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SUMMARY

Pre-synthesized perovskite powder is advantageous for device reliability. Arguably, the water uptake
capability is critical for the stability of a-FAPDbI3 thin films, and the migration of hydrogen species is
challenging to elucidate using routine techniques such as imaging or mass spectroscopy. Here, we
decipher the proton diffusion to quantify indirect monitoring of H migration by following the N-D
vibration using transmission infrared spectroscopy. Allows the direct assessment of the deterioration
of perovskite by moisture. The inclusion of a minor amount of Cs in FAPDI3, reveals significant
differences in proton diffusion rates attesting to its impact. Its ability to access the active layer by
water molecules is five times, lower than FAPbI; which is lower than MAPDI3. This protocol directly
correlates with the local environment of the materials and engages with a range of semiconductors to
identify the material's reliability and intrinsic degradation mechanisms toward its suitability for

optoelectronic applications.


mailto:shahzada.ahmad@bcmaterials.net
mailto:shahzadaahmada@ehu.eus
mailto:shahzada.ahmad@bcmaterials.net
mailto:shahzadaahmada@ehu.eus

INTRODUCTION

In the emerging solar cells category, a monumental research focus has been given to the field of
perovskite solar cells (PSCs) in the last decade.! The first reported methylammonium lead triiodide
(MAPDI3) based PSCs showed competitive results, which was followed by compositional
engineering of the perovskites to harvest more solar energy, in terms of higher photo-current and
open-circuit voltage engineering through the materials composition variation.> However, the concern
of volatility of methylammonium (MA) in the former, and phase segregation in the latter, led to the
renaissance of formamidinium lead triiodide (FAPbIls) for solar cell fabrication. > Among other
merits, such as favorable lower bandgap for improved light harvesting, long-term thermal stability
due to the higher activation energy for thermal degradation, and improved bulk stability due to the
self-healing property of formamidinium ion,° their switching of photo-active (a-phase) to photo-
inactive (8-phase, yellow) phase compromises reliability issues under operational conditions.” The
phase transition to the thermodynamically stable &-phase is initiated through the lattice strain
relaxation and further accelerated by diverse environmental forces.® To overcome such grievances,
various strategies such as compositional,®*° additive,** dimensionalities,** passivation*and process
engineering,***® have been adopted by the research community, to deliver significant advancements
in terms of power conversion efficiencies (PCE) and phase stability for FAPbIs-based PSCs. The
engineering of composition, in particular, the multi-cation combination (MA, Cs*, and Rb* with FA)
with different halide anions emerged as a path to fabricate efficient PSCs. Recent investigations at
the localized level (nanostructure) revealed that the triple cation perovskites show a tilted octahedral
formation which boosted the phase stability. However, further studies suggested that phase stability
is restricted only to the macroscopic level and the inhomogeneously-tilted octahedra accelerate the
phase segregation followed by the creation of deep traps and photo-generation pathways.” Owing to
the substantial advancement made in MAPDbI; based PSCs, rational choice of additives and

passivation successfully addressed the phase instability issue, and the PCE skyrocketed through



strain engineering. Methylene diammonium dichloride has been introduced as an additive and their
employment along with smaller Cs™ mitigated the lattice strain and achieved higher efficiency of

24.4% and the PSCs maintained >80% of their initial PCE after 1300 h in the dark at 85 °C.*®

In addition to the high PCEs, reliability is critical for PSCs to enter the commercialization endeavor
of PSCs, while the PV market relies broadly on operational costs. Moisture or humidity is the main
factor for degradation while other environmental scenarios such as heat, light, and combinations of
factors alleviate this.'*?* Moisture-induced degradation accelerates intrinsic instability. With the
herald, building abound FAPDbI3; as a material of choice, a direct, rapid, and reliable approach is
paramount to investigating and developing fast and efficient screening of materials. Water ingress
into the perovskite layer may proceed through i) mono-, di-hydrate formations, ii) strong water-
organic amine interaction induced degradation through the weakening of cation-Pblg interaction, and
iii) protonation of iodide to form hydroiodic acid leaving Pbl, behind as the final decomposition
product.”® Understanding the reaction kinetics and mechanistic origin are pivotal to designing robust
perovskite-based absorbers. lon diffusion into the perovskite grains occurred as a result of ion
migration at grain boundaries and in the bulk, this negatively affects the overall device

