-AREA
PEROVSKITE SOLAR CELLS

At present, PSCs can be divided into rigid and flexible PSCs,
according to different substrate materials used to prepare large-
area PSCs. Large-area solar cell fabrication technologies [such as
doctor-blade coating, slot-die coating, inkjet printing, and roll
to roll (R2R)] can be used not only to manufacture flexible
PSCs but also to produce rigid PSCs. Next, we briefly summa-
rize these methods for preparing large-area PSCs.

A. 1 cm? Device by Spin Coating
Spin coating has been widely used to fabricate small PSCs
(~0.1 cm?) and large devices with area of 1 cm? as well.
The main advantage of the spin-coating method is that the
preparation method is simple, and the chemical component
and the thickness of the perovskite film can be easily controlled.
The spin-coating method includes one-step and two-step
spin-coating methods. The preparation process of spin coating
is shown in Figs. 1(a) and 1(b) [26]. For one-step spin coating,
briefly, the halide organic salt [e.g., methylammonium iodide
(MAI), formamidinium iodide (FAI)] and lead halide (Pbl,,
PbBr,, or their mixture) powders are mixed and dissolved in
a solvent such as N,N-dimethylformamide (DMF) or dimethyl
sulfoxide (DMSO). The mixed solution is spun on the CTL of
electrons or holes, and the perovskite films were formed after
annealing. In 2015, Chen ez /. published in Science the most

(@) yarepbi,oME

! Spreading Perovskite
Dripping
- . A
T ¥~ [
Annealing
() ~ 2
E
Q
T 15
= Isc = 20.62 mA 3
z Voc =1.072 V b
2 10 FF=0.748 %
k1 PCE=16.2% i
= 5. Area =1.02 cm’ 4
¢ \
3 1
© ?
0 —a

02 04 06 08 10
Voltage (V)

e
=

Fig. 1.

reflection film. (d) J-V curve of the PSCs in large size of 1 cm?

compelling report for large-area PSCs [Fig. 1(c)]. This work is
prepared using n-i-p structure PSCs, using Nb-doped TiO, as
the electron transport layer (ETL) and Li-Mg-co-doped NiO
as the hole transport layer (HTL) in planar PSCs. Meanwhile,
using one-step deposition of a Pbl, /MAI mixture, a certified
efficiency of 15% with the device area of 1.02 cm? was
reported [17].

For the two-step spin-coating method, lead halide and hal-
ide organic salt powders are dissolved in DMF and isopropanol
(IPA), respectively. First, the lead halide solution is spin coated
on the ETL/HTL, and then it is annealed. Subsequently, the
MAI solution is spin coated on lead halide surface, and the per-
ovskite films are obtained after annealing by interdiffusion. In
2018, You et al. obtained 1 cm? perovskite solar cells with the
efficiency of 20.1% by two-step spin coating and controlled the
residual Pbl, on the perovskite surface [Fig. 1(d)] [19].

For the spin-coating method, the disadvantage is that the
material utilization rate is too low, and it is difficult to form
a pinhole-free and uniform perovskite film on a larger area of
the substrates, so it is not conducive to preparing large perov-
skite films (>1 cm?). The spin-coating method for preparing
perovskite layers is mostly done in an inert gas glove box, where
different types of perovskite components can be selected. But
the preparation of larger perovskite layers by methods such as
doctor-blade coating and spray coating needs to be performed
in air. MAPbI; precursor solution is mostly used to prepare
larger-area perovskite layers due to its more stable structure at
room temperature, while FAPbI; and CsPbl; perovskite phases
(a-FAPbI; and a-CsPbl;) are unable to be used at room tem-
perature and easily transformed into nonperovskite phases
(6-FAPbI; and 6-CsPbl;) through thermodynamic phase trans-
formation [27].
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(b) Reproduced with permission [26], Copyright 2018, Royal Society of Chemistry. (c) Reproduced with permission [17], Copyright 2015,
American Association for the Advancement Science. (d) Reproduced with permission [19], Copyright 2017, Nature Publishing Group.
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B. Blade Coating

The first attempt to replace spin coating in the processing
of large-area PSCs was the blade-coating method. Blade coating
has been widely used for large-area film deposition due to its high
material utilization and fast R2R process [24]. Figure 2(a) shows
the setup for the blade-coating technique for fabricating perov-
skite films onto substrates. Specifically, a perovskite precursor
solution was dropped onto CTL covered transparent conductive
electrode (TCO) substrates, and it was swiped linearly by a glass
blade with a suitable speed [28]. The thickness of the perovskite
films during doctor-blade coating was controlled by the perov-
skite precursor solution concentration, the blading speed, and
the spacing of the doctor blade and the substrates.

