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ABSTRACT 
The use of solution processes to fabricate Perovskite Solar Cells (PSCs) represents a winning strategy to reduce capital expenditure, increase the throughput and allow for process flexibility needed to adapt PVs to new applications. However, the typical fabrication process for PSC development to date is performed in inert atmosphere (nitrogen), usually in a Glovebox, hampering the industrial scale up. In this work, we demonstrate, for the first time, the use of Double Cation Perovskite (forsaking the unstable MA cation) processed in ambient air by employing potassium doped graphene oxide (GO-K) as interlayer, between the mesoporous TiO2 and the perovskite layer and by using infrared annealing (IRA).  We upscaled the device active area from 0.09cm2 to 16cm2 by blade-coating the perovskite layer, exhibiting a PCE of 18.3% and 16.10% for 0.1 and 16cm2 active area devices, respectively. We demonstrated how efficiency and stability of MA-free based perovskite deposition in air have been improved by employing GO-K and IRA.













INTRODUCTION
The rapid progress of halide perovskite solar technology performances made in the last years1-9 has been catalyzing the industrial interest for market exploitation10-12 in different application contexts, such as roofing, smart furniture, BIPV, transportation, carports, Internet of Things (IoT) and space.13-17 To this end, two factors are of paramount importance: stability and scalability.18-20 Stability is becoming the main research subject in this field at global level, at the point that a consensus was published; more than 50 universities, research centers and companies worked to establish a suitable set of stability tests.21 The main problem of instability is due to the highly sensitive perovskite layer: oxygen, moisture, UV light and temperature play an important role during the deposition step.22-26 The mechanism is well explained in literature: a Lewis base as a water molecule, combines with CH3NH3PbI3 and removes a proton from ammonium.27 The resulting intermediates can be decomposed into HI, CH3NH2 and PbI2, especially under oxygen and UV radiation exposure. The process is not reversible and produces volatile organic and inorganic compounds. UV-light quickly decomposes the perovskite layer into ethylamine (CH3CH2NH2), PbI2 and I2.28
[bookmark: _Hlk62968023][bookmark: _Hlk62968095]Instability is intensified in the presence of the scaffold layer because it adsorbs oxygen ready to be desorbed by the UV light.29 Long-term stability is partly related also to the usage of methylammonium (MA)-containing perovskite.30 In 2016, M. Saliba et al. introduced inorganic Cations such as Cs, Rb to improve stability,31 proving that inorganic cations improve stability mainly due to their robustness at higher temperature (more than 100°C).32 In 2018, S.H. Turren Cruz et al.33 showed that the instability of the perovskite layer is mainly due to methylammonium, which is responsible for three important degradation steps: a) generation of superoxide anions under light illumination, b) rapid oxidation of the surface perovskite and production of water, and c) slow hydration of the inner perovskite.34 Pure formamidinium (FA)-based perovskite exhibits higher thermal stability and narrower band gaps than the MA-containing one,35 showing great application potential in PV technology. Nevertheless, the pure FA-based perovskite forms photo-inactive phase (yellow phase) at room temperature; the photo-active phase (black phase) can only be obtained at high temperature (more than 150°C). Although many works have been performed on avoiding the yellow phase of FA-based perovskite by doping with small amount of Cs+ and/or Rb+, the performances of MA-free PSCs are still lower respect to the MA-containing PSCs, even though a great effort has been done by stabilizing FA-based devices, achieving very recently a maximum efficiency of 23.1% compared to 25.5% single junction world record.33, 36-38 An important effort has been addressed and it needs to be devoted to boosting the performance of MA-free, FA-based PSCs.
Besides perovskite, interfaces rule stability and efficiency of the device39,40; many researchers improved perovskite stability by inserting graphene and related 2D materials based interlayers to passivate perovskite, reducing recombination and increasing wettability, as in the case of MAPI and triple cation perovskite solar cells.41-45 Scalability of this technology is fundamental in order to be exploited into the market: perovskite modules appeared in literature in early 2014 and so far the scientific community is trying to use alternative methods to replace the conventional spin coating process used for small area devices,18, 46-53 reaching PCEs of 18.13% in 21cm2 active area.54
Solution process techniques are necessary in order to break down the energy production costs of these devices.55-57 Among the scalable coating techniques, thermal58 and air-assisted59 blade-coating deposition was adopted in ambient air to deposit MAPbI3 perovskite, without any antisolvent dripping, resulting in PCEs of about 11-18%. Although the antisolvent method used to be effective, it produces large volumes of solvent wastes in case of spin-coating technique. In this context, Troughton et al. introduced rapid perovskite anneling already in 2015, whereas only later in 2018 S. Sanchez et al. introduced the name Infrared Annealing (IRA), replacing the antisolvent method as an effective way to control crystallization of inorganic semiconductors and to prepare large area devices made of highly crystalline phase continuous films.60-65
Herein, for the first time we present the development of printable out of glove box CsFA perovskite solar cells and modules, skipping the use of spin coating technique and antisolvent method. Our approach aims at innovating, as it includes the incorporation of a potassium doped graphene oxide (GO-K) interlayer between the perovskite layer and the mesoporous ETL, as well as the use of an Infrared-assisted Annealing (IRA) process, resulting in PCEs of 18.3%, 17.3% and 16.10%, corresponding to active areas of 0.09, 1 and 16cm2, respectively. Graphene interface engineering (GIE) and IR treatment are proposed as two effective ways to boost PCE by limiting charge losses occurred at the perovskite/mTiO2 interface, enabling perovskite crystal formation in ambient environment. To this end, a comparative study based on the synergy of IRA and GIE between the mesoporous TiO2 and perovskite layer, demonstrates that a scalable technique convenient for printing and drying the perovskite layer, as well as the selection of proper 2D materials to balance band alignment of the perovskite solar cell stack are among the key factors to fabricate high-performance perovskite solar cells and modules. Figure 1. (a) Scheme of the 3-layouts used for small, large area and modules. (b) Performances comparison between the different size area used. (c) Scheme of the Perovskite deposition technique used. (d) I-V Curve and stabilized efficiency (MPP-tracking) of the best module with Active Area of 16cm2.

