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Abstract

Fostered by top power conversion efficiencies (PCEs) of lab-scale devices, industrialization of
perovskite solar cells is underway. Nevertheless, intrinsic poor stability of these materials still
represents a major concern. Herein, inspired by Nature, the use of B-carotene in perovskite solar cells
is proposed to mimic its role as a protective pigment, as occurs in natural photosynthesis. Laser-
Mediated Photo-Stability (LMPS) assessment, Fourier-transform infrared spectra analysis acquired
in attenuate total reflectance (ATR-FTIR), Spectroscopy Ellipsometry (SE) and Time-Resolved
Photoluminescence (TRPL) measurements under stress conditions prove that the inclusion of a thin
B-carotene interlayer promotes an high improvement in the photostability of the perovskite films
against photooxidation. Importantly, this is accompanied by an improvement of the solar cells PCE
that approaches 20 % efficiency with no hysteresis, which is among the highest values reported for
mixed halide (I-Br) perovskite with a band gap of 1.74 eV, relevant for coupling with silicon in

tandem cells.
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Introduction

Perovskite solar cells (PSCs) have the potential to be a key player among the photovoltaic
technologies of the future. The great potential of perovskite resides in the useful physical properties
that allowed it to reach impressive power conversion efficiencies (PCEs) above 25% for lab-scale
based devices, in a very brief timeframe following their introduction in the field.!” Perovskite
technology also attracts the interest of the industry thanks to the convenient solution processability
which is compatible with roll-to-roll printing techniques, and the possibility to develop semi-
transparent devices for aesthetic integration in buildings facades.®!* Therefore, a growing interest of
the scientific community and industrial funding is devoted to the development of standalone PSCs or
perovskite-based tandem solar cells with the target of improving their stability and performance.

In general, tandem solar cells are made by pairing two or more different solar cells with
complementary absorption to maximise the sunlight harvesting capability. Paring perovskite and
silicon technology holds the promise to overcome the Shockley-Queisser (S-Q) limit and finally boost
the PCE above 30%.!* Importantly, the easy compositional tunability of perovskite can be exploited
to widen its bandgap, reaching values in the range of 1.7-1.8 eV which is ideal to complement the
bandgap of crystalline silicon.!>!® Among the different strategies to obtain the fine-tuning of the
perovskite Energy gap (Eg), varying the halogen ratio, e.g. iodine/bromine ratio in the benchmark
MAPb(I;xBry); perovskite, it is possible to modulate the bandgap from 1.55 to 2.3 eV.?*?? Despite
the relative simplicity of achieving the desired value of bandgap and besides the halide segregation
phenomenon induced by light irradiation, the mixed halide perovskite materials still suffer of stability
issue related to different factors like oxygen, moisture, light, elevated temperature, or their synergic
effect which need to be urgently solved.>*?® To overcome or mitigate the stability issue, different
approaches have been proposed. Some of them rely on the development of coating materials for the

entire device structure, while most of the published work is related to the use of small molecules and



polymers as additives, inside the perovskite structure or at the interface between the perovskite film
and the underneath or the above hole-/electron- transporting material >

Herein, we propose an innovative approach inspired by Nature to protect the perovskite material from
the synergic detrimental effect of light and air. Briefly, plants possess different classes of
photosynthetic pigments belonging to the class of chlorophylls and carotenoids useful for better
harvesting of the solar spectrum but also to reduce the photooxidation damage that physiologically
occurs during the photosynthetic process.*’ Beta carotene (B-carotene) is a compound of the
carotenoids group that plays a key role against oxidant species like superoxide, O>", and its beneficial
activity is studied and exploited in the context of human health.*! Hence, considering that the metal
halide perovskite degradation is triggered by 02" #*, we take advantage of the well-known activity of
B-carotene against this radical species to protect the perovskite layer. Here we demonstrate that the
use of this antioxidant pigment as interlayer in PSC architecture, effectively mitigates the perovskite

degradation.

