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Abstract

There is an ongoing surge of interest in the use of formamidinium (FA) lead iodide perovskites
in photovoltaics due to their exceptional optoelectronic properties. However, thermodynamic
instability of the desired cubic perovskite phase (a-FAPbI3) at ambient conditions leads to the
formation of a yellow non-perovskite (5-FAPbI3) phase that compromises its utility. We achieve
a stable a-FAPbI; perovskite phase by employing benzylammonium iodide (Bzl) and elucidate
the microscopic structure by using solid-state NMR spectroscopy and X-ray scattering
measurements. Perovskite solar cells based on the FAPbI3(Bzl)o.25 composition achieve power
conversion efficiencies exceeding 20%, which is accompanied by enhanced shelf-life and

operational stability, maintaining 80% of the performance after one year at ambient conditions.

Introduction

Hybrid organic-inorganic perovskite solar cells (PSCs) have seen an unprecedented increase in
photovoltaic performance over the last decade, rising from 3.8% to over 25%.!1-*) This stunning
improvement can be ascribed to the perovskite absorber materials, which are ionic crystals
possessing high dielectric constants, long charge carrier diffusion lengths, large absorption
coefficients, and a band gap suitable for solar light harvesting.[*® These materials are based on
the ABX3 structure (Figure la-b), where A is a monovalent cation, e.g. organic
methylammonium (MA), formamidinium (FA), or inorganic Cs*, B is a divalent metal (such as
Pb or Sn), and X is a halide ion (CI, Br, or ).’ Perovskite properties are tunable by replacing
the large halide (e.g. I") by smaller size halides (e.g. Br~), which results in an increase in the

band gap.['% while substituting Pb?>" by Sn?" decreases the band gap.['!!
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Figure 1. Schematic representation of (a) a perovskite solar cell as well as the (b) 3D perovskite crystal
structure based on an ABX3 formulation along with the (c) typical layered 2D perovskite structure based
on SyAn1BnXsn+1 formula. For instance, the presented 2D structure can be defined by the x = 2

(Ruddlesden-Popper phase) and n = 2 composition.

Another approach to tailoring the optoelectronic properties includes the use of larger organic
cations to form low-dimensional perovskites.!!>!3] This approach leads to an increase in the
band gap as a result of modifying the 3D perovskite structure by introducing layers of organic
spacer moieties within the 3D structure, to form a layered 2D perovskite structure.l!*!>] The
general formula for the 2D perovskite systems is SxAn-1BaX3n+1, where x depends on the number
of large alkylammonium cations in the layer (x mostly equals 1 or 2), whereas n defines the
number of perovskite slabs separated by the organic layer (n = 1, 2, 3, etc.; Figure 1¢).[!3:1416.17]
Spacers are large organic alkylammonium cations that can be either mono- (x =2) or
bifunctional (x = 1) to produce 2D-perovskite Ruddlesden-Popper (RP) or Dion-Jacobson (DJ)
phases, respectively.[!>1721] The electrical and optical properties of materials strongly depend
on the number of 3D perovskite slabs (n) separated by the 2D layers, which are mainly

comprised of insulating organic moieties.??) Therefore, these systems are highly anisotropic
3
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and the effective charge extraction depends on the orientation of the layers with respect to the
selective charge-extraction layers.'>?*] This limitation stimulated the appearance of another
approach that involves forming 2D/3D perovskite composites of 3D perovskite compositions
with 2D overlayers, which show good photovoltaic performance with improvement in their
operational stability.[?*2%) In this regard, 2-phenylethylammonium (PEA) has been particularly
effective (Figure 2a).[2039331 It has been shown that phenylalkylammonium analogues, e.g.
benzylamine and aniline, can impart the formamidinium (FA) lead iodide film surface with
improved electronic properties and moisture resistance.**! The remarkable optoelectronic
properties of a-FAPbI; and its high thermal stability render it an ideal candidate for hybrid
perovskite photovoltaics.?>=%  However, under ambient temperature conditions, a-FAPbI3
perovskite converts to the non-perovskite d-phase that is not suitable for photovoltaics and
stabilizing it without compromising the optoelectronic properties as well as device
performances is an ongoing challenge.l*8! The use of phenylammonium analogues on the
surface of FA¢9Cso.1Pbl,9Bro films shows promise for suppressing hysteresis effects,]

whereas benzylammonium (Bz; Figure 2b) gave promising results,*>3¢ although its role in

perovskite solar cells remain elusive.