[bookmark: _Hlk36121119][bookmark: _Hlk35963299]The main goal of this work is to focus on the out of glovebox deposition and optimization of the perovskite layer using an upscalable printing technique. In this frame, we developed a deposition strategy using a semi-automatic blade-slot die coater with three different drying step methods (fan, hot gas air and IRA), called “Charon” designed by Cicci Research srl.
[bookmark: _Hlk63088183][bookmark: _Hlk35879038][bookmark: _Hlk62969319]We used the same glass/FTO substrate size of 5x7cm2 to realize 16 devices of 0.09cm2, 8 devices of 1cm2 and one module of 16cm2, as shown in Figure 1a. PCE comparison among different size area devices is shown in Figure 1b: a comparison of the device performances with different sizes has been shown in Figure S10. The best small area cell (0.09cm2 active area) exhibited a PCE of 18.3%, with average PCE extracted from 32 cells of 17.5±0.84%; the best large area cell (1cm2 active area) showed a PCE of 17.3%, with average PCE extracted from 18 cells of 16.7±0.40%; the best module (16cm2 active area) showed a PCE of 16.10%, with average PCE extracted from 6 modules of 15.58±0.43% (Figure 1d). The Perovskite deposition has been developed following the scheme summarized in Figure 1c. Cs0.1FA0.9Pb(I0.94Br0.06)3 perovskite was deposited by a double step method, as suggested by Xu X. et al.66 and according to our previous work.67 It was found that the PbI2–(CsI)y–(FAI)x  intermediate complex formed in the first step effectively facilitated the conversion of PbI2 into perovskite. By adding FAI into PbI2+CsI solution, the impact of moisture ingress during the deposition process was effectively suppressed, thus ensuring the formation of a high-quality perovskite, without pinholes. In our approach, during the first step a solution of CsI (0.1M), PbI2 (1M) and FAI (weight ratio FAI:PbI2-CsI 1:20) in DMF:DMSO 9:1 has been deposited using a blade coater and a hot air knife, as a drying step just after the deposition. In the second step, a solution of organic cation of FAI and FABr (0.4 M mL-1), with FABr molar fraction of 20 mol% in isopropanol, has been deposited by means of a slot die, followed by a hot air knife and infrared annealing, immediately after the deposition. This process has been carried out at a relative humidity of 30% and a temperature of 30°C. It should be noted that no antisolvent dripping has been used. Bromide Ions have been added into the original recipe from Xu X. et al.66 in order to get an improvement in the Voc and stability of the PSCs. The relative molar percentages of CsI and FABr ratio to FAI were 10 and 20mol%, respectively, as similarly mentioned by Qiu W. et al. (see Table S2).68 The device architecture used is as follows [image: ](Figure 2c): glass/FTO/cTiO2/mTiO2/GO-K/Cs0.1FA0.9Pb(I0.94Br0.06)3/SpiroMeOTAD/Au.     (c)                                                                                (d)-




[bookmark: _Hlk38369492]Figure 2. (a) Structure of the 4 different n-i-p perovskite solar cells used. (b) J-V curves and IPCE comparison between the different modification applied. (c) Backscatter electron image of best performing cell (GO-K+IRA) taken at 52° tilt.



[bookmark: _Hlk38369408]Table 1. Summary of the J-V Results obtained on cells fabricated with and without GO-K and IRA treatment on Champion and Average data on 32 cells.
	[bookmark: _Hlk38368907]Device Type
	
	PCE [%]
	Jsc [mA cm-2]
	FF[%]
	Voc[V]
	Integrated Jsc [mA cm-2]

