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L. EXPERIMENTAL SECTION

a) Materials

Unless otherwise stated, all the materials were purchased from Sigma-Aldrich and used as
received. Indium-doped tin oxide (IZO)-coated polyethylene terephthalate (PET) substrates (sheet
resistance of 15 Q o™!) were bought from Eastman Chemical Company, phenethylammonium
iodide (PEAI) and 4-fluoro-phenethylammonium iodide (FPEAI) were purchased from Greatcell

Solar, formamidinium iodide (FAI) was purchased from Ajay North America, poly[bis-(4-phenyl)
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(2.4.6-trimethylphenyl) amine (PTAA) was pucharsed from Ossila. Silver (Ag, 99.99%), gold (Au,
98.99%), and copper (Cu, 99.99%) were purchased from Kurt. J. Lesker. Perovskite precursor
solutions (nominal perovskite composition: Csg17FAqg3Pb(Io9Brj1); were prepared with a
concentration of 1.45 M, following the recipe: 64 mg of cesium iodide (Csl, 98%), 79.8 mg of lead
bromide (PbBr;, 98%), 207 mg of FAI, and 568.2 mg of lead iodide (Pbl,, 99.999%) were
dissolved in 1 mL of a 4:1 N,N-dimethylformamide (DMF)/dimethyl sulfoxide (DMSO) volume
ratio. 18C6, a crown ether-based additive was added to the solution at a concentration of = 0.2 mg

mL-1.

b) Processing

Device fabrication

Flexible PSCs were fabricated with the following architecture:
PET/IZO/PTAA/Cs 17FA 33Pb(I9.9Brq 1)3/Ceo/BCP/Ag. PET/IZO substrates (18 x 13 mm? pieces)
were patterned by dipping one side in the HCI solution (15 wt% in deionized (DI) water). The
etched substrates were cleaned by ultrasonication in DI water and isopropanol for 7 minutes in
each solvent and dried by nitrogen flow. Before layer processing, substrates were treated with
oxygen plasma for 30 seconds. PTAA solution (2 mg mL™! in toluene) was spin coated under
ambient conditions at 5000 rpm for 30 seconds, followed by annealing at 100 T for 10 minutes,
which resulted in a ~20 nm thick film. After this process, the samples were transferred into a
nitrogen-filled glovebox. FPEAI and PEAI solutions were prepared by dissolving the respective
powders in a concentration of 5 mg mL~! in DMF and spin coated at 4000 rpm for 30 seconds and
annealed for 5 minutes at 100°C. Perovskite solution was spin coated onto the substrates at 6000
rpm for 30 seconds with a ramping rate of 2000 rpm s~!. 150 pL of anhydrous ethyl acetate was
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dripped as an antisolvent on the substrate at the 7% second after the spinning sequence commenced.
The perovskite layer was first dried for 2 minutes, then pre-heated at 50°C for 10 minutes and
finally annealed at 100 °C for 1 hour. The electron transporting layer of fullerene Cgy (30 nm) was
deposited using thermal evaporation. Finally, 6 nm of bathocuproine (BCP) buffer layer and 95

nm of Ag electrode were deposited on top of devices by thermal evaporation at ~1076 mbar.

Lift-Off process

This process was similar to a process reported by Zhu et al.! A PTAA solution of 40 mg mL-! in

toluene was spin coated on the pre-cleaned PET/IZO substrates and annealed at 100°C for 10
minutes in an ambient atmosphere. The PTAA layer acted as a sacrificial layer for the lift-off
process. The perovskite layers, with and without the BOC molecules, were deposited in an
aforementioned manner. The samples were then coated with the 200 nm of Cu electrode layer,
done by thermal evaporation. The samples were then immersed in a chlorobenzene solution, where
PTAA was solubilized. The free-floating perovskite films, with and without the BOC passivation,
were subsequently placed on fresh substrates, cleaned twice with anhydrous chlorobenzene and

used for characterization measurements.