Herein, we demonstrate stabilization of the o-FAPbIz phase by modifying it with
benzylammonium (Bz) cations. Benzylamine features a delocalized n-system!*7-8] extending
over the entire molecule, as shown by the density functional theory calculations®! which could
contribute to lowering the barrier for charge-carrier transport as compared to other phenyl analogs.
Moreover, the Bz features strong hydrophobicity®** and rigidity, without compromising the
adaptability of the ammonium termini for binding to the perovskite surface.l**#!l This could

[42] while maintaining its

further direct the assembly of Bz moieties on the surface of a-FAPbI3,
optoelectronic properties.[?8] We reveal that BzI can interact with a-FAPDbI; at the atomic level

through hydrogen bonding, as evidenced by solid-state NMR spectroscopy, stabilizing it
4
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against the detrimental o-to-6 phase transition. Furthermore, adding Bzl to the perovskite
precursor (abbreviated as FAPbI3(Bzl)x) leads to superior device performance and operational

stability, as well as shelf-life over one year under ambient conditions.

Results and discussion

We prepared hybrid perovskite films by dissolving the FAI, Pbl> and Bzl precursors in a
mixture of N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) of 4:1 volume
ratio and depositing the precursor solution by spin coating it onto the electron selective contact
with the layered architecture (mesoscopic(mp)/compact(c)TiOo/fluorine-doped tin oxide (FTO)

glass; Figure 1a). The details of the procedure are given in the Experimental Section.

The structural properties of the films are analyzed by X-ray diffraction (XRD) for different
FAPbI3(Bzl)x compositions (x =0, 0.05, 0.10, 0.25 and 0.50). The films containing Bz moieties
show patterns comparable to the 3D FAPbI; perovskite (Figure 2¢). While the propensity of Bz
to form a pure 2D Bz,Pbls perovskite is evidenced by XRD (Figure S1), there are no additional
peaks observed in the lower angle domain (26 <10 °) for FAPbI3(Bzl)x which suggests the
absence of low-dimensional perovskite phases under these conditions.l'”) Moreover, the film of
FAPbI3(Bzl)o.25 does not show the presence of diffraction peaks associated with Bz;Pbly, as
reported previously.[**] In this earlier report, however, a strong reflection signal has been
observed at 6.26 °, which is not apparent for the films containing FAI. This suggests that the
2D phase either does not form in the presence of FAI or that it is highly disordered which
prevents its detection. Alternatively, multiple low-dimensional phases of various mixed Bz/FA
2D/3D phases are likely to form, which could co-exist in lower concentrations and possibly
feature lower level of crystallinity, leading to the disappearance of the low angle reflection
peaks or their appearance in a different 20 range. Nevertheless, other spectral signatures suggest

presence of the interaction with the FAPbIz. Specifically, while neat FAPbI; films contain d-

5



WILEY-VCH

FAPbI; (260 = 11.8 °) and Pbl, (20 = 12.6 °),[#+4540] these phases are absent in the films
containing Bz, particularly for x > 0.05 compositions. This suggests that Bz affects the structure
of FAPbI3, which could be the result of surface modification or the formation of mixed low-

dimensional Bz/FA phases.[*?]

+
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Figure 2. (a-b) Structural representation of (a) commonly employed 2-phenylethylammonium (PEA)
organic spacers for 2D perovskites and (b) benzylammonium (Bz) organic moieties employed in this
study with the corresponding DFT-optimized structures (at the B3LYP 6-31G(d) level of theory).!*")
(c) XRD patterns of the FAPbI3(Bzl), perovskite films.

