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Abstract 

Organo-metal halide perovskite demonstrates a large potential for achieving highly efficient 

photovoltaic devices. The scaling up process represents one of the major challenges to exploit this 

technology at the industrial level. Here, the scaling up of perovskite solar modules from 5x5 cm2 to 

10x10 cm2 substrate area is reported by blade coating both the CH3NH3PbI3 perovskite and the Spiro-

OMeTAD layers. The sequential deposition approach is used in which both lead iodide (PbI2) 

deposition and the conversion step are optimized by using additives. The PbI2 solution is modified 

by adding methylammonium iodide (MAI) which improve perovskite crystallinity and pore filling of 

the mesoporous TiO2 scaffold. Optimization of the conversion step is achieved by adding a small 

concentration of water into the MAI-based solution, producing large cubic CH3NH3PbI3 grains. The 
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combination of the two modifications lead to a power conversion efficiency of 14.7% on a perovskite 

solar module with an active area of 47 cm2.           

   

1. Introduction 

Organo-metal halide perovskite absorbers are attracting a huge interest in the photovoltaic (PV) field 

due to their outstanding opto-electronic properties, such as long diffusion length, tunable band-gap 

and high absorption coefficient1-4. In particular, perovskite-based solar cells (PSCs) represent an 

emerging versatile and cost-effective thin film technology with certified power conversion efficiency 

(PCE) exceeding 23%5. Although PSC performance is currently comparable with other thin film PV 

technologies such as CdTe, CIS and CIGS, the highest PCEs were generally obtained in devices with 

an active area of the order of 0.1cm2, making the comparison with real scale PV technologies quite 

difficult.6. Other concerns include the manufacturing process, environmental impact, material waste 

and cost, which are crucial in a life cycle assessment (LCA) of perovskite technologies 7-8. The 

scalability and reproducibility of the manufacturing process are important issues to address in order 

to push PSC devices to higher technology readiness levels (TRLs).  

It is notable that the best efficiencies of PSCs 6 and modules (PSMs) 9 were achieved by solvent 

engineering, by scaling up the optimized spin-coated deposition. Further achievements on module 

fabrication were obtained using sequential deposition in air10, where the CH3NH3PbI3 perovskite layer 

was obtained by chemical reaction between lead iodide (PbI2) and methylammonium iodide (MAI) 

11-12.  

While spin-coating is a well-established deposition method for small area cells, solvent evaporation 

and the kinetics of crystallization growth during the spinning process become critical as the active 

area increases. Several additional deposition routes have been proposed for up-scaling the process, 

such as blade coating 13-14, slot die coating15-17, inkjet coating18-19 and roll-to-roll printing20-21. For 



each deposition route, proper optimizations of perovskite precursor solution and parameters related 

to the deposition technique are required to produce highly efficient PSMs.  

In this work, we report the up-scaling process of PSMs up to an active area (AA) of 47 cm2 by using 

the sequential deposition method for CH3NH3PbI3 with a customized automated air-jet assisted blade 

coating of the PbI2 deposition. The use of blade coating technique permits up-scaling of the process 

while avoiding the typical problems encountered for spin coating deposition on large area, such as 

material waste and non-homogeneity of perovskite film as already demonstrated in our previous 

article22. The reduction in material waste with blade coating deposition is significant with a saving of 

more than 80% of the precursor volume with respect to spin coating. A comparable material saving 

was obtained for Spiro-OMeTAD deposition. For all these reasons, we do not consider the deposition 

of the PbI2 and Spiro-OMeTAD on 10x10cm2-sized substrates by spin coating.   

To improve both the processability and performance of the module, the perovskite precursor solutions 

were modified to achieve better film crystallinity, pore-filling, coverage and grain size. The use of 

additives in the perovskite formulation helps to improve the morphological properties of the absorber 

layer23-25. Regarding the sequential deposition, the morphology of the lead iodide plays a crucial role. 

In particular, enhanced porosity of the PbI2 layer has been achieved by adding MAI precursor in the 

PbI2 solution leading to better formation of the perovskite layer after the dipping process in MAI-rich 

solution 26-28. Furthermore, the MAI-rich solution can be modified by using several additives such as 

H2O
29-33, N,N-Dimethylformamide (DMF)34 together with isopropyl alcohol used as solvent.  In this 

work we show that two additives can be used to improve the performance of PSMs, namely MAI into 

the PbI2 of the first step (MAI+) and H2O in MAI in the second step of the sequential deposition 

(H2O+). By using cross-sectional high-angle annular dark field (HAADF) imaging in a scanning 

transmission electron microscope (STEM) we can clearly identify the remarkable effect that MAI and 

H2O have on the morphology and composition of the perovskite layer35-36. The water assisted growth 



mechanism can be considered a universal approach to improve the quality of the perovskite layer in 

PSC32.  