¢) Characterization methods

Current-voltage measurements

Stabilized power output and J-V measurements were carried out by a Keithley 2461 source
measure unit (SMU). The solar cells were illuminated with a simulated AM1.5G irradiation of 100
mW/cm? using an AAA-rated solar simulator obtained from Abet Technologies, sun 2000 which
was calibrated against an RR-208-KGS5 silicon reference cell also procured from Abet
Technologies. Solar cells were masked with a 0.616 cm? shadow mask. JV measurements were
carried out in two different scan directions namely reverse scan and forward scan i.e., from forward
bias to short-circuit, and from short-circuit to forward bias respectively. The scanning rate was set
to 500 mV's™!. The Stabilised power output measurement was carried out at the maximum power

point voltage for 30 seconds.

External Quantum Efficiency
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The EQE spectra was obtained by using the Bentham PVE300 photovoltaic characterization
system with the help of an installed control software BenWin+.

Photoluminescence measurements

Steady-state photoluminescence (ss-PL) and time-resolved photoluminescence (TRPL)
measurements were performed with the Edinburgh Instruments FS5 Spectrofluorometer, which
was equipped with a time correlated single photon counting (TCSPC) unit. Samples were excited
with a 405 nm laser diode (60 ps pulse, intensity: 15 mW/cm?).

Electroluminescence measurements

Electroluminescence (EL) spectra of the solar cells were recorded using an Ocean Optics Maya
2000 Pro spectrometer. Voltage was applied to the devices with a Keithley 2614B source meter,
either by performing voltage scans or by applying constant bias. The emitted light was detected by
a calibrated photodiode which was in contact with the cells. This characterization was performed
in ambient conditions without any encapsulation route.

Scanning electron microscopy

Cross-section images were developed by deploying a focus ion beam scanning electron
microscope, FIB-SEM (FEI Helios 600), which had an accelerating voltage of 2 kV. The samples
for measurement were prepared by depositing a carbon and platinum films on the top side. Top-
view morphology images of samples were obtained with a field emission SEM (Phenom ProX),
which had an accelerating voltage of 5 kV with a working distance of 8.0 mm.

X-ray diffraction measurements

X-ray diffraction (XRD) patterns were collected with two different X-ray diffractometers: Rigaku
MiniFlex600 (Cu Ka radiation, A=1.5406 A), and MRD-Philips’s diffractometer supported by the
parallel beam optic with 0.1 mm slit in the diffracted beam path (Cu Ka radiation, A=1.540597 A).
Using the above configuration, respective samples were measured using theta-2theta scans.

AFM measurements

The AFM measurements were carried out with a Veeco/Bruker Nanoman V microscope.

c-AFM measurements

For the c-AFM measurements, the temperature was fixed at 19.5-20°C. Humidity was controlled
at 30%. Samples were grounded using electrically conductive silver paint (Silver Conductive
Adhesive 503, Electron Microscopy Sciences). Measurements were performed in dark (no light)

and bright mode (AFM internal halogen light set to 100%). The samples were kept in the dark for
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1 hour before the start of the measurements. An Arrow Cont-Pt cantilever was used (force constant
of 0.36 N/m). A constant contact force of 10 nN was applied to the sample during the
measurements. The samples were biased at 0, 0.5V, and -0.5V.

X-ray Photoelectron Spectroscopy measurements

The XPS (X-ray Photoelectron Spectroscopy) measurements were performed under UHV (Ultra-
high vacuum) conditions. Base pressure in the analysis chamber was < 2:107' mbar. The
photoemission process was initiated using an AlKa radiation source (1486.6 eV) oriented at 55°
to the normal of the samples. The energy of the photoelectrons was determined with the VG-
Scienta R3000 spectrometer. The energy step was set to AE = 0.1 eV. Experimental data were then
fitted to Gauss-Lorentz shapes with Shirley background using CasaXPS® software. The atomic
concentrations of the surface components of the samples were
determined by fitting the experimental data to  Gauss-Lorenz shapes and
taking into account  the relative sensitivity factors (RSF). CasaXPS

software was used for this purpose.

