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Abstract

Hybrid metal halide perovskite solar cells (PSCs) have consistently demonstrated high power
conversion efficiency (PCE), although the best performing PSCs mostly employ high-
temperature (500 °C) processed compact and mesoporous TiO2. Instead, low-temperature
processed PSCs are desirable for implementation on flexible substrates and tandem solar cells.
Here, we present a new method to achieve high efficiency flexible planar PSCs based on a low-
temperature processed nonaqueous sol-gel route synthesized TiO2 and a guanidinium iodide
(Gual) salt passivation treatment of the perovskite film. We fabricate both rigid and flexible
triple-cation perovskite (Cso.0s (MAo.17FA0.83)0.95Pb(lo.ssBro.1s)s, Eg ~1.58 eV) PSCs, achieving
PCEs of 19.8% and 17.0% on glass and polyethylene naphtholate, (PEN) substrates respectively.
At the same time, rigid and flexible high-bandgap double cation (FA0.85Cso0.15Pb(lo.7Bro.3)s, Eg
~1.72 eV) PSCs reached a PCE of 18.0 % and of 15.8%. Moreover, large area (1cm?) ~1.58 eV
and ~1.72 eV-PSCs achieved PCEs of 18.2% and 16.7% PCE on glass substrates and of 16.2%

and 13.9% on PEN substrates demonstrating the high uniformity of all the solar cell layers.



Introduction

Organic-inorganic metal halide perovskite made a real breakthrough in the photovoltaic
community due to their unique properties as high absorption coefficient X1, long carrier diffusion
length [ tunable bandgap ! and easy processability . Perovskite solar cells (PSCs) have
shown a tremendous increase of their power conversion efficiency (PCE) from 3.81% P! up to
over 23% 581, The possibility of all low temperature process for PSCs make them ideal choice to
fabricate flexible PSCs which are desirable in many applications as large area, customizable,
portable and wearable devices. With the widespread effort, flexible PSCs have reached PCE of
over 18.4% 919 from the firstly reported 2.6% 1. Different architecture in inverted 2, planar
(31 and mesoporous 4! based on modified low-temperature processed electron and hole transport
layers (ETL and HTL) have been explored previously. In p-i-n architectures, the perovskite
active layer is usually sandwiched between low-temperature processed materials (i.e.: PEDOT:
PSS and PCBM, NiOx and ZnO), yielding PCEs from 4 up to >18% 15201 | ow-temperature
processed compact and mesoporous layers such as ZnO 1224 ZnSn04 221, Ti02 %], Nb20s ! and
Sn02 24291 were also studied in mesoporous and planar flexible PSCs. TiO: is one of the widely
used n-type material for rigid and flexible PSCs. Low-temperature TiO2 deposition techniques
such as sputtering, atomic layer deposition (ALD), e-beam induced evaporation and
nanoparticles spin-coating have been implemented in PSCs %7 Mali et al. B% used RF
magnetron sputtering to fabricate a TiO2 compact layer in flexible planar PSCs achieving PCE of
15.07% and 15.88%, respectively. Di Giacomo et al. Y fabricated flexible mesoporous PSCs
reaching a PCE of 8.4% employing a compact ALD-deposited TiO2 layer UV-treated TiO2
nanoparticles as mesoporous scaffold. Instead, Zardetto et al. 21 adopted plasma-assisted ALD
to prepare the compact TiOz layer in the flexible planar PSCs reaching a PCE of 9.2%. Flexible
PSCs based on e-beam evaporated TiO2 were also demonstrated with efficiencies from 12.3% to
13.5% [3334 Jeong et al. [ developed a solution processed Nd-doped TiO2 compact layer below
50 °C for flexible PSCs reaching 16.01% efficiency. Zhou et al. 81 used solution processed TiO:
nanoparticles achieving the record PCE of 16.36%. It is worth to note that most of the
previously reported flexible PSCs are based on 1.55-1.6 eV bandgap perovskites while it is
crucial to develop higher bandgap (i.e.:1.70-1.8 eV) 38 3 bhased solar cells in a low-temperature

process for the implementation of flexible tandem. Previously Jiang et al. [“° reported flexible



high bandgap PSCs, (based on fully inorganic perovskite, CsPbl2Br, with Eg ~1.82 eV) and
demonstrating an efficiency of 11.73% while Axel et al reported flexible perovskite/perovskite
tandem solar cell, reaching a recording efficiency of 21.3% ©4,