Compared with the spin-coating process, the solvent evapo-
ration rate of the perovskite film coated by the blade is relatively
slow, which facilitates the growth of larger crystals, but it is
difficult to form a dense film through the natural drying
process. To address this issue, in 2018 Huang ez 4/ bladed
a perovskite precursor solution (ink) over a preheated substrate
(typically ~ 70-145°C). As the solvent evaporates, the perov-
skite precursor material crystallizes into black solid perovskite
films. The preheating of the substrates can speed up blade
coating and suppress the formation of needle-like structures
in the perovskite films [Fig. 2(a)] [21]. In 2019, Huang ez al.
reported a method to accelerate liquid layer drying at room
temperature by introducing a nitrogen knife (N, knife) after
a fixed distance blade and applying a nitrogen flow [Figs. 2(b)
and 2(c)]. A 2% volatile noncoordinating solvent (VNCS) is
introduced into nonvolatile coordinating solvent (NVCS) to
dissolve the perovskite powder, which can achieve rapid drying
at room temperature, but also achieve larger perovskite grains.
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Finally, a certified PSC module with an efficiency of 16.4% and
an area of 63.7 cm? was obtained [29].

For blade coating, the biggest challenge in preparing large-
area PSCs may be forming perovskite films without pinholes.
Therefore, the perovskite precursor solution is very important
for preparing a perovskite thin film by the blade-coating
method.

C. Slot-Die Coating

Slot-die coating [Fig. 3(a)] is similar to blade coating, that is, it
uses a continuously supplied ink reservoir with a thin slit to
apply ink over the substrate. However, slot-die coating shows
better yield and reproducibility than blade coating when the
ink is already fully developed. Thus, it has more potential to
be applied in both sheet-to-sheet (S2S) and R2R coating fab-
rication in the future [30].

Several attempts have been made to apply the slot-die coating
technique to fabricate large-area PSCs on both flexible and
rigid substrates. In 2015, slot-die coating was first applied to
fabricate large-area PSCs, with a device configuration of
ETL(ZnO)/MAPbI; /HTL (P3HT), using an air knife to
dry the wet film. First, a uniform Pbl, layer was formed by
N, gas quenching assisted slot-die coating, and then MAI sol-
ution was dipped onto Pbl, and converted into a perovskite
film. In addition to the perovskite layer, the inorganic ZnO and
polymeric P3HT were also coated using the slot-die coating.
The temperature of the substrate and air knife also influence
the resulting film morphology and photoelectric performance.
After optimization of coating speed and substrate temperature,
a PCE of 11.96% was obtained for the size of 0.1 cm?
[Figs. 3(b) and 3(c)] [31,32]. In 2018, Gao and co-workers
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(a) Schematic illustration for the blade coating of perovskite film in the Landau—Levich mode. (b) The perovskite film’s thickness as a

function of blade-coating speed by coating a 1 mol/L MAPbI;/DMEF solution on a 145°C preheated substrate. (c) Schematic illustration for N,-
knife-assisted blade coating of perovskite films. (d) Schematic illustration showing the drying of ink into a perovskite/intermediate film and full
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Fig. 3. (a) Schematic illustration of the key steps involved in slot-die coating of perovskite thin films. (b) and (c) Schematic drawing of a module
and J-V curve of an organometal halide perovskite solar cell, respectively. (d) The slot-die coating process for preparing CH3;NH;PbI; films.
(e) and (f) 15.24 cm x 15.24 cm perovskite module and I-V curve, respectively. (a) Reproduced with permission [30], Copyright 2018,
Royal Society of Chemistry. (b) and (c) Reproduced with permission [31], Copyright 2014, Wiley. (d) Reproduced with permission [33],
Copyright 2018, Elsevier. (e) and (f) Reproduced with permission [34], Copyright 2018, Elsevier.

added 10 mg- mL™! NH,Cl into the perovskite solution,
where PCEs of 15.57% was obtained using the slot-die coating
processes [Fig. 3(d)] [33]. In the same year, Galagan and co-
workers, with utilization of the slot-die coating process, demon-
strated 168.75 cm? and 149.5 cm? PSCs [Fig. 3(e)] with PCEs
of 11.1% and 11.8%, respectively [Fig. 3(f)] [34].

Notwithstanding these potential advantages, there are still
numerous challenges that must be overcome in order to obtain
continuous and stable thin perovskite films for high-efficiency
large-area PSCs, such as preparing the appropriate perovskite
ink and selecting the appropriate blade knife.

D. Spray Coating

Spray coating is a low-temperature coating technology that is
suitable for scale-up and is a widely used deposition technique
in industry. Its advantages are that it can manufacture PSCs
devices with low cost, high volume, rapid manufacturing,
and high material utilization. Spray coating generally relies
on the use of relatively low-concentration “inks.” The solvent
evaporates to dry the ink to produce a film of the desired thick-
ness, which is in stark contrast to the use of blade coatings and
slot-die coatings to make films.

