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optoelectronic devices, a novel low-
cost and highly efficient photovoltaic 
(PV) material emerged. Only 10 years 
after the first reported perovskite solar 
cells (PSCs), power conversion effi-
ciencies (PCEs) above 23% were certi-
fied, exceeding those of much longer 
established thin-film PV technologies, 
including organic photovoltaics (OPV) 
and inorganic thin-film PV based on 
copper indium gallium selenide (CIGS) 
or cadmium telluride (CdTe).[1] The 
material class of hybrid organic–inor-
ganic perovskites combines excellent 
optoelectronic properties, such as long 
diffusion lengths[2] and short absorption 
lengths,[3] with the ease of solution pro-
cessing, low energy payback times, and 
low-cost precursor materials.[4] Moreover, 
the optoelectronic properties and the 
material stability can be engineered by 
varying the constituents in the perovskite 
crystal structure ABX3. For example, the 
bandgap (EG) can be tuned by changing 
the stoichiometric ratio of Br and I at 

the halogen anion site X.[5–7] In order to improve the sta-
bility of hybrid organic–inorganic perovskites, compositional 
engineering of the cation site A was demonstrated to be suc-
cessful via combining methylammonium (CH3NH3

+ or MA+), 
formamidinium (CH5N2

+ or FA+), Cs+, and Rb+ ions in the 
so-called multi-cation perovskites.[8–11]

Three key challenges hinder today the economical break-
through of PSCs:

Stability: First, the instability of PSCs against moisture, oxygen, 
light, and temperature limits the lifetime of PSCs to a fraction 
of the warranty lifetime (often >25 years) of the market domi-
nating crystalline silicon (c-Si) PV.[12] Very respectable progress 
has been made over recent years to enhance the stability of PSCs 
by demonstrating stability over 1000 h, but significant further 
advances in terms of stability are needed to lift the technology to 
a level where it is ready to compete with, or be a bolt-on tandem 
companion to the current PV heavyweight of c-Si. A number of 
reviews cover recent developments on the topic of stability.[13–17]

Toxicity: Second, highly efficient PSCs still contain lead, the 
toxicity of which hampers the acceptance of the technology and 
could conflict with legislative barriers.[18] Other recent reviews 
present progress with respect to this challenge.[19,20]

Upscaling: Third, the upscaling of perovskite PV devices to 
commercial PV module sizes (>1 m2) must be achieved. To date, 
the vast majority of research and development of PSCs is still  
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1. Introduction

With the discovery of solution-processed hybrid organic–
inorganic perovskites and the development of perovskite 
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limited to small areas <1 cm2. Here, we focus on this last 
aspect, introducing solution-based deposition techniques that 
are compatible with the vision of low-cost, large-scale and high-
throughput PSCs, and highlighting recent results.

Most of the scalable solution-based deposition techniques 
used so far to fabricate PSCs are adapted from the field of 
organic electronics and OPV. The most significant commer-
cial success of organic semiconductors has come in the form 
of displays made from organic light emitting diodes (OLEDs). 
Although the current generation of this OLED technology 
(focusing on smaller-area displays used in smartphones) utilizes 
evaporation to deposit the organic materials, there is significant 
interest in this branch to utilize coating and printing technolo-
gies in future generations of optoelectronic products in order 
to reduce material wastage and enable the production of larger-
area true multi color pixel devices.[21,22] Currently, the organic 
materials are patterned using a shadow mask, known as a fine-
metal mask (FMM), whose quality, durability, and availability 
over large areas currently places a major bottleneck on the next 
generation of device production.[21] A great deal of expertise has 
been generated using inkjet printing in this field, with industrial 
players, including Kateeva, Inc., actively contributing to its rapid 
further development. In the field of PV, there has also been sig-
nificant effort in developing roll-to-roll PV module production,[23] 
commercialized, for example, by infinityPV and GCell. Based on 
the depth of expertise in printed electronics, it is of little surprise 
that there has been rapid progress in the coating and printing 
of perovskite materials. Herein, the unique challenges and 
opportunities for solution-processed PSCs are discussed, with an 
overview of the recent progress with regard to the most common 
coating and printing technologies that are of key importance to 
this field. This focus on printing and coating does not detract 
from the alternative strategy of depositing hybrid organic–
inorganic perovskites by thermal coevaporation.[24] The commer-
cial relevance of this process for large-area PV is founded in the 
homogeneity, high yield and ability to deposit perovskite layers  
on textured substrates. However, we do highlight the feasibility 
of reaching high-performance perovskite PV devices with indus-
trially established coating and printing techniques, which can 
be integrated in large-area sheet-to-sheet as well as roll-to-roll 
fabrication lines.

Comparing the solution-based deposition of organic optoelec-
tronics and perovskite optoelectronics, many similarities in the  
processes are apparent with regard to the ink preparation, 
the substrate preparation, the deposition of the solution, and 
the drying of the wet film (see Figure 1). The major differences 
are the nucleation step and crystallization step involved in the 
formation of the perovskite thin-film. For conventional solution-
processed electronic materials, the ink is a solution of organic 
small-molecules or conjugated polymers that only undergo van 
der Waals bonding in the final organic thin-film; no covalent or 
ionic chemical bonds are formed and/or crystallization (besides 
the formation of limited crystalline domains in some OPV mate-
rials) takes place during the deposition.[25] Contrary to this, hybrid 
organic–inorganic perovskite thin films are fabricated from inks 
that are made of dissolved precursor materials and crystallization 
into the perovskite structure must occur subsequent to the wet-
film deposition (see Figure 1). This crystallization step is of key 
importance for the quality and morphology of the perovskite  
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thin-film.[26,27] In most cases, the desirable morphology of the 
perovskite thin-film features a large grain size, a dense film 
(exhibiting as few pinholes as possible), and a low surface rough-
ness. These criteria should be met while maintaining a uni-
form perovskite crystal structure and phase throughout the bulk 
absorber.[7,28] Using the low-throughput, but laboratory-friendly, 
spin-coating technique, strategies to foster the formation of 
such high-quality perovskite thin-films have been extensively 
documented in literature.[29] These strategies, which also play an 
important role for the coating and printing techniques discussed 
below, include: a) solvent engineering also called ink formulation 
engineering,[30–36] a method that combines solvents of different 
boiling points to control the solvent evaporation and in turn the 
crystallization; b) additives[37–40] in the precursor ink to initiate 
the crystallization of the perovskite thin-film; c) engineering 
the composition of the precursor materials to impact the crys-
tallization dynamics (through one-step and two-step deposition 
routes)[8,10,28,41]; d) solvent quenching,[8,42–44] by adding so-called 
antisolvents to the wet film that rapidly remove the ink sol-
vent from the wet film and initiate a prompt crystallization; e) 
vacuum solvent extraction, similarly using vacuum extraction of 
the ink solvent from the wet film to prompt crystallization[32,45]; 
and f) gas quenching[46,47] and gas drying,[48–50] again to push out 
the solvent from the wet film and assist with rapid crystalliza-
tion. The application of these strategies developed at the labora-
tory scale is possible in scalable printing and coating techniques 
as discussed below.