In this work, we implemented low temperature processed rigid and flexible PSCs based on
both triple cation perovskite, Cso.o5(MAo.17FA0.83)0.95Pb(lo.85Bro.15)3, with ~1.58 eV bandgap and
on double cation perovskite, Cso.1sFA0.85Pb(lo.7Bro)s with ~1.72 eV bandgap. We developed a
new low-temperature method for TiOz thin film based on the modification of the TiO2
nanoparticles synthesis presented in previous works from Tan et al. [ and Wojciechowski et al.
(431 The highly uniform TiO2 films have been implemented as electron transport layer (ETL) in
n-i-p planar PSCs both on glass and polyethylene naphtholate, PEN substrates. Moreover, the
triple and double cation perovskite films were passivated using guanidinium iodide (Gual) salt to
improve their film quality and reduce their recombination losses, in a different way respect to
previous work 14491 where different guanidinium based salts were instead used as additive in
perovskite precursor solutions. The champion Gual-treated ~1.58 eV PSCs demonstrated PCEs
of 19.8% on glass and 17.0% on PEN substrates while the champion Gual-treated 1.72 eVV-PSCs
achieved efficiency of 18.0% and 15.8%, on glass and PEN respectively. At the same time, rigid
large area (1 cm?) 1.58 eV and 1.72 eV-PSCs achieved significant PCE of 18.2 % achieved PCE
of 16.7 % with good reproducibility. While the first flexible large area of 1 cm? 1.58 eV and 1.72
eV PSCs showed PCE of 16.2% and 13.9% on PEN substrates, respectively

Results

We adopted a low-temperature nonaqueous sol-gel route to synthesis TiO2 nanoparticles (4243501,
In 2014 Wojciechowski et al. [ showed that the low-temperature synthetized TiO>
nanoparticles can be dispersed in ethanol and stabilized with titanium diisopropoxide
bis(acetylacetonate) (TiAcAc). Similarly, in 2017 Tan et al. 2l showed that TiO2 nanoparticles
can also be stabilized in a mixture of chloroform and methanol solvents where CI™ acts as ligand
on the TiOz2 colloidal surface. The main advantage is that the CI"ligand, shorter than AcAc’, can
lead to improved charge mobility in the material. Combining their findings, we choose to
synthetize TiO2 nanoparticles, disperse them in ethanol and to use extra TiCls to passivate TiO2
nanoparticles. Indeed, the TiCls excess induce Cl to act as a ligand similarly to the process

induced by the presence of chloroform/methanol mixed solvents 2, with the main advantage of