performance.?*®

Quantifying experimental approaches to monitor water uptake will be beneficial,
although current techniques such as TOF-SIMS?® do not apply to hydrogen species (H, H®, and H™),
it can be studied by neutron scattering experiments.”” However, this requires access to large-scale
radiation facilities and planning. The development of experimental techniques for tracking the
migration of hydrogen species is of significance to deciphering the stability of designed materials.
One such technique is polarization-modulated infrared reflection—absorption spectroscopy (PM-
IRRAS),?® which can track the migration of hydrogen species in MAPbI; by registering the

difference in the vibrational frequency of X—H vs X-D bonds during isotope exchange processes,

where X is a heavier element such as carbon, oxygen, or nitrogen.”® Alternatively, the H / D



composition of the material can also be determined using NMR spectroscopy after the dissolution of

the material %

As an extension of this work, we employ transmission infrared (IR) spectroscopy using a sealed cell
to follow the isotope exchange under controlled conditions. We show that this is a particularly
suitable technique as it allows direct probing of local environmental effects, such as relative
humidity, on the migration of hydrogen species. Additionally, we have opted for powder-engineered
perovskites as the choice of material owing to i) achieving the highest PCEs and reproducibility over

their conventional counterpart, 332

i) reduction in the microstrain and Urbach energy values for
perovskite layers fabricated from the powder engineering process, indicating mitigated structural and
electronic disorders.*> Additionally, the powder methodology, would overcome the Pb impurities
issue from the Pb precursors and elimnate the error in the weighing of the precursors. The indirect
assessment of the protection against moisture induced by surface modification of the powder-
engineered a-FAPDI3; and a-CsFAPbDI; can be obtained by simply monitoring the rate of hydrogen
exchange within the active layer in the presence of ambient moisture. This knowledge can be used to
predict the material’s propensity towards moisture-induced defect formation. Optimization of such
process and materials design rule will suppress the non-radiative recombination of photo-generated
charge carriers, paving way for higher fill factor and the Voc in PSCs. With this in hand, we further

improve the performance of powder-engineered PSCs with promising fluorinated ionic liquids as an

additive.

RESULTS AND DISCUSSION
Preparation and characterization of thin films

Hereafter we use the term "‘FAPbI; from &-powder’ and "FAPbI; from a-powder’ for FAPDI; thin

films fabricated from the pre-synthesized d-phase and a-phase powders respectively. The synthesis



of &-phase and a-phase powders are detailed in the experimental section, briefly 3-phase powder
was precipitated by stirring lead iodide (Pbl,) with the formamidinium iodide containing acetonitrile
solution at room temperature. The a-FAPDbI3; powder was realized by annealing the &-phase powder
at 150 °C. Thin films of the perovskites were prepared by spin-coating precursor solutions onto a 2
mm thick BaF;, disk (20 mm diameter). Upon annealing to 150 °C for 30 min, both FAPDI;, ie
FAPDI; from &-, and a—powders, gave dark brown films with identical UV-vis spectra. Scanning

probe microscopy (SPM) images (Fig. S1) were collected on each sample to determine grain size.

Proton diffusion studies

The samples were placed in a home-built spectroscopic cell that hermetically seals the BaF, substrate
inside a controlled environment. After measuring the transmission IR spectrum at t = 0, a saturated
solution of K,COj3 in D0 is injected into the cell to maintain the relative humidity fixed at 43%.
Successive IR spectra are then taken to determine the proportion of H / D exchange taking place in

the material over time.