Results

Morphological analysis

To exploit the B-carotene activity (molecular structure in Fig. 1a) aiming at the perovskite protection,
we took into consideration its solubility in non-polar solvents like toluene and chlorobenzene,*
orthogonal to the perovskite, deciding to test two different approaches for integration in a p-i-n PSC
device architecture: 1) the use of B-carotene as an interlayer between the hole extracting layer and the
perovskite (hereinafter referred as “B-filter”); i1) the addition of  -carotene in the toluene antisolvent
used for the deposition of the perovskite (hereinafter referred as “B-antisolvent”). The device
architecture and relative fabrication are reported in the experimental section but, briefly, is based on
a self-assembly monolayer (SAM) as hole extracting layer like [2-(9H-Carbazol-9-
ylethyl]phosphonic acid, 2PACZ, a MAPb(Bro2los); perovskite and PC60BM as ETL and
bathocuproine (BCP) as hole blocking layer. In Fig. 1b a digital picture of a B-antisolvent perovskite
deposited on 2PACZ.

Assumed that MAPb(Bro.2l0.8); formulation is generally used to obtain a perovskite with an Energy
Gap (Eg) that is also compatible with a tandem application, we analysed the absorption spectra and
by Tauc Plot equation we estimated the optical Eg of our perovskite, which resulted close to that
reported in literature (= 1.74 eV)* and with a negligible influence of the B-carotene in the band-gap

(Fig. S1). Then, morphological, and crystallographic analyses to evaluate the impact of the -carotene



on the perovskite films were conducted. It is interesting to note how the B-carotene introduction, in
comparison to a pristine reference perovskite film (Fig. 1¢-d), influences the morphology allowing a
more uniform and compact film for both the B-filter and B-antisolvent approach (Fig. le-f and Fig.
1g-h, respectively), which is known to be a relevant parameter affecting the overall photovoltaic
performance.**® The good quality of the perovskite developed with the B-antisolvent and B-filter
approaches was also confirmed by X-ray diffraction analysis showing a complete crystallization

process with sharp peaks characteristic of perovskite materials (Fig. S2).
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Fig. 1 Morphological analysis. a) Molecular structure of B-carotene; b) digital picture of B-carotene modified perovskite
film; SEM images of: Reference perovskite film at ¢) low and d) high magnification, -filter perovskite at ) low and f)

high magnification and B-antisolvent perovskite at g) low and h) high magnification.

Laser-Mediated Photo-Stability

Assessed the quality of the perovskite films, we evaluated their stability under stress conditions via a
Laser-Mediated Photo-Stability (LMPS) assessment. The perovskite films were exposed (3 mm?) at
a wavelength of 500 nm by a pulsed laser source with a frequency of 20 Hz, width of 7 ns and average
power of 8.4 mW in ambient conditions, without encapsulation. The samples were irradiated for 2
hours, and photoluminescence (PL) spectra acquired every 20 minutes, by exciting the samples at 430
nm with a power intensity of 2.4 mW. The PL spectra analysis revealed a huge difference between
the reference perovskite and perovskite samples based on B-carotene. In particular, the reference
samples showed a strong and irreversible blueshift of the PL emission peak (Fig. 2a). This behaviour,

3947 it is consequence of the different

reported for perovskite nanocrystals and for bulk perovskite,
nature of Pb-I and Pb-Br bonds. The Pb-I bond is longer and weaker than the Pb-Br bond, so is more
susceptible resulting in the formation of bromine-rich optical emitters. In the presence of B-carotene,
used as a filter or as an antisolvent, the perovskite is protected, in fact, the PL blueshift is remarkably

reduced (Fig. 2b-c). The B-carotene possesses a chemical structure rich in double bonds C=C, which



play a central role in the protection against photooxidation,* leading, in this context, to better stability

of the perovskite material when exposed to laser irradiation in ambient air.
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Fig. 2. LMPS. Laser mediated photo-stability analysis of a) Reference, b) f filter and c¢) § antisolvent perovskite under a

500 nm pulsed laser with PL spectra acquired at steps of 20 minutes.

