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1. Materials and Methods 

Preparation and characterization of perovskite solar cells  

Electron selective layer preparation. Nippon Sheet Glass 10 Ω/sq was cleaned by 

sonication in 2% Hellmanex water solution for 30 min. After rinsing with deionised 

water and ethanol, substrates were further cleaned by UV ozone treatment for 15 min. 

Then, a compact layer of TiO2 (50-70 nm thick) was deposited on FTO via spray 

pyrolysis at 450 °C from a precursor solution of titanium diisopropoxide 

bis(acetylacetonate) in anhydrous ethanol. After spraying, substrates were kept at 450 

°C for 45 min and left to cool down to ambient temperature. Then, a mesoporous TiO2 

layer was deposited by spin coating for 20 s at 4000 rpm with a ramp of 2000 rpm s
‒ 1

, 

using 30 nm particle paste (30 NR-D, Dyesol) diluted in ethanol to obtain a 150-200 nm 

thick layer. After spin coating, substrates were immediately dried at 100 °C for 10 min 

and then sintered again at 450 °C for 30 min under dry air flow.  

Lithium ion doping of mesoporous TiO2 was achieved by spin coating a 0.10 M 

solution of bis(trifluoromethane)sulfonimide lithium salt (LiTFSI, Sigma Aldrich) in 

acetonitrile (28). The solution was prepared freshly before the application under 

nitrogen atmosphere: 50 µl were poured on 1.4 × 2.4 cm
2
 substrate. Li

+
-treated 

electrodes were completed with a second calcination step at 450 °C for 30 min. After 

cooling down to 150 °C, substrates were immediately transferred in a glove box 

(MBraun Labstar 100) under controlled nitrogen atmosphere for depositing the 

perovskite films. 

Perovskite precursor solution and film preparation. Perovskite films were deposited 

from a precursor solution containing formamidinium iodide (FAI, 1.0 M, Sigma 

Aldrich), PbI2 (1.1 M, TCI Chemicals), methylammonium bromide (MABr, 0.20 M, 
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Sigma Aldrich) and PbBr2 (0.22 M, AlfaAesar) in anhydrous DMF:DMSO 4:1 (v:v, 

Acros). The perovskite solution was spin-coated in a two-step program: first at 1000 

rpm for 10 s and then at 6000 rpm for 30 s. During the second step, 100 μL of 

chlorobenzene were poured on the spinning substrate 15 s prior to the end of the 

program  to form smooth films of perovskite by rapid crystallisation. Substrates were 

then annealed at 100 °C for 1 h in the nitrogen-filled glove box.  

The spiro-OMeTAD (Merck) solution (70 mM in chlorobenzene) was spun at 4000 

rpm for 20 s. The spiro-OMeTAD was doped at a molar ratio of 0.50, 0.030 and 3.3 

with LiTFSI), tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III) 

tris(bis(trifluoromethylsulfonyl)imide) (FK209, Dyenamo) and 4-tert-butylpyridine 

(TBP, Sigma Aldrich), respectively (13). As a last step, 70-80 nm of gold top electrode 

were thermally evaporated under high vacuum. 

Solar cells characterization. A ZEISS Merlin HR-SEM was used to characterize the 

morphology of the device cross-section. The solar cell performance was measured using 

a 450 W Xenon light source (Oriel) and the spectral mismatch between AM1.5G and 

the simulated illumination was reduced by the use of a Schott K113 Tempax filter 

(Präzisions Glas & Optik GmbH). The light intensity was calibrated with a Si 

photodiode equipped with an IR-cutoff filter (KG3, Schott) and recorded during each 

measurement. J-V characteristics of the solar cells were obtained by applying an 

external potential bias while measuring the current response using a digital source meter 

(Keithley 2400). The potential scan rate was 5 mV s
−1

 and no device preconditioning 

was applied before starting the measurement, such as light soaking or forward potential 

bias applied for long time. The starting potential was determined as the potential at 

which the solar cells provided 1 mA in forward bias, no equilibration time was used. 
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Solar cells were covered with a black metal mask limiting the active area to 0.16 cm
2
 

and reducing the influence of the scattered light. The IPCE spectra were measured in 

DC mode by chopping at 2 Hz a monochromatic light generated by a 300 W Xenon 

lamp (ICL Technology); a Gemini-180 double-monochromator with 1200 grooves per 

mm grating (Jobin Yvon Ltd) and a lock-in amplifier (SR830 DSP, Stanford Research 

System) completed the IPCE setup. 