using ethanol, which is a safe and environmentally friendly solvent. The low-temperature TiO2
synthesis process has been schematized in 5 steps in Figure 1a. (i) TiO2 colloids were prepared
by mixing TiCls with ethanol and benzyl alcohol at 70 °C for 12 h. (ii) Diethyl ether was added
to the solution which was then centrifuged to separate TiO2 nanoparticles (iii) The TiO2
nanoparticles collected were then dispersed in ethanol and TiCls was added in as stabilizer. (iv)
TiOz2 thin films were spin coated by TiO2 nanoparticles suspension. (v) TiOz thin films were
annealed at 150 °C. The compact TiO2 layers were optimized by varying TiCls addition amount
(step iii in Figure 1a). X-ray diffraction (XRD) patterns of the as-synthesized (0 M TiCls) and
TiCls passivated (50 mM TiCls) TiO2 nanoparticles show that for both films the diffraction peaks
are well consistent with lattice planes of the TiOzanatase, Figure 1b. B SEM images also show
improved TiO2 film quality with TiCls addition, Figure 1c and 1d. Indeed, the as-synthesized
film presents large aggregates and pinholes highlighted by the green circles in Figure 1c. Instead,
TiCls passivated (50 mM TiCls) TiO2 films show a smoother morphology and absence of
pinholes, Figure 1d. Surface sensitive X-ray photoelectron spectroscopy (XPS) was employed to
investigate the surface composition and chemical state of TiO2 and TiCls passivated (50 mM
TiCls) TiO2films, Figure S1. The main Ti 2ps/2 peak at 459.1 eV (Figure S1b) and O 1s peak at
530.6 eV (Figure Slc) for both films prove the formation of TiO2. The existence of Cl 2p peaks
(Cl 2p32 at 198.9 eV and Cl 2pi2 at 200.5 eV) in both films prove that the additional TiCls
retained Cl ligand on TiO2 surface well, Figure S1d. Planar PSCs, based double cation
perovskite (Cso.1sFA0.85Pb(lo.7Bro.3)s, Eq ~1.72 eV), employing TiO2 films as electron transport
layer were optimized by varying TiCls concentrations, Figure S2, and the film thickness, Figure
S3 and Figure S4. In planar architectures, the charge transport between ETL and perovskite can
be improved by introducing a PCBM layer at their interface [5% 53 although the light
transmittance can be reduced and ETL wettability can also be affected. 4 In our case, the total
transmittance only slightly decreased from 78.4%, 76.2%, with PCBM addition, Figure S5a and
consistently the perovskite absorption spectra, Figure S5b. Steady-state and time resolved
photoluminescence (TRPL) confirmed an increased quenching with a PCBM layer addition,
Figure S5c and Figure S5d, consistently with a more efficient charge transfer between
perovskite and the ETL. 5%
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Figure 1. Low-temperature TiO: thin films preparation and characterization. a) Schematic
process flow overview of low-temperatureTiO2 films preparation process (i) TiO2 colloids
synthesis (ii) TiO2 colloids separation and collection by centrifugation (iii) TiO2 nanoparticles
dispersion in ethanol with TiCls addition. (iv) TiO: thin films spin-coating and (v) annealing at
150 °C for 1 hour. b) XRD spectra of pure TiO2 and TiCls-terated TiO2 films, ¢) SEM images of
pure TiO2 thin film and d) with 50 mM TiCl4 addition.

PSCs architecture is reported in Figure 2a (Glass/FTO/TiO2/PCBM/1.58 eV &1.72 eV
perovskite /Spiro-OMeTAD/Au) and the cross-section SEM image, Figure 2b, shows the
thicknesses of all the layers: TiO2 ~45 nm, PCBM ~10 nm, perovskite ~500 nm, Spiro-
OMeTAD ~150 nm and gold electrode ~100 nm. After the ETL optimization, to further boost
the PSC efficiency we implemented a new passivation strategy. Both ~1.58 eV and ~1.72 eV
(from here after just indicated as 1.58 and 1.72 eV for simplicity) perovskite films were treated
with Gual salt as passivation agent. Previous works 19431 employed guanidinium-based salts as
additive in the precursor solutions of methylammonium lead iodine (MAPbI3) and in mix
cations perovskites (including Cs and MA and Formamidinium) showing that the large
guanidinium cation can passivate the under-coordinated iodine species at grain boundaries
through their hydrogen bonding capability and so reducing the iodide vacancies, leading to an
effective clampdown of the charge recombination in perovskite film and inducing a significantly
improvement of the final device stability. Here, for the first time we demonstrate that Gual

effectively works also as passivation agent and not as additive in the precursor solution with the



