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ent stability challenges in pure
FASnI3 perovskite solar cells through organic
additive engineering†

Sergio Galve-Lahoz,ab Jesús Sánchez-Diaz,a Carlos Echeverŕıa-Arrondo,ac

Jorge Simancas, a Jhonatan Rodriguez-Pereira, de Silver-Hamill Turren-
Cruz, af Juan P. Martinez-Pastor, f Iván Mora-Seró *a

and Juan Luis Delgado *bg

Tin halide perovskite solar cells (Sn-PSCs) have emerged as promising alternatives to their lead-based

counterparts. However, their potential for commercialization is threatened by their inherent stability

issues and lower efficiencies that have not yet matched those of established technologies. Therefore, in

this work we strategically designed and synthesized two novel organic compounds, referred to as OM4

and OM6, which have been successfully incorporated as additives into pure FASnI3 PSCs enhancing the

crystal properties and simultaneously acting as protective and passivating agents. Through a systematic

exploration of chemical interactions, OM4 and OM6 demonstrated a remarkable ability to improve film

morphology and optical properties. Consequently, both additives significantly contributed to the

enhancement of the overall device performances and exhibited impressive stabilities in the ambient

atmosphere, which is attributed to their hydrophobic nature. Notably, the unencapsulated devices

incorporating OM4 and OM6 retained over 80% and 90% of their initial power conversion efficiency

(PCE) after 250 hours in the ambient atmosphere at RH = 30%, respectively; in contrast, the devices

without any of the organic additives suffered complete degradation after 72 hours under the same

conditions. As a result, this work opens new possibilities in the rational design and development of

organic additives capable of mitigating the instability and low-performance issues commonly associated

with Sn-PSCs.
Introduction

Lead-based perovskite solar cells (Pb-PSCs) have demonstrated
great potential to surpass well-established silicon-based solar
cells and enter into the photovoltaic market, showing a huge
increase in power conversion efficiency (PCE) from the rst re-
ported 3.8% in 2009 (ref. 1) to the recently certied >26%.2,3
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(ICIQ), Avda. Päısos Catalans 16, 43007

ies, Faculty of Chemical Technology,

Pardubice, 53002, Czech Republic

rno University of Technology, Purkynova

CMUV), Universitat de Valencia, 46980

, Bilbao 48013, Spain

tion (ESI) available. See DOI:

f Chemistry 2024
However, despite their outstanding properties,4–7 the presence
of toxic lead (Pb2+)8,9 in these devices hinders their universal
commercialization.10,11 To address this issue, researchers have
been exploring alternative divalent cations, including germa-
nium (Ge2+),12,13 copper (Cu2+)14 and tin (Sn2+).15–17 Among them,
tin has recently emerged as one of the most promising candi-
dates to replace lead in perovskite solar cells due to their
chemical similarities.18,19

Owing to their close location in the periodic table within the
same group, both tin and lead share analogous electronic
congurations and atomic sizes (1.49 Å for Pb2+ and 1.35 Å for
Sn2+),20 resulting in comparable behaviors as metal cations
within perovskite solar cells. In fact, tin-based halide perovskite
solar cells (Sn-PSCs) have also demonstrated exceptional prop-
erties, including high carrier mobilities,21 high absorption
coefficients in the visible region,22 long exciton lifetimes,23 and
suitable optimal band gaps within the range of 1.2–1.4 eV.24,25

Furthermore, Sn-based perovskites exhibit a higher level of
environmental compatibility than Pb-based perovskites.26 This
is primarily attributed to the tendency of the byproducts
generated during the degradation of Sn-based perovskites to
undergo hydrolysis in water forming SnI4, SnO2, and A2SnI4 (A
J. Mater. Chem. A, 2024, 12, 21933–21943 | 21933
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= methylammonium or formamidinium),27–29 which exhibit
lower solubility in water compared to the byproducts derived
from Pb-based perovskites, and make Sn-PSCs more suitable
candidates for future commercial applications.30

Nevertheless, Sn2+ presents higher Lewis acidity in compar-
ison to its Pb2+ counterpart.31 This disparity in acidity results in
accelerated reactions between the perovskite precursors, typi-
cally SnI2 and FAI, leading to rapid and uncontrolled crystalli-
zation processes.32,33 Consequently, non-homogeneous lms
with pinhole-rich structures and a high density of defects are
usually obtained. It has been widely reported that structural
defects may promote the adsorption of water and oxygen
molecules onto the perovskite layer, thereby accelerating the
degradation process and affecting the stability and operational
performance of the nal solar cell devices.34,35 Moreover,
structural defects can act as non-radiative recombination
centers, leading to losses in open-circuit voltage (VOC), which
signicantly limit the overall performance of the solar cell
devices. In this sense, nding new compounds capable of
effectively interacting with Sn-PSC precursors to improve the
crystallization process and simultaneously passivate the defects
formed through the perovskite matrix is essential to obtain
high-quality Sn-PSCs.