Spray-coating processes can be broken down into four stages
[Fig. 4(a)]: (i) the generation of the ink droplets, (ii) the trans-
port of the droplets to the substrate, (iii) the coalescence of the
droplets into a wet film, and (iv) the drying of the thin
film [35].

In recent years, researchers have also made some progress in
the preparation of PSCs by the spray-coating method. For ex-
ample, in 2014, Barrows ez al. reported a method for manufac-
turing planar heterojunction CH3NH;Pbl;  Cl, PSCs using
ultrasonic spraying as a deposition technique under environ-
mental conditions, forming an active layer in an inverted

structure PV device (p-i-n) and achieving peak PSCs with a
PCE of 11%. They found that the temperature of the substrate
during spraying, the volatility of the solvent, and the post-
deposition annealing temperature all determined the efficiency
of the PSCs [36]. In 2016, Tait er al. further improved the
efficiency of PSCs based on CH3;NH;3Pbl, Br; , with an active
area of 3.8 cm? to 11.7% by quickly and accurately optimizing
the precursor ratio [Fig. 4(b)] [35]. In the same year, Im and co-
workers, by controlling the redissolution and crystal grain
growth of the MAPbI;_ Cl, mixed halide perovskite film via
spray coating, fabricated a submodule (10 cm x 10 cm, active
area 40 cm?) with a PCE of 15.5% [37]. In 2018, Choi ez /.
applied megasonic spray coating to the fabrication of large-area
PSCs (1 cm?), with a PCE of 14.2% [Figs. 4(c) and 4(d)] [38].

As with other technologies, the use of spraying also faces
similar challenges, that is, the crystallization of the perovskite
itself must be controlled to form a high-quality perovskite film
in order to obtain higher efficiency and more stable large-

area PSCs.

E. Inkjet Printing
Inkjet printing is familiar to most people in the form of desktop
office printers and is widely used commercially. The main
processing advantages of this method are that it can scale from
laboratory scale to large-scale production with low cost and low
material consumption. Its working principle is to eject the pre-
cise deposition and fixation on the ink substrate in the form of
droplets from the nozzle. The two most common approaches are
shown in Figs. 5(a) and 5(b): (i) continuous inkjet printing
(CIP) and (ii) drop-on-demand (DOD) inkjet printing [39,40].
Since the advent of PSCs, great progress has been made in
the preparation of large-area PSCs by inkjet printing. In 2016,
Mhaisalkar e al. completed the upgrade of PSC modules
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under high-efficiency and stable conditions using solution
processing and low-cost electrode materials. Monolithic perov-
skite modules of size 10 cm x 10 cm (active area 70 cm?) and
10 cm x 5 cm (active area 31 ¢cm?) with PCEs of 10.74% and
10.46% were obtained, respectively [Figs. 5(c) and 5(d)] [41].
In 2018, Xing ez al. demonstrated that high-quality perovskite
films could be inkjet printed by innovative vacuum-assisted
thermal annealing post-treatment and optimized solvent
composition.

High-performance PSCs based on printed CH;NH;Pbl;
with a PCE of 13.27% for 4.0 cm® was demonstrated
[Fig. 5(¢)] [42]. In the same year, Song ¢t al. used a two-step
printing method and designed a Pbl, ink precursor with a dif-
ferent solvent composition, and then they used MAI vapor as a
reactant to convert Pbl, to MAPbI;, which resulted in a PSC
with an area 0f 2.02 cm? and a PCE of 17.74% [Fig. 5(f)] [43].

Although some achievements have been made, there are also
some challenges in the production of high-efficiency large-area
PSCs by the inkjet printing method, for example, the develop-
ment of printable perovskite inks and durability of the
print head.

F. Roll to Roll

R2R printing technology is a method for preparing large-area
PSCs. Compared with other preparation methods, its prepara-
tion speed is very fast, and its cost is the most competitive. At
present, the continuous R2R process is being used to prepare
PSCs on flexible substrates.

In 2018, Gao ¢t al. developed blowing-assisted drop-casting
(BADC) in conjunction with an NH4CI additive to prepare
MACH;NH;Pbl; films in air. The NH,Cl additive was
critical to form high-quality perovskite films. The optimized
formulation is then successfully applied to R2R on a flexible
substrate, giving a record PCE of 11.16% with an area of
6.25 cm? [Fig. 6(a)] [34]. In 2019, a nonelectroactive polymer
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[polyethyleneimine ethoxylate (PEIE)] was used in perovskite
to significantly improve its humidity tolerance by Kim ez /.
They also reported a hot slot-die coating method that can
be used for the fabrication of PSCs via an R2R process in
air. By optimizing the preparation process, they obtained a flex-
ible perovskite solar cell with a photoelectric conversion effi-
ciency of 11.7% [Fig. 6(b)] [44]. In the same year, gravure
printing was successfully applied for the fabrication of flexible
PSCs for the first time by Seo et al. A PCE of 9.7% was
achieved for partly R2R processed PSCs based on a two-step
fabrication of the perovskite layer [Fig. 6(c)] [45].