This interaction was further assessed at the atomic-level by means of solid-state NMR

spectroscopy. It has been shown that the solid-state NMR methods can be employed to

[47-50] [51] 52-54]

investigate phase-segregation , cation-incorporation®!l, cation-dynamics®24, halide
mixing!*], and atomic-level proximities among various functional groups.l* 'H-13C cross-
polarization experiments were performed on neat Bzl and FAPbI3(Bzl)o2s samples (Figure 3,
left) prepared by mechanosynthesis in accordance with the reported procedures.[*’-% The NMR
spectra of a-FAPbI3 and 6-FAPbI3 show distinguishable 3C resonances at 155.9 ppm and
156.8 ppm, respectively (Figure 3a—b), while neat Bzl shows aliphatic '3C resonances at

433 ppm and six aromatic resonances in the 125-136 ppm range (Figure 3c). In

FAPbI3(Bzl)o.25, the FA environments appear at 155.9 ppm evidencing the stabilization of the
6



WILEY-VCH

a-FAPDI; phase. Moreover, the aliphatic (40-50 ppm) and aromatic (125-136 ppm) signals of
Bz are shifted compared to neat BzI, indicating that BzI has fully reacted with FAPbI3 (Figure
3d). We initially assumed that this reaction might result in the formation of low-dimensional
BzoFAn-1Pbalsn+1 phases (withn =1, 2, 3, ...) co-existing with the 3D FAPbI; perovskite phase,
likely in accordance with the following reaction (1). This would require the release of FAI as

one of the side-products, which is known to be more volatile and/or act as a passivation agent.

FAI + Pbl, + 0.25BzI - (0.875-0.125n-x) FAPbI; + 0.125B2;F A1 Pbulsnss + xFAI (1)

Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) measurements of n=1-3
compositions, however, could not detect these in co-existence with the 3D perovskite within
the FAPbI3(Bzl)o.25 composition, despite the capacity of Bzl to form low-dimensional phases
(Figure S2-S3, Supporting Information). Instead, it shows a predominant formation of the 3D
FAPbI; perovskite phase, suggesting its role as a molecular modulator at the surface and grain
boundaries of FAPbI3. This stabilization is in keeping with the previous reports on the structure-
directing role of molecular modulators that template the a-FAPbI; phase and alter the energy

landscape for the interconversion to the 8- phase, hence stabilizing it.[56-7]
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Figure 3. (a—d)'H-"C cross-polarization (CP) with 12 kHz magic-angle spinning (MAS) at 100 K and
21.1 T of bulk microcrystalline a) -FAPbI;, b) a-FAPbI;, ¢) Bz, and d) FAPbI;(Bzl)o.s. (e-h) 'H-'"N
cross-polarization (CP) with 12 kHz magic-angle spinning (MAS) at 100 K e) 3-FAPbIs, f) a-FAPDbI;,
g) Bzl, and h) FAPbI3(Bzl)o2s. ““N MAS NMR at 5 kHz MAS, 298 K and 21.1 T of i) a-FAPbI; and
j) FAPbI3(Bzl)o.2s.
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To further corroborate the atomic-level FA/Bz mixing, we performed low-temperature 'H-1"N
cross-polarization (CP) measurements (Figure 3e-h), which reveal the local chemical
environment of the —NH3; moieties in Bzl and FA. 6-FAPbIz, a-FAPbI; and Bzl show well-
resolved '°N resonances at 111.0, 114.2 and 47.9 ppm, respectively. In BzI-doped FAPbI3, the
Bz signal (56.9 ppm) is significantly shifted compared to neat BzI. This is accompanied by a
change in the lineshape of the signal corresponding to the 3D FA environments, which suggests
that the local structure of the perovskite phase is modified by the reaction with BzI (Figure 3h).
This further corroborates the formation of a mixed Bz/FA phase which we identify as the direct
reason for the observed stabilization effects. The Bz/FA interaction may also affect the
symmetry of the cuboctahedral cavity, which we in turn probe using *N NMR spectroscopy.
4N spectra of hybrid perovskites provide complementary insights into crystallographic changes
on the local level owing to their sensitivity to the symmetry around the fast-reorienting A-site
cation.[?%38] Specifically, YN magic angle spinning (MAS) NMR spectra feature a spinning
sideband (SSB) manifold whose width is highly sensitive to the symmetry of the local
environment. N MAS NMR of FAPbI3(Bzl)o.2s exhibits full width at half maximum (FWHM)
of 120 kHz (Figure 3j), which is broader compared to a-FAPblz with FWHM of 70 kHz
(Figure 3i), suggesting that the presence of Bzl perturbs the symmetry of the cuboctahedral