Fourier-transform infrared spectra, Spectroscopic Ellipsometry and Time-Resolved
Photoluminescence

To further study and validate our approach, we carried out a different stress test, characterized by the
exposure of perovskite films to a strong oxidant environment, rich in ozone (O3) and Oy, and
evaluating the impact on the perovskite samples by Fourier-transform infrared spectra, acquired in
Attenuate Total Reflectance mode (ATR-FTIR), Spectroscopic Ellipsometry (SE) and Time-
Resolved Photoluminescence (TR-PL). To the scope, we adapted a UV-Light bromograph exposing
the samples to the treatment (below defined as UVO treatment), which resulted subjected to the
contextual effect of UV, O3 and O>". It has been recently elucidated how these conditions lead to
perovskite material degradation. When CH3NH;3PbIs perovskite is illuminated in oxygen atmosphere
the degradation is swift since O™ acts as catalyst deprotonating CH3NH3". The resulting products are
CH3NH; and hydroperoxyl radical (HO;"). Methylamine is highly mobile molecule at room
temperature and diffuse out of the samples, HO," decomposed in H, and O.4*%

The degradation process can be monitored via ATR, signal related to NH3" stretching and bending
will decease as the methylammonium is lost. Comparing the ATR-FTIR of fresh samples and those
subjected to the stress tests for 165 min, it is evident that the intensity of the band corresponding to
the asymmetric 3184 cm™! and symmetric 3139 cm’! vibrational stretching of NH3" decreases rapidly
in the case of the reference (Fig. 3a) compared to the ones including -carotene (Fig. 3b-c). The signal
loss confirms the extraction of a proton from the methylammonium cation by superoxide radicals
(O2"), resulting in the formation of the hydroperoxyl radical (HO?"). The percentage decrease of the

area, from 0 min. to 165 min. of stress test, beneath the asymmetric and symmetric vibrational



stretching of NH3" signals, were calculated for all samples, resulting in 94%, 68% and 77% for the
reference, P-filter and B-antisolvent, respectively. Furthermore, the peaks of symmetric 1469 cm'!
and asymmetric 1579 cm! vibrational bending after 165 minutes of test, are much less reduced in the

case of the B-antisolvent and B-filter compared to the reference.
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Fig. 3: ATR-FTIR analysis. Spectra and area percentage reduction of a) reference, b) f-antisolvent and c) B-filter films

deposited on glass exposed to UVO for 0, 75 and 165 min.

Herein, the presence of B-carotene played a key role in mitigating perovskite degradation playing its
role as a chemical quencher (Fig. 4a). Ellipsometry data were collected at different angles below and
above the Brewster angle of the glass substrate, over a wide range of wavelengths 190—1750nm (0.71-
6.5 eV) with a step of 10 nm. The optical model is a three-layer model that considers the optical
constants of the glass substrate, the perovskite film and the surface layer needed to simulate the layer
roughness. Within the effective model approximation, this last layer was assumed to be made 50% of
the upper layer (air) and 50% of the lower layer (perovskite). The presence of a transparent substrate
had been properly considered, including the possibility that part of the light hits the back surface of
the glass slide. We built a Kramers—Kronig consistent optical model based on multiple critical points
parabolic band (CPPB) oscillators to fit experimental data and determine the real and imaginary part
of the dielectric function.’®>! The absorption coefficient can be calculated from the dielectric function

according to the equation:

where €1 and &> are obtained from the optical model, w is the frequency of the light and c is the speed

of light.