2. Coating and Printing Techniques for Perovskite 
Photovoltaics

Although spin coating continues to pioneer laboratory-scale 
studies to control and optimize PSC film morphology, the 
techniques and understanding from these laboratory-scale 
results must be transferred into a scalable, high-throughput 
coating processes to yield closed films with large perovskite 

grains. As detailed below, some general approaches such as 
developing ink formulations that expand processing windows 
have the possibility to impact many coating technologies (for 
example, by enabling crystal nucleation by nonsolvent extrac-
tion techniques to be applied minutes after a wet film is depos-
ited),[33] while other approaches are specific to given coating 
techniques. In general, significant progress has been made in 
the quality of perovskite films deposited rapidly over large areas 
in the last few years, and if progress continues at this pace there 
should be competing coating techniques that fulfil the technical 
requirements for industrial deposition of perovskite thin-films 
for PSC.

Before beginning the review, we make a few notes 
regarding the caution that must be exercised when comparing 
PCEs of PSCs, and our approach to handling comparisons. 
Given the hysteresis in their current–voltage (J–V) charac-
teristics, the PCE of a PSC derived from J–V characteristics 
often deviates from the PCE determined by a stabilized power 
output measurement. For this reason, although we often pre-
sent PCEs derived from J–V curves (if no further information 
is given a PCE is derived from the J–V curve), we also con-
sider the stabilized efficiencies (clearly labelled as such) when 
comparing record devices. We also note, that although there 
are different methods for determining a stabilized power 
output efficiency; the reader interested in highly precise com-
parison is advised to check the experimental conditions in 
the original sources. Finally, when moving from solar cells to 
PV modules it should be noted that PCEs are currently not 
reported in a consistent way in the field. From the applica-
tion point of view, the PCE of perovskite PV modules should 
be reported with respect to the aperture area (including the 
active area and the dead areas needed for thin-film module 
interconnection). In the future, it is strongly desired that 
module efficiencies be presented with respect to aperture area 
(or even total module area). However, many of the early pub-
lications in the field have reported only the PCE with respect 
to the active area. PCEs quoted with respect to the smaller  
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Figure 1. The steps involved in the solution-based deposition of perovskite thin films. Optimizing the nucleation and crystallization is critically impor-
tant for the formation of high-quality perovskite absorbers.
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active area are naturally increased relative to those quoted 
with respect to aperture are. This allows, for example, wide 
interconnects optimized for excellent transport but occupying 
too much area for final PV module design to be used. In this 
sense, it is not a useful metric for the further development 
of perovskite modules with relevance for practical application. 
In order to clearly differentiate between these cases in this 
review, we preferentially refer to the aperture area PCE but 
occasionally mention active area PCEs when no alternative is 
possible. From an ultimate use perspective and for the further 
development of the field, the aperture area definition of the 
efficiency is relevant and must be used.

2.1. Blade Coating and Slot-Die Coating

Blade coating—also known as knife coating or bar coating 
(with a cylindrical bar with or without wire coils instead of the 
blade)—is a robust process with low investment cost, suitable 
for rigid or flexible substrates. In order to deposit a thin film, 
the ink is dropped in front of the blade that is then swept for-
ward relative to the substrate. For this, either the blade or the 
substrate is moved to create a homogenous wet thin film (see 
Figure 2a). The thickness of the deposited thin-film depends 
mainly on: 1) the meniscus that the solution forms between 
blade and substrate and 2) the material concentration in the 

ink. The former is controlled by the gap between blade and 
substrate, the speed of the blade relative to the substrate, the 
viscosity of the ink, the geometry of the blade, and the substrate 
wettability.[25]

Slot-die coating is a process particularly suitable for roll-to-
roll processes as it offers continuous ink supply. The slot-die 
head, two independently moveable metal blades forming a slit 
on the bottom side, is placed with a fixed gap over the sub-
strate. Integrated to the slot-die head is an ink reservoir, which 
is connected to a solution pumping system that supplies ink at 
a certain rate (see Figure 2b). During deposition, the solution 
forms an up- and a downstream-meniscus between the head 
lips and the substrate. In addition to the parameters discussed 
above for blade coating, such as the gap between the slot-die 
head and the substrate (see Figure 2d), the pumping rate of the 
solution influences slot-die coated film deposition. By attaching 
a mask onto the head and block partly the slit, it is possible to 
print striped patterns with a resolution down to several hun-
dreds of micrometers. Moreover, the slot-die head can be held 
at elevated temperatures to manipulate the viscosity and the 
solubility of the solids in solution.