Aging tests were carried out following three different protocols (see Fig. S1) on 

batches of 5 solar cells each. In the first aging test, solar cells were kept in an Ar-filled 

dry glove box (MBraun Labstar, O2 and H2O content <0.1 ppm) and irradiated (8 h per 

day) with a UV optical fiber (5 mW cm
‒ 2

, Lightningcure LC8, Hamamatsu) for 3 

months; then, solar cells were placed in a quartz chamber with constant relative 

humidity (RH = 50%) and the aging test proceeded for other 3 months always under UV 

irradiation. In this protocol (6 months total duration), PCE was measured once a week. 

The second aging test was carried out by placing (without any coverage) the PSCs on 

the terrace of the Politecnico di Torino building in Turin (45°06’N, 7°66’E), and 

monitoring their PV parameters under 1 sun irradiation once a week for a period of 3 

months. For the third aging experiment, a batch of 5 solar cells was placed around a 

beaker filled with boiling water and kept at 105 °C on a hot plate; solar cells were 

placed on a thermally insulating support to avoid overheating due to contact with the 

hot plate. The whole system was then covered with a glass bell to generate a ≈100% 

humidity environment (measured RH: 95%) on the five devices. The experiment was 

performed for 1 month, measuring the performance of the solar cells once a week and 

refilling water in the beaker whenever necessary. 
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Fig. S1. Sketched representation of the series of setups developed for aging experiments 

of PSCs: (A) Devices are kept in a chamber filled with Ar or kept at 50% RH, under 5 

mW cm
‒ 2

 of UV irradiation; (B) Devices are placed on the terrace of the Politecnico di 

Torino building in Turin; (C) Devices are placed under a sealed chamber on a thermal 

insulator positioned above a hot plate heating up a water-filled beaker to produce 

boiling water. 

 

 



6 

Preparation and characterization of the fluoropolymeric coatings 

The photocurable fluoropolymeric coating (UV-coating) used as host matrix material 

for front and back coverage of the PSC stack was obtained starting from a formulation 

developed recently in our laboratories for application on photoelectrochromic devices 

(25). In detail, a UV-curable fluoropolymeric binder based on a chloro-trifluoro-

ethylene vinyl ether resin (Lumiflon LF-910LM, Asahi Glass Corporation (34)) was 

mixed with a difunctional methacrylic perfluoropolyether oligomer (Fluorolink MD700, 

Solvay Specialty Polymers) in the 98:2 weight ratio, followed by dilution with CHCl3 

(30 wt% total dry content). Irgacure 1173 (BASF) was added (3 wt%) as radical 

photoinitiator. For the fabrication of the LDS coating, Lumogen F Violet 570 (BASF, in 

this work referred to as V570) was added to the polymer solution in different amounts 

(0.5-3 wt%). Prior to deposition, the precursor formulation was mixed under magnetic 

stirring overnight under dark conditions. To obtain the final solid fluoropolymer 

coating, the precursor formulation was deposited on the PSC device (on the outer face 

of the FTO substrate in the case of dye-doped LDS coatings – front coverage; on top of 

the gold back contact in the case of undoped UV-coating – back coverage) by spin 

coating (1000 rpm, 30 s on a SPIN150 spin coater, SPS-Europe) in the nitrogen-filled 

glove box, followed by UV-curing by means of a medium pressure mercury lamp 

equipped with an optical guide (Lightningcure LC8, Hamamatsu) for 60 s under an 

irradiation intensity of 25 mW cm
−2

 (measured with the Power Puck II radiometer). The 

so-obtained fluoropolymeric coatings were 5 μm thick, as measured by optical 

profilometry (Microfocus, UBM). 