cavity, making it less cubic compared to the pristine a-FAPbI3.

We further analyzed the effect of BzI addition on the morphology of the FAPbI; films by means
of scanning electron microscopy (SEM; Figure S4). The changes in the morphology are
apparent as the films based on the x = 0.10 composition appear smoother, while those of the x
=0.25 and 0.5 compositions show more surface roughness. This roughness can contribute to an
increase of the contact area with the hole transporting material in the resulting device. In
addition, the effect of Bzl on the thickness is apparent via the cross-sectional images of FAPbI3

and FAPDbI3(Bzl)o.2s layers (Figure S4), showing a slight difference in thicknesses, which can
8
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be attributed to the changes in the grain size of the FAPbI3(Bzl)o.s film. The effect of Bz moieties
on the optical properties was also apparent, as shown by UV-vis absorption spectroscopy
(Figure 4a). While UV-vis absorption spectra of the control and the films containing 25% BzI
exhibit no change in the absorption edge, there is an increase in the absorbance in the spectral
range below 600 nm (Figure S5a). There are no clear indicators of the presence of Bz;Pbly
phase in the absorption spectra. Specifically, the absorption spectra of the films based on
FAPbI3(Bzl)o.25 composition show an onset at 830 nm, which suggests that the presence of Bzl
at this quantity does not compromise the optoelectronic properties of FAPbIs. Moreover, steady
state photoluminescence (PL) spectra for neat FAPbI; and FAPbI3(Bzl)x films show maximum
emission peaks at 810 nm consistent with the 3D FAPbI3 phase (Figure 4b) without clear
evidence for the presence of the (Bz),Pbls phase in the FAPbI3(Bzl)o s film (Figure S5b).55%-
01 The incident photon-to-current conversion efficiency (IPCE) spectra of a-FAPbI; and a-
FAPbI3(Bzl)o.25s (Figure 4c¢) match the absorption edge of the photocurrent for the control and
champion a-FAPbI3(Bzl)o2s-containing perovskite devices in the fluorine doped tin oxide
(FTO)/compact (c) TiOz/ mesoporous (mp) TiOo/ perovskite/ 2,2',7,7'-tetrakis-(N,N-di-4-
methoxyphenylamino)-9,9’-spirobifluorene (spiro-OMeTAD)/ Au architecture. The IPCE
increases up to 60% around 400 nm and decreases to 10% at 800 nm for neat FAPbI;,
presumably due to the existence of the 6 phase. On the contrary, the IPCE retains about 80%
for FAPbI3(Bz)o.25s throughout the entire spectral range between 400 nm and 830 nm, which