There are many reports of high-quality perovskite thin-
films deposited by slot-die coating and blade coating (see 
Table S1, Supporting Information). Either a one-step route or a 
two-step route is used to deposit perovskite thin-films by blade  
or slot-die coating. For the two-step route, typically a PbI2 layer  
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Figure 2. Blade coating and slot-die coating. a,b) Schematic illustration of blade coating (a) and slot-die coating (b). c) In situ microscopy observations 
during drying of the perovskite ink during blade coating without (top row) and with (bottom row) surfactants. c) Reproduced with permission.[64] 
Copyright 2018, Springer Nature. d,e) The quality of the coated perovskite layer depends on gap height (d) and ink concentration (e). d,e) Reproduced 
with permission.[73] Copyright 2016, Royal Society of Chemistry.
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is deposited via slot-die coating first and subsequently, either 
an ink containing the cation and the remaining halogen is 
coated on top of the PbI2 layer or the substrate is simply 
dipped in such a solution containing the cation and the hal-
ogen, inducing the formation of perovskite. In the more 
common one-step route, the coated precursor solution con-
tains already all chemical components of the perovskite crystal 
structure. The workhorse material in the field and also most 
commonly used perovskite material for slot-die and blade 
coating is methylammonium lead iodide (CH3NH3PbI3 or 
MAPbI3), which can be deposited from various combina-
tions of the following precursors: PbI2, PbCl2, Pb(C2H3O2)2, 
MACl, and MAI. Moreover, additives like NH4Cl,[51] DIO[52–55] 
(1,8-diiodooctane), or HPA[56] (hypophosphorous acid) have 
demonstrated to support the formation of high-quality perov-
skite thin-films via blade coating and slot-die coating. However, 
with the emergence of the more stable multi-cation perovskites 
in the last three years, most current research is directed toward 
these perovskite materials. As one of the first studies, Deng 
et al. investigated the blade-coated FA0.4MA0.6PbI3 double-
cation system and compared the performance to MAPbI3.

[57] 
Heo et al. upscaled the slot-die deposition technique for multi-
cation perovskites, depositing the multi-cation perovskite 
FA0.4MA0.6PbI3 via a roll-to-roll sequential two-step process 
onto foils and demonstrating flexible PSC with 11% in PCE.[58] 
Di Giacomo et al. further improved the ink formulation and 
drying parameters to deposit Cs0.05MA0.15FA0.8PbI2.55Br0.45 and 
Cs0.15FA0.85PbI2.55Br0.45 via slot-die coating and achieved 16% 
stable power output efficiency.[59] Beyond this, a stable power 
output efficiency >19% for over 5 min was demonstrated for 
blade-coated multi-cation PSC by Tang et al. using elevated sub-
strate temperatures of up to 150 °C and gas quenching.[60] For 
shorter stabilization times (75 s) Wu et al. demonstrated a PCE 
as high as 20% for an HTL-free device architecture employing 
doped MAPbI3 absorber layers.[61] Recently, Duo et al. used a 
highly concentrated solution in a lower boiling point solvent 
(methyl amine-charged acetonitrile) to substitute dimethyl-
formamide (DMF).[62] This allowed very rapid crystallization 
dynamics (<1 s) that led to more uniaxially oriented perovskite 
grains (fewer grain boundaries in the blocking transport in 
the vertical direction). This led to fully coated PSCs with sev-
eral perovskite absorbers, i.e., MAPbI3 (18.2% stabilized PCE) 
or wide-bandgap FA0.125MA0.875PbI2Br (1.71 eV, 13.9% initial 
PCE).[62]

The drying and crystallization in blade-coated perov-
skite thin-films is controlled by substrate temperature, gas 
quenching, solvent quenching approaches, and vacuum-
induced crystallization. In most cases, elevated substrate 
temperatures between 40 °C and 165 °C are used for blade 
coating.[60,61] Alternatively, for slot-die coating, dry air or 
N2-streams are often employed to accelerate the solvent 
evaporation and for gas quenching in order to induce a rapid 
crystallization of the perovskite thin film.[51,63] A key advantage 
of gas quenching over solvent quenching, which is the most 
established route to induce fast crystallization in spin-coated 
multi-cation perovskite films, is that a gas supply and exhaust 
is in principle very simple to implement in a roll-to-roll pro-
cess and requires no subsequent drying time. Nevertheless, 
solvent quenching was also very successfully employed for 

slot-die and blade-coated perovskite thin-films, in particular if 
the rather short time window for the solvent quenching step 
is extended by employing high boiling point solvents in the 
ink. In this way, Yang et al. demonstrated PSCs with stable 
power output efficiency of 19% PCE on small-area (0.12 cm2) 
devices and 13.3% PCE for >10 cm2 perovskite PV modules 
(12.2 cm2 aperture area).[33] Another very innovative route to 
control crystallization of the perovskite film was presented by 
Deng et al., who added surfactants to suppress the fluid and 
particle flow during the drying of the wet film, resulting in 
homogeneous films (see Figure 2c) and small-area MAPbI3 
PSCs (<0.75 cm2) with PCE of 20.3% as well as a perovskite 
PV module (57.2 cm2, aperture area) with stable power output 
efficiency of 14.6%.[64]

In addition to the deposition of the perovskite absorber 
layer itself, the charge transport layers can be blade- or slot-
die-coated as well. This is essential for the ultimate goal of 
perovskite PV upscaling, the realization of all-printed/-coated 
device architectures. All-blade-coated devices have been 
demonstrated in literature with a stable power output effi-
ciency of 18.2%.[62] In addition, several groups developed all-
slot-die-coated devices,[59,65–68] the best solar cells reaching up 
to 16% in stable power output efficiency,[59] and a combination 
of the both coating techniques.[62,69] Up to date, not only hole 
transport layers (HTLs) like the polymers PEDOT:PSS[52,58,70,71] 
(poly(3,4-ethylenedioxythiophene):(polystyrene sulphonate)), 
P3HT[65,72] (poly(3-hexyl thiophene)), and PTAA[64] or small 
molecules like Spiro-OMeTAD (2,2′,7,7′-tetrakis(N,N′-di-p-
methoxy phenylamine)-9,9′-spirobifluorene)[66,67] and Bifluo-
OMeTAD,[58,67] but also electron transport layers (ETLs) like the 
fullerenes C60

[52,56] and PCBM[52,56,69] ([6,6]-phenyl-C61-butyric 
acid methyl ester) and dispersed inorganic metal oxide nanopar-
ticles like NiOx,[56] ZnO,[58,65,67,71] SnO,[59,62,68] or TiO2 have been 
successfully deposited by blade coating and slot-die coating.[66]

In summary, blade-coated PSCs demonstrated PCEs 
exceeding 20% for small-area solar cells and >14% for labo-
ratory-scale PV modules (57 cm2, aperture area).[64] Similarly, 
slot-die-coated PSCs resulted in PCE ≈ 18% for small-area solar 
cells[73] and 13.8% for PV modules (144 cm2, aperture area).[74] 
The progress in the literature indicates that the key challenge of 
controlling nucleation and crystallization to obtain high-quality 
pinhole-free perovskite absorber layers over large can be mas-
tered well. With regard to upscaling blade and slot-die coating 
for perovskites, the most attractive routes to control the perov-
skite crystallization appear to be substrate temperature, solvent 
engineering, and gas quenching, all of which can be applied in 
roll-to-roll processes. Gas quenching seems to be favorable over 
solvent quenching due to its simplicity and roll-to-roll fabrica-
tion suitability. In general, slot-die coating and blade coating 
are, both, well-established industrial deposition techniques pro-
cesses which can operate at very high deposition rates, making 
them promising candidates for upscaling perovskite PV.