G. Other Novel Approaches

In addition to the above-mentioned classic preparation meth-
ods, in order to improve the efficiency of large-area PSCs,
researchers have also improved the preparation methods and
developed some novel preparation methods to fabricate high-
quality perovskite. For example, in 2016, Gritzel et al. used
a vacuum-flash-assisted solution process to fabricate high-
efficiency large-area PSCs; an illustration of the nucleation/
crystallization procedures during the formation of perovskite
film via vacuum-flash-assisted solution processing is shown
in Fig. 7(a). This method enabled them to fabricate perovskite
films with larger grain size than those created through the con-
ventional processes [Fig. 7(b)]. By this method, they obtained
PSCs with a maximum PCE of 20.5% and a certified PCE of
19.6% with an area of more than 1 cm? [46]. In 2017, the
pressure-processing method for the deposition of perovskite
films was used by Han ez al. They applied pressure via a pneu-
matically driven squeezing board, which spread the liquid pre-
cursor under the PI film [Figs. 7(c) and 7(d)]. The pressure was
held for 60 s and then unloaded. The assembly was put on a
hotplate at 50°C for 2 min. After peeling off the PI film at a
speed of 50 mm -s7!, a dense and uniform perovskite film
with a larger grain size was formed in air at room temperature.
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(a)—(c) Roll-to-roll processing setup for continuous preparation of perovskite solar cells. (a) Reproduced with permission [34], Copyright

2018, Elsevier. (b) Reproduced with permission [44], Copyright 2019, Wiley. (c) Reproduced with permission [45], Copyright 2019, Wiley.
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They achieved a certified PCE of 12.1% with an aperture area
of 36.1 cm? for a mesoporous TiO,-based perovskite solar
module architecture [20]. The photovoltaic performance of
large-area PSCs prepared by different methods is summarized
in Table 1.

3. GROWTH OF HIGH-QUALITY LARGE-AREA
PEROVSKITE FILMS

Although there are many works for fabricating large-area PSCs,
their efficiency still lags behind that of those small-area devices
that are fabricated by spin coating (Fig. 8) [47]. No matter
which method is used to prepare large-area PSCs, the prepara-
tion of high-quality perovskite films is the key factor to further
improve the efficiency of PSCs [48]. The following is a brief
summary of current methods for improving the quality of
perovskite films for large-area PSCs and the photovoltaic
performance of large-area PSCs with different additive strate-
gies will be summarized in Table 2.

A. Solvent Engineering
Solvents that dissolve or process perovskite precursors often
show different boiling points and polarities. These will affect
the crystallization process.

N, N-dimethylformamide (DMF) is widely used as a solvent
for the preparation of Pbl, or perovskite precursor. When it is
used only as a solvent, it will lead to rapid crystallization of Pbl,
or perovskite, and a poor-quality perovskite film will be formed,
which severely affects the efficiency of the PSCs. To solve this
problem, researchers have done a lot of outstanding work. In
2014, Han ez al. and Seok ez al. used the strongly coordinative
solvent DMSO as solvent or as additive in Pbl, or a perovskite
precursor to obtain a highly uniform perovskite film with no
residual Pbl, owing to the formation of a PbI,~DMSO com-
plex [49,50]. In 2017, You ez al. added 5% volume of DMSO
solvent in DMF as a mixture solvent for dissolving Pbl, beads.
The obtained Pbl, layer with DMSO additive is dense and
smooth, the morphology of the formed perovskite layer has also

25 T T T T T T T T T T T T T
Efficiency of lab cells (area <0.1 cm?) Efficiency versus device area
:\; 204 : |
3
3 15 =
S e - -
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c 104 =
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¥ O~ Planar p-i-n
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Fig. 8. Evolution of the best reported lab-cell (<0.1 cm?) efficiencies and large-area (>1.0 cm?) device efficiencies. Reproduced with permission
[47], Copyright 2018, American Association for the Advancement of Science.
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Table 2. Photovoltaic Performance of Perovskite Solar Cells Prepared by Using Different Materials as Additives for