In Fig. 4b we reported the absorption coefficients for reference and B-carotene modified perovskite
films. The profile was characterised by the main absorption edge at 1.74eV (the energy gap) and the
other two transitions at 2.94eV and 3.43eV. With increasing time, the exposure to the strong oxidant
environment produced a clearly visible blue shift in the energy gap (numerical values in Table 1).
However, after 160 min of UVO treatment, the absorption edge of reference and f filter perovskite
vanished and was replaced by a smooth increase with a long tail, which is a typical marker of a
degradation ongoing process (see also insets in Fig. 4b). On the contrary, B antisolvent perovskite
showed a negligible shift of +0.04eV with a gap edge still well defined, as a demonstration of a

superior resistance of the perovskite material to the stress.
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Fig. 4. Stress test and Spectroscopic ellipsometry. Schematic illustration of the a) UVO treatment
simulating a strong oxidant environment and b) results of the spectroscopic ellipsometry conducted

on the samples.



Table 1. Value of the Energy Gap for the Reference, B3 Filter and B Antisolvent perovskite as a function of time.

. . Eg (eV)
Time (min.) .
Reference B Antisolvent

0 1.745 1.741 1.737

40 1.748 1.747 1.743

80 1.757 1.756 1.749
120 1.784 1.771 1.758
160 1.884 1.835 1.789

Further, measurements of TR-PL were conducted to probe the carrier lifetime of the reference, f3-
filter and B-antisolvent perovskites with the precise goal of evaluating the optical quality of the
different perovskite films after the exposure to oxidant agents.

In Fig. 5 the time-resolved PL spectra of the samples at 0 min, after 75 min, and 165 min of UVO
treatment were reported. In the case of the reference perovskite, a reduction of the lifetime just after
75 min was evident, and a rapid fall after 165 min (Fig. 5a). Noteworthy, the results were completely
different for the B-filter and for the B-antisolvent perovskite films. The B-filter perovskite showed a
slightly longer TRPL signal after 75 min of exposure (Fig. 5b) if compared to the reference, but a
rapid decline comparable to the reference after 165 min. This result could be explained since the -
carotene is positioned underneath the perovskite film and, therefore, cannot protect the surface of the
perovskite film from oxidating agents. By contrast, noticeably outcome was observed exploiting the
B-antisolvent approach. After 165 min of continuous UVO stress test (Fig. 5c), this perovskite still
exhibited a strong resistance, with optical properties that were minorly altered as evidenced by TR-

PL decay.
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Fig. 5. TRPL and decays analysis conducted throughout UVO a) Reference, b) B-filter and c) B-antisolvent perovskite

films PL analysed at 0 minutes, after 75 min. and 165 min. of UVO stress test.

In parallel, we acquired the absorption spectra of the fresh and UV-exposed samples, which were in
accordance with the TR-PL measurements. After 165 min of UVO stress test both reference and -
filter perovskite revealed an evident blueshift on the absorption onset and a decreased intensity (Fig.
S3a-b, digital photos in the inset), while the B-antisolvent sample remained almost unaltered,
demonstrating a clear efficacy of this approach in the improvement of the perovskite stability upon

exposure to an extremely oxidising environment (Fig. S3c).

Device integration

Established the material stability improvement, we proceeded with the device integration to
understand if the B-filter and the B-antisolvent approach could be also compatible with the obtainment
of high PCE. In fact, good performance were recorded, higher than the reference devices embedding
MAPbD(Bro2lo8)3 as summarized in Tab. 2, in which the best performances and the average values

from 40 devices are reported.

Table 2. Photovoltaic performance of p-i-n device based on reference, B-filter and p-antisolvent perovskite. For
each kind of device are reported the average values (first lines) and best performance (second lines). Values from 40

devices of different batches.