highlights the stabilization effect that is particularly relevant for the photovoltaic performance.
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Figure 4. Characterization of the FAPbI3(Bzl)x perovskite films of various compositions (x). (a) UV—
vis absorption, (b) photoluminescence, and (c) IPCE spectra (half spherical point; left Y-axis) with the
integrated Jy. (Full spherical point; right Y-axis) of the a-FAPbI; and FAPbI3(Bzl)o.s devices.
Photovoltaic performance was analyzed for devices based on FAPbI3(Bzl)« (x =0, 0.05, 0.10,
0.25, and 0.50) compositions by employing FTO/c-TiO2/mp-TiO2/perovskite/spiro-
OMeTAD/Au device architecture and extracting the corresponding photovoltaic parameters
under simulated 1.5 sunlight and a J-V scan rate of 40 mV-s! (Figure 5). The control devices
containing neat FAPbI3 (x = 0) show a poor performance with a maximum power conversion
efficiency (PCE) of 6.97%, open circuit voltage (Voc) of 0.88 V, short circuit current density
(Jsc) of 17.84 mA-cm™, and a fill factor (FF) of 0.55 (Figure S6a). The device performance
gradually improves with the increase of the Bz ratio from 5% to 25%, after which it declines
with further increase of the Bzl content. This decline in performance can be attributed to the
insulating character of the organic moieties that would result in poor conductivity for higher
BzI quantities. The champion device based on the 25% Bzl achieved a maximum PCE of20.2 %
with a Voc of 1.1 V, Jsc of 25 mA cm ™2, and FF of 73 % (Figure S6b). The presence of Bzl
affects also the hysteresis in the J-V curves, which was probed by J-V scans with a rate of 40
mVs! for FAPbI; and FAPbI3(Bzl)o.2s devices (Figure S6c¢, d). The data reveal lower hysteresis

for the FAPbI3(Bzl).25 compositions in comparison with the control.

10
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Figure 5. Photovoltaic parameters for 20 devices based on FAPbI3(Bzl)« (x = 0, 0.05, 0.10, 0.25, 0.50)

perovskite composition.

To determine the origin of the Voc and FF increase observed with the Bzl treated devices, we

carried out steady-state photoluminescence quantum yield (PLQY) and time-resolved

photoluminescence (TRPL) measurements (Figure 6). PLQY was determined by absolute PL

spectral photon flux measurements at one sun condition using an integrating sphere (Figure

6a).1°!1 The Bzl-treated device shows an order of magnitude higher PLQY than the untreated

device. A PLQY <1 translates into a voltage loss due to non-radiative recombination of AV =

—kpT/qIn(PLQY) and a quasi-Fermi level splitting AEr of AEp = Vo sq + AV, where kg is

the Boltzmann constant, T = 25 °C the sample temperature, g the elementary charge and Voc sq

the Shockley-Queisser limit of Voc.[® AEr/q is the internal voltage of the absorber layer,

which represents the maximum obtainable Voc of a device with this absorber.

11
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Figure 6. (a) Absolute PL spectral photon flux measurements of complete solar cell devices using

FAPDI, and (Bzl)o2sFAPDI. (b) Quasi-Fermi level splitting AEr determined from PLQY of the devices

in a). Shown are also the Shockley-Queisser limit of Voc (Voc, sq) and the measured Voc of the same

devices. (¢) Time-resolved PL traces for the neat FAPbL, and (Bzl)o,sFAPbl; samples with the

architecture FTO/c-TiO»/mp-TiOz/perovskite. Shown are the traces of two independent samples for each
condition (circles) and mono-exponential fit curves (black lines) with the respective lifetimes. All
measured curves start at 1000 cts. d) Same measurements as in c¢) but with spiro-OMeTAD on top of the

perovskite layer.

If we compare AEr with the stabilized Voc measured with the same device (Figure 6b) we
observe that both follow the same trend. The mismatch between these two quantities originates
from the combination of energy level misalignments at the perovskite/TiO> and
perovskite/spiro-OMeTAD interface in combination with radationless interfacial charge carrier
recombination.[®*] These findings show that the increase in Voc can be attributed to suppressed
trap-assisted non-radiative recombination which demonstrates the beneficial effect of the Bzl
modulation on the defect chemistry. Since non-radiative recombination lower the FF,[%4 this