II. ADDITIONAL DATA
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Figure S1.

characteristics of perovskite solar cells, with and without interface modification.
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Figure S2. J-V curves (reverse scans) of perovskite solar cells for which EQE spectra were

displayed in Figure le.

Table S1. Photovoltaic parameters extracted from the current-voltage -characterization
measurements of the perovskite solar cells fabricated with and without interface modification

layers corresponding to Figure S2.

Sample (EQE) PCE (%) Jsc (mA/cm?) from FF (%) Voc (V)
EQE
PEAI 15.19 21.20 67.51 1.00
FPEAI 16.95 21.40 75.03 1.04
PRISTINE 14.15 21.02 70.28 0.95
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Supplementary Note 1

Density Functional Theory (DFT) calculations have been carried out on the (001) FAPbI; surface
within the supercell approach at the gamma point of the Brillouin zone, by using the Perdew-
Burke-Ernzerhof (PBE) functional?, ultrasoft pseudopotentials (shells explicitly included in
calculations: I 5s, 5p; N, C, F 2s, 2p; H 1s; Pb 6s, 6p, 5d), a cut-off on the wavefunctions of 40
Ryd (320 Ryd on the charge density) and including DFT-D3 dispersion interaction.’ All
calculations were performed by using the Quantum Espresso package.* Slabs models have been
built starting from the tetragonal phase of FAPbI;, by fixing cell parameters to the experimental
values.® More than 10 A of vacuum were added along the non-periodic direction perpendicular to
the slabs in all cases to make sure the replicas were not interacting along the corresponding axis.
Asymmetric disposition of the organic cations on the external layers of the slabs has been adopted
in all cases, leading to supercells with zero average dipole moments. Such arrangement of organic
cations provided an almost flat electrostatic potential in the vacuum region of the supercells for all

the modelled slabs. Figures of the simulated systems were constructed with the Mercury software.®

The cation and salt exchange energies, E.., .. and E,,. .., Were evaluated as per Equation S1 and
S2, respectively:

Eexceat = Etot +1 % Epa —(Ef - term + M * Ecation) S1
Eexccat = Etot + 1% Epai-(E1 - term + 1 * Esair) S2
where E is the total energy of the substituted system; E, is the energy of the FAI-terminated
slab; Ega+ / Epar is the energy of the FA™ cation / FAI salt; Ecuion / Esare 18 the energy of the

substituted cation / salt; n is the number of substitutions.

Table S2. Exchange energies of n units of FA* (FAI) with PEA*(PEAI) or FPEA"(FPEAI). Values

inev.
n E exc,cat E exc,salt
PEA* FPEA™ PEAI FPEAI
1 0.09 1 005 4 g7 | 0.03
2 0.25 041
e o -0.30 -0.30
3 -0.31 -0.56 -0.37 -0.40
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Figure S3. Exchange process of FA* with PEA*/FPEA™, forn =1 to 3.

The projected densities of states (DOS) have been calculated at the PBE level and aligned to the

vacuum level in all cases, see Figure S4.
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Figure S4. Projected density of states (DOS) of pristine and PEAI/FPEAI passivated systems. The

arrow indicates the energy downshift from the PEAI- to FPEAI-passivated system.
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Figure S5. FIB-SEM cross-section image of the p-i-n configured perovskite solar cell of (a)

pristine (b) PEAI and (c) FPEAI based modification.
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Figure S6. AFM 3D surface topography images (scanning range: 3.5 pum x 9.9 pm) of perovskite
films, processed on (a) FPEAI-passivated PTAA, (b) PEAl-passivated PTAA, and (c) pristine
PTAA layer.

Table S3. Surface roughness parameters extracted from the AFM imaging.

Sample Roughness Average [nm] | RMS Roughness (Sq) [nm] | Mean Roughness (Sa) [nm]
FPEAI 56.7 12.9 10.0
PEAI 54.8 13.2 10.5
PRISTINE 82.0 14.9 11.7
Supplementary Note 2.