Voe Isc PCE
MAPb(Brol FF 2
(Bro2lo.8)3 V) (mA/em) (%)
Reference 7842 1.14 % 0.05 18+2 16+2
81.1 1.201 18.85 18.36
o 78+ 2 1.15+0.03 2042 176413
B Antisolvent 79 1.195 21.1 19.91

PCE close to 20% and Voc of 1.2 V are reachable with both the B-antisolvent and p-filter
architectures. The values of Voc and FF remain substantially unaltered with the use of B-carotene,
while the short circuit currents are higher, as can also be clearly seen from the J-V curves. (Fig. 6a)
and as verified by the analysis of the External Quantum Efficiency (EQE) of all samples (Fig. 6b).
These higher Jsc values can be attributed to the better morphology of the B-carotene modified
perovskite films (Fig. 1¢-h), which exhibit large and cohesive grains with reduced pinholes compared

to the reference perovskite films. A more uniform and less defective perovskite morphology is known



to be a key factor in suppressing current leakage and therefore improving the Jsc of the resulting solar
cells. >4
To the best of our knowledge these, hysteresis free, PCE values are among the highest values reported

for mixed halide (I-Br) perovskite with a band gap of 1.74 eV.>

Measurements of the maximum power point tracking (MPPT) were also conducted to check the
device stability under working operations. B-antisolvent perovskite ensured better performance
compared to the reference perovskite, showing also an extraordinary absence of hysteresis (Fig. 6¢-
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Fig. 6. Figures of merit of reference and p-modified perovskite solar cells. a) J-V curves of reference, p-filter and 3-
antisolvent perovskite-based device acquired in reverse condition and their b) EQE spectra with integrated currents. c¢)

MPPT of reference and B-antisolvent based device. d) J-V scans in both reverse and forward conditions of B-antisolvent.

Furthermore, we tested our approach on a different formulation, MAPb(Bro3l0.7)3, to validate the
method. Again, we chose this perovskite considering the more recent attention of the scientific
community, and that of the companies, for wide bandgap perovskites suitable for photovoltaic tandem
application. Observing the data reported in Tab. S1 it is evident how the presence of the B-carotene
interlayer allowed it to reach in this case a slightly higher PCE if compared to the reference devices

(18%). Analyzing the average values from 18 devices resulted in a similar trend revealed with



MAPDb(Bro.2lo8)3. B-carotene did not afflict negatively the FF and Voc values, in contrast, allowed the
achievement of higher values of short circuit current (see also Fig. S4 that reports the characteristic

J-V curves of the best performing MAPb(Bro3lo.7); reference and MAPb(Br.310.7)3 B-antisolvent).

Conclusion

Despite the results achieved by the scientific community in terms of power conversion efficiency, the
commercialization of perovskite solar cells is hampered for several reasons, such as the poor stability
of perovskite materials due to stress factors (oxygen, light, humidity).

With our research work, we proposed an alternative and a very effective approach that mimics what
happens in nature, where accessory pigments like B-carotene are fundamental in the photosynthetic
process to preserve stability and activity of main pigments (i.e. chlorophyll) of the photoreactive
centers. We exploited the scavenging properties of B-carotene to fight the perovskite degradation
triggered by oxidant species generated during device operation. We tested the inclusion of this
antioxidant species by two different approaches and investigated its influence on the perovskite
stability by LMPS assessment, ATR-FTIR, Spectroscopy Ellipsometry and TR-PL after a stress test
in a tough oxidant environment. Good results were obtained using the B-antisolvent approach,
envisioning the inclusion of B-carotene in the device during the antisolvent step. B-antisolvent
perovskite revealed higher stability under LMPS and a better resistance to the oxidant agents, as
demonstrated by the analysis of the charge carriers’ lifetime and the absorption spectrum by
spectroscopic ellipsometry and ATR-FTIR. Once proved the increased stability under harsh
conditions, we verified the p-i-n device integration. PCE of around 20 % was obtained in the device
built with the B-antisolvent approach, characterized by a high Voc (1.2 eV) and very high short circuit
currents if compared to the reference perovskite devices. In conclusion, we demonstrated how to
improve perovskite material stability mimicking what occur in natural photosynthesis, making a more

robust device without disturbing its photovoltaic performance.