2.2. Inkjet Printing

Inkjet printing is one of the most widely used printing tech-
niques given its commercial success in office printers. In 
recent years, inkjet printing has advanced toward a competitive 

Adv. Mater. 2019, 1806702
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deposition method for inorganic and organic optoelec-
tronics.[75–80] The key advantages of inkjet printing are that it 
is a material-efficient, contactless process with great flexibility 
in terms of the printed shape, thickness, and flexibility in the 
shape of the digitally printed layers. However, the key chal-
lenge for this technology is still to retain these benefits at high 
throughput.

The two most established inkjet printing methods are con-
tinuous inkjet printing (CIJP) and drop-on-demand (DoD) 
printing. The latter is more material-efficient, allows higher 
resolutions and has therefore proven more relevant to the 
industrial manufacturing of electronics to date.[81] The gen-
eral principle of a DoD inkjet printer is displayed in Figure 3a, 
where the printer head is mounted over the substrate table, 
with at least one of them being movable. The printer head is 
connected to a continuous supply of ink. A pressure pulse in 
the fluid controls the ejection of ink from the print head. This 
pulse is generated by either local heating of the ink or mechan-
ical force on the ink reservoir by a piezoelectric transducer. 
Since the ejection of material via heating entails an additional 
demand on the ink, most industrial DoD printers are piezo-
electrics based.[81] A great variety of inks can be used, but ink 
formulations must be found that have the correct dynamic vis-
cosity, density and surface tension to function correctly in the 
print head.[82,83] Also, for a given substrate surface, the ink may 
need to be adjusted in order to avoid unwanted surface interac-
tions, e.g., de-wetting and nonuniform coverage or drying (such 
as “coffee-rings”).[84,85]

Inkjet printing of efficient OPV has been demonstrated in 
2007.[86] Inkjet printing was also used to produce PSCs soon 
after their discovery. In 2014, Yang et al. utilized inkjet printing 
to fabricate HTL-free and metal-electrode-free PSC in a two-
step process by inkjet printing MAI on top of a spin-coated 
PbI2 layer.[87] In comparison to the PbI2 layer being exposed 
to a MAI solution, the inkjet-printed approach with mixed ink 
demonstrated better crystallinity and an improved MAPbI3/
carbon interface, which ultimately led to a higher PCE of 11.6% 
(compared to 8.5%). The first one-step inkjet-deposited PSC 
was demonstrated in the same year. Li et al. made an ink of 

PbI2 and MAI dissolved in γ-butyrolactone (GBL) and employed 
inkjet printing to deposit it on top of a mesoporous TiO2 ETL. 
By adding MACl to the ink and heating the substrate during 
printing, the PCEs were improved to 12.3%.[88] Similar results 
were achieved by Mathies et al., who established a vacuum 
solvent extraction step to initiate a prompt crystallization, 
resulting in a PCE of 11.3% with an open-circuit voltage (VOC) 
of 1.0 V.[32] Bag et al. demonstrated that inkjet printing could 
also play a valuable role in research, by facilitating combinato-
rial screening of new materials.[89] These authors demonstrated 
in situ mixing of inks to rapidly vary the cation ratio over a 
number of printed solar cells by using a print head with four 
ink reservoirs. By printing different ratios of MAI and forma-
midinium iodide (FAI) on a spin-coated PbI2 layer the PCE was 
optimized to 11.1%.[89]

The stability of inkjet-printed PSCs is comparable to other 
solution-based deposition techniques. For example, an inkjet-
printed device using MAPbI3 with a PCE of 9.5% remained 
stable for >1000 h of continuous illumination.[90] Another 
approach toward stability is to use multi-cation perovskite 
with a combination of MA-, FA- and Cs-ions at the cation site, 
Mathies et al. developed a suitable ink for inkjet printing and 
achieved a high PCE of 15.3% with a high VOC of 1.06 V in 
a stack with spin-coated TiO2 and Spiro-OMeTAD as ETL and 
HTL, respectively. The power output maintained >90% of its 
initial PCE over >100 min of measurement.[91] A strong influ-
ence of the thickness on the perovskite absorber (affecting 
properties such as grain size) was observed (see Figure 3b–d).

The scalability and flexibility of inkjet printing as deposition 
method for PSCs has also been explored.[92,93] In 2018, first 
perovskite PV modules with an area of >2 cm2 were reported. 
For example, by using a C60 interlayer between the TiO2 and 
the one-step-printed MAPbI3, Liang et al. demonstrated a PCE 
of 17.0% for a 0.04 cm2 solar cell and 13.3% for a 4 cm2 (active 
area) PSC.[92] In the study of Li et al., only the PbI2 layers were 
inkjet-printed on mesoporous TiO2 and converted with MAI-
powder into the perovskite. In this manner, large perovskite 
grains were obtained and the resulting solar cells showed a PCE 
of 18.6% for a 0.04 cm2 large solar cell, and 17.7% for larger 
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Figure 3. Inkjet printing. a) Schematic illustration of the inkjet printing process. b) Scanning electron microscopy (SEM) cross-sectional images of 
inkjet-printed multi-cation absorbers with different thicknesses. The crystallization dynamics, indicated in (c) through the measured grain size, is sig-
nificantly influenced by the absorber thickness of the perovskite film, which, in turn, influences the optoelectronic properties of the perovskite films. 
b–d) Reproduced with permission.[91] Copyright 2108, the American Chemical Society.
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(2 cm2) devices.[93] Recently, Schlisske et al. demonstrated the 
flexibility of design that inkjet printing allows by printing arbi-
trary-shaped PSCs and also printing arbitrarily shaped lumines-
cent down-shifting layers to realize different solar cell colors 
while maintaining a PCE of 9.5% for such devices.[94]