It has been demonstrated by varying the perovskite structure (CH3NH3PbI3
29-33

 and triple cation37), 

architecture (planar31, 33, 38-39 and mesoscopic29, 40-41), the deposition methods (single step31, 38, 

sequential deposition29, 40, solvent engineering37), and techniques (spin coating29-33,  blade coating42). 

Recently, Zhang et al demonstrated that the water induces the formation of an intermediate hydrated 

phase prior the completed conversion in perovskite after final annealing. The role on the growth 

mechanism of perovskite leads to improved efficiency and stability of the devices37.   

Accordingly, we found that the addition of H2O in the second step completely change the kinetics of 

the reaction between PbI2 and MAI by inducing remarkable changes in the morphology and 

compactness of the CH3NH3PbI3 layer. 

We focused our efforts on the improvement of scalability and reproducibility of the manufacturing 

process by working in air without making use of controlled environments during the manufacturing 

steps11-12, 39. The MAI and H2O additives enabled the fabrication of efficient and uniform 

CH3NH3PbI3-based PSM on 47 cm2 AA, showing best and average PCEs of 14.7% and 13.8 ± 1.18 

%, respectively. Finally, we monitored the environmental stability of the encapsulated modules for 

more than 10000 hours under shelf life conditions in air demonstrating the effectiveness of our sealing 

procedure at the module level43.    

 

2. Results and Discussion 

Figure 1 shows the main steps used for air-assisted blade-coating of the CH3NH3PbI3 perovskite over 

a mesoporous (mp) TiO2 surface. Firstly, the TiO2 was pre-activated by UV light soaking. The 

beneficial role of UV treatment on the wettability of the electron transport layer (ETL) surface was 

already demonstrated in our previous works for planar SnO2-based modules39, 44-45 and TiO2-based 



flexible PSC46-47. The PbI2-based solutions were subsequently deposited on the pre-activated TiO2 

surface using an automated blade coater. As detailed in the experimental, the PbI2 blade coating 

consists of three main steps: dispensing, blading and drying. The main experimental conditions for 

perovskite deposition, such as PbI2 solution, MAI solution and dipping time are summarized in 

Tab.S1. Regarding the PbI2 layer, several authors reported the presence of solvent trapped molecules 

in the as-deposited PbI2 films without applying any annealing step and/or further processing routes48-

49. The XRD characterization clearly show the presence of trapped DMF molecules on as deposited 

PbI2 film with the presence of peculiar XRD peaks at 9.02° and 9.56° corresponding to (011) and 

(020) planes. Instead, pure PbI2 films are identified with a strong peak at 12.68° corresponding to the 

(001) plane 48, 50.         

Interestingly, the XRD measurement made on blade-coated PbI2 film show a strong peak at 12.68° 

that confirm the presence of pure PbI2 layer with the removal of the trapped DMF molecules thanks 

to air-assisted drying step (Figure S1).   

 



 

Figure 1. a) Main steps used for air-assisted blade coating: UV treatment, dispensing, blading and 

drying. The deposition procedure is used for PbI2, PbI2:MAI and Spiro-OMeTAD deposition. Several 

parameters, such as temperature and pressure of the air dryer, are optimized for each deposited 

material. b) The scheme of the sequential deposition of CH3NH3PbI3 perovskite is reported, showing 

the modifications that we introduced to obtain MAI+ and MAI+/H2O+ perovskites during the first 

and second steps, respectively.        



Two deposition routes were evaluated by modifying the pristine PbI2 and MAI solutions used for the 

fabrication of reference (Control) PSCs. Specifically, we modified the PbI2 solution by adding 17 

mg/ml of MAI powder (MAI+) and the MAI solution by adding H2O (H2O+) at 1:20 v/v with 

isopropyl alcohol. Three kinds of devices were fabricated and compared: Control, MAI+ and 

MAI+/H2O+.     

 

Figure 2. a) As-deposited layers after the first step of sequential deposition: pristine PbI2 (yellowish 

sample) and PbI2:MAI layers (brownish sample); b) Absorbance spectra of the blade coated layers. 

c) A standard 5x5 cm2 PSM consisting of five series-connected cells and active area of 13.6 cm2. 