also explains in part the FF increase of the BzI-modulated FAPbI; device.
12
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Furthermore, the TRPL traces of neat FAPbIz and (Bzl)o.25s FAPbI3 samples with mp-TiO; but
without HTM (Figure 6¢) reveal two features, a fast decay within the first 50—100 ns followed
by a slower mono-exponential decay. The fast decay at early times is dominated by charge
transfer from the perovskite film into TiO,[®] whereas the later decay is mainly caused by non-
radiative bulk, interface or surface recombination of the perovskite film. The Bzl treatment
leads to a faster electron transfer into the ETL and to 25 times longer carrier lifetime (7).
Assuming that these lifetimes are dominated by bulk recombination, the measured 7 values yield
a non-radiative monomolecular (SRH) recombination constant k1 = 1/(27) of 5.3-10° s*! for the
neat and 2.0-10° s for the BzI-modulated perovskite film. This further demonstrates the
beneficial effect of Bzl on the defect chemistry of the FAPDI; film and is in good agreement
with the improvement in the Voc and FF. To investigate the effect of the Bzl modulation on
hole transport into the HTL, we measured TRPL on samples with spiro-OMeTAD (Figure 6d).
In this case, the fast-initial decay within the first 50 ns is again dominated by charge transfer.
The faster PL decay for the BzI-modulated film shows its beneficial effect on the hole transfer
into the HTL. As a result, BzI treatment leads to a faster electron and hole transfer which is

further contributing to an increase in FF.

Moreover, the maximum power point (MPP) tracking of the FAPbI3(Bzl)o2s device shows a
stable PCE of 20.0% after 300 seconds of constant 1.5 AM illumination (Figure Sée),
indicating stabilization of the maximum power output. We have also monitored the shelf-
stability of the devices during one year under ambient conditions and we measured the J-V for
two unencapsulated devices of FAPblz and FAPbI3(Bzl)o2s5. The control devices based on
FAPbI; showed a rapid decline in performance, whereas devices based on the FAPbI3(Bzl)o.25
composition maintain 80% of the initial PCE over one year under ambient (shelf-life)
conditions (Figure 7a). The effects of these structural properties on the long-term operational

stability were further probed under continuous AMI1.5G irradiation (100 mW c¢m2) and
13



WILEY-VCH

maximum power point tracking in a nitrogen atmosphere at room temperature (Figure 7b). The
comparison of the neat FAPblz and FAPbI3(Bzl)o2s-based PSC shows that the operational
stability of the FAPbI3(Bzl)o2s-based device is greatly improved, retaining 85% of its initial
PCE up to 140 h. On the contrary, the PCE of neat a-FAPbIz device declines rapidly and reaches
10% of its initial efficiency within 100 h. This highlights the potential of this approach in

achieving PSCs with long-term stability.
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Figure 7. (a) Average shelf stability by monitoring the evolution of performance of the corresponding
non-encapsulated solar cells exposed to the ambient environment with relative 40% humidity in the dark
at ambient temperature (n.u. = normalized units with respect to the initial performance). Initial PCE =
20%. (b) Normalized PCE of neat FAPbl; and (Bzl)o»s FAPbI; based devices monitored under
continuous white light exposure in the Nitrogen atmosphere, at 25 °C, as a function of time (140 h).

Initial PCE = 19%.
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Conclusion

In summary, we have demonstrated that the addition of benzylammonium (Bz) iodide results
in the stabilization of the black perovskite a-FAPbI; phase. The microscopic effects of the
additive have been elucidated using multi-nuclear solid-state NMR spectroscopy
complemented by X-ray scattering measurements. We demonstrate that Bz reacts with a-
FAPDbI; to render a-FAPbI; more stable. In this phase, the Bz moieties modulate the surface of
the FAPbI3 and grain boundaries without forming low-dimensional perovskite phases. This
modulation strategy strongly enhances the optoelectronic quality of the perovskite phase as has
been shown by PLQY and TRPL measurements. As a result, perovskite solar cells based on
FAPbI3(Bzl)o2s show power conversion efficiencies exceeding 20% and superior stability,
maintaining 80% of the initial PCE after one year under ambient shelf-life conditions. This
strategy thus provides a new way of stabilizing the black (a) perovskite phase of FAPbI3 in

perovskite solar cells.
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Experimental Section