Another drawback associated with Sn-PSCs is their inherent
instability upon exposure to the ambient atmosphere, resulting
in fast degradation and signicant drops in the device perfor-
mance. This instability mainly arises from the tendency of Sn2+

to oxidize, in the presence of water or oxygen molecules, to the
more stable Sn4+ state.36–38 Subsequently, the proliferation of
Sn2+ vacancies within the perovskite lattice gives rise to a detri-
mental p-type self-doping phenomenon, which can lead to an
alteration in the charge transport properties and overall elec-
trical characteristics of the Sn-PSCs, resulting in considerable
VOC losses.39,40 To overcome this issue, several approaches have
been explored, including effective surface passivation,41–44 the
introduction of different reducing agents,45–47 or the formation
of stable 2D/3D perovskites, among other methods.48–50 Another
interesting methodology widely explored in Pb-PSCs but barely
applied to Sn-PSCs to efficiently enhance their stability in air
involves the incorporation of hydrophobic compounds, which
successfully confer a protective effect on the devices against
deleterious external factors.51–54

With these facts in mind, in this work we strategically
designed two novel organic additives, namely OM4 and OM6,
each possessing two external acrylate moieties attached to the
central structures to allow partial polymerization processes.
Acrylates are a type of vinyl monomer that can undergo poly-
merization at moderate temperatures through a process known
as thermal polymerization.55–58 This method can take advantage
of the intrinsic annealing step necessary for the correct perov-
skite crystallization process, without the need for additional
steps such as UV-light treatments that may damage the perov-
skite lm.59–61 Additionally, OM4 and OM6 were designed with
distinct cores to explore the role of different functional groups
as additives in Sn-PSCs. As such, OM4 features a pyridine
functional group (Lewis base-type), already reported in Sn-
21934 | J. Mater. Chem. A, 2024, 12, 21933–21943
PSCs,33,62 whereas OM6 includes a less explored 1,2,4,5-tetra-
uorobenzene unit (Lewis acid-type).

Aer the introduction of the additives into the Sn perovskite
lms, a signicant enhancement in the PCE of the Sn-PSCs was
observed. The initial PCE of 7.78% for the pristine FASnI3 (FA,
formamidinium) increased to 9.18% and 9.62% upon the
addition of OM4 and OM6, respectively. More interestingly, the
treated devices displayed exceptional stability aer more than
250 h of storage under ambient conditions (at a relative
humidity of 30% and a temperature of 25 °C), retaining up to
80% and 90% of their initial PCE for OM4 and OM6 treated
devices, respectively. In contrast, pristine FASnI3 devices
completely degraded aer only 72 h of storage under the same
conditions.

Results and discussion

Both OM4 and OM6 were synthesized following the synthetic
routes described in Schemes S1 and S2, respectively, in the ESI,†
and their chemical structure is illustrated in Fig. 1a and b. More
information about the synthetic and characterization details
can be found in the ESI (see Fig. S1–S17†).

With the aim of understanding the role of the additives in
the perovskite lm morphology, we conducted scanning elec-
tron microscopy (SEM) measurements. Fig. 1c–e show the top-
view SEM images of the FASnI3 perovskite lms with and
without OM4 and OM6. Note that additives were introduced in
the perovskite layer during the antisolvent stage63 solved in
chlorobenzene (see the ESI† for further details). For clarity, the
Sn-based perovskite lms treated with OM4 and OM6 will be
referred to as Sn-OM4 and Sn-OM6, respectively. In the case of
pristine FASnI3, the lm exhibited a non-uniform, pinhole-rich
morphology due to the rapid and uncontrolled crystallization
process typically associated with Sn-based perovskites.33,64