Perovskite Layers

Perovskite Device

Materials Components Area (cm?) PCE (%) J. (mA-cm™2?) V, (V) FF (%) Reference
DMSO (FAPbL,),_, (MAPbBr,), 1 20.12 23.45 112 7685  [19]
Nonvolatile coordinating solvents MAPbI; 63.7 16.9 18.9 74.5 76.2 [29]
(2-methoxyethanol and acetonitrile)

MACI, PbCl, MAPbI;_ Cl, 1 15.4 21.0 1.06 69.1 [51]

25 12.0 2.6 0.798 58.2
MACI MAPbDI; 1.2 17.33 21.38 1.11 72.9 [52]
MACI MAPbI;(Cl) 25 15.3 3.66 6.65 63.0 [53]
MAI MAPbI; 1.2 15.3 21.3 1.09 66.1 [54]
PbCl, MAPbI;_Cl, 4 13.6 19.9 0.91 75.0 [55]
KI K. (Cso.05 (FA.5sMAg 15)0.95 20 15.76 3.57 679  65.0 [56]
Pb(IpsBro15)3
CsBr CSO.IFAOSPbIZ.()BrO.l 91.8 934 1.16 1355 59.6 [57]
L-a-phosphatidylcholine MAPbI; 33 15.0 19.5 1.07 72.1 [21]
57.2 15.0 20.3 1.07 68.9

1,8-diiodooctane (DIO) CH;NH;Pbl;_ Cl, — 10.3 15.6 0.92 71.0 [58]
1,8-diiodooctane (DIO) CH;NH;Pbl;_ Cl, 12 11.2 6.48 2.71 63.8 [59]
I (FAPbL;) (MAPbBr,), 1 19.7 24.7 110 723 (6]
PbI, (FAPbL,), . (MAPbBr;). 1 20.12 23.45 112 7685 [19]

been improved, and an efficiency of 20.1% in 1 cm? has been
achieved by using the two-step spin-coating fabrication method
[18]. When larger-area PSCs are prepared by other methods, at
very fast ablation speeds and lower deposition temperatures
(room temperature), and when DMF or DMSO is used as
the perovskite solvent, the perovskite ink does not dry immedi-
ately. In order to accelerate the drying of the liquid layer at
room temperature, Huang and co-workers introduce about
2% VNCS into the perovskite ink. The VNCS under N,-
knife-assisted blade coating and a mild annealing process gives
more time and a lower energy barrier for the perovskite crys-
talline grains to grow into large sizes and form good contact to
the substrate (Fig. 9). By using this method of preparing PSCs,
a certified efficiency of 16.4% with an aperture area of
63.7 cm? was achieved [29].

B. Additives Engineering

The manufacture of large-area, high-quality, and uniform per-
ovskite films is the main bottleneck for large-area PSCs. In the
past decade, there have been a large number of methods for
manufacturing large-area perovskite films. Among these meth-
ods, the introduction of additives into perovskite precursors has
proven to be an effective method for manufacturing large-area

and high-quality perovskite films.

ACN:2-ME

Fig. 9.

1. Organic Halide Ammonium Salts as Additives
Organic halide ammonuim salts (OHAS), both CH;NH;
(MA) based and HC(NH,), (FA) based, are the materials that
are mostly widely used to improve the morphology of perov-
skite. Among these OHAS, MACI is considered to be one of
the most effective and widely used additives for growth of high-
quality perovskite for both small-area and large-area PSCs.
For example, in 2016, Marks and co-workers reported a hot-
casting process with controlled Cl™ incorporation that achieves
high stability and a high PCE of 15.4% for large-area (%1 cm?)
single-cell PSC. The enhanced performance can be attributed
to the longer carrier diffusion length, the more uniform mor-
phology of perovskite films, the improved perovskite crystallite
orientation, and the reduced carrier recombination through
the introduction of chloride ions [Fig. 10(a)] [51]. In 2017,
Zhu and co-workers used excessive amounts of MACI in per-
ovskite ink, which not only increased the grain size of the per-
ovskite and the crystallinity of the film but also increased the
grain growth rate of the perovskite [Fig. 10(b)]. It also signifi-
cantly reduces thermal annealing requirements. The absorbing
layer was prepared by doctor-blade coating. Finally, the average
efficiencies of the devices with areas of 1.2 cm? and 12.6 cm?
were 17.33% and 13.3%, respectively [52]. Qi and co-workers
introduced MACI into the fast gas-solid reaction of hydrogen