The spectral variation during the H / D exchange for the FAPbI3; from the a-powder sample is shown
in Figure 1A in the 1850-1250 cm™ region. At t=0, the IR spectrum exhibits three main bands at
1712, 1613, and 1352 cm™, with strong, weak, and medium intensities, respectively. The 1712 and
1352 cm™ bands are coupled modes involving vCN, 8NH,, and SCH vibrations; the 1712 cm™ mode
is dominated by the vCN (50%) and 8NH, (40%) components whereas the 1352 cm™ mode is
dominated by the 8CH (72%) component. The 1613 cm™ mode is pure 8NH, vibration.** Upon D,O
exposition, the 1712 and 1352 cm™ bands decreased in favor of the increase of the 1681 and 1336
cm™ bands, respectively, whereas the decrease of the SNH, band at 1613 cm™ mode is associated
with the increase of the SND, band at 1393 cm™ (Figure 1A). It is important to note that only the H

in the NH, fragment will exchange with D,O. The H / D exchange for the a-FAPbI; sample can be



followed by either the spectral variation of the pure SNH, mode or by the sum of the spectral
variation of the two bands related to the coupled modes involving vCN, 8NH, and 6CH vibrations.
Both were found to give identical kinetic profiles but, due to the weaker intensity of the SNH, mode,

the spectral vibration of the coupled modes of vCN and 8CH were selected.

The variations in the spectral data are related to the exchange of the labile N—H protons in FAPbI; by
deuterium, which causes a shift of the vibration to lower frequencies due to its higher mass. This is a
complex process that we can decompose into 3 steps: (i) dissociation of D,O on the surface of the
substrate, (ii) diffusion of D" into the sample, and (iii) H / D substitution in the formamidinium
cation. Both the dissociation of D,O and isotopic substitution are expected to be fast with respect to
ion diffusion in the solid, which should therefore be rate-limiting. The diffusion of a species in a
solid follows Fink's law stating that the rate of diffusion of a species is proportional to the
concentration gradient of that species. The exact solutions of Fink's law depend on the experimental
conditions. For the diffusion in nano-crystalline perovskite thin films, we have evidenced that high-
diffusivity pathways between grains are important in determining the diffusion rate. Indeed, the
measured diffusion rates are relatively insensitive to sample thickness in agreement with a model in
which diffusion occurs rapidly around the grains, and more slowly inside.* The individual grains can
be modeled as spheres of radius R, and the bulk sample's H / D exchange is obtained by integrating

over the thickness of the sample (eq 1):

M 7’127T2t

mt)=——=1-2¥7, e & (1)

Mtotal

Where m(t) is the fraction of total deuterium present at time t, M is the intensity of the signal for the
deuterated species present, D is the diffusion constant, and R is the radius of the sphere

approximating the grain size or lattice domain.



As mentioned above, the vibrations of the N-H(D) and C—H are strongly coupled. Because of this, it
IS not possible to individually discriminate between the partially deuterated species as is the case for
MAPbDI;, where the sequential transformation of CH3NH;® — CH3NH,D® — CH3NHD," —
CH3NDs" can be resolved. Furthermore, the contribution of the C—H vibrators (which do not undergo
isotope exchange) should be deducted from the overall signals to obtain exclusively the changes
resulting from the N-H to N-D exchange. To simplify this, we identified the vibration at vibrations
at 1712 cm*, 1681 cm ™, 1352 cm %, and 1336 cm-—1 to be exclusively (or nearly so) due to N-H / D
vibrators. For these bands, the loss of the N—H contribution (at 1712 cm™ and 1352 cm™) is fully
compensated by the grow-in of the N-D species (at 1681 cm* and 1336 cm ™) as shown in Figure
1B, C) as shown in Figure 2A. From this, it is possible to verify that the loss of H can be precisely
quantified from the sum of the intensities of the vibrations at 1712 cm™* and 1352 cm™. The data
may then be fitted to eq(1) using a value of R corresponding to the average grain size (Table 1)

determined by SPM and surface SEM images for each sample (Figure S1).