main advantage that can be used with different optimized perovskite compositions. The Gual
treatment significantly improves the film quality and device performances for both triple (1.58
eV) and double cation (1.72 eV) perovskite, confirming the versatility and generality of the
passivation strategy. Details of the preparation and optimization procedure are reported in the
Experimental Section and in Figure S6. The Gual-treated Cso.15FA0.85Pb(lo.7Bro.3)3 perovskite
films show larger crystal size compared with the untreated films, Figure S7. The larger crystals
lead to reduced boundary defects concentration and a reduced non-radiative charge
recombination as also suggested by the higher steady state photoluminescence (PL) intensity,
Figure S8a and the longer PL lifetime of the Gual-treated films, Figure S8b. Moreover, in terms
of devices, the champion Gual-treated 1.58 eV PSCs reaches a PCE of 19.8%, while the
untreated champion PSC shows a record efficiency of 19.4%, Figure 2c and Table 1. In a
similar way, the champion Gual-treated 1.72 eV PSC showed PCE of 18.0%, with a 10% relative
improvement as compared to the untreated champion 1.72 eV PSC which reached a PCE of
17.1%, Figure 2d and Table 1. Consistently for both perovskites the Gual passivation treatment
helps to significantly increase the Voc and the fill factor in agreement with the presence of larger
grains and reduced charge recombination, Figure S9 and Figure S10. Instead, the IPCE spectra
of PSCs before and after passivation similarly reached values above 90% for both 1.58 eV and
1.72 eV PSCs, and show unchanged values of the integrated current in agreement with the
measured Jsc, Figure S11. The PSCs were also investigated in the low intensity illumination
regime. The Gual-treated and untreated 1.72 eV PSCs Voc trend as function the light intensity,
Figure 2e, show respectively a slop of 1.31KgsT/q and 1.80 KsT/q, where Kz is the Boltzmann
constant, T is temperature and q is the electric charge. The Gual-treated PSCs smaller slope
indicates that the charge recombination in perovskite layer was significantly reduced €. To
further prove this point, electrical impedance spectra (EIS) was measured at 0.9 V in dark,
Figure 2f. In the Nyquist plot the Gual-treated PSC larger circle, as compared with the one of
the untreated PSC, represent a larger recombination resistance (Rrec), Which is consistent with a
reduction of charge recombination in the Gual-treated PSC. Moreover, maximum power point
tracking over 3000 s of both un encapsulated 1.58 eV and 1.72 eV and their shelf stability over
60 days was measured, Figure S12. Both devices show very stable output under 1 sun condition
(AM 1.5) over 3000 s. The 1.58 eV PSCs kept ~90% efficiency and 1.72 eV PSCs kept ~93%
efficiency after 60 days stocked in a dry box with around 35% humidity.
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Figure 2. n-i-p planar 1.58 eV and 1.72 eV perovskite solar cells (PSCs) on glass with active
area 0.16 cm?* a) PSCs layered architecture b) Cross sectional SEM image of 1.72 eV-based
PSCs. c¢) J-V curves of untreated (control, black line) and Gual-treated (brown line) 1.58 eV
PSCs; d) J-V curves of untreated (control, black line) and Gual-treated (blue line) 1.72 eV PSCs;
e) 1.72 eV PSCs Vo vs light intensity and f) Nyquist plot of untreated (control, black line) and
Gual-treated (blue line) 1.72 eV PSCs .

The low-temperature fabrication procedure guarantees high reproducibility and good
efficiency also for flexible planar PSCs (PEN/ITO/TiO2/PCBM/1.58 eV &1.72 eV perovskite
/Spiro-OMeTAD/Au). J-V curves of untreated and Gual-treated 1.58 eVV PSCs showed the PCE
improvement from 16.2% to 17.0%, Figure 3a and Table 1. The best performing 1.72 eV PSCs
after the Gual treatment also reached a PCE of 15.8% from 14.7%, Figure 3b and Table 1. The



narrow PCEs variation (£0.6%) demonstrate the good devices’ reproducibility, Figure 3c, the
average PCE of Gual-treated 1.58 eV PSCs and 1.72 eV PSCs were 16.1% and 15.1%,
respectively. The photovoltaic parameters are shown in Table 1. Comparing the flexible PSCs
with the rigid ones, the main loss in efficiency comes from a reduced Jsc. This is due to the lower
optical transmittance of ITO/PEN in the UV-visible range as compared to FTO/glass, Figure
S13a. The typical IPCE is shown in Figure S13b. The good quality of the TiO2 ETL and of the
perovskite films was proved by the good bending resistivity of both flexible 1.58 eV and 1.72 eV
PSCs. Indeed, after 1000 bending cycles at bending radius of 10 mm, 1.58 eV and 1.72 eV PSCs
show a marginal PCE drop of 12% and 6% PCE respectively, Figure 3d. The small PCE drop

could be result from formation cracks in the ITO electrode as discussed earlier by Pandey et al..
[56, 57]
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Figure 3. Flexible n-i-p planar 1.58 eV and 1.72 eV perovskite solar cells (PSCs) on PEN, active
area 0.16 cm?. Champion J-V curves of a) untreated (control, black line) and Gual-treated
(brown line) 1.58 eV PSCs and b) of untreated (control, black line) and Gual-treated (blue line)
1.72 eV PSCs 1. ¢) PCE Statistical distribution of 10 flexible PSCs untreated (control, black line)
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Gual-treated (blue line) 1.72 eV PSCs (bottom panel) d) Normalized PCE vs the bending cycles
at radius of 10 mm for both Gual-treated 1.58 eV PSCs and Gual-treated 1.72 eV PSCs.