Aperture ratio was measured as 91% after P1-P2-P3 laser scribing. d) I-V characteristics of the 5x5 

cm2 modules fabricated following Control, MAI+ and MAI+/H2O+ procedures. The I-V 

measurements were done with AM1.5 1 Sun illumination condition in reverse scan direction.     



 

Figure 2a shows images of blade coated PbI2 layers obtained from pristine PbI2 solution (yellowish 

sample) and from PbI2:MAI solution (brownish sample). By comparing the absorption spectra of 

these two layers (red and green curves of Fig. 2b) we found that non-stoichiometric addition of MAI 

in the PbI2 solution leads to early nucleation of CH3NH3PbI3 prior to final conversion by dipping in 

MAI solution. In fact, the absorbance spectrum of PbI2:MAI layer contains the CH3NH3PbI3’s 

characteristic absorption onset at 780 nm. Photoluminescence (PL) spectra (Figure S1) of the 

PbI2:MAI layer and pristine PbI2 were reported in Figure S2. While the presence of PL signal in the 

range from 700 to 850 nm for PbI2:MAI layer confirms the nucleation of CH3NH3PbI3 perovskite, no 

PL signal was measured in pristine PbI2. By comparing the absorbance spectra of the converted 

perovskites, after the second step of the sequential deposition (Fig 2b), we noted a remarkable 

increase of absorbance for MAI+/H2O+ sample with respect to MAI+ and Control samples in the 

entire wavelength range. This can be attributed to an increase of nuclei density during crystal growth, 

which leads to cuboid crystals with a higher absorbance coefficient 51.  

To better understand the effect of MAI and H2O additives, we performed SEM characterization of 

the perovskite layer surface for all the samples as shown in Figure S3a-i. Firstly, we noted that all 

low-magnification SEM images (S3a,d,g) evidence the formation of a continuous perovskite films 

without any void or pinhole on the micron scale. The Control device showed the presence of non-

homogeneous crystalline agglomerates up to about 1 micron on the surface (Fig. S3b-c). 

Encouragingly, we found that MAI addition reduces the grains growing out-of-plane, yielding highly 

homogenous and slightly larger crystal grains. Upon closer examination, however, small (up to about 

200 nm) voids can be identified in the medium and high magnification images of sample MAI+ (Fig. 

S3e-f). Fortunately, these voids did not coalesce into large, deep pinholes which may become shunt 

paths. The water addition leads to beneficial changes on the morphology of the perovskite:  comparing 

the MAI+ and MAI+/H2O+ samples, we found that water assisted the growth of CH3NH3PbI3 



perovskite, resulting in larger grains and improved coverage at high thickness (Fig. S3h-i). These 

morphological changes can increase Voc and photoluminescence.23–25 The origin of these larger grains 

can be explained by looking at the kinetics of perovskite crystallization from its precursors. In 

literature, XRD analyses showed that adding MAI into PbI2 solution slowed down PbI2 

crystallization.27 The slower crystallization gives enough time for PbI2 to percolate into the mp-TiO2 

layer before forming large grains. The perovskite formation, after dipping in MAI solution, starts 

form the PbI2 surface towards the bulk.52 This process is significantly slowed down when the PbI2 

film is thick and dense. In our previous paper, we demonstrated how the deposition technique (spin 

coating vs. blade coating) affects the morphology of the PbI2 layer 22. In particular, we found that the 

blade coated PbI2 have a higher compactness with respect to the spin-coated one. For this reason, an 

increased dipping time was needed to have comparable PCEs when using blade coating. The lower 

density of PbI2 grains eases the penetration of MAI ions allowing a complete perovskite formation. 

Water enhances this process further by increasing the mobility of water-soluble CH3NH3I ions33. In 

addition, water molecules may form hydrates with PbI2
38. As the hydrate phase is less dense compared 

with pure PbI2, MAI ions can migrate even more easily in it53 forming more heterogeneous nucleation 

sites on the PbI2 surface and, consequently, a more uniform final perovskite layer with respect to 

Control and MAI+ samples. In short, while the addition of excess MAI and H2O may not be necessary 

to achieve high-quality perovskite film using spin coated devices, they are essential in blade coated 

PSMs. In the supporting video, we compared the growth mechanism of the perovskite by analysing 

the first seconds of the dipping process with and without the H2O addition. We confirmed that water 

played a crucial role on the kinetics of the reaction between PbI2 and MAI leading to the growth of 

cuboids crystals with an average size of 438 ±74 nm (Figure S4).  