Materials. All materials were purchased from Sigma-Aldrich and used as received, unless
stated otherwise. Perovskite powders for solid-state NMR studies were synthesized by grinding
precursors in an electric ball mill (Retsch Ball Mill MM-200, grinding jar with a volume of 10
ml and 1 agate ball, diameter size 10 mm) for 30 min at 25 Hz. The precursors were packed in
a glove box under an argon atmosphere. After milling, the resulted powders were annealed at
140 °C for 10 minutes to remove grinding-induced defects. The following amounts of reagents
were used: FAPbL:: 0.172 g FAI (1 mmol) and 0.461 g PbL, (1 mmol); FAPbL;(Bzl),.s: 0.172 g

FAI (1 mmol) and 0.461 g PbL, (1 mmol) and 0.029 g BzI (0.25 mmol).

Solar cell preparation. Fluorine-doped tin oxide (FTO)-glass substrates (TCO glass, NSG 10,
Nippon sheet glass, Japan) were etched from the edges by using Zn powder and 4 M HCI and
then, were cleaned by ultrasonication in Hellmanex (2%, deionized water), rinsed thoroughly
with de-ionized water and ethanol, and then treated in oxygen plasma for 15 min. A 30 nm
blocking layer (Ti0,) was deposited on the cleaned FTO by spray pyrolysis at 450 °C using a
commercial titanium diisopropoxide bis(acetylacetonate) solution (75% in 2-propanol, Sigma-
Aldrich) diluted in anhydrous ethanol (1:9 volume ratio) as precursor and oxygen as a carrier
gas. A mesoporous TiO, layer was deposited by spin-coating a diluted paste (1:6 wt. ratio)
(Dyesol 30NRD: ethanol) (4000 rpm, acceleration 2000 rpm for 20 s) onto the substrate

containing a TiO, compact layer, and then sintered at 450 °C for 30 min in dry air.

Deposition of perovskite films. The perovskite films were deposited using a single-step
deposition method from the precursor solution. The precursor solution of FAPbI; was
prepared in Argon atmosphere by dissolving equimolar amounts of Pbl,and FAlin
an anhydrous DMF/DMSO (4:1 (volume ratio)) mixture at a concentration of 1.3 M. Next, we

added benzylammonium iodide (BzI) into the FAPbI; precursor solution using different molar
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ratios, resulting in several FAPbI;(Bzl), compositions (x=0.05, 0.10, 0.25, 0.50). The
device fabrication was carried out under controlled atmospheric conditions with humidity <2%.
The precursor solution was spin-coated onto the mesoporous TiO, films in a one-step program
at 600 and 5000 rpm for 30 s. 200 pl of chlorobenzene was dropped on the spinning substrate
10 s prior the end of the program. This was followed by annealing the films at 150 °C for 30—
40 min. After preparing the initial perovskite layer (control) as described above, the film was
cooled down at room temperature. For completing the fabrication of devices, 90 mg of
2,2°,7,7 -tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene (spiro-OMeTAD) was
dissolved in 1 ml of chlorobenzene as a hole-transporting material. The HTM was deposited by
spin-coating at 4000 rpm for 20 s. The HTM was doped with bis(trifluoromethylsulfonyl)imide
lithium salt (17.8 ul prepared by dissolving 520 mg LiTFSI in 1 ml of acetonitrile), and 28.8 ul

of 4-tert-butylpyridine. Finally, a ~80 nm gold (Au) layer was thermally evaporated.