Methods

Materials

Lead (II) iodide (Pbly, ultradry 99.999 % metals basis) and Methylammonium iodide (CH3NHsI,
MAI) were purchased from Alfa Aesar (Kandel, Germany) and GreatCell Solar, respectively.
Dimethyl sulfoxide anhydrous, 99.9 % (DMSO); Toluene anhydrous, 99.8 % (TOL); Chlorobenzene
anhydrous, 99.8% (CB); 2-propanol (IPA); Bathocuproine, 96 % (BCP) and Beta-carotene were
purchased from Sigma Aldrich. [6,6]-phenyl Ce1 butyric acid methyl ester (PCBM) was purchased
from Nano-c. [2-(9H-Carbazol-9-yl)ethyl]phosphonic Acid (2PACZ) was purchased from TCI. All

materials were used as received without any further purification.

Solutions preparation

The perovskite solutions were obtained preparing mother solutions of MAPbIz 1M (MAL:PbI2 = 1:1)
and MAPbBr; 1M (MABr:PbBr: = 1:1) employing an equivalent molar concentration of DMSO and
DMF as solvent, which were then stoichiometrically mixed together for the MAPb(Ii-xBrx)s
formulations [MAPb(Io.sBro2); and MAPb(Ip.7Bro3)3;]. A 1 mM stock solution of Beta-carotene in
toluene was prepared and used depending on the approach.

All solutions were stored in N filled glove box after the preparation and covered with aluminum foil.

Perovskite film deposition and characterization

Perovskite solutions were deposited by spin coating at 4000 rpm for 25 sec using neat toluene
(reference perovskite) or Beta-carotene solution (B-antisolvent perovskite) as solvent dripping and
annealed at 100°C for 10 min. For the B-filter approach, the Beta-toluene solution was deposited prior
to the perovskite at 4000 rpm for 25 sec and annealed at 100°C for 10 min.

The Scanning Electron Microscopy (SEM) analysis were conducted by Carl Zeiss Auriga40
Crossbeam (Zeiss) instrument in high vacuum and high-resolution mode, equipped with Gemini
column and an integrated high efficiency in-lens detector. A 5 kV voltage acceleration was applied.
The X-Ray Diffraction (XRD) spectra of perovskite films were measured with a PAN analytical
X’Pert-PRO Materials Research Diffractometer using graphite-monochromated CuK o radiation (A
=1.5405 A).

The UVO stress test were conducted with a homemade setup adapting a UV Light bromograph.

The absorption spectra were analyzed by PerkinElmer Spectrophotometer (Lambda 1050) in the 400-
800 nm range and the Optical Energy Gap was determined by Tauc Plot method.

Digital photo acquired by iPhone XR.



Laser-mediated photo-stability: probed by irradiating the sample at a wavelength of 500 nm, by Laser
pulses of 7 ns (width) and an average power of 8.4 mW, at a repetition frequency of 20 Hz. Each
sample was pumped for 120 minutes. PL spectra were acquired by exciting the sample at a 430 nm,
at steps of 20 minutes and at an average light intensity of 2.4 mW. The measurements were conducted
at room temperature in ambient air condition.

ATR-FTIR: A vacuum Bruker Vertex 70v Fourier transform infrared spectrometer was used to register
the infrared absorption spectra of perovskite thin films deposited on glass, in the range 400-4000 cm”
! over 32 scans with a resolution of 4 cm™. Spectra were collected in attenuate total reflectance mode
utilizing an ATR module equipped with a single reflection diamond ATR crystal (refractive index of
2.4). ATR-FTIR spectra were baseline corrected.

For Spectroscopic Ellipsometry was used a V-VASE, J.A. Woollam spectroscopic ellipsometer
equipped with an Autotrader for optical characterization.