XRD spectra for all samples and for a single crystal CH3NH3PbI3 reference (ICSD 241477) are shown 

in Figure S5. An immediately apparent trend here is the dominance of (110) and (220) planes among 

CH3NH3PbI3 peaks, which evidences preferential grain growth during perovskite synthesis. Previous 

theoretical work has predicted preferential growth of CH3NH3PbI3 (110) planes on TiO2 due to strong 



compatibility between perovskite’s surface halide atoms and under coordinated titanium atoms 54. To 

get a quantitative measure of this preference, we calculated an intensity ratio between the (220) and 

(004) peaks with the result presented in Table S2. Across all samples, the ratio values are significantly 

higher than that taken from the CH3NH3PbI3 reference, proving that the high intensities of (110) and 

(220) peaks were not solely caused by their high structure factors. Oriented perovskite grains, in 

particular where (110) and (220) dominates, has previously been shown to cause less recombination 

and faster hole transport to Spiro-OMeTAD due to prevalence of low-angle grain boundaries and 

stronger orbital overlap, resulting in higher Jsc.
55-56 We note that the CH3NH3PbI3 peaks are very 

sharp, with FWHM values of the (110) peak at 0.11-0.16o (Table S2). This demonstrates excellent 

crystallinity of the perovskite grains as also visible in SEM and HAADF images, facilitating faster 

charge transport and less recombination.57  Further evidence of the improved perovskite morphology 

due to MAI+ and H2O+ modifications was provided by analysis of cross-sectional  HAADF images 

reported in Figure 3a-c.  

The MAI+ sample clearly shows improved pore filling of the PbI2:MAI solution into the mp-TiO2 

scaffold with higher crystal quality after conversion into perovskite. In comparison, the control device 

showed incomplete pore filling of the PbI2 solution, leaving voids in the mp-TiO2 layer, visible as 

darker regions.  

 



Figure 3. HAADF–STEM images of the device stack for all the device types were reported: a) 

Control, b) MAI+ and c) MAI+/ H2O+. The blue arrows indicate the presence of PbI2 precipitates at 

the interface between the perovskite and the TiO2 layers. The red arrows show the incomplete pore 

filling of the perovskite into the TiO2 matrix.    

Firstly, we note the high amount of precipitates in Control sample, spread throughout the layer as 

marked by blue arrows. These precipitates’ brightness relative to the perovskite bulk and their 

position on top of the voids imply that they are PbI2, as will be proven later on. This indicates 

incomplete conversion of PbI2 into perovskite, which we also observed to a lesser degree in MAI+. 

In contrast, there is little PbI2 observed in MAI+/H2O+, confirming the beneficial effect of water in 

perovskite synthesis. On the perovskite layer itself, MAI+/H2O+’s larger grains result in their 

relatively rougher perovskite-Spiro-OMeTAD interface. While MAI+ had the smoothest perovskite 

layer of all, it was riddled with numerous tiny cracks and small voids which fortunately did not 

penetrate through the whole perovskite layer, as also evident in its SEM images (Figure S2f). Table 

S3 lists the thickness of the capping perovskite layer in each sample as measured from the HAADF 

images. These thickness values exclude the mp-TiO2 layer and the PbI2 precipitates. As expected, the 

Control sample had the highest standard deviation due to its numerous PbI2 crystallites. The 

perovskite layer in sample MAI+, although smoother overall in appearance compared with sample 

MAI+/H2O+, had a slightly higher standard deviation referred to the thickness due to its voids. Water 

thus helped to form a smooth perovskite film, which is desirable to form a seamless physical interface 

with Spiro-OMeTAD and enable efficient hole collection.  

 

In addition to perovskite layer morphology, we examined the degree of perovskite pore filling in the 

mp-TiO2 layer from the HAADF images. This parameter is critical to obtain high PCE as large 

interfacial surface area between the perovskite and TiO2 is needed for fast electron collection. The 

control clearly showed poor penetration, as evidenced by numerous large voids in the titania network. 



These voids, marked with red arrows, appear black in the image due to the absence of heavy lead and 

iodine atoms. It is likely that these empty volumes were instead filled with carbon contamination 

inside the FIB/SEM and TEM columns. Most of the PbI2 precipitates in Control sample lied directly 

on top of these voids, leading us to conclude that the poor penetration was caused by unreacted PbI2 

blocking perovskite molecules from percolating through the titania network. Instead, The MAI+ and 

MAI+/H2O+ samples exhibited excellent scaffold filling.  