The results for the analysis of the diffusion of D into thin films of FAPbIl; or CsSFAPbI; exposed to
D,0 are summarized in Table 1. The diffusion constants were determined using the corresponding
average grain size for each sample as derived from the analysis of the AFM and SEM images (Figure
S1). Overall, the diffusion coefficients are smaller than that previously determined for MAPDI; (D =
1.5 x 10 s.cm ™). As expected, FAPbI; films prepared from either a-powder or &-powder gave
nearly identical results, in agreement with the observation that the nature of the precursor material
does not affect the properties of the post-annealed active layer. It can also be seen that the rate of
diffusion of protons into CsFAPDbI; from a-powder is only one-fifth that of FAPbIs. Interestingly, the
proton diffusion rate constants are greatest for MAPDbI3 and the smallest for CsFAPDI3, with MAPDI;
> FAPDI; > CsFAPbDI;. This is also the same order that is generally observed for the propensity

towards damage by ambient moisture in halide perovskite materials, and we may speculate that the



propensity of lead halide perovskite materials towards damage by moisture is related to the proton
diffusion rate for the material. A similar observation was earlier made from the comparison of MAPI
active layers in the absence of different adlayers capable of reducing moisture degradation. In this
case, the rate of isotope substitution was found to be slowest for those adlayers offering the greatest
protection.?® We also note that the fit of the experimental data for the CsFAPbI;from the a-powder
sample shows some deviation from eq(1) which may reflect intra-grain inhomogeneity due to the

partial substitution of FA by Cs”.

Though reports appear to suggest a performance enhancement in powder-engineered FAPbDI;
PSCs, %% the reason for intrinsic stability remains undiscovered to an extent. While comparing the
conventional and powder engineering methods, we speculate that the precursor solution step acts as a
Y-junction in the perovskite fabrication process and their investigations are crucial. It has been
suggested that the perovskite precursor solution is a low-viscous solution that comprises polyiodide
plumbates which drive the nucleation and crystallization upon further spin coating and annealing.*
To unravel the different scenarios between conventional (c-FAPbI3) and powder engineering (a-
FAPDI3) methods, we probed the corresponding FAPbI; precursor solutions using proton nuclear
magnetic resonance spectroscopy. With the presence of Pbl,, the protons attached to two nitrogen
atoms showed fast resonances which lead to the peak broadening (Figure 3). A slight peak
broadening of -CH protons was also visible in the powder method than in the conventional
counterpart. Arguably, such observations are attributed to the difference in the local protonic
environment in the precursor solution which in turn impacts the photo-physical properties of the

corresponding perovskite thin films.

Fabrication and analysis of PSCs



The photovoltaic performances of the PSCs employing FAPbI; and CsFAPbI; from a-powders were
probed in an FTO/c-TiO,/m-TiO,/SnO,/Perovskite/Spiro-OMeTAD/Au device structure (Figure 4A).
Expectedly,®**" the CsFAPbI; based PSCs exhibit a higher PCE of 19.2% as compared to 18.8% for
FAPDI; based PSCs, and the steady-state efficiency of 19.14% (Figure 4B, C) is measured for

CsFAPDIs;.

To suppress the inhibition of ionic migration and a further improvement in the performance of PSCs,
we adopted doping by ionic liquids, this will also reduce the ionic migration within the CsFAPDI;
perovskite thin-film. We employed, the 1,3-bis(cyanomethyl)imidazolium
bis(trifluoromethylsulfonyl)imide (IL)* as an additive into perovskite. The ionic liquid additivisation
improved the crystallization of the perovskite layer and yielded an improvement in the thickness
from 530 nm to 580 nm (Figure S2) as a result of the controlled crystallization process. The
improved crystallization of perovskite film may attribute to the changing of surface tension within
the precursor and the coordination between ionic liquid and Pbl,.***° Figure 4D exhibits the J-V
curves of PSCs based on various concentrations of IL doping. At the doping concentration of 0.7
mol%, the PCE of the PSCs improved to 20.55% (Table 2, Figure S3), while under similar
conditions the reference CsFAPbI3-based PSCs measured 19.27% in the same batch. The steady-state
efficiency of the devices was compared (Figure 4E), and the PSC doped with IL displayed 20.38%
PCE after 130 s of continuous illumination, further we noted that the PCE is close to the value
derived from the J-V curve, and under the similar condition the CsFAPbI; based PSCs measured a
PCE of 19.13%. Furthermore, the integrated current density (Jsc) from the incident photon to current
efficiency (IPCE) (Figure 4F) over the spectral range from 350 to 900 nm to measure the veracity of
the Jsc of the J-V curves. The integrated Jsc of PSCs based on references and doped with IL

respectively achieved 22.86 and 22.81 mA cm™ which is close to the short-circuit current density



(Jsc) value from the J-V curves with a slight loss of 7%. We attribute these slight variations to the
difference in the light source of J-V and IPCE used.