The increasing PCE of inkjet-printed PSCs demonstrates 
that the technology is becoming competitive with other deposi-
tion methods in terms of the quality of the active layer. Recently, 
Abzieher et al. demonstrated a PCE as high as 20.7% with a 
VOC of 1.11 V and fill factors (FF) above 80% with a printed 
multi-cation perovskite absorber in an architecture employing 
undoped electron-beam-evaporated NiOx as an HTL, and 
thermally evaporated C60 and bathocuproine (BCP) as ETL.[95] 
Moreover, initial steps toward all inkjet printed PSC, wherein 
not just the perovskite layer is printed, were demonstrated. 
Recently, Huckaba et al. printed not only the perovskite layer 
but also a mesoporous TiO2 and achieved 14.1% in PCE.[96] 
PSCs with printed WOx as ETL and printed spiro-OMeTAD 
as HTL have also been demonstrated, but to date showed only 
mediocre PCE (10.7%) with significant hysteresis.

To summarize, inkjet-printed perovskite absorber layers 
demonstrate comparable quality to other state-of-the-art PSCs, 
e.g., spin-coated devices, regarding PCE and stability. This 
advance has been achieved by attaining control of crystalliza-
tion after printing by developing suitable perovskite inks, gas 
quenching, vacuum flash assisted solution processing (VASP) 
or annealing procedures. In comparison with other solution-
based deposition techniques, it is hard to apply antisolvent 
techniques to control crystallization with an inkjet-printed 
approach. Some limitations and challenges remain for inkjet-
printed PSC: although the printing procedure is very flex-
ible regarding thickness and structure, the printing speed is 
limited by the numbers of nozzles and typically slower than 
other coating methods. Since the crystallization of perovskite 
is a (time-) critical process, this may lead to problems for the 
upscaling of the procedure, at least for commonly used inkjet 
printers on laboratory scale. Also, the development of suitable 
inks can be more difficult than for other coating techniques 

since the exact wetting behavior of the ink is of key importance 
in inkjet printing.

2.3. Spray Coating

Spray coating is a solution-based deposition technique that is 
already widely used, for example, for automotive paintings. 
The advantages of low material wastage, high-throughput pro-
cessing and roll-to-roll compatibility drew the attention of the 
perovskite scientific community to consider this technique for 
fabricating PSCs.[97,98]

A schematic of an ultrasonic spray coater is illustrated in 
Figure 4a. Typically, spray coaters use an ultrasonic tip vibrating 
at tens of kHz,[99,100] which creates a mist of ink droplets (or 
solvent mist) that are directed toward the substrate using a 
N2 gas jet. Upon reaching the substrate, these droplets ideally 
merge and wet the substrate to create a continuous wet film 
that dries on the substrate. For the development of spray-coated 
PSCs, the first study was carried out by Barrows et al. in 2014, 
resulting in a PCE of 11.1%.[100] The work reported on impor-
tant deposition parameters that affect the formation of the 
absorber layer: substrate temperature, volatility of the coating 
solvent and various post annealing temperatures. The study 
also showed that a moderate substrate temperature of ≈75 °C 
resulted in improved surface wetting and reduction of nonu-
niformities. In the following year, Ramesh et al. conducted a 
study using an airbrush pen to spray coat the perovskite pre-
cursor solutions.[101] In this study, PSCs with PCEs of up to 
10.2% were demonstrated for small-area devices as well as first 
>3 cm2 spray-coated perovskite devices with a more modest 
PCE of 4.5%. In 2016, Das et al. fabricated PSCs on flexible 
substrates with PCEs of 8.1%, showing for the first time the 
potential of roll-to-roll processing using spray-coated perovskite 
absorbers.[102] In the same year, Tait et al. reported the use of 
a concurrently pumped ultrasonic spray coater for the depo-
sition of the perovskite layer.[99] This study demonstrated that 
using two separate inks mixed in variable ratios in the spray 

Adv. Mater. 2019, 1806702

Figure 4. Spray coating. a) Schematic illustration of the spray coating process. b) SEM cross-sectional image of a high-quality spray-coated MAPbI3−xClx 
perovskite absorber. c) PCEs up to 18.3% in reverse J–V characteristics and d) high external quantum efficiency (EQE) were achieved, which is a result 
of a careful solvent engineering of the spray process. b–d) Reproduced with permission.[31] Copyright 2016, the Royal Society of Chemistry.
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nozzle before aerosolization provide a robust method to per-
form compositional screening of perovskite materials.[99] The 
work demonstrated an improvement over the previous studies 
for both small-area PSCs and spray-coated perovskite PV mod-
ules, reaching efficiencies of 15.7% and 11.7% (3.8 cm2, aper-
ture area) respectively.[99] Xia et al. demonstrated long-term 
stability of spray-coated PSCs via incorporating of Cs into the 
ink (12.5% PCE after 100 h of aging).[103] This confirmed the 
enhanced stability induced by inorganic Cs in multi-cation 
perovskites, which was also observed by Saliba et al. for spin-
coated PSCs before.[8] Later, Hunag et al. increased the PCE 
of spray-coated PSCs to 16.0% with the use of a two-step 
spray-coating method for the absorber deposition.[104] In this 
method, the PbI2 was first sprayed onto a heated substrate at 
60 °C, then MAI was sprayed onto the dried film (heated to  
80 °C). Finally, the resulting film was annealed between 
100 and 115 °C (with an intermediate solvent wash) in order to 
convert the precursors and crystallize the perovskite thin-film. 
Very recently, Bishop et al. demonstrated spray-coated triple-
cation perovskite using VASP. The method uses brief exposure 
to vacuum of the wet film after spraying in order to promote 
the formation of densely packed perovskite crystals and very 
smooth films (22 nm roughness). As a result, PCEs up to 17.8% 
were demonstrated for PSCs.[105] Heo et al. reported the highest 
PCE of 18.3% for spray-coated PSCs so far (see Figure 4b–d).[31] 
The study showed the significance of utilizing different boiling 
point solvents in various ratios to control the evaporation of 
solvents, but also relied on substrate heating at 120 °C.[31] As a 
result, large perovskite grains exhibiting a low number of trap 
states were demonstrated using solvent mixtures of DMF and 
GBL in a ratio of 8:2. Moreover, the fabrication of 100 cm2 large 
PV modules with an active area of 40 cm2 and a PCE of up to 
15.5% was realized.[31] Recently, Uličná et al. reported the use 
of a slow-drying ink formulation that allowed an antisolvent 
approach to be used after spray coating. In this study, the 
ink contained slow-drying solvents that were extracted in an  
antisolvent diethylether bath. The solvent extraction in the 
antisolvent bath induced crystal nucleation, and a subsequent 
annealing at 150 °C promoted crystal growth, with the resulting 
devices reaching a maximum PCE of 17.3%.[106]