PL characterization was also performed to evaluate the charge transfer process from the perovskite 

to the electron transport layer. Two ETLs were used as mesoporous scaffolds for the perovskite 

growth, namely mp-TiO2 semiconductor and mp-Al2O3 insulator (Figure S6).  By using mp-TiO2, 

electrons are injected into the TiO2 conduction band and a corresponding PL quenching is expected58-

59. On the opposite, the large gap of Al2O3 hinders the charge transfer process between Perovskite 

and alumina resulting in a good PL signal. 60 For our samples with mp-TiO2, we found that PL 

quenching was higher for MAI+ and MAI+/ H2O+ perovskite when compared with the control layer. 

We speculate that the improved pore filling of the MAI+ and MAI+/H2O+ perovskites into the mp-

TiO2 leads to higher PL quenching. In fact, by increasing the pore filling, the charge transfer process 

of the photo-generated charges from the perovskite to the TiO2 became more efficient corresponding 

to a drastic reduction of radiative recombination in the perovskite layer 60. On the contrary, samples 

with mp-Al2O3 scaffold, show a remarkable increase of the steady-state PL signal with respect to the 

control when MAI+ and MAI+/H2O+ perovskites were used. The PL results are in according with 

the results obtained from SEM and XRD investigations. The modified composition of both perovskite 

precursors lead to an absorber layer with fewer defects and higher crystallinity.  

In order to further characterize the perovskite layers, compositional and morphological analyses of 

full devices were conducted employing energy-dispersive X-ray spectroscopy (EDX) in a STEM. The 

scanned areas for samples Control, MAI+, and MAI+/H2O+ are displayed in Figure 4a-c, 



respectively. We deliberately picked a spot with a large void in the titania network and a precipitate 

on top of it for sample Control to confirm its identity.  

In sample Control, maps of I-La and Pb-La peak intensities clearly show an increased concentration 

of both elements at the location of the precipitate (pink ellipse), confirming its identity as PbI2. They 

also display a thin strip (red arrow) which appears to be a grain boundary in the perovskite layer.61 

The Pb-La and I-La maps of sample MAI+ reiterate the findings from sample Control, showing high 

intensities at the perovskite-TiO2 interface where PbI2 precipitates reside. They also show spots where 

both lead and iodine have low concentrations, in good agreement with the small voids visible in the 

SEM and HAADF images of this sample. Lastly, sample MAI+/H2O+ is uniform in terms of 

distribution of lead and iodine. We then looked at the TiO2 map to determine the cause of voids 

apparent in the HAADF images. Figure 4j-l evidence the presence of continuous mp-TiO2 network 

through the whole layer in all samples, proving that the void (pink ellipse) was indeed caused by poor 

perovskite penetration instead of incomplete formation of titania layer. 



 

Figure 4. HAADF-STEM images of cross sections of samples (a) Control, (b) MAI+ and (c) 

MAI+/H2O+. Corresponding EDX peak intensity maps of I-La (d-f), Pb-La (g-i), and Ti-Ka (j-l), 

obtained from each of the specimens in a-c. EDX spectrum images were processed using a PCA 

(Principal Component Analysis) routine62-63. The scale bars are 200 nm for a-c and 100 nm for d-l. 



The optimized precursor ink formulation (MAI+/H2O+) was then tested for the fabrication and 

characterization of fully blade coated perovskite solar modules.  

Figure 2c shows an image of a typical 5x5 cm2 mini-module with five series-connected cells and an 

AA of 13.6cm2. Three modules were fabricated by using Control, MAI+ and MAI+/H2O+ perovskites 

following the procedure reported in the experimental section. The results showed an active area PCE 

of 9.1%, 11.7 and 13.2% respectively. The Control sample showed a remarkably lower open-circuit 

voltage (Voc) value (4.42V) with respect to those of the MAI+ (5.05V) and MAI+/H2O+ (5.14V) 

samples. Most probably, the incomplete pore filling is the main responsible of lower Voc and then 

lower PCE in Control sample60.    

In Figure S7, the I-V characteristics were reported for a batch of four 5x5 cm2 PSMs processed with 

MAI+/H2O perovskite. A maximum PCE of 12.86% was demonstrated on a module with an active 

area of 14.21 cm2 under AM1.5G 1 Sun illumination condition. The aperture ratio (AR) of the 

modules was 0.91, leading to a PCE of 11.7% on aperture area of 15.61 cm2. The photovoltaic 

parameters of the entire batch are summarized in Tab.S4. The average PCE of 12.2 ± 1.15% 

demonstrates the good reproducibility of the deposition process.  