We performed the Time-Resolved Photoluminescence (TRPL) measurements (Figure 4G) of pristine
and IL-doped CsFAPDI; on a structure of glass/perovskite to deduce the carrier lifetime of perovskite
film, as well as the decay times. The data are fitted by a mono-exponential model at a long decay
regime with = components which indicated recombination.** On the additivisation of CSFAPbI; film
with IL, the decay time (¢) of TRPL increased from 516.1 to 614 ns indicating the reduced
recombination of photogenerated electrons and hole, which is attributed to the passivation of trap

states by the ionic liquid.*®

To conclude, here we employed transmission IR spectroscopy and demonstrated the suitability in
allowing the tracking of local environment scenarios against the humidity and made quantification of
ion migration to unravel the material’s intrinsic properties for device improvement. We noted the
proton diffusion rate constants follow the order of MAPbI; > FAPbI; > CsFAPDI; and are lowest for
CsFAPDI;. The majority of techniques fall short to probe hydrogen species migration, our report
reveals guidelines for deciphering the H" migration and diffusion coefficient to increase the photo-
stability of perovskites. The incorporation of Cs not only pushes the performance but also
significantly reduces the diffusion coefficient by five times in FAPbl;. The development of such a
protocol is an effective and rapid means to screen the viability of the material for perovskite solar
cells technology and assess the fundamental limit of the materials to understand the local
environment for reliability in a range of emerging semiconductors. We modeled the rate of H/D
exchange employing first-order kinetics to elucidate numerical parameters that can be directly

correlated to probe the effectiveness of surface modification on environmental exposure.

Experimental procedures
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Resource availability
Lead contact
Further information and requests for resources and reagents should be directed to and will be

fulfilled by the lead contact, Shahzada Ahmad (shahzada.ahamad@bcmaterials.net).

Materials availability

This study did not generate new unique materials.

Data and code availability

This study did not generate datasets.

Chemical materials

Titanium diisopropoxide bis(acetylacetonate) (TAA), 4-tert-butylpyridine (tbp), tin(1V) chloride
pentahydrate, bis(trifluoromethane) sulfonamide lithium salt, and [tris(2-(1H-pyrazol-1-yl)-4-tert-
butylpyridine)-cobalt(IIl) tris(bis(trifluoromethylsulfonyl)imide)] (FK209), chlorobenzene (CB),
dimethylsulphoxide (DMSO), dimethylformamide (DMF), methylammonium hydrochloride (MACI)
were supplied from Sigma-Aldrich. lead iodide (Pbl,) and cesium iodide (Csl) was purchased from
TCI. 2,2',7,7'-Tetrakis(N, N-di-4-methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD) was
purchased from Merck. 30-NRT was purchased from GreatCell. All of the purchased chemicals were
used as received without further purification.

Synthesis of FAPDbI; é-phase powder

The 6-phase powder was synthesized by using the room temperature precipitation method. The 10.7
mmol FAI (synthesized from formamidine acetate) was dissolved in 100 ml of acetonitrile (HPLC
grade, Alfa Aesar) by stirring, then 8.3 mmol of Pbl, (99%) was added to the stirring solution and
allowed the stirring to continue for 24 hours. The derived yellow powders were filtered and washed
thoroughly (5-6 times) with acetonitrile and finally with diethyl ether to remove any residual Pbl,
and FAI. The yellow product was then dried under a continuous vacuum for another 24 hours and

kept in the glove box until further use.
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Synthesis of FAPbI; a-phase powder
The 5-phase powder was annealed in a tube furnace at 150 °C for 1 hour in an inert atmosphere to

obtain a black a-phase powder. This black powder was kept in the glove box for further use.