However, upon the incorporation of the different additives,
higher quality lms were obtained, and the presence of
pinholes was signicantly reduced in both scenarios. Speci-
cally, Sn-OM4 showed a more compact lm with a considerably
lower number of pinholes, although some morphological
defects were still present. On the other hand, Sn-OM6 exhibited
an extremely compact layer with no pinholes and a slight
increase in the grain size. To provide a broader perspective on
the positive impact of these additives on the perovskite crys-
tallization process, and to demonstrate that the enhancement
of the lm morphology is not a local coincidence, lower
magnication SEM images were obtained and presented in
Fig. S18.† However, from the SEM cross-sectional images, we
can observe that the incorporation of the additives does not
affect the thickness of the perovskite lms, as all samples
exhibited a similar thickness of around 200 nm (see Fig. S18†).
To conrm the presence of the additives within the perovskite
lm, we carried out Fourier Transform Infrared Spectroscopy
(FTIR) on the perovskite lms with and without additives, as
well as on the individual OM4 and OM6 molecules (see
Fig. S19†). The characteristic carbonyl group peak around
1730 cm−1, along with the additional peaks in the ngerprint
region, conrms the presence of the additives in the Sn-OM4
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Chemical structures of the (a)OM4 and (b)OM6molecules. Top-view SEM images of (c) FASnI3, (d) Sn-OM4, and (e) Sn-OM6 films, some
pinholes are highlighted with dotted red circles. (f) 1H NMR spectra of FAI in DMSO-d6 with and without SnI2, OM4 and OM6. (g) X-ray
photoelectron spectroscopy spectra of Sn 3d for the perovskite films with and without OM4 and OM6.
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and Sn-OM6 lms. Additionally, the double peak observed
around 1600 cm−1 in the OM4 and OM6 spectra corresponds to
the ]CH2 double bonds present in the acrylate groups. Upon
perovskite crystallization and thermal annealing, these peaks
disappeared, indicating the polymerization of the materials.
However, due to the limited sensitivity of the technique, we
cannot entirely rule out the coexistence of single molecules and
the polymerized materials in certain regions of the nal
perovskite lm.

As previously noted, the rapid reaction between tin(II) iodide
(SnI2) and formamidinium iodide (FAI) oen results in uncon-
trolled crystallization processes, yielding low-quality lms
characterized by random orientations and numerous defects
such as pinholes and cracks.65 Intermediate adducts formed
between additives and SnI2 or FAI precursors have been found
to slow down reaction rates, thereby retarding the crystalliza-
tion rate and leading to higher quality lms.33,38 For a better
understanding of the role of OM4 and OM6 in the perovskite
crystallization process, we conducted nuclear magnetic
This journal is © The Royal Society of Chemistry 2024
resonance (NMR) experiments. All NMR experiments were
conducted in deuterated dimethyl sulfoxide-d6 (DMSO-d6) and
referenced accordingly. To analyze the interactions with the
perovskite precursors, we performed a combination of proton
and uorine nuclear magnetic resonance spectroscopies (1H-
NMR and 19F-NMR) for different mixtures. Fig. 1f shows the
1H NMR spectra of FAI, FAI + SnI2, FAI + OM4, and FAI + OM6.
In the FAI spectra, the proton peaks located around 7.8 and
8.8 ppm correspond to C–H and N–Hprotons, respectively. Aer
the addition of SnI2 to the FAI solution, the signal at 8.8 ppm
splits into two distinct signals at 8.9 and 8.6 ppm, indicating
a change in the charge distribution around N–H protons within
the formamidinium group, possibly due to the formation of
a hydrogen bond between the amidinium moiety and the SnI2
species. Furthermore, a spiking in the signals at 7.8 and 8.6 is
observed, which can be attributed to the presence of HI, likely
formed as a consequence of the partial reaction of the SnI2
species with traces of water present in the deuterated solution,
as previously reported.66 Interestingly, upon addition of OM4
J. Mater. Chem. A, 2024, 12, 21933–21943 | 21935
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and OM6 to the FAI solution, the same splitting was observed,
suggesting the formation of an adduct between FAI and OM4
and OM6 via hydrogen bonding.67 Full range 1H-NMR spectra
showing all combinations are presented in Fig. S20 and S21.†
To further understand the different behaviors of the pyridine
and 1,2,4,5-tetrauorobenzene units of OM4 and OM6, we also
conducted 1H-NMR for OM4 and 19F-NMR for OM6, both with
and without SnI2, as depicted in Fig. S22 and S23.† In the case of
OM4, two distinct proton signals were observed within the
pyridine ring, located at chemical shis of 8.77 and 8.19 ppm.
Upon addition of SnI2 to the deuterated solution, a noticeable
downeld shi was observed in both signals, with a more
remarkable shi observed in the signal corresponding to the
proton adjacent to the nitrogen (N) atom. This shielding effect
observed in the pyridine ring's protons suggests an electronic
sharing between the lone pair of electrons present on the N
atom and the vacant p orbital of the SnI2 species, resulting in
the formation of a Lewis acid–base adduct. Furthermore, peaks
became narrower and more dened in the presence of SnI2,
indicative of greater molecular ordering. On the other hand, the
role of the 1,2,4,5-tetrauorobenzene unit present in OM6 was
studied via 19F-NMR due to the absence of hydrogen atoms in
the ring. Accordingly, the 19F-NMR spectra of OM6 with and
without SnI2 were obtained, and a clear upeld shi in the
uorine (F) signal was observed when SnI2 was added, indi-
cating a reduction in the electron density around the uori-
nated ring. This spectral alteration also conrms an interaction
wherein electronic density is shared between the electron-rich F
atoms present in the 1,2,4,5-tetrauorobenzene unit and the
electronically decient SnI2 species. This phenomenon has
been described before using uorine-rich additives in lead-
based PSCs.68 These results point to the presence of interac-
tions between the perovskite precursors and both OM4 and
OM6, which in turn modulate the crystallization kinetics, ulti-
mately improving the lm quality in the perovskite active layer,
as previously observed in the SEM images.