A further scale up of modules to a 10x10 cm2 area with the same layout used for the 5x5 cm2 induces 

large reduction of the PCE due to severe ohmic losses. In figure S8, the I-V characteristic of blade 

coated module on 10x10cm2 was reported. The results show a PCE equal to 11.03 % leading to a 

PCE decrease equal to 15% if compared to the results previously reported for modules on 5x5 cm2. 

We found that the main limitation of the performance was caused by a non-optimised layout. To avoid 

this problem, we modified the layout of the PSM by varying the cell width. Galagan et al. 64 evaluated 

the impact of cell width on the output parameters of the PSM by a simulation tool. The results show 

that the use of cell width around 5 mm enhanced the fill factor and the current density of the PSMs. 

Similar results were obtained from Mouhamad et al. for carbon-based PSM65  and from Giordano et 

al.  for DSC modules66. Taking this finding into account, we reduced the cell width in our PSM from 



7.05 mm to 4.5 mm obtaining 15 cells and aperture area of 55 cm2. The choice of the 4.5mm as 

optimized cell width comes from the trade-off between the reduction of ohmic losses and the 

reduction of the aspect ratio (AR). The laser scribing process was not altered, resulting in a slight 

decrease of aperture ratio from 91% to 86.7%67. Thanks to the MAI+/H2O+ perovskite and the 

optimized layout, we showed a remarkable increase of the final PCE of PSMs. In Figure 5, the I-V 

curves of three optimized PSMs. A maximum PCE of 14.7% was obtained for the best module and 

an average PCE of 13.8 ± 1.18%. The photovoltaic parameters are summarized in Tab.1. The 

hysteresis behaviour and the maximum power point tracking (MPPT) of Module 2 were also reported 

in Figure S8 and S9, respectively.       

Sample Voc (V) Voc (V)/cell Isc (mA) FF (%) PCE (%) 

Module 1 16.36 1.091 -60.88 67.77 14.26 

Module 2 16.63 1.109 -63.51 65.53 14.70 

Module 3 15.81 1.054 -58.57 63.64 12.48 

Average  16.27 ± 0.42 1.084  ± 0.028 -60.99 ± 2.47 65.65  ± 2.07 13.8 ± 1.18 

Tab.1 Resume of the I-V results obtained on modules fabricated using MAI+H2O+ on 10x10cm2 

substrate. Average value for VOC, VOC/cell, ISC, FF and PCE are also reported. 



 

Figure 5. a) Image of the optimized module on 10x10cm2 as substrate size. The module consisting 

in 15 series-connected cells with cell width of 4.5mm; b) I-V characteristics of three modules 

fabricated with MAI+/H2O+ procedure. The PSMs were measured under Class A Sun simulator at 

AM1.5G 1 Sun illumination conditions. The active area of the modules was 47 cm2 and aperture ratio 

of 86.7%; c) LBIC map of the blade coated PSM fabricated by using MAI+/H2O+. Both perovskite 

and Spiro-OMeTAD were deposited by blade-coating technique. d) Histogram and normal dispersion 

of the LBIC data of PSM using MAI+/H2O+. Standard Deviation (SD) associated to the normal fitting 

was also reported.    

 



Furthermore, we evaluated the spatial uniformity of the 10x10 cm2 PSM using light beam induced 

current (LBIC) map as shown Figure 5c. The LBIC map shows very uniform deposition of the 

constituent layer showing an SD associated to the normal distribution of less than 6%. No presence 

of local defects and current gradients confirmed the uniform deposition and coverage of the active 

layers (perovskite and Spiro-OMeTAD) on the entire scanned area.   

Finally, we monitored the shelf life of modules encapsulated with the procedure reported in Ref. 43 

ten days after the manufacturing. The storage conditions in air under dark were maintained for 418 

days. Interestingly, we found that the main decrease of PCE (-10% relative) occurred after one day 

of the shelf life test (Fig.S11a). No remarkable variation of Isc current (less than 17% in the worst 

case) was found for all the modules under test after the first 238 hours of air exposure without 

encapsulation (Figure S12). In our opinion, the relative PCE decrease is not directly ascribed to the 

presence of the water in the perovskite layer or to the air exposure. After 10000h, the module 2 retains 

more than 70% of their initial efficiencies showing the benefits of the sealing procedure and the 

optimized manufacturing process (Figure S11b).  