Synthesis of CsFAPDbI; a-phase powder

Acetonitrile solution containing Csl and FAI in a 1:9 ratio was used in this case and the rest
procedure is the same as the above for FAPbI; a-phase powder

Film and device fabrication

The chemically etched FTO glass was cleaned with a detergent solution, acetone, and ethanol. For
the compact TiO, (C-TiO,) layer, TAA solution in ethanol (0.2 mL of TAA in 6 mL of anhydrous
ethanol) was sprayed at 450 °C and heated for 1 h. The mesoporous TiO, (m-TiO,, 30-NRT) was
diluted at ethanol with a ratio of 1:10 and coated on the C-TiO, substrate at a speed of 3000 rpm for
20 s with a ramp-up of 2000 rpm s™ finally heating at 500 °C for 60 min. The SnCl, layer was
dissolved in deionized water at a concentration of 12 uL/mL and spin-coating on the m-TiO, layer at
a speed of 3000 rpm for 20 s with a ramp-up of 2000 rpm s * finally heating at 190 °C for 60 min, and
then perovskite solutions were formulated by dissolving 1.4 M a-FAPDbI3 or CsFAPbI; powder in
DMSO/DMF mixed solvent with a ratio of 1:8, 20 mg MACI was also added to the perovskite
solution. In the additivated perovskites, the ionic liquid was added in varying concentrations of IL
into the perovskite precursors. All the perovskite solutions were filtered through a PTFE filter with a
450 nm pore size. The perovskite layers are fabricated by spin-coating at 1000 rpm for 10 s and 5000
rpm for 30 s, respectively. Then, 200 puL of chlorobenzene was dropped in 10 s at 5000 rpm.
Perovskite films were annealed at 150 °C for 15 min. The HTM solution was prepared by dissolving
75 mg of Spiro-OMeTAD (Merck) with additives in 1 mL of chlorobenzene and film fabricated by
spin-coating at 4000 rpm for 30 s. As additives, 18 pL of Li-bis(trifluoromethanesulfonyl) imide

from the stock solution (520 mg in 1 mL of acetonitrile), 13 pL of FK209 [tris(2-(1H-pyrazol-1-yl)-
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4-tert-butylpyridine)-cobalt(l11) tris(bis (trifluoromethylsulfonyl)imide) (375 mg in 1 mL of
acetonitrile), and 30 pL of 4-tert-butylpyridine were added. Finally, the deposition of the 70 nm

thick Au electrode by thermal evaporation on the Spiro-OMeTAD.

Material and thin-film characterizations

For the TRPL measurements, samples were excited with a 408-nm pulsed laser (MDL 300,
PicoQuant) with 40 um-cm™ pulse energy density (pulse width 180 ps). *H-NMR spectra were
recorded using a Varian Mercury 400 MHz spectrometer in DMSO- d6 solvent at 25 °C. The cross-
sectional and surface SEM images were acquired from a Hitachi S-4800 SEM machine. SPM images
were acquired with the help of Autoprobe CP-Research microscope (VEECO) after the IR
experiments. Transmission IR experiments were performed on a ThermoNicolet Nexus 670 FTIR
spectrometer at a resolution of 4 cm™.

Device characterizations

Current-voltage characteristics were recorded by applying an external potential bias to the cell while
recording the generated photocurrent with a digital source meter (Keithley Model 2400). The light
source was a 450 W xenon lamp (Oriel) equipped with a SchottK113 Tempax sunlight filter
(Praezisions Glas & Optik GmbH) to match the emission spectrum of the lamp to the AM 1.5G
standard. Before each measurement, the exact light intensity was determined using a calibrated Si
reference diode equipped with an infrared cutoff filter (KG-3, Schott). The cells were masked with
the active area of 0.09 cm? to fix the active area and reduce the influence of the scattered light on the
small device. IPCE spectra were recorded as functions of wavelength under a constant white light
bias of ~10 mW-cm 2 supplied by an array of white light emitting diodes. The excitation beam
coming from a 300 W xenon lamp (ILC Technology) was focused through a Gemini-180 double
monochromator (Jobin Yvon Ltd) and chopped at =2 Hz. The signal was recorded using a Model

SR830 DSP Lock-In Amplifier (Stanford Research Systems).
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SUPPLEMENTAL INFORMATION

Document S1. AFM surface and SEM surface of perovskite films, and cross-sectional SEM images
of devices. Device statistics.