In order to explore the chemical bonding properties of the
different FASnI3 perovskite lms, with and without additives, X-
ray photoelectron spectroscopy (XPS) analysis was employed
(see Fig. 1g). As reported elsewhere, the characteristic XPS Sn2+

3d5/2 peak that corresponds to the FASnI3 perovskite was
observed at 487.39 eV.69 Interestingly, with the incorporation of
OM4 and OM6, this peak exhibited a small shi towards
487.31 eV and 487.25 eV, respectively. The shi of a specic
element in its binding energy peak position typically reects
alterations in its local chemical environment, indicating a vari-
ation in the electron density surrounding the nucleus.15,70,71 The
contrast between the reference lms and the OM4 or OM6
treated lms suggests an elevated level of coordination with the
3d orbitals of Sn2+ when OM4 or OM6 is introduced; however, it
should be noted that the incorporation ofOM6 leads to superior
coordination. This observation claries the improved crystalli-
zation properties observed in the presence of OM6 compared to
OM4 and FASnI3 without any additive.

Additionally, to evaluate the role of the organic additives in
the inhibition of the oxidation of Sn2+ into Sn4+, the Sn 3d5/2 and
3d3/2 XPS spectra of the FASnI3, Sn-OM4 and Sn-OM6 lms were
21936 | J. Mater. Chem. A, 2024, 12, 21933–21943
recorded, depicted in Fig. S24.† All the peak binding energies of
Sn2+ and Sn4+ are summarized in Table S1†. The Sn4+ content
was quantied, revealing a higher value for the pristine FASnI3
lm (5,9%) compared to the Sn-OM4 (4.3%) and Sn-OM6 (3.7%)
lms (see Fig. S25†). These results are in perfect agreement with
the expected role of the additives as crystal regulators.

To obtain more information on the impact of the additives
on the crystallographic properties of the perovskite lms, we
performed X-ray diffraction (XRD) analysis. Fig. 2a shows the
XRD patterns of the FASnI3 lms with and without OM4 and
OM6. The addition of additives did not alter the crystal struc-
ture of the FASnI3 perovskite lm, and in all cases, the XRD
patterns exhibited the typical peaks corresponding to the
orthorhombic lattice. Concretely, six different diffraction peaks
appear at angle values of 14.1°, 24.5°, 28.2°, 31.7°, 37.5°, and
50.5°, which can be ascribed to the (100), (120), (200), (211),
(222), and (300) planes, respectively.72 In both Sn-OM4 and Sn-
OM6 lms, a preferred crystal orientation in the (100) plane was
observed as can be inferred from the increase in the relative
intensity of the peaks corresponding to this plane.73 Moreover,
a clear reduction in the Full Width at Half-Maximum (FWHM)
of the (100) and (120) diffraction peaks was noted, indicating
a larger crystalline size particularly evident when OM6 was
present (see Fig. S26†). Furthermore, it is evident that the
addition of OM4 and OM6 does not induce any signicant shi
in the different diffraction peaks, suggesting that neither of the
additives were incorporated into the perovskite crystalline
lattice. Instead, they might be located at grain boundaries and
crystal surfaces acting as passivating agents.