	ref
	Champion
	13.79
	19.02
	73.33
	0.98
	18.12

	
	Average
	12.6±1.19
	18.5±0.52
	72.5±0.88
	0.91±0.07
	-

	GO-K
	Champion
	14.41
	19.04
	78.13
	1.00
	18.55

	
	Average
	13.02±1.39
	18.6±0.44
	76.9±1.23
	0.94±0.06
	-

	IRA
	Champion
	15.76
	22.98
	68.42
	1.03
	22.76

	
	Average
	14.92±0.84
	22.1±0.88
	67.2±1.22
	0.96±0.07
	-

	GO-K+IRA
	Champion
	18.30
	23.28
	77.66
	1.04
	23.26

	
	Average
	17.48±0.82%
	22.5±0.78
	76.8±0.86
	0.98±0.06
	


 
Doped graphene oxide based materials were widely discussed in a previous work and have been used as starting point for the design of a device architecture with a GO-K electron transport layer.69 Energy band diagram scheme is shown in Figure 3a: TiO2 energy band diagram has been extracted in a previous work by M. Grätzel70 and I. Chung et al.71 Nominal perovskite band gap of  ~1.6eV was extracted by a combination of studies on CsxFA1-xPbI3 by R. Prasanna et al.72; bromide content has been considered negligible, only to determine the band gap value, with a mol% of Br lower than 6%, as also shown by Kulkarni et al.73 In addition, doped Spiro-OMeTAD was presented in a work done by K. Elumalai et al.74.
A thorough study has been made by comparing GO-K with other doped graphene oxides (GO-X, X=Li, Na, Rb, Cs) as reported, also by varying perovskite precursors, as listed in Table S2 (see SI). Here, it is clearly visible how the device performance has been improved by combining GO-K interlayer and IRA for a specific formulation of perovskite. Photovoltaic parameters are summarized in Table 1:  the best cell was obtained with GO-K interlayer and IRA treatment showing a PCE of 18.3%, Jsc of 23.28 mA cm-2 (that matches well with the EQE integrated Jsc =23.26mA cm-2), FF of 77.66% and Voc of 1.04V. The presence of GO-K mainly improved fill factor and Voc whereas IRA treatment contributes to Jsc improvement by 4mA. FF improvement thanks to graphene derivatives can be justified by a reduction of charge transfer resistance occurred, which is mainly due to better charge transfer.75-78 
In order to understand the role of GO-K we have carried out dark JV, EIS, transient photovoltage and photocurrent measurements (see Figure 3). Under the same experimental conditions, the glass/FTO/cTiO2/mTiO2/Cs0.1FA0.9Pb(I0.94Br0.06)3 and glass/FTO/cTiO2/mTiO2/GO-K/Cs0.1FA0.9Pb(I0.94Br0.06)3 samples, with and without IRA treatment, displayed a photoluminescence (PL) emission at 797nm which is in line with this kind of double cation perovskite layer.79 Notably, when GO-K and IRA treatment are inserted, the perovskite PL quenched. Since PL emission highlights the radiative recombination in perovskite layer, a reduced emission could be symptomatic of an enhanced electron injection in the TiO2 layer, thus further confirming the role of GO-K layer and IRA treatment in enhancing electron extraction. UV-Vis data, shown also in Figure 3b, describe a linear increase of the absorbance by adding GO-K and IRA, keeping the same perovskite thickness for all cells analysed: this behaviour could be related to better quality growth of the perovskite film on top of the potassium doped graphene oxide, also treated with infrared annealing, as shown by Wu et al. .80 Transient photocurrent (TPC) and transient photovoltage (TPV) are shown in Figure 3c and 3d respectively; the extracted charges versus Jsc have been evaluated from TPC analysis and plotted. These results are in good agreement with EIS data showing a better improvement of charge extraction upon the use of GO-K and IRA treatment. In addition, the photo-generated charge lifetimes were evaluated with small perturbation transient photovoltage test (TPV)81 at different irradiation levels. Figure 3d shows the time constant extracted from single exponential fit of the voltage decay profiles; lifetimes decreased up to two orders of magnitude  from low to high intensity; in particular at lower irradiation levels, charges are localized interfaces with increased spatial separation, resulting in higher lifetimes; such operating region is where the IRA based devices exhibit higher recombination times, meaning that IRA process, combined with a GO-K interlayer, results in reduced surface traps.
As shown in Figure 3d, the combined use of GO-K and IRA treatment increases recombination time and consequently reduces the amount of recombination centres, as also confirmed by dark JV and EIS results. Dark JV curves, shown in Figure 3e, revealed an interesting behavior: in the region above 0.7V, where diffusion current is limited by series resistance, GO-K and IRA modification display a significant current density enhancement. These latter cells show very low diffusion current. Interestingly, the solar cell with GO-K as interlayer and IRA treatment exhibited no significant leakage current (high enough shunt resistance) and no significant series resistance, which could impede current flow.  This suggests that GO-K and IRA facilitate efficient electron injection from perovskite to mTiO2 layer. The ability of GO-K and IRA to reduce trap assisted recombination is finally demonstrated by a remarkable decrease in the JV curve hysteresis, as shown in Figure S3 and Table S4. 
EIS measurements were conducted to describe charge transfer process and the Nyquist plot as shown in Fig. 3f. The Nyquist plot can be used to distinguish charge transfer/transport and charge recombination at the interfaces between different films82-85. EIS was measured at 1 V of polarization under dark conditions in complete solar cells, whose structures are shown in Fig. 2a. The Nyquist plot exhibits that there are two arcs or semicircles for IRA and IRA+GO-K cells, whereas they are not present or recognizable in the reference and GO-K cells. The first and more evident arc is associated to charge recombination processes: the corresponding fit shows an increase of recombination resistance up to one order of magnitude from the Reference to IRA-GO-K devices. 