         

3. Conclusion 

In this paper, we demonstrated an optimized material/process strategy for the deposition of PSMs 

over large areas (up to 47 cm2 active area). We used an air-jet assisted blade coating technique that 

has several advantages with respect to spin-coating such as easy scalability and efficiency use of 

materials. We focused our research on the sequential deposition of the perovskite by optimizing the 

ink formulation and the deposition to obtain high quality CH3NH3PbI3 perovskite layer on mesoscopic 

architecture. We used dark field STEM imaging and EDX mapping as the main characterization 

techniques to evaluate the morphology, thickness and perovskite pore filling. We found that the 

addition of MAI into the PbI2 solution in the first step of the deposition process helps the conversion 



of perovskite precursors and their penetration into the mp-TiO2 layer. The improved crystallinity was 

confirmed by PL and XRD investigations. We introduced further modification during the second step 

of the sequential deposition by adding a small amount of H2O in MAI/2-propanol solution. We found 

that H2O supports the growth of larger perovskite grains and leads to a uniform coverage of the ETL 

surface, ultimately enhancing the quality of the perovskite layer. Thanks to the presence of these 

additives and by using an optimized module layout, we successfully achieved a PCE = 14.7% for a 

PSM with an active area of 47 cm2 and with an aperture ratio of 86.7%. Finally, we monitored the 

photovoltaic performance of the PSM for more than one year (10032h), with promising results in 

terms of the shelf life stability. Future developments will focus on the scale-up to larger substrates, 

and on the study of the device stability under accelerated lifetime tests.  

4. Experimental Section 

4.1. Perovskite Solutions 

The PbI2 solution used as reference was prepared dissolving 400mg/ml in anhydrous DMF solvent. 

The modified PbI2 solution was obtained by adding 17mg/ml of MAI with weight ratio of 1:23 with 

respect to PbI2. The MAI-based solution was prepared by dissolving 10mg/ml of MAI in anhydrous 

2-propanol. The MAI: H2O solution was prepared by adding 1ml of deionized water to 199ml of 

MAI/2-propanol solution (1:20 v/v). 

4.2. Module Fabrication 

  Fluorine-doped Tin Oxide (FTO)-coated glasses (Pilkington, 8Ω/□, 5cm x 5cm and/or10cm x 10cm) 

are etched with infrared Nd:YVO4 laser beam to obtain the final layout of the module (P1 ablation). 

Two layouts were tested in order to fabricate modules with aperture area of 55cm2. To make this, 10 

and 15 series-connected cells were obtained with 7mm and 4.5mm as cell width, respectively. After 

the P1 laser ablation, the patterned substrate is cleaned in an ultrasonic bath, using detergent with de-

ionized water, acetone and isopropanol (10 minutes for each step). A 30nm-thick BL-TiO2 layer is 



deposited onto the patterned FTO using spray pyrolysis in according with a previously reported 

procedure.43 TiO2 paste (30D paste, Great Solar Cell) diluted with ethanol (1:9 w/w) is deposited over 

the BL-TiO2 surface by blade coating (blade height 30μm, 10mm/s plate speed at room temperature) 

and sintered at 450°C for 30 min to obtain the mesoporous TiO2 (m-TiO2) scaffold. The final 

thickness is measured by profilometer (Dektak Veeco 150) to be 200 ± 20nm. Then, the samples are 

soaked under UV light for 30min prior to deposit the perovskite layer.  

Both PbI2-based solutions (PbI2 and PbI2:MAI) are deposited in air by blade coating (Charon – Cicci 

Research s.r.l.) using the following parameters: the blade height was fixed at 110μm, the precursor 

solution was kept stirred at room temperature just before the deposition. 100μl of precursor solution 

was injected on one side of the substrate with an automated syringe (Dispensing), then the plate 

moved at fixed speed of 10mm/s; once the substrate cross the blade system (Blading), an air drying 

system set at 50ºC is used with fixed pressure of 125 l/min (Drying). Blading and Drying apparatus 

were placed at a specific distance from each other and were activated and controlled by software 

during the deposition. In the supporting video is reported the movie of a standard PbI2 deposition by 

using the automated blade coater. No annealing step is performed on PbI2-based layer prior the 

dipping process.  

Furthermore, the samples are dipped in MAI-based solutions (MAI and MAI:H2O) for 20 minutes. 