To investigate the effect of the additives on the optical
properties and gain insights into their role in the perovskite
lm, we conducted ultraviolet-visible absorption (UV-vis),
steady-state photoluminescence (PL), and time-resolved PL
spectroscopy (TRPL) measurements. Fig. 2b shows the UV-vis
absorption spectra. The lms treated with OM4 and OM6
showed slightly superior light absorption properties compared
to pristine FASnI3 lms. This behavior is in good agreement
with the morphological results and is attributed to the forma-
tion of larger grain domains and the reduced presence of
pinholes or cracks in the perovskite lm.74 Furthermore, we
performed PL and TRPL measurements to study the charge
dynamics in the presence of OM4 and OM6 (see Fig. 2c and
d respectively). The PL spectrum is shown in Fig. 2c. No
signicant shi in the bandgap was detected; however, the
treated perovskite lms exhibited a notorious increase in PL
intensity in comparison with the control lm, indicating
a reduction in the effective non-radiative trap-assisted recom-
bination. Given that the absorption coefficient in Sn-based
perovskites can be in the order of 4 × 104 cm−1, and the
thickness of the lm is around 200 nm, carriers are uniformly
photogenerated throughout the whole lm thickness, hence
trap states located at the grain boundaries can be the dominant
non-radiative channels, over those located at the perovskite
surface. The TRPL spectra (see Fig. 2d) were tted with a biex-
ponential decay function using the following equation:
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Structural and optical characterization of FASnI3 films prepared with and withoutOM4 andOM6 and deposited on glass substrates. (a) X-
ray diffraction patterns for different perovskite films; # indicates the diffraction peaks corresponding to ITO. (b) UV-vis absorption spectrum for
FASnI3 films prepared with and without additives. (c) PL spectra and (d) time-resolved PL decays corresponding to FASnI3 with and without
additives.
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save ¼ ðA1s1 þ A2s2Þ
ðA1 þ A2Þ (1)

where s1 stands for the fast decay component and s2 for the slow
decay component, as also observed in other lead-free materials.75

The best tting parameters are listed in Table S2.† s1 was pro-
longed from 0.4 ns (FASnI3) to 1.3 ns (Sn-OM4) and 2.0 ns (Sn-
OM6). Taking into account the large inhomogeneities in the Sn-
based perovskite lms, as reected by the high full width at
half maximum of PL spectra in Fig. 2c, this component can be
related to localized and/or free excitons whose decay time would
be 1/s1 = 1/sXr + 1/snr, where sXr would be the excitation radiative
lifetime and snr the non-radiative trap-assisted recombination
time. The observed increase in s1 conrms the reduction of non-
radiative recombination centers. On the other hand, s2 could be
tentatively associated with bimolecular (band-to-band) radiative
recombination and is also limited by the same non-radiative
channels, and hence the observed elongation: Sn-OM6 (3.5 ns)
> Sn-OM4 (2.8 ns) > FASnI3 (1.1 ns) (see Table S2†) conrms again
the improved quality of the lms when the additives are added.76
This journal is © The Royal Society of Chemistry 2024
Additionally, we analyzed the changes in the relative positions of
the energy bands and determined the cut-off for the valence band
maximums, which is represented in Fig. S27.† As shown in Fig. 2b
and c, the bandgap remained unchanged. Therefore, a slightly
lower valence band could result in a lower conduction band
position, correcting the misalignment specially for Sn-OM4 and
Sn-OM6 with the C60 ETL, which is one of the main reasons
behind the lower VOC in Sn-based perovskite solar cells.