To avoid any unexpected damage of the thin gold back contact film during 

fluoropolymer deposition, the UV-curable precursor solution was dispensed under 
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controlled glove box environment on the back contact side of the PSC device while the 

substrate was spinning. This deposition technique allowed promoting swift evaporation 

of the solvent from the fluoropolymeric formulation thus avoiding deterioration of the 

metallic film and subsequent worsening of device performance. Formation of the solid 

film was achieved by UV-curing the as-cast material following the same procedure used 

for the formation of the LDS coating. To ensure external electrical contacts, copper tape 

lined with an acrylic conductive adhesive was used prior to fluoropolymer deposition.  

Differential scanning calorimetry (DSC) was employed to evaluate the glass 

transition temperature (Tg) of the crosslinked coating material, by means of a Mettler-

Toledo DSC/823e instrument at a scan rate of 20 °C min
−1

 under N2 flux. Values of Tg 

were obtained from the second heating ramp. The thermal stability of the UV-coating 

was evaluated by means of thermo-gravimetric analysis (TGA) on fully crosslinked 

solid state samples with a Q500 TGA system (TA Instruments) operated from ambient 

temperature to 800 °C at a scan rate of 10 °C min
−1

 both in air and under flowing N2. 

The surface wetting behaviour of the fluoropolymeric coatings was evaluated at ambient 

temperature by means of an optical contact angle measuring apparatus (OCA 20, Data 

Physics) equipped with a CCD photocamera and a 500 μL Hamilton syringe to dispense 

liquid droplets. Water (H2O) and diiodomethane (CH2I2) were used as probe liquids. 

The optical absorption characteristics of the fluoropolymeric coatings were investigated 

by collecting the UV-Vis absorption spectra of spin-coated solid films at increasing 

fluorophore concentration in air at ambient temperature in transmission mode with an 

Evolution 600 UV-Vis spectrophotometer (Thermo Scientific). Similarly, fluorescence 

emission spectra were obtained in air at ambient temperature by using a Jasco FP-6600 

Spectrofluorometer. The excitation wavelength for the V570-doped LDS coatings was 
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350 nm. X-ray diffraction (XRD) measurements were performed on solid films by 

means of a Bruker D8 Advance X-ray diffractometer using a Cu Kα source, a step size 

of 0.02° and an acquisition time of 0.5 deg min
‒ 1

. In order to avoid interference given 

by the presence of the Au top film, adhesive tape was used to gently delaminate it. The 

presence of spiro-OMeTAD did not affect the XRD measurement of the inner 

perovskite layer because of its amorphous nature. 
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2. Optical properties of the LDS coatings 

To investigate the effect of the concentration of fluorophore hosted in the 

fluoropolymeric matrix on the optical properties of the LDS coating, absorption and 

emission spectra of the LDS layer at increasing dye concentrations were collected on 5 

μm thick UV-coatings, as shown in Fig. S2A-B. As expected, a progressive increase in 

dye concentration leads to a correspondingly increased absorption intensity 

(absorbance). However, for high dye concentrations (> 2 wt%), negative deviations are 

observed from the linearity predicted by the Beer-Lambert law of absorption, which 

directly correlates the absorbance to the chromophore concentration (see Fig. S2C). 

This behavior likely suggests a limited solubility of the dye in the UV-coating host 

matrix at such high dye loadings. Indeed, the very low solubility parameter of 

fluorinated and perfluorinated polymeric materials combined with the poor miscibility 

of these systems in common organic solvents limits largely their thermodynamic 

miscibility with organic dyes in high concentrations.  

Contrary to what is found for the absorption spectra, the fluorescence emission 

intensity displays a maximum for 2 wt% dye concentration, above which a progressive 

decrease is observed (2.5-3 wt% dye concentration) (Fig. S2B). To investigate 

thoroughly this effect, the peak emission intensity was plotted as a function of the peak 

absorbance for UV-coatings at increasing dye concentrations. As shown in Fig. S2D, a 

steady increase in the emission intensity with absorbance is observed for absorption 

intensities up to 0.9 (2 wt% dye concentration). However, higher absorbance values 