The previous studies mentioned above covered the spray 
coating of the absorber layer only. However, for an industrial 
roll-to-roll process, it is desired to also spray-coat the ETL 
and HTL and possibly even the electrodes. Several studies 
have already demonstrated this, for instance, spray coating 
of PEDOT:PSS,[107] CuSCN,[108] Spiro-OMeTAD,[109] compact 
TiO2,

[8,109] mesoporous TiO2,
[109] and PCBM.[110] Very recently, 

Mohamad et al. and Bishop et al. reported all-spray-coated 
PSCs.[109,110] Mohamad et al. used PEDOT:PSS and PCBM 
as their HTL and ETL, respectively, achieving 9.9% efficient 
devices[110] while, Bishop et al. achieved comparable device per-
formance of 10.2% based on PSCs using spray-coated compact 
TiO2, mesoporous TiO2 as ETLs and Spiro-OMeTAD as the 
HTL for their architecture.[109]

In summary, spray coating is a very suitable technique for 
upscaling the perovskite thin-films. By controlling the key pro-
cess parameters, i.e., the precursor system, solvents, nozzle 
spray angle, the scanning speed, and the flow rate, a large pro-
cess window for a high throughput fabrication of perovskite 

thin-films as well as control over the quality of the perovskite 
thin-film is accessible.[97,98,100] The main challenges of this tech-
nique are crystal-growth related thickness variations,[100,109] solu-
tion de-wetting[100] and nonuniform substrate coverage[48,100,110] 
arising from the surface tension driven coffee-ring[111] or 
Marangoni effects.[112] However, these challenges can be tackled 
with a set of process control methods. First of all, optimization 
of the substrate temperature, the lateral head speed and head 
height, the solution concentration, and the fluid flow rate, allow 
for tuning of the wet film thickness and the drying rate. If the 
drying rate is too low or the wet film thickness is too large, the 
wet-film is subject to dewetting, the coffee-ring effect, and/or 
uncontrolled crystal growth. If however the drying rate is too 
high or the wet-film thickness too low, the droplets dry before 
coalescing and thereby yield an inhomogeneous layer with poor 
surface coverage.[99,100,109,110] Beyond control of process param-
eters, ink formulations using solvent mixtures and additives 
have been critical in addressing these issues.[31,109,110]

2.4. Screen Printing, Relief Printing, and Gravure Printing

The deposition of patterned perovskite layers may be attractive, 
and this can be approached by inkjet printing.[32,91] However, 
traditional technologies like screen printing, gravure printing, 
and relief printing (flexography) are often the first choice in 
industry when printing of defined areas or patterns is needed. 
These three techniques have in common that the image to 
be printed first has to be engraved onto an image carrier before 
it is transferred onto the substrate (see Figure 5a–c). In case 
of screen printing, the image carrier is a mesh equipped with 
a stencil defining the printing pattern. For gravure and relief 
printing, a cylindrical image carrier is used. In case of gravure 
printing the (periodic) image is engraved into the printing cyl-
inder and filled with the ink. Relief printing is based on the 
same principle; however, the image on the printing cylinder is 
not engraved but a relief structure.

In the field of PSCs, screen printing is widely used for the 
deposition of HTL, ETL, and contact layers. Mesoporous trans-
port layers are deposited successfully by screen printing in 
various groups, with mesoporous TiO2 being the most studied 
material.[71,90,113–118] Indeed, the first demonstrated PSC demon-
strated by Kojima et al. in 2009 was equipped with a screen-
printed mesoporous TiO2 layer, which was prepared from a 
commercially available nanocrystalline TiO2 paste sintered 
above 400 °C.[119] By doing so, up to 12 µm thick mesoporous 
TiO2 layers could be demonstrated, acting as an efficient ETL 
in a 3.8% efficient device.[119] From that point on, other oxides 
like Al2O3,

[117,120] ZrO2,
[90,113,116,118,121] and NiO[117,120] have 

been deposited by screen printing as well. High quality print-
able mesoporous oxide layers are of key importance for fully 
printable PSCs as the crystallization of the perovskite absorber 
is controlled by the scaffold of the underlying charge transport 
material. In this regard, screen printing of mesoporous oxides 
as supporting host layer is considered to be a promising way of 
controlling the crystallization in fully printed perovskite solar 
cells.[35] In 2013, Ku et al. reported on a screen-printed mul-
tilayer sequence using a 1 µm thick TiO2 ETL, a 1 µm thick 
ZrO2 spacer layer, and a 10 µm thick carbon layer acting as the 
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back electrode of the device.[113] For the first time, this approach 
allowed a fully printed, HTL-free PSC with a PCE of up to 6.6%. 
Using a similar approach, Mei et al. demonstrated a novel 
absorber infiltrated into the screen-printed layer stack, resulting 
in solar cells with PCEs above 12.0% and a stability of >1000 h 
in ambient air under one-sun illumination.[121] The high sta-
bility in ambient and humid environments in these devices is 
commonly explained by the hydrophobic nature of the carbon 
back electrode, functioning as a water protective layer.[122] By 
optimizing the layer stack, the PCE was improved to 14.0% for 
small-area devices as reported in 2017.[123] More importantly, 
upscaling of the fully printable process was shown and PV 
mini-modules consisting of ten monolithically interconnected 
subcells on a 10 × 10 cm2 substrate with PCEs over 10% (active 
area 49 cm2) were achieved, along with a first large (7 m2) pro-
totype PV panel.[123] The PCE of the fully printable PV modules 
could be further improved to 11.2% (46.7 cm2, active area) with 
an extraordinary stability of >10 000 h at 55 °C under air-mass 
1.5 global (AM1.5G) illumination (see Figure 5d–f).[124] Since 
then, the approach was further optimized, with PCEs of up to 
15.6% being realized for small-area screen-printed devices.[118] 
However, this increase is attributed to an improved composi-
tion of the perovskite layer by using novel bifunctional conju-
gated organic cations, rather than the printing method itself.[118]