This systematic characterization highlights the benecial
role of OM4 and OM6 additives in the properties of FASnI3
lms. On one hand, they modulate the crystallization kinetics
and improve the lm quality. On the other hand, XPS charac-
terization reveals a reduction in Sn4+ content, and optoelec-
tronic characterization demonstrates a reduced non-radiative
recombination. Since XRD spectra do not show a change in
the lattice parameters, we propose that additives may be located
at perovskite grain boundaries, suppressing the detrimental
non-radiative recombination typical of these defect-rich
domains. This behavior suggests a superior performance of
J. Mater. Chem. A, 2024, 12, 21933–21943 | 21937
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Sn-PSCs with light harvesting Sn-perovskite lms containing
OM4 and OM6 additives.

To validate this potentiality, we evaluated the role of the
additives in Sn-PSC performance. Solar cell devices were fabri-
cated adopting an inverted p–i–n conguration that consisted
of ITO/PEDOT:PSS/FASnI3/C60/BCP/Ag, as shown in Fig. 3a. As
a rst step, the concentration for both additives was optimized
to 0.40 mM (see Fig. S28 and 29†). The current density–voltage
(J–V) curves for the best-performing PSCs in each system are
depicted in Fig. 3b and Table S3.† Their corresponding photo-
voltaic parameters, including VOC, short-circuit current-density
(JSC), ll factor (FF) and PCE are summarized in Fig. 3c–f and
Table S4.† It is important to note that all the devices underwent
a light soaking treatment at 1 sun irradiance in a N2 atmo-
sphere. This post-treatment procedure is incorporated as part of
a routine purication process to mitigate the amount of Sn4+

states within the perovskite active layer, as previously demon-
strated by our group.45 The control devices showed a maximum
efficiency of 7.71% with a JSC of 19.91 mA cm−2, a VOC of 0.581 V,
and an FF of 66.59%. The OM4 treated champion device dis-
played an improved efficiency of 9.25% with a similar JSC of
19.97 mA cm−2, a signicantly improved VOC of 0.689 V and an
FF of 67.14%. The OM6 treated champion device showed the
maximum efficiency of 9.66%, with a similar JSC of 20.04 mA
cm−2, a greatly increased VOC of 0.706 V and a slightly increased
FF of 68.23%. It is worth mentioning that the photocurrent
obtained from the integration of the external quantum effi-
ciency (EQE) is in good agreement with the one obtained from
the J–V measurements (see Fig. S30†). The enhancement of the
device performance is mainly attributed to the higher VOC
Fig. 3 (a) Sn-PSC device architecture, (b) best performing devices' J–V c
and (f) PCE. All the parameters were extracted from J–V curves under 1

21938 | J. Mater. Chem. A, 2024, 12, 21933–21943
presented by the Sn-PSCs treated with the additives. Concretely,
the average VOC (see Table S4†) increased from 0.57 V for the
pristine FASnI3 perovskite to 0.67 V and 0.71 V for the devices
treated with OM4 and OM6, respectively, and consequently
resulted in a signicant average PCE enhancement of 25% and
37%, respectively. This improvement in VOC, and ultimately in
PCE, can be attributed to a reduced carrier recombination
within Sn-OM4 and Sn-OM6 perovskite layers. This effect, at the
same time, may be ascribed to the formation of more compact
and pinhole-free perovskite layers, along with the passivation of
the remaining defects present in the matrix,77 as already dis-
cussed aer the characterization of perovskite layers. Moreover,
control devices showed higher hysteresis behavior, which is
suppressed upon the additive treatments, as shown in Fig. S31.†
This can be linked to a lower trap density, which retards the ion
migration across the perovskite lm.78 Notably, it is also
important to highlight the increase in reproducibility with the
use of the additives, especially OM6, as Fig. S32† shows. This
better reproducibility can be attributed to the enhanced
pinhole-free morphology of Sn-OM6 lms (see Fig. 1e).

Moreover, to better understand the role of defects and
additives in the improved performance of our solar cells, we
investigated FASnI3 surfaces with adsorbed OM4 and OM6
molecules by density functional theory (DFT) simulations. The
atomic structures of the input surfaces and output densities of
states (DOS) are given in Fig. S33 and S34,† respectively. The
DOS (Fig. S34†) include the contribution from N atoms in OM4
molecules and from F atoms in OM6 molecules. Interestingly,
the projected DOS reect a contribution from N atomic orbitals
to the conduction band minima which is missing, indeed, for F
urves, (c–f) statistics of the solar cell parameters: (c) JSC, (d) FF, (e) VOC

00 mW cm−2 AM 1.5G illumination.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 PCE evolution of unencapsulated devices with and without OM4 or OM6 stored in (a) air at RH = 30% and 25 °C and (b) at RH = 30% and
80 °C. Contact angle of water droplets on the surface of (c) pristine FASnI3, (d) Sn-OM4 and (e) Sn-OM6.
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atoms. The strong localization of photocarriers at N sites can be
considered as a plausible reason behind the lower average
improvement of solar cell performance reached with the OM4
additive.