Further analysis on the role of GO-K and IRA have been conducted using XRD analysis, Kelvin Probe force microscope and Raman Spectroscopy of the 4 different variations, as in Figure 2a. 
[image: ]
Figure 3. (a) Band alignment of perovskite solar cells tack used. (b) Photoluminescence and UV-Vis Spectra on different modification used. (c) Charge Extraction and (d) Transient Photovoltage study.  (e) Dark JV and (f) impedance spectroscopy study.
In the XRD analysis, preliminarily, samples corresponding to the intermediate steps of the device were characterized in order to detect reflections attributed to TiO2, FTO and GO-K layers. The obtained patterns, reported in figure S11, show, as expected, peaks assigned to FTO (JCPDS Nr. 01-77-0448 ) and to the anatase phase of tetragonal TiO2 with lattice constants of a = 3.7892 Å, b = 3.7892 Å, c = 9.5370 Å, and = β = = 90.0000 (JCPDS 00-21-1272).  Comparing the pattern (normalized on the FTO signal) of glass/FTO/TiO2/GO-K sample to the one of glass/FTO/TiO2 sample, an increased TiO2 reflection intensity is observed when the potassium doped graphene oxide layer is added, suggesting the formation of a more crystalline TiO2 layer indicating an enhancement of the TiO2 crystallization process 86. The same experimental procedure was applied to the reference device and the device containing the GO-K layer, measuring the samples both before and after IRA treatment. As shown in figure 4a,b the same substrate phases previously discussed were observed, and the perovskite theoretical α-phase was detected, being largely predominant in both samples87, 88. Also, for the device containing the GO-K layer (Figure 4b) a slight increment of the polymorphic -phase is observed after thermal treatment, but with less extent with respect to the sample missing the GO-K layer (Figure 4a). However, in the doped device a remarkable structural modification occurred as a consequence of IRA treatment: the initial PbI2 presence is no longer visible after IRA treatment.
Kelvin probe measurements were conducted to investigate whether processing changes affected surface potential of the electron transport layer and the perovskite films. Firstly, electron transport layer samples were measured. The addition of GO-K to fresh TiO2 did not cause a significant change in the work function measured, from 4.60 to 4.61 eV (Figure S7). A reduction in work function would suggest a passivation of TiO2 surface oxygen vacancies by the addition of GO-K as previously seen with GO-Li, however, here this is not a significant effect89. Aging in air, with an aging time of 48 hours, did not significantly affect the work function of either electron transport layer. 
The work function of perovskite films deposited upon the different electron transport layers were also measured (Figure 4c). There was no significant change in work function of the reference perovskite film upon IR annealing, 4.68 and 4.70 eV respectively. However, the perovskite deposited upon the GO-K interlayer exhibited a slight reduction of work function by 60 meV upon IR annealing. This could be explained by the better improved perovskite quality as identified by XRD analysis.
Upon aging, there was a significant work function increase of 100 - 130 meV for the reference sample with and without IR annealing and the sample with the GO-K interlayer, whereas the IR annealed sample with the GO-K did not exhibit significant change, suggesting it is more stable. This is in line with reports that air or oxygen exposure cause an increase in perovskite work function, and simultaneous PbI2 formation, with this effect being accelerated under UV illumination90, 91, 92.
Raman spectroscopy was also performed in order to further investigate the interaction between TiO2 and GO-K. Figure 4d shows the normalised Raman spectra of m-TiO2 with and without GO-K on FTO substrates. Vibrational peaks observable at 144 and 634 cm-1 are related to the anatase TiO2 Eg(1) and Eg(3) respectively93. There is no observable band shift or significant broadening of these bands upon the addition of GO-K to TiO2. This suggests there is no significant filling of TiO2 oxygen vacancies as previously observed with the addition of GO-Li75.The typical D (Disorder) and G (Graphitic) bands of graphene are evident in the spectrum with GO-K, at 1347 and 1588 cm-1 respectively, confirming the intercalation of GO-K into the mesoporous TiO294,95.  Signal from the FTO substrate presents as broad bands centred around 550 and 1095 cm-196,97.
Crystallization of the perovskite layer plays an important role in the deposition, especially when it occurs in ambient environment: IRA accelerates perovskite crystal formation and limits the addition of H2O molecules, which might occur at ambient environment, as also stated by S. Sanchez et al.62 and X. Xu et al.66. A partial perovskite crystal formation in air without using IRA is also confirmed by photoluminescence and absorbance measurements, as shown in Figure 3b, and by SEM, as shown in S12. It is evidenced how using GO-K an enhanced of the crystallinity of the TiO2 film is achieved. Most importantly, the use of GO-K interlayer is found to have a remarkable encouraging effect on the perovskite layer physical properties: it is able to trigger a positive structural modification resulting in the removal of the PbI2, residual from the deposition. The effect of Infrared annealing helps the perovskite crystallization in air, as shown by comparing the perovskite film done with and without infrared annealing process, as shown in Figure S12.
Figure 4. XRD patterns of the glass/FTO/TiO2 (a) and glass/FTO/TiO2/GO-K (b) samples before (black line) and after (red line) IRA treatment. Theoretical α and β perovskite phases were added (red and blue columns respectively) to make a direct comparison with experimental data. (c) Work functions of fresh and aged perovskite layers deposited on electron transport layers with and without IR annealing; (d) Normalised Raman spectra of m-TiO2 with and without GO-K on FTO substrates.