In summary, screen-printing is an effective process for cre-
ating mesoporous scaffolds with micron-scale thicknesses that 

can then control the nucleation and crystallization perovskite 
absorbers infiltrated into them. In contrast to other coating 
and printing techniques, the quality of the mesoporous scaf-
folds is the key element to control the morphology of the perov-
skite absorber layer, rather than the deposition parameters of 
the perovskite precursor inks themselves. Screen printing is 
a promising candidate for industrial-scale fabrication of fully 
printed perovskite PV modules, combining the potential of very 
low production costs (capital expenditure and running costs) 
with a high throughput. However, a key limitation is its reliance 
on mesoporous layer architectures, these necessitate processes 
above 400 °C and could add unique challenges for achieving 
high PCEs.

On the pathway toward mass production of perovskite 
PV modules, gravure and relief printing might be of special 
interest for scalable roll-to-roll fabrication. However, in con-
trast to OPV, where gravure printing is frequently used for the 
deposition of patterned structures in PV modules,[125,126] these 
techniques are less-studied for PSCs. So far, gravure printing 
of perovskites has only been used by Hu et al., who reported 
highly oriented perovskite nanowires fabricated by a roll-to-roll 
microengraving process on flexible polyethylene terephthalate 
(PET) foil.[127] Particularly, it is suggested that the combination 
of coating and printing techniques employing cylindrical image 
carriers and screen printing (known as rotary screen printing) 
should be researched for perovskite-based devices, as this 
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Figure 5. Screen printing, gravure printing, and relief printing. a–c) Schematic illustration of screen printing (a), gravure printing (b), and relief 
printing (c) processes. d,e) The performance of all-printed PSCs (d) and all-printed perovskite PV modules (e) with screen-printed mesoporous TiO2 
charge transport layers and carbon back electrodes. f) In addition, a stable power output for more than a year is demonstrated. d–f) Adapted with 
permission.[124] Copyright 2017, Springer Nature.
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might open up new possibilities in terms of an industrialized 
roll-to-roll fabrication.

3. State-of-the-Art Results

With state-of-the-art PCEs exceeding 22% for spin-coated 
PSCs (current record PCE is 23.7%),[1] the PCEs of PSCs 
processed by scalable solution-based deposition techniques 
discussed herein, lag a few years behind the small-area spin-
coated state-of-the-art. Nonetheless, the various successful 
demonstrations of high PCEs inspires confidence that with 
further engineering and optimization the PCEs of PSCs pro-
cessed from scalable solution-based deposition techniques 
will soon approach the state-of-the-art spin-coated records. In 
Figure 6a and Table 1, the recent achievements in terms of 
coating method, PCEs taken from J–V-characteristics, and solar 
cell area are summarized. A more detailed tabular summary 
including more figures-of-merit, and notes on the solar cell 
structure and details of the deposition method can be found in 
the Supplementary Information. For several of the discussed 
scalable solution-based deposition techniques (blade coating, 
slot-die coating, inkjet printing, and spray coating), the first 
studies already date back around 5 years. Subsequently, these 
techniques demonstrated a steep learning curve and reached 
PCEs >17.5%, even if still only on small areas. Comparing 
these values to the evolution of the PCEs of state-of-the-art spin-
coated PSCs, it is estimated that the development of scalable 
solution-based deposition techniques lags around 3–4 years 
behind the laboratory-scale spin-coating technique.

While the intrinsic material stability and device stability 
toward moisture, oxygen, temperature, and light is not 
expected to be different for scalable solution-based deposition 
techniques, the stable power output of PSC is known to 
depend strongly on the fabrication of the perovskite thin-film 
absorber layer.[99] Hysteresis in J–V measurements is a com-
monly reported issue, which impedes a proper determination 
of the PCE by J–V characteristics.[128] For this purpose, a second 
more trustworthy route to determine the PCE is established in 

the field. In addition to the PCE derived from J–V measure-
ments, researchers also report the stable power output effi-
ciency. The stable power output efficiency is generally denoted 
as the power output tracked under constant voltage or even 
maximum power point tracking of the PSC under AM1.5G illu-
mination for 30 s to 10 min (large variation in tracking time 
due to a lack of standardized test protocols). For the state-of- 
the-art PSCs fabricated with spin coating the stable power 
output efficiency is nowadays almost identical to the PCE deter-
mined from J–V measurements.[129] However, for less efficient 
devices and those that exhibit a strong hysteresis, these values 
can differ strongly. With regard to the scalable solution-based 
deposition techniques reported in this work, the stable power 
output efficiencies still lag further behind the reported PCEs 
from J–V measurements (see Table S1, Supporting Informa-
tion). The highest reported stable power output efficiencies are 
mostly <16%—with slot-die coating: 15.4%;[73] spray coating:  
17.0%;[105] inkjet printing: 18.5%;[95] and screen printing: 
14.6%;[124] indicating that the perovskite layers deposited by 
these techniques still have not yet reached the same homoge-
neity and quality of perovskite thin-films as the spin-coated 
reference devices. In particular, the discrepancy between the 
PCE determined from J–V measurements and the stable power 
output efficiency for printed or coated perovskite films indi-
cates that improvements in the perovskite film formation over 
large areas—likely the uniform control of perovskite nucleation 
and crystallization—and interfaces are still required.