Finally, even more signicant than the effect of the additives
in the PCE for Sn-PSCs are the implications in the device long-
term stability. Sn-PSCs have demonstrated a very good stability
under nitrogen conditions,45 but a poor stability under ambient
conditions. Consequently, in order to evaluate the stability of our
devices under high stress conditions, we carried out shelf-
stability tests in an oxygen atmosphere under normal condi-
tions and under thermal stress. All the devices were tested
without any encapsulation. Shelf-stability tests were carried out
at RH = 30% and 25 °C. Aer 24 hours, control devices only
retained 80% of their initial power conversion efficiency and
completely degraded aer just 72 hours. On the other hand,OM4
treated devices maintained 80% of their initial PCE for 220 h.
More impressively, OM6 treated devices retained over 90% of
their initial PCE formore than 250 h, which is among the highest
air stabilities reported for pure 3D-phase FASnI3 perovskites (see
Fig. 4a and Table S5†). Additionally, we also kept track of the
stability of the unencapsulated devices at 80 °C in air and
a complete degradation of the control devices was observed aer
less than 10 h, while the devices containing OM4 or OM6
retained more than 85% of their initial PCE aer more than 20 h
(see Fig. 4b). This outstanding stability, here reported, is attrib-
uted to the high hydrophobicity of the additives, and their
intrinsic and widely reported polymerization ability,55–58 which
act as protective barriers impeding water molecules from
This journal is © The Royal Society of Chemistry 2024
permeating and degrading the perovskite active layer. Also, the
presence of hydrophobic aromatic rings within their structure,
and additional uorine atoms in the case of OM6, make both of
them exceptional barriers to physically but not electronically
isolate the perovskite layer. As shown in Fig. 4c–e, the enhanced
hydrophobicity of the Sn-based perovskite lms when OM4 or
OM6 is present was demonstrated by performing water contact
angle measurements. It can be observed that the contact angle of
water drops over the pristine FASnI3 lm increased from 53.2° to
65.0° and 68.7° when OM4 or OM6 was added, respectively. As
expected, the hydrophobicity of the Sn-OM6 lm was higher
compared to that of Sn-OM4 due to the presence of the well-
known highly hydrophobic 1,2,4,5-tetrauorobenzene unit.79,80
Conclusions

In summary, we developed and synthesized two novel organic
additives containing different functional groups – a pyridine
unit (OM4) and a 1,2,4,5-tetrauorobenzene unit (OM6)-, which
were incorporated into Sn-based perovskite solar cells as addi-
tives. Although both additives showed positive effects in the
nal performance of the devices, our ndings indicated that the
uorinated ring located in OM6 exhibits stronger coordination
with the tin perovskite precursors compared to the more widely
used pyridine unit (OM4), resulting in enhanced structural,
optical and morphological properties. Consequently, a signi-
cant improvement in the performance of the solar cell devices
was observed; in particular, the average PCE was increased 25%
and 37%, with respect to the average PCE of the FASnI3 control
J. Mater. Chem. A, 2024, 12, 21933–21943 | 21939
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cell, when OM4 or OM6 was incorporated as an additive,
respectively.

Moreover, due to the highly hydrophobic nature of the
organic additives, and likely their polymerization capabilities,
a notorious enhancement in the stability of the devices was
observed. Notably, even under ambient conditions without any
encapsulation, the devices containing OM4 and OM6 preserved
up to 80% and 90% of their initial PCE, respectively, for over 250
hours, whereas the pristine FASnI3 devices suffered a complete
degradation aer 72 hours under the same conditions. Hence,
this study contributes to the understanding of the role of
different functional groups present in organic additives
commonly utilized in tin perovskite solar cells, thereby paving
the way for future rational molecular design of additives in this
eld. The additive inclusion strategy is shown to be a successful
approach to bypass the limitations of PCE and long-term
stability of Sn-PSCs.
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