Table 1. Photovoltaic parameters of champion 1.58 eV and 1.72 eV PSCs before and after the
Gual treatment, 0.16 cm? area. The average efficiency over 10 PSCs is also reported as

comparison.
Substrate Bandgap Treatment Jse Voe FF n Nav
(eV) (mA/cm?) V) %) (%) (%)
Glass 1.58 Control 22.4 1.10 78.2 194 19.1
Gual- treated 222 1.13 79.0 19.8 19.3
PEN 1.58 Control 20.1 1.12 72.3 16.2 15.1
Gual- treated 20.3 1.13 74.3 17.0 16.1
Glass 172 Control 20.3 1.16 73.0 17.1 15.7
Gual- treated 20.2 1.18 75.4 18.0 17.2
PEN 1.72 Control 17.7 1.15 72.2 14.7 134
Gual- treated 17.9 1.17 75.5 15.8 15.1

Scaling up the PSCs is essential for many industrial applications. We fabricated 1 cm? both
1.58 eV and 1.72 eV-PSCs on glass and PEN substrates. J-V curves of our champion 1 cm?1.58
eV-PSCs on glass achieved a PCE of 18.2% and 1.72 eV-PSCs on glass obtained a PCE of
16.6%, Figure 4a. The 1 cm? flexible 1.58 eV-PSCs reached high PCE of 16.2%, which is one
the highest number reported. The very first flexible 1.72 eV-PSC also showed a very promising
PCE of 13.9%, Figure 4b. The photovoltaic parameters are shown in Table 2. The main
efficiency limitation in scaling the PSCs up is the FF reduction, ascribable to the high TCO
resistances, while both Voc and Jsc remain constant. These are promising conditions for further

PCEs increase by just improving TCO conductivity and employing patterned substrates.
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Figure 4. Large area, 1 cm?, n-i-p planar perovskite solar cells (PSCs) on glass and on PEN. a)
Champion J-V curves of rigid Gual-treated 1.58 eV and Gual-treated 1.72 eV PSCs. b)
Champion J-V curves of flexible Gual-treated 1.58 eV and Gual-treated 1.72 eV PSCs under
illumination (1 Sun, AM 1.5) and in dark.

Table 2. Photovoltaic parameters of large area, 1 cm?, champion rigid and flexible Gual- treated
1.58 eV and Gual- treated 1.72 eV PSCs

Substrate Bandgap Jse Voe FF n
(eV) (mA/cm?2) V) (%) (%)
Glass 1.58 21.9 1.12 74.6 18.2
PEN 1.58 21.2 1.09 70.1 16.2
Glass 1.72 19.7 1.14 74.7 16.7
PEN 1.72 18.4 1.14 66.2 13.9

Conclusion

In conclusion, we have introduced a new method for achieving high efficiency rigid and flexible

PSCs based on low-temperature processed TiO2 thin film as ETL and on guanidinium iodide

passivation treatment of the perovskite layer to reduce the charge recombination losses. Indeed,

we have demonstrated planar 1.58 eV and 1.72 eV PSCs achieving efficiencies as high as 19.8%
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and 18.0 % on glass. At the same time, flexible PSCs showed efficiency of 17.0% and 15.8% for
1.58 eV and 1.72 eV-bandgap perovskites. Large area (1 cm?) 1.58 eV- PSCs on both rigid and
flexible substrate have reached high PCEs of 18.2% and 16.0%, 1.72 eV- PSCs on both rigid and,
for the very first time on flexible substrate, have also achieved high PCEs of 16.7% and 13.9%,
respectively. The high-performing low-temperature processed PSCs based on high-bandgap
perovskite pave the way to the further development of tandem perovskite on Silicon and flexible
perovskite on perovskite solar cells.