Next to the PCE, the device area is an essential measure of 
the progress of scalable solution-based deposition techniques. 
In Figure 6b, this progress is shown for the coating and 
printing techniques discussed in this work. While for small-
area solar cells the definition of the device area is univocal, 
the PCE of perovskite PV modules is not reported consistently 
in literature. From an application perspective the PCE should 
be reported with respect to the aperture area, but in several 
early studies the PCE is provided with regard to the active area 
instead. In order to provide a consistent summary of the per-
formance development during upscaling, aperture areas of the 
solar modules (partly calculated based on reported geometrical 
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Figure 6. a) Chronological evolution of PCEs determined by J–V-measurements (different device areas) (see refs.: [1,27,31,55,57,60,61,64-
66,73,87,88,92,93,95,99,100,102,105,118,120,121,123,130,131,134,135]) and b) distribution of the PCEs of PSCs and PV modules in terms of the device 
area fabricated with different printing or coating techniques (see refs.: [30,31,33,51,59,61,62,64,72,73,87,92,93,95,99,104,115,118,121,123,125,132,136]).  
For the PV modules, aperture areas are used in order to give a consistent overview. Points marked by * are stabilized PCEs.
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fill factors) are used in Figure 6b. All scalable coating and 
printing methods showed notable progress in upscaling to 
larger area devices over the past few years. Fully printed or 
coated PV modules with active areas larger than 100 cm2 and 
PCEs above 10% were demonstrated.[123,132] Moreover, for 
almost all scalable solution-based deposition techniques dis-
cussed here, already today fully interconnected PV modules 
have been demonstrated with scalable interconnection schemes 
and stable power output of PCE >11%—for example, slot-die  
coating: 13.8% (144 cm2, aperture area);[74] blade coating: 
14.6% (57 cm2, aperture area);[64] spray coating: 15.5% (40 cm2, 
active area);[31] and screen printing: 10.4% (49 cm2, active 
area).[123] Since these values are comparable or and mostly even 
exceed the highest certified PCEs reported for perovskite PV 
(including spin coated perovskite absorber layers) of this area 
(PCE of 16.5%, designated area >16.3 cm2),[133] the general scal-
ability of perovskite PV based on the solution-based deposition 
techniques discussed in this work is demonstrated—with excel-
lent results for slot-die coating and blade coating in particular.  
However, the PCE gap between small- and large-area devices is 
still enormous, reflecting the yet poor control of the perovskite 
thin-film homogeneity. Therefore, extensive future research 
and development is needed to control the quality of coated or 
printed perovskite materials over larger areas.

Given the rapid progress in achieving good material quality 
and the similar learning curves evident in Figure 6a, all of the 
coating and printing techniques (with the exception of screen 
printing) appear capable of being developed to deliver good 
quality active-layer materials over large areas. The decision with 
regard to which technique or techniques may ultimately be 
used in industrial production will be made based on total cost 
considerations. Given the uncertainty as to how other layers 
will be deposited, and the exact mechanism each of the coating/
printing methods will ultimately use to control crystallization 
no meaningful prediction of these can yet be made. For these 
reasons, we recommend further parallel competition between 
concurrent scientific investigations of all the reviewed methods.

4. Conclusion and Outlook

In summary, impressive progress has been made in the last 
few years on producing perovskite PV using scalable printing 
and coating technologies. Multiple of these techniques produce 
solar cells lagging behind the best spin-coated solar cells by less 
than 5% in terms of power conversion efficiency for small-area 
solar cells. The key developments that have enabled this rapid 
progress in coated and printed PSCs are the control of nuclea-
tion and crystal growth of the perovskite crystal structure. The 
progress in literature to date suggests that such control is well 
achieved in the simpler one-step deposition route, wherein all 
precursors are introduced in a single coating or printing step. 
Engineering of the ink to allow a slow drying and processing 
time window sufficiently long for subsequent nonsolvent treat-
ment appears to be a promising route to eventually repro-
duce the quality of the best spin-coated perovskite thin-films 
in a variety of coating and printing techniques. However, this 
does carry the disadvantage of requiring the addition of a non-
solvent treatment into the process chain. Therefore, the con-
tinued investigation of other techniques to induce nucleation 
and control crystal growth, such as gas quenching, vacuum 
induced crystallization, and elevated substrate temperatures 
(in combination with appropriate ink engineering) remains of 
great relevance and is likely to ultimately lead to scalable high-
quality PSCs. Besides the challenge of closing the efficiency gap 
between small-area solar cells and large-area PV modules, a key 
challenge, and major research priority is to improve the uni-
formity of the quality of printed perovskites over larger areas. 
This will be essential in order to enable commercial perovskite 
PV modules with active areas above 1 m2.
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Table 1. Highest reported PCEs derived from J–V measurements and corresponding stabilized power output efficiency of PSCs via a range of coating 
techniques.

Coating Technique Year PCE from J–V [%]  
(area [cm2])

Stabilized power output efficiency [%] Material Ref.

Spin Coating 2018 23.7 (n.a.) n.a. n.a.a) [1]

Spin Coating 2018 23.2 (0.094) 22.9 (FAPbI3)0.95(MAPbBr3)0.05 [130]

Blade Coating 2018 20.3 (0.075) n.a. CH3NH3PbI3 [64]

Blade Coating 2018 20.2 (0.08) 19.9 CH3NH3PbI3 [61]

Slot-Die Coating 2018 18.0 (0.06) 15.7 CH3NH3PbI3−xClx [73]

Slot-Die Coating 2018 18.3 (0.1) n.a. CH3NH3PbI3−xClx [131]

Slot-Die Coating 2018 17.4 (0.06) 14.2 CH3NH3PbI3−xClx [132]

Spray Coating 2016 18.3 (0.1) n.a. CH3NH3PbI3−xClx [31]

Spray Coating 2018 17.8 (0.03) 17.0 CsI0.05((FAPbI3)0.85(MAPbBr3)0.15)0.95 [105]

Inkjet Printing 2018 18.6 (0.04) 18.3 CH3NH3PbI3 [93]

Inkjet Printing 2018 20.7 (0.105) 18.5 Cs0.1(FA0.83MA0.17)0.9 Pb (Br0.17I0.83)3 [95]

Screen Printing 2018 15.6 (0.126) 15.4 (AB)2(MA)49Pb50I151
b) [118]

a)No information provided from NREL; b)AB: bifunctional conjugated organic molecule 4-(aminomethyl) benzoic acid hydroiodide.
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