[bookmark: _Hlk45286642][bookmark: _Hlk45287119]Using the same glass substrate size of 5x7cm we were able to scale up to large area cells and modules (see Figure 1a). Series connection of cells in module configuration has been performed with P1, P2 P3 laser patterning98, 99 as described in the methods section. Light Beam Induced Current (LBIC) maps represent a powerful characterization technique for the study of the spatial uniformity of the perovskite solar modules by varying the deposition process. 59, 100, 101 In Figure 5a-b, we assessed the spatial LBIC maps for double-cation based modules using  the reference and IRA+GO-K perovskite depositions. LBIC maps plotted the normalized current (NC) values from [0,1], acquired by scanning the entire aperture area of the modules to better appreciate the P1-P2-P3 patterning and interconnections. Both modules demonstrated enough spatial uniformity without showing large blackish dots corresponding to the presence of pinholes in the perovskite layers or uncovered areas. To investigate the difference between the two samples, we studied LBIC map variation in range of NC values from [0,1] without considering the interconnection areas and the active areas closer to them (NC<0.5). The map clearly showed the presence of graded blackish areas for the reference sample. Instead, IRA+GO-K sample demonstrated an improved spatial uniformity. This evidence is further confirmed by comparing the histograms associated to the normalized LBIC maps in the full [0,1] and reduced NC [0.5,1] value range (Figure S5-4c). The mean of the normal distribution curve was found for NC equal to 0.88 and 0.83 for IRA+GO-K and reference samples, respectively. Furthermore, FWHM values further confirmed lower dispersion of normal distribution for IRA+GO-K sample being equal to 0.14 (0.20 for reference). Finally, in Figure 4d, we analyzed the box charts associated to the absolute LBIC values of cells of both modules. The mean LBIC values, obtained by illuminating the samples with 530nm-monochromatic light, were 82.2nA and 109nA for the reference and IRA+GO-K cells, respectively. This result is in accordance with the increase of the IPCE value at 530nm shown for IRA+GO-K sample in the onset graph reported in Figure 2b. Photoluminescence and UV-Vis Spectra on IRA+GO-K films has been performed on 16 different spots (see Figure 5d), to fully understand film uniformity, as shown in Figure 5c and 5d; similarly a same study has been conducted on the reference film substrate without GO-K and IRA treatment (see Figure S5).
[image: ]
[bookmark: _Hlk38626575]Figure 5. LBIC map comparison between ref(a) and GOK+IRA(b) module. (c) Histogram associated to the normalized LBIC maps in [0.5,1] value range and (d) box charts associated to the absolute LBIC values. (e) Photoluminescence and UV-Vis Spectra statistics on glass/FTO/cTiO2/mTiO2/GO-K/Cs0.1FA0.9Pb(I0.94Br0.06)3 + IRA treatment films with 5x7cm substrate area. (f) Photoluminescence peak focus. 
Photoluminescence and UV-Vis spectra (Figure 5c and 5d) display an overall better uniformity along the substrate area with film with IRA+GO-K compared with reference film (Figure S4): IRA+GO-K presented a narrowed gap between the PL peak among the size area, with a tolerance bar of 0.05 a.u., whereas the difference on the reference film (Figure S4) showed a not negligible bar of 0.23 a.u.; the presence of GO-K induces a better perovskite precursor spreading along the area, whereas IRA treatment improves the perovskite crystallization of the second perovskite process. 
In order to fully understand degradation effect on perovskite devices, standard stability tests have been compared among the cell and module devices without any encapsulation: we decided to conduct tests on modules because we aimed to study real degradation effect occurred on a possible future application outside laboratory conditions. For this reason, shelf life, 85°C and light soaking tests between CsFA perovskite fabricated in air, with IRA and GO-K (IRA+GO-K), and standard triple cation perovskite made inside the glovebox (ref CsMAFA GB), have been performed in air, as shown in Figure 6. Figure 5a and 5b showed stability tests on small area cells (0.1cm2) and modules (16cm2), respectively.