Experimental Section

TiOz2 thin film preparation

TiO2 nanoparticles were prepared introducing modifications to procedures in refs [ 42 to
suspend have an ethanol suspension and using TiCls as stabilizer. 1 ml TiCls was slowly dropped
in 4 ml anhydrous ethanol and 16 ml benzyl alcohol solution, then then kept in oven at 70 °C for
12 hours. The original reddish solution became slight yellow and then milky, proving the TiO2
nanoparticles formation. 1 ml of TiO2 suspension was diluted in 4 ml of dither ether and
centrifuged at 5000 r.p.m. for 300s. TiO2 nanoparticles collected at the bottom of the vial were
re-dispersed in ethanol and dither ether and centrifuged 3 more times. TiO2 nanoparticles were
weighted and re-dispersed in pure anhydrous ethanol @ 10 mg/ml. As last stage, TiCls solution
was slowly dropped into TiOz2 suspension. TiO2 suspension was spin-coated at 5000 on glass and
heated at 150 °C for 1 hour and treated by UV-o0zone for 20 minutes.

Material characterization

The XPS spectra was recorded by an X-ray photoelectron spectroscopy (XPS; Kratos AXIS
Supra XPS). XRD patterns recorded using an X-ray diffraction (XRD; Bruker D8 Advance
XRD). The film morphology was characterized using SEM (FESEM; JEJOL JSM-7600F). TiO2
thin film thicknesses were measured using an Alpha-step 500 surface profiler. UV-vis absorption

and transmittance spectra were measurements n on a Hitachi U-3501 ultraviolet/visible/near-

12



infrared spectrophotometer. Steady photoluminescence spectra were measured by Spectro-
fluorophotometer (Shimadzu, RF-5301PC), with 520 nm excitation. TRPL decays were collected
using a micro-PL setup and a Picoquant PicoHarp 300 time-correlated single photon counting
(TCSPC) system and a laser diode (Picoquant P-C-405B, A = 405 nm, <2 pJ/cm?, 40 MHz) as
excitation source. The fluorescence was collected by an avalanche diode synchronized with
excitation laser via TCSPC electronic. The full width at half-maximum instrument response
function is around 50 ps 58 51,

Device fabrication and measurements

Nippon FTO glass (15Q/sq) and ITO/PEN (15Q/sq) was etched by Zn powder and HCI, and
cleaned by 2% Hellmanex water solution, water and ethanol for 15 minutes and UV-ozone
treated for 20 minutes. TiO2 suspension was spun-coated on the cleaned substrates and PCBM,
dissolved in chlorobenzene @ of 7.5 mg/ml, and spin coated on TiO2 at 3000 r.p.m. for 30s. The
samples were annealed at 100 °C for 30 min. Double cation perovskite precursor was prepared
by dissolving 1.105 M formamidinium iodide (FAI, Dyesol), 0.195 M Csl (Sigma-Aldrich,
99.999%), 0.88 M Pbl2 (TCI), and 0.52 M PbBr2 (TCI) in anhydrous N, N-Dimethylformamide
(DMF): Dimethyl sulfoxide (DMSO) 4:1 mixed solution and stirred overnight. Triple cation
perovskite precursor was prepared by dissolving 1M FAI (Dyesol), 1.1 M Pbl2 (TCI), 0.2M
MABr (Dyesol) and 0.2M PbBr2 (TCI) in anhydrous DMF (Sigma-Aldrich): DMSO (Sigma-
Aldrich) 4:1. Then 0.065 M Csl, pre-dissolved as a 1.5 M stock solution in DMSO. The
precursor solution was spin-coated at 1000 r.p.m for 10 s and then 6000 r.p.m for 20 s and 100
uL of chlorobenzene was casted onto the substrate 5 s before end. The films annealed @100 <C
for 1 hour. Different amounts of Guanidinium iodide were dissolved in 2-propanol (5, 10, 15, 20,

40 mM) and spin-coated onto perovskite film at 3000 r.p.m., then annealed @ 100°C for 10 min.
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The optimized concentration has been proved to be 5 mM. HTL solution was prepared by
dissolving 72.3 mg Spiro-OMeTAD (Sigma-Aldrich), 28.5 pL 4-tert-butylpyridine (Sigma-
Aldrich,96%), and 17.5 pL bis(trifluoromethane)sulfonimide lithium salt (Sigma-Aldrich)
solution (520 mg Li-TFSI in 1 mL acetonitrile) in 1 mL chlorobenzene and then spin-casted the
on the perovskite layer at 4000 rpm for 30 s. A 100 nm Au electrode was thermally evaporated
on top of HTL (evaporating rate 0.1 A/s for the first 10 nm and then 1 A/s for the following 90
nm).