Device characterization. The current-voltage (J-V) characteristics of the perovskite devices
were recorded with a digital source meter (Keithley model 2400, USA). A 450 W xenon lamp
(Oriel, USA) was used as the light source for photovoltaic (J-V) measurements. The spectral
output of the lamp was filtered wusing a Schott K113 Tempax sunlight filter
(Prézisions Glas & Optik GmbH, Germany) to reduce the mismatch between the simulated and
actual solar spectrum to less than 2%. The photo-active area of 0.16 cm? was defined using a

dark-colored metal mask.

Incident photon-to-current efficiency (IPCE) was recorded under a constant white light bias
of approximately 5 mW-cm? 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 approximately 2 Hz. The signal

was recorded using a Model SR830 DSP Lock-In Amplifier (Stanford Research Systems).
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Photoluminescence quantum yield (PLQY) was measured using an integrating sphere
(Gigahertz-Optik), an Andor Kymera 1931 spectrograph and a 660 nm continuous-wave laser
(OBIS, Coherent) set at 1-Sun equivalent photon flux (790 um beam full-width half-maximum,
330 uW); the photoluminescence signal was collected at normal incidence using an optical
fiber. For the calibration of the PLQY measurements we used a halogen lamp (BN-LH250-
V01, Gigahertz-Optik), to proof the correctness of the calibration we measured PLQY of a dye
solution of indocyanine green in DMSO in the same setup and measured PLQY values within

15% deviation from the literature values.

Time-Resolved Photoluminescent (TRPL) was measured via time-correlated single photon
counting (TCSPC) using a LifeSpec II (Edinburgh Instruments) fluorescence spectrometer with
a picosecond pulsed diode laser (EPL-510, Edinburgh Instruments) at 510 nm wavelength and

85 ps pulse width. The laser fluence used was 5 nJ/cm?.
Scanning electron microscopy (SEM) was performed on a ZEISS Merlin HR-SEM.

X-ray powder diffractions were recorded on an X’Pert MPD PRO (Panalytical) equipped
with a ceramic tube (Cu anode, A = 1.54060 A), a secondary graphite (002) monochromator and

a RTMS X’Celerator (Panalytical).

Grazing Incidence Wide Angle X-ray Scattering was measured on a xenocs XEUSS 2.0

laboratory beamline under a pressure of 0.1 bar, using Cu K, radiation and incident angles

below 0.5°.
UV-vis measurements were performed on a Varian Cary 5.

NMR spectroscopy involved low-temperature *C (225 MHz) , '°N (90.23 MHz) and room-
temperature N (65 MHz) NMR spectra were recorded on a Bruker Avance Neo 21.1 T

spectrometer equipped with a 3.2 mm low-temperature CPMAS probe. '3C chemical shifts were
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referenced to solid adamantane [8¢c = 29.45 (CH) and 38.48 (CH,) ppm]. N and >N chemical
shift were referenced to solid NH4C1 with shift at 0 ppm and 39ppm. Low-temperature 'H-'3C
CP experiments used 1 ms optimized contact pulses, SPINAL-64 'H decoupling, and the
following recycle delays: 1.7 s (6-FAPbI3), 4s (a-FAPDI3), 1000s (Bzl), 5s (FAPbI3(Bzl)o.2s.
Low-temperature '"H—'>N CP experiments used 1 ms optimized contact pulses, SPINAL-64 'H
decoupling, and the following recycle delays: 1.7 s (6-FAPbI3), 3s (a-FAPDI3), 1000s (Bzl), 5s
(FAPbI3(Bzl)o.2s. Peak widths were fitted in Topspin 3.6.0 and the uncertainties are given at

one standard deviation.
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Benzylammonium-Mediated Formamidinium Lead Iodide Perovskite Phase
Stabilization for Photovoltaics

A stable a-FAPDI; perovskite phase is achieved by employing benzylammonium iodide (Bzl),
which was elucidated by solid-state NMR spectroscopy and X-ray scattering measurements to
obtain perovskite solar cells based on the FAPbI3(Bzl)o.25 composition with power conversion
efficiencies exceeding 20% accompanied by enhanced shelf-life and operational stability,

maintaining 80% of the performance after one year at ambient conditions.
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