[image: ]
[bookmark: _Hlk62970265]Figure 6. Shelf life (ISOS-D-1), 85°C (ISOS-T-1) and light soaking (ISOS-L-1) tests performed for IRA+GO-K double cation optimized in this work and standard triple cation reference fabricated inside glovebox. Normalized PCE for small area (a) and module area (b) devices.

Stability tests showed that cells and modules fabricated in air last longer, compared to cells fabricated in the glovebox. For the optimized IRA+GO-K cells the following results were achieved: a T80 of 595h, 503h and 197 hours respectively, for shelf life, 85°C and light soaking tests. In general, tests performed on modules, confirmed the trend shown for the cells; several factors might affect the lower performances on the modules’ stability: degradation effects on modules play a key role for the final perovskite out of the market process and mainly at this stage film uniformity and laser process play a crucial role. It is shown by Y. Galagan102 that main instability effects derive from the fast degradation effect of perovskite in direct contact with the metal above, across the etching lines (P1, P2 and P3).





CONCLUSION
This work reports on the application of a scalable deposition technique in air, out of the glovebox, by exploiting a combination including the use of GO-K as interlayer according to Perovskite Solar Technology and an infrared annealing process. In particular, a new deposition strategy has been developed using a semi-automatic blade-slot die coater with 3 different drying step methods (fan, hot gas air and IRA); GO-K has been incorporated in a typical device structure between m-TiO2 and the perovskite layer. It was proved that infrared Annealing (IRA) and GO-K played a crucial part in this work, since high performance devices were developed, reaching PCEs of 18.3%, 17.3% and 16.1% on small, large area cells and modules, respectively. Electrical, optical, transient and spectroscopic analysis demonstrated the main effect of IRA + GO-K in improving electron injection from the perovskite to the m-TiO2 layer. Moreover, a reduction in JV curves hysteresis of the devices confirms the capability of GO-K layer, as well as the use of IRA treatment to reduce trap assisted recombination at m-TiO2/perovskite interfaces. Moreover, the optimized cells and modules showed an improved stability when subjected, without encapsulation, to prolonged aging tests. The use of an out of glovebox technique together with an innovative application of GO-K in the field of perovskites opens a viable route to further improve the stability of modules by retaining this technology repeatable, affordable and suitable for the next solar panel technology.

EXPERIMENTAL SECTION
MATERIALS
All materials were used as received without purification as follows: lead iodide, PbI2 (Sigma-Aldrich, 99.999%), lead bromide, PbBr2 (Sigma-Aldrich, 98%), cesium iodide, CsI (Sigma-Aldrich, 99%), formamidinium iodide, FAI (GreatCell Solar), formamidinium bromide, FABr (GreatCell Solar), methylammonium bromide, MABr (GreatCell Solar), Spiro-MeOTAD (Borun, 99.5%), lithium bis(trifluoromethanesulfonyl)imide, Li-TFSI (Sigma-Aldrich, 99.95%), 4-tert-butylpyridine, TBP (Sigma-Aldrich, 96%), cobalt salt, FK209 (GreatCell Solar, 98%), gold, Au (Sigma-Aldrich 99.99%), N,N-dimethylformamide, DMF (Sigma-Aldrich, anhydrous), dimethyl sulfoxide, DMSO (Sigma-Aldrich, anhydrous), ethanol, EtOH (Sigma-Aldrich, 96%), acetone (Sigma-Aldrich), isopropanol, IPA (Sigma-Aldrich, anhydrous), chlorobenzene (Sigma-Aldrich, anhydrous).

GO-X SYNTHESIS (GO-Li, GO-Na, GO-K, GO-Rb, GO-Cs)
A modified Hummers’ method was used to prepare graphene oxide (GO) flakes103. In particular, 1.0 g of graphite powder (Sigma-Aldrich) was added in a beaker and mixed with 46 mL of H2SO4 (95-98%, Sigma-Aldrich), under magnetic stirring and was placed in an ice bath. Then 1.0 g of NaNO3 was slowly added and stirred for 1h. Next, 6.0 g KMnO4 were added and the mixture was left for a 24 h vigorous stirring. Afterwards, the solution was stirred at 35 °C for 100 min. Next, the heat increased up to 90 °C and deionized (DI) water (~80 mL) was added very carefully. The mixture remained at the same temperature for 40 min, under stirring, while after the time was over, 200 mL of DI water were added. Next, 20 mL of hydrogen peroxide (H2O2, 30%) were slowly added, followed by centrifugation (20 min, 4.200 rpm, 823 g). The precipitate was isolated and washed thoroughly with ~200 mL of warm (not hot) DI water. Finally, the sediment was washed again many times with DI water at room temperature, until the pH value of the supernatant returned to be neutral. Repeated centrifugation and re-dispersion of the mixture in deionized water was carried out to purify the obtained graphite oxide. Finally, the resulting GO left to dry at 60 °C in a vacuum oven for at least 48h and it was pulverized until forming a fine powder. Next, an aqueous dispersion (1.5 mg mL-1 , 40 mL, 3DH2O) of the yielded GO was prepared, through an ultrasound assisted process. Then potassium carbonate (K2CO3, 200 mg) was added and the dispersion was stirred for 24h at room temperature. Centrifugation (30 min, 4.200 rpm, 823 g) followed. Finally, in order to purify the precipitate, it was redispersed in 3DH2O (20 mL) and then a PVDF membrane (0.45 μm) was used to filter and collect the solid. This process of dispersion and filtration was repeated for three times. The final GO-K dispersion was prepared in water: ethanol (1:3).104, 105 Alkali metals’ carbonated salt (X2CO3) (200 mg) was then added. 

PEROVSKITE PREPARATION 
[bookmark: _Hlk36032850][bookmark: _Hlk62969099][bookmark: _Hlk62969179][bookmark: _Hlk62969231]Cs0.1FA0.9PbI3, Cs0.1FA0.9Pb(I0.94Br0.06)3 and Cs0.1FA0.9Pb(I0.9Br0.1)3 : PbI2  (1 M), CsI (0.1 M) and FAI (with a weight ratio FAI:PbI2-CsI 1:20) were dissolved in DMF (0.876 mL) and DMSO (86 µL); FAI and FABr (0.4 M mL-1), with FABr molar fraction of 0, 20 and 35 mol% respectively, were dissolved in IPA. Cs0.15FA0.85PbI3, Cs0.15FA0.85Pb(I0.94Br0.06)3 and Cs0.15FA0.85Pb(I0.9Br0.1)3 : PbI2  (1 M), CsI (0.16 M) and FAI (with a weight ratio FAI:PbI2-CsI 1:20) were dissolved in DMF (0.876 mL) and DMSO (86 µL); FAI and FABr (0.37 M mL-1), with FABr molar fraction of 0, 20 and 35 mol%, were dissolved in IPA. Cs0.06FA0.78MA0.16Pb(I0.83Br0.17)3 : FAI (1 M), PbI2 (1.1 M), MABr (0.2 M) and PbBr2 (0.2 M) were dissolved in anhydrous DMF:DMSO 4:1 (v:v). 5 vol% CsI solution, predissolved as a 1.5 M stock solution in DMSO, was added to the mixed perovskite precursor.