(viz., dye concentrations > 2 wt%) result in a sharp decrease of the peak emission 

intensity, thus indicating that for heavily doped UV-coatings dissipative processes may 

come into play causing partial loss of the absorbed photons. In this respect, high dye 
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concentrations in the UV-coatings (> 2 wt%) may lead to fluorescence quenching due to 

aggregate formation (35,36) and to decreased photoluminescence quantum yields as a 

result of the formation of low-energy electronic states (e.g., dimers, excimers) acting as 

optical traps for fluorescence photons (37). Accordingly, 2 wt% dye concentration may 

represent a threshold value above which such dissipative processes start to significantly 

influence the optical response of the UV-coatings. A concurrent effect responsible for 

the observed decrease in the emission intensity at high luminophore concentrations in 

the UV-coating may be associated with the partial overlap between absorption and 

emission spectra of the fluorescent dye. In this respect, a higher dye concentration (i.e., 

a coating with higher optical density) implies a high probability for emitted photons to 

be re-absorbed by other adjacent dye molecules, thus limiting the fluorescence through 

the LDS coating due to re-absorption losses. In the system presented here, such effect is 

found to be relevant for dye concentrations exceeding 2 wt% (38). 

It is interesting to note that increasing the dye concentration in the LDS coating also 

leads to a progressive red shift of the fluorescence emission peak (inset to Fig. S2B), 

which is not observed in the corresponding absorption spectra (inset to Fig. S2A). Such 

5 nm bathochromic shift (λmax(em) of 430 and 435 nm for UV-coatings doped with 0.5 

and 3 wt% dye concentrations, respectively) may be correlated with two parallel effects 

taking place in the coatings at increasing dye concentrations. On the one hand, the 

progressively higher fluorophore concentrations in the coating result in higher optical 

density. This determines an increasingly shorter distance between adjacent dye 

molecules that, in turn, leads to the (re)emission of second (and higher) generation 

fluorescence photons characterized by gradually longer emission wavelengths. On the 

other hand, aggregate formation becomes increasingly more relevant as the 
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concentration of the dye is increased, as previously discussed. Because such aggregates 

may exhibit red-shifted spectral response (both absorption and emission) if compared to 

single dye molecules (39), they can be excited by second-generation photons emitting at 

longer wavelengths, thus leading to progressively red-shifted emission spectra. Being 

the probability of experiencing aggregate formation in the coating directly correlated 

with dye concentration, this effect is increasingly more pronounced as the concentration 

of the dye increases. 

Considering the data listed in Table 1, the only solar cells showing worsened PCE 

values compared to the pristine device were those laden with fluorophore in the 0-0.5 

wt% range. In particular, these solar cells showed a lower Jsc with respect to the 

uncoated devices. Such lower performance can be ascribed to the partial penetration 

into the device stack of UV rays emitted from the Hg lamp used for the 

photopolymerization of the coating on the front electrode. The detrimental effect of the 

high-energy component of the solar spectrum on the perovskite layer is well known in 

the literature (10‒ 12), and such low dye concentrations cannot ensure their complete 

absorption. Likewise, the UV-absorbing radical photoinitiator present in the reactive 

mixture is not able to provide sufficient shielding effect. This problem was not 

experimented for V570 concentrations higher than 0.5%.  
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Fig. S2. A) UV-VIS absorption and B) Fluorescent emission spectra of UV-coatings at 

increasing fluorophore concentration (insets show a zoom of the absorption and 

emission peaks); C) Plot of absorbance vs. chromophore concentration for the LDS 

fluorinated coating developed in this work loaded with increasing concentrations of 

V570. For dye concentrations exceeding 2 wt%, negative deviations from the linearity 

predicted by the Beer-Lambert law are observed (dashed line and corresponding 

equation are shown in the plot); D) Fluorescence peak emission intensity vs. UV-vis 

peak absorption intensity for UV-coatings with increasing dye concentrations (error 

bars represent deviations from the mean values measured on five different samples); 

inset: chemical structure of V570. 
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3. Surface wettability behavior of the LDS coatings 

 

Fig. S3. Optical contact angle measurements of (a) water (111°) and (b) diiodomethane 

(91°) on the fluoropolymeric crosslinked coating. The resulting surface energy of the 

coating is γ = 18 mN m
‒ 1

 (polar component γp = 2.7 mN m
‒ 1

, dispersive component γd 

= 15.3 mN m
‒ 1

). 
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4. Thermal properties of the LDS coatings 

 

Fig. S4. DSC trace of the fluoropolymeric crosslinked coating. Two glass transition 

temperatures (Tg) can be clearly distinguished, ascribed to the nanoscale biphasic nature 

of the perfluorinated component of the coating. Tg1 (‒ 60 °C) is attributed to the soft 

fluorinated segments, while Tg2 (37 °C) is associated to the hard hydrogenated urethane 

phase. 