ACN:2-ME:DMSO  (b)
™ o s

SEM images of (a) surfaces and (b) cross-sections of perovskite films prepared with different solvents, respectively. Reproduced with

permission [29], Copyright 2018, American Association for the Advancement of Science.
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(a) Morphological characterization of perovskite MAPbI; films with different amounts of Cl™ incorporation by optical microscopy (top

row), SEM (middle row), and atomic force microscope (AFM) (bottom row). (b) Top-view SEM images of perovskite films prepared with different
excess amounts of MACI using blade-coating (top row) and spin-coating (bottom row) methods. (c) Photograph of the 1.1 pm thick MAPbI; (CI)
filmona5 cm x 5 cm substrate, 12.0 cm? six-cell perovskite solar module, and J-V curve of the 5 cm x 5 c¢m perovskite module with an active area
of 12.0 ecm?. (d) Schematic illustration of perovskite film nucleation/crystallization from solvent bathing. (a) Reproduced with permission [51],
Copyright 2016, Wiley. (b) Reproduced with permission [52], Copyright 2017, Nature Publishing Group. (c) Reproduced with permission [53],
Copyright 2018, Nature Publishing Group. (d) Reproduced with permission [54], Copyright 2015, Wiley.

lead triiodide [HPbI;(Cl)] and CH3;NH, gas to fabricate high-
quality perovskite films with a thickness of more than 1 pm.
The introduction of MACI can not only achieve a small
amount of substitution of iodine ions with chlorine ions but
also can adjust the morphology of HPbI; (Cl) films. Finally,
a PCE of 15.3% for 5 cm x 5 cm solar modules was achieved
(Fig. 10(c)] [53].

When preparing large-area PSCs, MAPbI; is usually the
main component of the perovskite layer. In 2015, Zhu et 4l.
found that excess MAI in the perovskite precursor solution also
played a positive role in the devices [Fig. 10(d)]. They found
that when the excess MAI is absent, the grain size is typically
limited to a few hundred nanometers. But when excess MAI is
present, it compensates for the loss of any MAI and suppresses
(or delays) the formation of a Pbl, phase during annealing.
Using this crystallization-coarsening two-step approach with
the nonstoichiometric MAPbI; precursor solution, the best
PCE of 16.3% was achieved for a planar PSC with 1.2 cm?
active area [54].

2. Inorganic Halide as Additives
In addition to the above-mentioned OHAS as additives that can
improve the quality of perovskite films, some inorganic halides
are also used as additives into the perovskite to obtain higher-
quality perovskite films and improve the PCE of large-area PSCs.
For example, Qiu and co-workers obtained a pinhole-free,
highly crystallized perovskite film by introducing PbCl, into
the perovskite precursor and using the one-step spin-coating
method followed by thermal annealing for 10 min [Figs. 11(a)—
11(d)]. It can be seen from Fig. 11(e) that when 20%-30%

PbCl, is added to the perovskite precursor solution, the pin-
holes of the perovskite films are the smallest. The high-quality
perovskite thin film enables the perovskite module with an area
of 4 cm? to obtain a PCE of 13.6% [55]. The KI was also
introduced into the perovskite precursor by Zhong and
co-workers. The incorporation of KI strongly promotes the
crystallization of the perovskite film, and its grain size is as high
as ~1 pm [Figs. 11(f)-11(i)], which has doubled compared
with those without KI. Perovskite with less interface defect
density, longer carrier lifetime, and faster charge transporta-
tion was obtained. Finally, a 36 cm? submodule with the
K.Cs0.05(FAg 5sMAg.15)0.95Pb(lIossBro.15)s (KCsFAMA) composi-
tion achieved a high PCE of 15.76% without any hysteresis
[56]. In 2019, Qi and co-workers used CsBr additives in
FA cationic perovskite manufacturing based on a hybrid chemi-
cal vapor deposition (HCVD) process. They achieved a PCE of
nearly 10%, and their cell area was 91.8 cm? (14 cells in series)

[Figs. 11(j) and 11(k)] [57].

3. Other Additives

To fabricate high-efficiency large-area PSCs and solar modules,
depositing smooth and uniform perovskite film with full cover-
age on the substrate is necessary. Huang and co-workers added a
small amount L-a-phosphatidylcholine to the MAPbI; /DMF
precursor solution and deposited perovskite films via the blade-
coating method. They found that the L-a-phosphatidylcholine
not only suppressed solution flow but also improved the wetta-
bility of the perovskite ink. Through surfactant additive engi-
neering, the authors demonstrated that smooth perovskite films
with 14.5 nm root-mean-square roughness could be quickly
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CsFAMA/KCsFAMA perovskite films, respectively. (j) Optical image of a 10 cm x 10 cm HCVD Csg ; FA( 9Pbl, 9Br ; -based solar module. (k) J-V
curve of the champion solar module (14 subcells in series). (a)—(e) Reproduced with permission [55], Copyright 2016, Royal Society of Chemistry.
(£)—(i) Reproduced with permission [56], Copyright 2017, Royal Society of Chemistry. (j) and (k) Reproduced with permission [57], Copyright

2019, Royal Society of Chemistry.

deposited by the blade-coating method. Their blade-coated
perovskite solar module showed stabilized efficiencies of
15.3% (33.0 cm?) and 14.6% (57.2 cm?), respectively [21].