DEVICE FABRICATION 
[bookmark: _Hlk63036088]Solar cells with an active area of 0.09 cm2, 1 cm2 and perovskite solar modules (PSMs) with an active area of 16 cm2 are realized on fluorine-doped tin oxide (FTO) conductive glass (Pilkington, 8Ω□−1) patterned through raster scanning laser for small and large area devices. P1 process, designing 8 series connected cells, was instead performed for module layout using the same parameters (λ = 355 nm, Nd:YVO4 pulsed at 80 kHz, fluence = 10.2 J cm-2). The patterned substrates has been set 5x7cm2 for all types of devices, in order to facilitate the optimization of the perovskite layer by a semi-automatized blade-slot die coater with 3 different drying step methods (fan, hot gas air and IRA), called “Charon” designed by Cicci Research srl;  the patterned substrates are cleaned in an ultrasonic bath, by subsequent washing in detergent with deionized water, acetone, and 2-propanol (10 min for each step). A patterned compact TiO2 (cTiO2, ~70 nm) layer is deposited onto the patterned FTO by spray pyrolysis deposition over the substrate heated at 460°C, in accordance with a previously reported procedure106. The mesoporous TiO2 (mTiO2) in EtOH solution, 1:5 by weight is obtained by dissolving 30NRD in pure EtOH (used as received from Sigma Aldrich). After stirring overnight, the dispersion is sonicated for 10 minutes before the use. mTiO2  (~150 nm) dispersion is sonicated 10 minutes prior to be spin-coated in air at 3000 rpm for 15 sec onto the cTiO2 surface (2 ml for small, large and module substrates), followed by a sintering step at 450°C for 30 min. GO-X interlayers (GO-Li, GO-K, GO-Na, GO-Rb, GO-Cs) are realized by spin coating (3000 rpm for 10 s) 500 l of GO-X dispersion in EtOH/H2O (3:1). After the deposition, the substrates are annealed at 110°C for 10 min. In the case of reference perovskite (~400 nm, Cs0.06FA0.78MA0.16Pb(I0.83Br0.17)3) substrates were immediately transferred to the glovebox to not absorb any water on the surface, 500 l of perovskite solution was spin coated at 4000 rpm for 35 sec with 200 rpm ramp. 1mL of Chlorobenzene was poured on the spinning substrate to form the perovskite 15 seconds prior the end of the spinning program. Then, the substrates were annealed at 110°C for 40 minutes. For all the other perovskite compositions (~400 nm), the deposition is carried out in ambient air condition with controlled humidity of RH=30% using Charon, a semi-automatized blade-slot die coater designed by Cicci Research srl: plate of the machine was kept constant at 30°C; in the first step, the blade height was fixed at 100 μm and the precursor solution (PbI2, CsI and FAI in DMF:DMSO 9:1) was kept stirred at room temperature just before the deposition. Precursor solution (70 μL) was injected on one side of the substrate with a syringe forming a uniform meniscus between the substrate and the blade, then the plate moved at a fixed speed of 10 mm/s; once the substrate crosses the blade system, an air drying system set at 65°C is used with a fixed pressure of 125 L min-1. Immediately after the drying step, the substrate was placed back to its starting position; during the second step a precursor solution, made of FAI and FABr in IPA, was kept in a syringe dispensing the slot die; the initial flow rate was adjusted to form a uniform meniscus between substrate and slot die head placed at 70 μm from the substrate, once meniscus was formed the flow rate was kept at 500 μL min-1 and the plate moved at fixed speed of 20 mm/s; once the substrate crosses the slot die system, an air drying system, set at room temperature with a fixed pressure of 100 L min-1, and a coupled of infrared lights are used for 5 seconds, after that the substrate was placed in a hot plate at 130°C for 40 minutes. Infrared lights are composed by 2 emitters of 400 mm length with 2kWatts total electrical power sketched as in Figure S14. Lamps are composed by infrared quartz with fast medium wave emitter with peak in the range 1.6-2.0 um and  working emitter temperature at 1462°C. 
Blade, slot die and drying apparatuses were placed at a specific distance from each other and were activated and controlled by software during the deposition. 60 mM of spiro-MeOTAD (~200 nm) solution in chlorobenzene doped with LiTFSI/ TBP/FK209 was deposited by spin coating at 2000 for 20 seconds on top of the perovskite layer (700 l for small, large and module substrates). The molar ratio between the dopants and the spiro-OMeTAD was 0.5, 3.3, and 0.03 for lithium bis(trifluoromethanesulfonyl)imide, 4-tert-butylpyridine, and cobalt additive (FK209) respectively. Substrates were transferred on raster scanning laser for the etching of the ETL/Perovskite/HTL stack and P2 process for module layout (λ = 355 nm, Nd:YVO4 pulsed at 80 kHz, fluence = 181 mJ cm-2). Laser process to remove cell stack on anode part has been also performed on cells in order to have same substrate treatment for all 3 layouts. Afterwards, samples were introduced into a high vacuum chamber (10−6 mbar) to thermally evaporate Au back contacts (nominal thickness 100 nm). Finally, etching of the counter electrode at the anode and P3 ablation was performed (λ = 355 nm, Nd:YVO4 pulsed at 80 kHz, fluence = 152 mJ cm-2) in order to obtain the electrical insulation between the counter electrodes of adjacent cells. All layers’ thickness is measured by using the Dektak Veeco 150 profilometer.