 

 

Fig. S5. TGA thermograms of the fluorinated crosslinked coating carried out (a) in 

nitrogen atmosphere and (b) in air. 
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5. Variation of photovoltaic parameters during aging test 

 

Fig. S6. Evolution of averaged PV parameters of PSCs reported in Fig. 4A. The 

experiment consisted of an aging test on the three series of PSCs: uncoated, front-coated 

(i.e., luminescent fluorinated coating on the front-side), and front/back coated (i.e., 

front-side coated with the luminescent fluorophore and back contact coated with the 

moisture-resistant fluoropolymeric layer). During the first 3 months, PSCs were kept 

under Ar atmosphere, while in the next 3 months under air at 50% RH, in both cases 

under continuous UV irradiation. PCE was measured once a week. 
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6. Comments on XRD patterns in Fig. 4B 

In order to elucidate the mechanisms behind the stability of front/back-coated PSC 

devices, XRD analysis was performed on both uncoated and coated (front and 

front/back) samples after the aging test and the results were compared with the pristine 

system (Fig. 4B). In addition to the typical reflections associated with the perovskite 

material (16,40), the pristine coating exhibits some peaks related to unreacted residual 

PbI2, as expected from the excess PbI2 used for the production of the perovskite material 

(27,28). Upon aging, structural changes are observed in terms of appearance of 

additional diffraction peaks as well as modifications of the relative peak intensities. 

Upon continuous exposure to UV light in inert atmosphere, uncoated samples exhibit a 

increase in the intensity of the 12.7° signal, which is characteristic of the (001) plane of 

PbI2. In addition, an evident decrease is found of the relative intensity of the peaks 

referred to perovskite at 20.2°, 40.8° and 43.3°. These trends suggest partial 

decomposition of the crystalline perovskite material into PbI2, with the simultaneous 

presence of both phases. Upon exposure to humid environment, the relative intensity of 

the signal at 12.7° becomes predominant with respect to all other peaks referred to the 

perovskite material, thus accounting for conversion to PbI2. In addition, other peaks 

related to the PbI2 phase appear at 25.7°, 38.8° and 52.5°, typical of the (011), (110), 

(004) plane reflections, respectively. These changes clearly reflect the well-known 

sensitivity of perovskites to moisture penetrating from the back-side of the solar cell 

stack and leading to the degradation of the material, which in turn leads to device 

performance decay. In these conditions, the UV-shielding effect ensured by the 

presence of the fluorinated LDS coating on the external side of the FTO glass substrate 

does not prove to be sufficient to avoid the observed moisture-induced degradation 
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pathways. Conversely, the front/back-coated PSC configuration effectively prevents 

water to infiltrate the device owing to the additional presence of the highly hydrophobic 

fluorinated coating deposited on the back-side of the PSC stack that acts as water-

impermeable protective barrier. As evidenced by the XRD pattern of the front/back-

coated system, no significant modifications are observed even after extended exposure 

to high relative humidity in a sealed environment, ultimately highlighting the 

effectiveness of the proposed strategy in guaranteeing stable device efficiency over the 

entire accelerated aging test. 
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7. Outdoor aging test carried out in summer 

 

Fig. S7. Results of the summer aging test on front/back coated devices left for 5 weeks 

on the terrace of the Politecnico di Torino building in Turin (Italy), thus experiencing 

real outdoor operating conditions in warm season (1
st
 July – 12

th
 August, 2016). PCE 

was measured once a week. A batch 5 solar cells was subjected to highly variable 

climatic conditions, as outdoor temperatures ranged from +11 to +35 °C, and 12 days 

over 42 were characterized by summer storms (33). 

 

 

Fig. S8. Setup on the terrace of the Politecnico di Torino building in Turin for solar 

cells aging studies. The platform hosts a few PV devices currently under investigation, 

and PSCs are placed in the middle of the exposed area (4 solar cells in the picture, the 

fifth one was under J-V measurement in the solar cells lab).  
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