In 2014, Jen et al. introduced 1% (mass fraction) 1,8-diio-
dooctane (DIO) into perovskite precursor solution. The surface
of the perovskite films is more continuous and smoother than
that obtained from the pristine solution [58]. DIO was also
used as an additive to control the growth of perovskite solar
modules by Fu ez al., and a PCE of 11.2% with an active area
over 12 cm? was obtained [59].

In addition to the additives mentioned above, some large
organic cations and 2D materials have also been introduced
as additives in the preparation of large-area high-quality perov-
skites, which can not only improve the quality of perovskite
layer but also improve the stability of perovskites [60—63].
In 2019, Xing ez al. found that tert-butylammonium (¢-BA) in
the perovskite precursor solution also played a positive role
in the devices, which could not only improve the quality of the
perovskite film and increase the carrier diffusion length but also
increase the perovskite’s stability. By adding t-BA to the perov-
skite precursor solution, they obtained high-performance PSCs
with a champion PCE of 14.54% for area of 20.8 cm? [61].
In 2020, the 2D C4H,sN,O,Pbl; (EDBEPbI,) was intro-
duced into the precursor solution of perovskite, and the grain
boundaries of the deposited 3D perovskite film were vertically
passivated with phase-pure 2D perovskite, thereby obtaining a
perovskite light-absorbing layer with larger grains and higher

stability. By introduction of EDBEPbIy, the PCE of the device
has reached 11.59% with an active area of 342 cm? [63].

4. FABRICATION OF LARGE-AREA CHARGE
TRANSPORTING LAYERS

PSCs are composed of many layers stacked together, including
metal electrodes, CTLs, and perovskite layers. As with the prepa-
ration of large-area perovskite light-absorbing layers, in addition
to spin coating and blade coating, etc., electron beam (E-beam)
deposition and chemical bath deposition (CBD) methods are
also applied to perovskite solar cells in order to prepare a
larger-area, continuous, and high-quality carrier transport layer
[64-67]. Many CTLs for small-area PSCs are also used to
prepare large-area PSCs, such as TiO, [16,52,68,69], SnO,
[17,70,71], PCBM [28,33,36], NiO [72,73], Spiro-OMeTAD
[17,30,34,35,44,45], and PTAA [37]. In this section, we briefly
summarize the other works on CTLs in PSCs.

In 2015, Han and co-workers prepared efficient and stable
large-area PSCs with inorganic CTLs, and they obtained a PCE
beyond 15% with an area beyond 1 cm? [Fig. 12(b)]. They
used p-doped (p*) Ni,Mg,; O and n-doped (n™) TiO, con-
tacts to selectively extract charge carriers from inverted PSCs.
They implemented the p*t and n* doping by substituting
Ni(Mg)?* ions and Ti%* ions on the Ni,Mg, O lattice and
TiO, matrix by Li* and Nb>T ions, respectively [Fig. 12(a)].
The PSCs with the inorganic CTLs were stable: beyond 90% of
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(a) Scheme of the cell configuration highlighting the doped charge carrier extraction layers. (b) J-V curve of the best large cell endowed

with antireflection film. (¢) Comparison of the Bifluo-OMeTAD molecule (upper) and Spiro-OMeTAD (Merck) molecule. (d) J-V curve of PSCs
with HTLs Bifluo-OMeTAD and Spiro-OMeTAD. (e) The structure of using P3HT as the HTL and structure of the interface between the P3HT
and WBH. (f) I-V curves of solar modules formed by depositing the P3HT layer using bar-coating (purple) and spin-coating (orange) methods.
(g) The DFT simulation of GO and CI-GO. (h) PL spectra and TRPL spectra for different films. (a) and (b) Reproduced with permission [19],
Copyright 2017, Wiley. (c) and (d) Reproduced with permission [74], Copyright 2017, Nature Publishing Group. (e) and (f) Reproduced with
permission [75], Copyright 2019, Nature Publishing Group. (g) and (h) Reproduced with permission [76], Copyright 2019, American Association

for the Advancement of Science.

the initial PCE was maintained after 1000 hours of light
soaking [19].