TR-PL: the photoluminescence (PL) measurements were recorded by means of a Fluorolog®-3
spectrofluorometer (HORIBA Jobin-Yvon), equipped with a 450 W xenon lamp as exciting source
and double grating excitation and emission monochromators. All the optical measurements were
performed at room temperature on thin film deposited on glass. The PL emission spectra were
recorded by using an excitation wavelength of 375 nm. The spectrofluorometer was equipped with a
FluoroHub (HORIBA Jobin-Yvon) module to perform lifetime measurements by Time-Correlated
Single Photon Counting (TCSPC) technique. The pulsed excitation source was a laser diode emitting
at 485 nm (NanoLED N485L, pulse width <200 ps, average power of 14pJ/pulse) with a repetition
rate of 1 MHz. The PL emission was detected by a picosecond photon counter (TBX ps Photon
Detection Module, HORIBA Jobin-Yvon).

Device fabrication and characterization

A p-i-n device architecture was developed using 15x15x1.1 mm ITO patterned glass substrates,
2PACZ as hole transporter layer (HTL), perovskite as photoactive layer, PC60BM as electron
transporter layer (ETL), BCP as hole extracting layer (HBL) and Ag as cathode top electrode. Except
for the Ag all materials were deposited by spin coating in N> filled Glove Box (< 0.1 ppm [O.2], <
0.1 ppm [H20]) with the following parameters: 3000 rpm for 30 sec followed by 100 °C x 10 min
annealing for 1mM solution of 2PACZ in 2-propanol, a dynamic washing step with 2-propanol and
100 °C x 10 min annealing; perovskite deposition as described above; 1000 rpm for 60 sec for 25
mg/ml Chlorobenzene PCBM solution and 6000 rpm for 20 sec for 0.5 mg/ml 2-propanol BCP

solution. 60 nm Ag were thermally evaporated (Lesker Co. instrument) in high vacuum (5x10°¢ mBar)



as cathode top electrode, with a deposition rate of 0.6 A/s and employing a mask that define a 0.04

cm? active area.

The photovoltaic device J-V Characteristics were acquired in N> atmosphere at 25 °C by a Keithley

2400 Source Measure Unit under an irradiation intensity of 100 mW/cm?, employing an Air Mass 1.5

Global (AM 1.5 G) Solar simulator (Newport 91160A, periodically calibrated lamp) and using a black

rubber mask to isolate the active area. J-V scan were performed in voltage ranging from 1.2 V to -0.2

V in both reverse and forward direction.

Maximum Power Point Tracking were carried out in glove box under continuous 1 SUN illumination

while the External Quantum Efficiency was measured in ambient air condition.

Supporting information

The Supporting Information is available online.

Energy gap calculation, XRD analysis, UVO stress test and absorption spectra, photovoltaic

performance of p-i-n device based on reference and 3 antisolvent MAPb(Bro3l0.7); perovskite, J-V

curves of reference and B-antisolvent MAPb(Br0.310.7)3 perovskite based solar cells. All data are

available online.
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Fig. S1. Energy Gap calculation. Tau plot method applied for the estimation of the optical energy
gap.
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Fig. S2. XRD analysis. XRD pattern of reference and 3 additivated perovskite films.



4 6 6
Reference [ Filter 3 Antisol b
w— 165 min. UVO 5 — 165 min, UVO 5 B Antisolvent 165 min. UVO
ad ;
w W 4 W 4
2 2 2
g H g
3 2 2 2 2
< < <
14
1 1
0- 0 0
400 54']0 6&0 T60 800 400 5(‘)0 660 T(IJO 800 400 5;10 64.]0 ?tI)D BOO
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. S3. UVO stress test and absorption spectra. a) Reference, b) B-filter and c) B-antisolvent
perovskite film absorption before and after 165 min. of UVO treatment. Inset: digital picture of

sample at the end of the test.

Tab S1. Photovoltaic performance of p-i-n device based on reference and p antisolvent
MAPbDb(Bro.3lo.7)3 perovskite. For each kind of device are reported the average values (first lines)

and best performance (secondo lines). Values from 18 devices of different batches.
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Fig. S4 J-V curves of reference and p-antisolvent MAPb(Bro.310.7)3 perovskite based solar

cells.