DEVICE CHARACTERISATION

I-V MEASUREMENTS
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). An active area of 0.09 and 1 cm2 was determined by a metal mask. Active area of modules was defined by laser etching, by multiplying active area width and height by number of cells, with total active area of 16cm2 and geometrical fill factor of 88%. The J-V curves were scanned with the rate of 20 and 300 mV s-1 for cells and modules respectively without any preconditioning. The PV parameters are extracted from reverse scan direction (from Voc to Isc). The MPPT protocol realizes 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 300 s. 

UV−Vis ABSORBANCE AND PL CHARACTERISATION
Absorbance spectra were carried out by using an UV−vis spectrophotometer equipped (Shimadzu UV-2550) with an integrated sphere. Steadystate PL and electroluminescence measurements were performed with a commercial apparatus (Arkeo, Cicci Research srl) composed by a charge-coupled device 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.

FIB-SEM AND EDX CHARACTERISATION
The samples were imaged using scanning electron microscopy (SEM) in plan-view in a Zeiss Gemini SEM 500 at low primary electron energy (1 keV) to avoid beam damage and structural changes in the sample. EDX analysis was performed on the same instrument with an Oxford X-MaxN 150 mm2 detector at 8 keV primary electron energy. This energy was chosen as a compromise between apparent beam damage and the necessity to excite all relevant X-ray lines. At 8 keV, the excitation volume is also confined to the film thickness and no substrate elements could be detected. Scan times were adjusted to minimize the effect of beam damage and consequently, compositional changes, to the sample. The resulting spectra were analysed with respect to composition and compositional distribution using the factory-delivery 5 keV standard set. Cross sections were obtained in a FEI Helios Nanolab 660 Dual Beam instrument by cutting with a focused ion beam (FIB) of 30 keV Ga ions. Prior to the cutting, electron beam or ion beam induced deposition (EBID or IBID respectively) was employed to locally deposit a sacrificial protection layer. For cross-sectioning, low beam currents were used to reduce the effect of beam damage. Some artifacts were observed at the cross section that hint at residual beam damage without an overall change to the layer morphology or thickness. Imaging of the cross section was performed at 2 keV primary electron energy at a sample (surface) tilt of 52° using both in-lens secondary and backscatter electrons.

LBIC MEASUREMENT
[bookmark: _Hlk63089865]Spatially resolved photocurrent maps were measured by means of an inverted microscope (Leica DMI 5000) coupled with a monochromator (Cornerstone 130) illuminated by a 200 W xenon lamp. The wavelength was fixed to 530 nm (±2 nm). A long working distance objective with 100× of magnification yielded a 50 × 50 μm spot area. The device area was scanned in steps of 500 μm 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 (77 Hz 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 to the mean value. LBIC map are measured by connecting the − and + electrodes of the entire module by scanning the samples thank to the stage movement in X and Y. This gives the information about the absolute values of the light-induced current produced from the individual cells. Then, a normalized absolute values with respect to the average value was obtained from each individual cells. A distribution histogram of the normalized current for the entire AA of the device is plotted for each map 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 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 to better evaluate the presence of the colour gradient.

TRANSIENT PHOTOVOLTAGE (TPV) AND TRANSIENT PHOTOCURRENT (TPC)
TPV and TPC were measured with a commercial apparatus (Arkeo, Cicci Research srl) based on a high-speed Waveform Generator that drives a high-speed LED (5000 Kelvin). The device is connected to a transimpedance amplifier and a differential voltage amplifier to monitor short-circuit current or open-circuit voltage. The measurements were executed with varied light intensities. The intensities were cycled at 10 different levels (from 30 mW.cm-2 up to 160 mW.cm-2), using the white LED. For each intensity level, 200 traces were recorded.

X-RAY DIFFRACTION 
[bookmark: _Hlk63008251]X-ray diffraction (XRD) measurements were performed in reflection mode using a Panalytical Empyrean Diffractometer. The kα fluorescence line of a Cu-anode emitting source was used as an X-ray probe (in working conditions: 40kV–40mA). A Bragg Brentano configuration was adopted, using 1/4°–1/2° divergent slits to investigate the 5° < 2ϴ < 55° angular range. Detection was accomplished by means of  a solid-state hybrid Pix’cel 3D detector, working in 1D linear mode.

KELVIN PROBE FORCE MICROSCOPE
Kelvin probe measurements were performed on a single point system (KP Technology series 7) equipped with a 2 mm gold coated tip which was calibrated against a gold standard. Measurements were conducted in ambient air and dark and allowed to stabilise until the measured work function was regarded as stable. All samples were deposited upon a FTO substrate. Aged samples were exposed to air for 2 days.

RAMAN SPECTROSCOPY
Raman spectra were acquired with a Renishaw InVia Raman Microscope, using a 532 nm excitation laser line with an incident power of 3.7mW. Raman peaks were fitted with a mixture of Lorentzian and Gaussian line shapes
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