Spiro-OMeTAD is an excellent HTL in the small-area PSCs,
while using it in large-area PSCs by the slot-die coating technol-
ogy will cause a significant decrease in performance due to
crystallization. In this regard, Cheng and co-workers designed
a new HTL (Bifluo-OMeTAD) [Fig. 12(c)]. This molecular
arrangement could suppress crystallization during deposition,
and a PCE of 14.7% was achieved with the Bifluo-OMeTAD
as the HTL, which is higher than that of the devices based on
Spiro-OMeTAD as the HTL [Fig. 12(d)] [74]. In addition to
the HTLs of Spiro-OMeTAD and PTAA, P3HT is also used in
large-area PSCs, and some progress has been made. Vak and co-
workers used P3HT as the HTL through slot-die coating tech-
nology, and they obtained a PCE of 11.94% for PSCs in 2015
[32]. Despite the potential advantages of P3HT, the open circuit
voltage (Vo) of the resulting device is lower due to the nonra-
diative recombination that occurs at the perovskite/P3HT inter-
face. At the same time, the electronic coupling between the
perovskite and P3HT molecule will also result in low electrical
coupling. To address these issues, Seo ez al. applied an ultrathin

wide-bandgap halide (WBH) perovskite layer on top of the nar-
row-bandgap light-absorbing layer [(Fig. 12(¢)]. The purpose of
adding the WBH layer in the perovskite/P3HT interface is to
effectively reduce recombination. They found that when P3HT
is deposited on the surface of the WBH, interdigitation of its
alkyl chains and the analogous alkyl chains of n-hexyltrimethyl
ammonium bromide (CgH;3-) should promote the self-
assembly of P3HT. By this method, an average PCE of
16.0% was obtained for large-area module (24.97 cm?) PSCs
[Fig. 12(f)] [75].

Han and co-workers also introduced a chlorinated graphene
oxide (CI-GO) layer between the perovskite and the HTL. The
heterostructure consists of a Pb-rich perovskite film and a Cl-
GO layer, forming strong Pb-Cl and P-O bonds to connect
the two layers. They compared the perovskite/PTAA with the
perovskite/ GO/PTAA samples; the perovskite/Cl-GO/PTAA
sample exhibited the lowest steady-state photoluminescence
(PL) signal, consistent with transient photoluminescence
(TRPL) results. The results indicated that reduced charge
recombination and more efficient charge extraction occurred

in the perovskite/CI-GO/PTAA heterostructure [Figs. 12(g)
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and 12(h)]. The PCE of PSCs with an aperture area of 1.02 cm?
was about 21% [76].

5. OUTLOOK AND SUMMARY

In this review, we have summarized recent progress in large-area
perovskite solar cells, including the perovskite film deposition
method and also how to control the growth of large-area,
high-quality perovskite films and charge transport layers.
Although there is significant progress in large-area perovskite
solar cells, and the efficiency has been beyond 18% and
16% for around 20 cm? and 800 cm?, respectively, there is still
a certain efficiency gap between the large and small size.
Therefore, it is still important to improve the PCE of PSCs
for large-area devices. We believe the perovskite film itself is
critical for delivering high efficiency of large-area PSCs, and
there could be three directions. (i) The first approach should
be the most important: we need to find a deposition method
and also a perfect precursor for deposition of large crystal per-
ovskite films, free of cracks and pinholes, that reduces the bulk
defect recombination. (ii) Composition engineering: most of
the works on large-area PSCs are focused on MAPbI; with
a large bandgap, and we should adjust the perovskite bandgap
to be smaller. (iii) The third approach is interface modification,
which reduces interface defects and the charge recombination;
in addition, the electrical contact is also important.

In addition to improving the PCE of PSCs, for commercial
development of PSCs, the stability is another challenge that ur-
gently needs to be addressed. The longest lifetime reported for
small-area PSCs is about one year [77], which is much shorter
than the 25 years of commercialized PV technologies [50].
Besides, while enlarging the device area, the lateral contact be-
tween metal and perovskite could reduce the lifetime. Factors
affecting the stability of PSCs include: the unstable chemical
composition of perovskite; the charge transport material and in-
terfacial degradation; metal electrodes suffering from corrosion
by ion migration in perovskite; and the external environment,
such as water, oxygen, heat, and light. The hygroscopicity of
PSCs can be solved by encapsulation technology. It is necessary
to adjust the composition, reduce defects, and select an HTL
with high carrier mobility and conductivity to solve the prob-
lems of PSCs’ thermal instability and ion migration. On the
other hand, the ion migration is almost unavoidable in PSCs,
and the situation is worse at the defective sites, grain boundaries,
and the interfaces of the PSCs [50]. Unlike small-area PSCs, cur-
rently, in large-area PSC modules, the passivation layer is rarely
used to passivate surface defects on the perovskite surface. As a
result, a kind of passivation film that can form a large, uniform
area and passivate the surface of the perovskite should be devel-
oped and then used to improve the performance of the modules.
We believe that we can obtain more high-performance and sta-
ble, large-area PSCs by optimizing the preparation method for
large-area modules, growing high-quality perovskite thin films,
reducing the number of carrier recombination centers in the de-
vices, and choosing the appropriate CTLs.
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