The current density—voltage (J-V) curves were measured under AM 1.5 sunlight (94011A-ES,
ABB). The effective mask area is 0.16 cm? and 1 cm?. The incident photon-to-current conversion
efficiency (IPCE) was measured by using a PVE300 (Bentham), with xenon/quartz halogen light
source in DC mode. The EIS spectra and maximum power point (MPP) track are measured by an
Autolab machine (PGSTAT302N, Software version- NOVA 1.11).
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Figure S2. N-i-p planar 1.72 eV perovskite solar cells (PSCs) on glass with active area 0.16 cm?,
the compact TiO2 layer quality was optimized to by varying TiCls addition and so the TiCls
concentrations varied from 0 to 200 mM in the TiOz dispersion. The highest PCEs (~12%) were
obtained for TiCls concentrations 50 mM, while for higher ones the excess of CI ligands leads to
a reduction of film conductivity,Statistics data over 9 PSCs for each TiCls concentration: a)
PCEs, the PSCs layered structure is reported in the inset), b) Vo, ¢) FF and d) Jsc distribution.
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Figure S4. N-i-p planar ~1.72 eV perovskite solar cells (PSCs) on glass with active area 0.16
cm?, the compact TiO2 thickness was optimized to by varying spin-coating speed. The highest
PCEs (~13%) were obtained for TiOz thickness of ~45 nm,Statistics data over 9 PSCs for each
Ti02 thickness: a) PCEs, the PSCs layered structure is reported in the inset), b) Vo, ¢) Jsc and d)

FF distribution.
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Figure S5. Characterization of Cso.1sFA0.85sPb(lo.7Bro.3)3 thin film on FTO, TiO2 and PCBM/TiOs.
a) transmittance spectra of FTO, TiO2/FTO and PCBM/TiO2/FTO substrates, b) absorption
spectra of perovskite layer deposited on TiO2/FTO and PCBM/TiO2/FTO, c) steady state and d)
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Figure S6. Photovoltaics performances of n-i-p planar 1.72 eV perovskite solar cells (PSCs) as
function of guanidium iodide (Gual) passivation concentration (from 0 to 80 mM): a) efficiency,
b) Jse, ¢) Voec and d) Fill Factor. The highest effciencies (~18%) were obtained for Gual
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Figure S7. Top view and cross-sectional SEM images of 1.72 eV perovskite film before and
after Gual treatment.
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Figure S8. a) Steady-state spectra and b) time-resolved PL decays of untreated (control) and
Gual-treated 1.72 eV perovskite on glass.
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Figure S9. Photovoltaics performances of n-i-p planar untreated (control) and Gual-treated 1.58
eV perovskite solar cells (PSCs) on glass with active area 0.16 cm?: a) PCE, b) Vo ¢) Jsc and d)
Fill Factor. Statistics data over 20 PSCs for each condition.
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Figure S10. Photovoltaics performances of n-i-p planar untreated (control) and Gual-treated
1.72 eV perovskite solar cells (PSCs) on glass with active area 0.16 cm?: a) PCE, b) Vo ¢) Jscand
d) Fill Factor Statistics data over 20 PSCs for each condition.
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Figure S11. a) IPCE of untreated (control) and Gual-treated 1.58 eV PSCs, b) IPCE of untreated
(control) and Gual-treated 1.72 eV PSCs.
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Figure S12. a) Maximum power point track over 3000 s under 1 sun condition (AM 1.5), b)
shelf stability under around 35% humidity of both 1.58 and 1.72 eV PSCs.
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Figure S13. a) Transmittance of FTO/glass and ITO/PEN, b) IPCE of both Gual-treated 1.58 eV
and 1.72 eV PSCs on PEN substrates.
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