The perovskite surface was washed with anhydrous 2-propanol and dried with nitrogen flow. After 

the sample are annealed at 100°C for 10 minutes prior to deposit the Spiro-OMeTAD layer. The 

doped Spiro-OmeTAD solution (60mM, Borun) in chlorobenzene is deposited in air by blade coating 

with the following parameters: the blade height was fixed at 90μm, the precursor solution was kept 

stirred at room temperature just before the deposition; 150μl of precursor solution was injected on 

one side of the substrate, then the plate moved at fixed speed of 20mm/s; once the substrate cross the 

blade system, a room temperature air drying system is used with fixed pressure of 125 l/min. The 

molar ratio between the dopants and the Spiro-OMeTAD were 0.5, 3.3 and 0.03 for Li-TFSI, TBP 



and cobalt additive (FK209, Great Solar Cell) respectively. Furthermore, the P2 ablation is performed 

in order to remove the device stack on the interconnection areas. The laser parameters are optimized 

to remove BL-TiO2/m-TiO2/Perovskite/Spiro-OMeTAD stack on modules with fluence (Φ) equal to 

0.115 J/cm2. Samples are introduced into a high vacuum chamber (10-6 mbar) to thermally evaporate 

Au back contacts (nominal thickness 100 nm). Finally, P3 ablation is performed using the same laser 

system and parameters employed in the P2 step, in order to obtain the electrical insulation between 

the counter-electrodes of adjacent cells. 

4.3. I-V Measurement  

I-V characteristics are measured with a Class A Sun Simulator (ABET) under AM 1.5G 1 Sun 

Illumination condition. The AM1.5G condition is obtained by using an optical filter. The sun 

simulator was calibrated using a Si reference cell (RR-226-O, RERA Solutions). The photovoltaic 

parameters are extracted from reverse scan direction (from Voc to Isc) with a scan rate of 33 mV/s. 

The MPPT protocol realize the first I-V scan in forward direction to find the MPP condition, then the 

I-V tracking maintains the device under MPP applying a small perturbation of both VMPP and JMPP to 

obtain the dynamic MPP value for 300s.   

4.4. UV-Vis Absorbance and Photoluminescence Characterization 

Absorbance spectra were carried out by using an UV-Vis spectrophotometer equipped (Shimadzu 

UV-2550) with integrating sphere. Steady state PL and EL measurements were performed with a 

commercial apparatus (Arkeo – Cicci Research s.r.l.) composed by a CCD spectrometer. The 

substrates were excited by a green (532 nm) laser at 45° of incidence with a circular spot diameter of 

1 mm. The optical coupling system is composed by a lens condenser attached to a multimode optical 

fiber bundle. After waiting an integration time of 100 ms, the PL signal is acquired for each sample.  

 

 

 



4.5. SEM, STEM, and XRD characterization 

TEM lamellae of the devices were prepared by focused ion beam milling (FIB, FEI Helios Nanolab) 

using a standard approach, minimizing exposure to air between sample preparation and 

characterization. STEM imaging and spectroscopy were carried out in a FEI Tecnai Osiris FEGTEM 

operated at 200 kV and equipped with a Bruker Super-X EDX silicon drift detector with a collection 

solid angle of ~0.9 sr. Elemental maps were acquired with a probe current of 0.3 nA, spatial sampling 

of 10 nm/pixel, and dwell time of 50 ms/pixel. Data were acquired with Tecnai Imaging and Analysis 

(TIA) and analyzed with HyperSpy. Top view SEM images were acquired on a ZEISS Crossbeam 

540 operated at 2 kV. XRD spectra were acquired with a Bruker D8 DAVINCI with a Ni Kβ filter 

and a Cu Kα X-ray source (λ = 1.5418 Å) operated at 40 kV, 40 mA. 

4.6. LBIC measurement 

Spatially resolved photocurrent maps were measured by means of an inverted microscope (Leica DMI 

5000) coupled with a monochromator (Cornestone 130) illuminated by a 200 Watt Xenon Lamp. The 

wavelength was fixed to 530nm (+/-2nm). A long working distance objective with 100x of 

magnification yielded a 50x50µm spot area. The device area was scanned in steps of 500µm by an x-

y motorized stage. The short circuit photocurrents of the samples were discriminated by a phase 

sensitive detection system composed by an optical chopper (77Hz of modulation) and two digital 

lock-in amplifiers (Eg&g 7265). The photocurrent maps obtained for each cell forming the module 

are normalized with respect the mean value. A distribution histogram of the normalized current for 

the entire active area of the device is plotted for each map in order to evaluate the homogeneity of the 

deposition on the entire module. The distribution histograms of the LBIC data are fitted as a gaussian 

distribution. The standard deviation (SD) is then used to evaluate the map variation for module. The 

LBIC map is coloured in graded red scale and plotted in the entire variation range of the averaged 

photocurrent in order to better evaluate the presence of colour gradient.  
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