The method described by Zhao et al. and Dasgupta et al. was applied to obtain micro strain
values.”® The described method enables the determination of strain in nanocrystalline materials
by examining the variability of the width of the reflections. The reflections (110), (220), (330)
were taken for analysis. These reflections positions are: 14.2°, 28.6° and 43.5°. The (440)
reflection due to its low intensity was not included in the analysis.”! This method uses the
assumption that the full width at half maximum (FWHM) of the diffraction peak is affected by
several factors, including strain and the finite size of crystallites. In this particular case, the most
important factors taken into account are apparatus expansion, grain size and strain as shown in the
Supporting Information Equation 3 below

Addps = Adhys + AdSi,. +Ad? S3

Where:

Ad? - full width at half maximum (FWHM) of the reflection,

Ad?; - instrument contribution - FWHM broadening of a selected reflection caused by the

XRD apparatus,
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Ad?,. - grain size contribution,

Ad? — micro strain contribution.

. Ad .. . .
We assume that the strain value & = —-and that it is expressed on the universal scale of interplanar

distance - d spacing: d = Thanks to this, we can write the Supporting Information

2sin6’
Equation 4 as:

Addps — Adfys = €2d* + Ad%ye S4
This equation can be compared to the line equation y = ax + b. As a result, the sought value of ¢
can be determined from the slope of the line drawn for reflections from the same families of

crystallographic planes as shown in Figures S7a and b.

Strain (110) (220) (330)
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Figure S7. Williamson-Hall plot for Perovskite films with and without interface modification, (a)
for micro strain determination: (Ad? ,ps - d? ins)'? versus d, according to equation (S4); (b) for
crystallite size determination, based on reflections (110), (220) and (330), B is the FWHM value

of the reflection.

To determine the average size of crystallites in the structure, the Williamson-Hall (W-H) method
was used.!! The following reflections were analyzed: (110), (112), (224), (312), (314). By drawing
a plot of $2,,/tg*(8) vs. B2a/tg*(6)sin (0) it is possible to determine the size of the crystallites

from the slope a, using the Supporting Information Equation S below.

kA
D=- S5
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Figure S8. UV-Vis spectra of perovskite thin films processed on the three different surface

variations.
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Figure S9. Tauc plots of perovskite layers processed on the studied surface variaitions.
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Table S4. PL lifetimes derived from the decay curves with the non-linear exponential fits.

Sample Lifetime (ns) with PTAA layer Lifetime (ns) without PTAA layer/lift-off films
FPEAI 439.5 1135
PEAI 254.5 481
PRISTINE 148.8 208
Supplementary Note 3

To have more insight into the device operation principles, we applied the Shockley diode equation

to the EL results following Equation Sé:

= Is(e% ~1) S6
where [ is current in the diode, /s stands for the saturation current, U denotes the voltage applied
to the device, n is the ideality factor, and the other symbols have their previous meanings. In Figure
S11a-c, we display the results for the best fits to the Shockley equation. The temperature was fixed
to 320 K for the calculations. For lower voltages, the influence of shunt resistances is visible, while
for higher applied biases, series resistance becomes more significant.!?> The values of the fitting
parameters (the saturation currents and ideality factors) are reported in Table 3 in the main text
and in the Figure S11. In the studied sample types, the ideality factors and saturation currents
display the following trend: pristine > PEAI > FPEAI, which means that the latter is the closest to
the ideal diode.

Alternatively, Equation S6 can be further transformed to Equation S7, which allows direct

calculation of the ideality factor:

= () 7

Application of this method instead of the best fit to Equation S6 gives information about the
validity of the fitting procedure.'®> Figure S11d presents the ideality factors calculated from
Equation S7, applied to the currents from Figure S11a-c. The value of the ideality factor is
indicated by the curve’s minimum. The pristine sample data indicate that a single exponent is not
sufficiently good to fit the current of this device, because the voltage range where its ideality factor
is constant, is too narrow. The situation improves slightly for the PEAI-passivated samples, and
for the FPEAI-passivated device the ideality factor does not change between 0.75 and 0.95 V, and

therefore for this voltage range the fit is done with Equation S6 works well. A comparison
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between the ideality factors obtained from the two methods suggests that in the pristine device
resistance is the highest and decreases with improvement of the PTAA/perovskite interface. For
the FPEAI-modified cell the ideality factors are the closest to each other and approach 2, a value
typically attributed to a first order (monomolecular) recombination process, e.g., with an assistance
of traps localized within a band gap. However, as shown by many authors, such a simple
explanation is often not correct since correlation between ideality factor and recombination
processes is a more complex relation.!#!> We can therefore give a tentative conclusion that an
improvement of the solar cells’ performance was caused by decrease of resistance at the
PTAA/CsFAPDI; interface, but a nature of processes responsible for charge carrier recombination

cannot be simply derived from the ideality factors.
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Figure S10. EL external quantum efficiencies as a function of applied voltage for the three types
of devices: (a) FPEAI-passivated, (b) PEAI-passivated, and (c) pristine.

S16



0.1
a FPEAI 11E-6 b PEAI 11E-6
0.01 1
_ 0.01 % / 1
0.001 - s i1E7 = 11e7 3
s g ] 0.001 u E .
n=21 L = g
T1E4L =79-107A 1 7 ] x < ; 8
= E] ~ 1E4 g, x
— 11E-8 = —_— i1E-8 =
- .: = i E:
o E j =
1E5| g 1E5 3 k]
< S— £ <}
- 119 0O {1E-9 £
1E-6 | 2 / : 1E-6 3 o
/ m=1,1
1E-7 : - : : +J1E-10 1E-7 : . " L  41E-10
0. 0.4 0.8 1.2 1.6 2.0 0.0 0.4 0.8 1.2 16 2.0
u(v) u(v)
1E-5
001l C PRISTINE 4381
{1E6
. 441
0.001 l1e7 3 —
g g 4.0
m —
= {1E8 — c
< 1E4} x = 38
= 2 P
11E9 ¢ = 32f
1E-5 S =
et S
{1E10 2 28
1E-6 = e ws PRISTINE
3 {1E-11 241 e PEAI
== FPEAI
1E-7 . . ; - — 1E-12 2.0 ' . .
0.0 0.4 0.8 1.2 1.6 2.0 0.7 0.8 0.9 1.0 1.1 1.2
U (V) u)

Figure S11. Currents and photon fluxes as a function of applied voltage for the three types of
devices: (a) FPEAI-passivated, (b) PEAl-passivated, and (c¢) pristine. Saturation currents (Is) and
ideality factors for currents (n) and photon fluxes (m) are calculated from the best fits to Equation
(S6). Temperature was fixed to 320 K. d) Ideality factors calculated from Equation S7 (for the
currents shown in Figure S11a-c, with temperature fixed at 320 K).

Table SS. Average currents measured in the c-AFM measurement for the three sample types, under
dark and light conditions at different biases corresponding to Figure 5f.

Samble Measured current [pA]
mp FPEAI PEAI PRISTINE

Bias [Vl mryvw DARK WX.T8l BRIGHT
0 -55 -29.8 -10.5 -3.2
-0.5 -296 -204.3 VEXCM 377
+0.5 10.64 8.5 131 1.4
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Figure S12. J-V curves (reverse scans) of the three types of devices: a) FPEAI-passivated, b)
PEAI-passivated, and c) pristine, taken along the aging test at 85°C.
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Figure S13. X-ray diffractograms of perovskite layers processed on the three different surface
variations (FPEAI-, PEAI-modified, and pristine), taken (a) before aging, and (b) after 1000 hours
of thermal test at 85°C.
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Figure S15. Schematic of the sample setup for the iodine release monitoring, which is based on
silver conductance measurement.
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Figure S16. XPS spectra of the iodine (I 3d) and lead (Pb 4f) core level, measured for the three
sample types, taken (a, c) before light soaking test, and (b, d) after 1000 hours of light illumination.
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