Supplemental information can be found online at ...
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Figure 1. Spectral variation during the H / D exchange

(A) Evolution of the transmission IR spectra of a film (200um thick) prepared from a-FAPbI;exposed to 43% RH D,0 (t
=0to 100 h) and (B and C) Zoom of differential absorption spectra (Abs; — Abs; = o). The presence of isosbestic points is

visible in both the absolute (top) and differential (bottom) absorption spectra.
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Figure 2. Relative H/D composition

(A) Relative hydrogen (blue symbols) and deuterium (red symbols) composition of thin films of FAPbI; exposed to D,O
(RH = 43%) at room temperature determined from vibrations assigned to pure N—H or N-D modes. Solid black lines are
the best fit for eq(1), (B) Comparison of the proportion of hydrogen present in thin films prepared from FAPbI; from a-

powder (blue symbols), FAPbI; from -powder (green symbols), and CsFAPbI; (red symbols), as determined from the
sum of the vibrations at 1712 cm* and 1352 cm*, exposed to D,O (RH = 43%) at room temperature. Solid black lines

are the best fit for eq(1).
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Figure 3. 'H-NMR characterization of precursor solutions

(A) Solution *H-NMR spectra of FAI, conventional-FAPbl; and a-FAPbI; in DMSO-Dgsolvent at 25°C , the FA cation
structure has been given in the inset; (B and C) Zoom-in view of Solution *H-NMR spectra of, (B) —NH, protons and,
(C) —CH protons in all the three solutions.
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Figure 4. Scheme, and electro-optical analysis of perovskites and solar cells

16



(A) Schematic diagram and the corresponding cross-section image of CsFAPbI; based solar cells, the molecular structure
of ionic liquids used, (B) J-V curves of devices based on FAPbI; and CsFAPbI;, (C) the steady-state PCE of PSCs based
on FAPDI; and CsFAPbDI;, (D) The champion J-V curves of CsFAPDI; based PSC doped with the various concentrations
of IL, (E) the steady-state PCE of PSCs based on pristine CsFAPbI; and doped with 0.7 mol% IL, (F) IPCE of the
devices based on CsFAPbI; (22.86 mA cm™) and doped with 0.7 mol% IL (22.81 mA cm?), (G) PL decay curve of
pristine CsFAPbIzand 0.7 mol% IL doped CsFAPbI; perovskite film deposited on glass.

Tablel. Diffusion constants for protons (H) in pristine perovskite

Material R (nm) D (cmZs 1)
FAPbI; from a-powder 200 51x 10
FAPbI; from 3-powder 200 5.2 X107
CsFAPbI; from a-powder 140 11x10"

#Determined using eq(1) according to the average grain size R obtained from AFM and SEM analysis of the samples.

Table 2. Photovoltaic parameters of the devices based on pristine FAPbl; CsFAPbI; and IL doped CsFAPDI;
based solar cells.

Perovskites Jsc (MACm?) Ve (MV) FF (%) PCE (%)
FAPbI, Max 24.22 1022 76.2 18.85
Average 23.51+0.71 993-+29 745+17 17.40+1.45
CsFAPbI, Max 24.38 1036 76.3 19.27
Average 23.78+0.6 1011+25 744+19  17.90+£1.37
CsFAPbIs+IL 0.5 % Max 24.36 1054 77.2 19.82
Average 23.80+0.56 1004 +50 75.2+2 18.00+1.82
CsFAPbI+ IL 0.7 % Max 24.36 1072 78.7 20.55
Average 23.43+0.93 1036+36 769+21 18.63+1.92
CsFAPbI+ IL 1 % Max 24.40 1043 76.8 19.54
Average 23.78+0.62 1015+28 757+11 18.16+1.38

Table 3. Fitting parameters of mono-exponential decay function in TRPL measurements of CsFAPbI; perovskite

in pristine form and with 0.7 mol% IL doping.

Film 7 (ns)
Glass/CsFAPDI; 516.1
Glass/ CsFAPDbI3;+ 0.7 % 614
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