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1 Introduction

Can chelatogenic molecules enhance the stability
of air-processed MAPbI; perovskite solar cells? A
case study of salophen

Andreia de Morais, © 2 Francisco Nascimento Silva, & € Higor Ribeiro Ormonde, @& ¢
Romildo Jerénimo Ramos,® Emmanuel S. Moraes, ©29 B. M. G. Melo, ©¢

Luiz Pereira, Ana Flavia Nogueira,@a Jilian Nei de Freitas, ©°

José Carlos Germino @ *@ and Eralci Moreira Therézio @ *©

Perovskite solar cells have attracted attention in recent years due to their low-cost fabrication and high-
power conversion efficiency. For practical applications, however, long-term stability is still a problem.
The perovskite layer degrades when exposed to moisture, oxygen, temperature and UV radiation. One
strategy to overcome this limitation is the modification/passivation of the perovskite layer. The use of
chelatogenic molecules is an effective method because their functional groups can coordinate with the
metallic center (Pb®*) of the perovskite, thereby enhancing its structural stability. Herein, we demonstrate
the effect of incorporating N,N’-bis(salicylidene)-o-phenylenediamin (salophen) molecules (a Schiff base)
on methylammonium lead iodide perovskite (MAPbIs) thin films. Salophen was dissolved in ethyl acetate
solvent at five different concentrations and spin-coated onto MAPbIs during the antisolvent step under
ambient conditions (room temperature; relative humidity over 50%). X-ray diffractograms reveal that the
addition of salophen molecules on the top of the MAPbIs films induces better crystallization of the
perovskite a-phase, eliminating the residual amount of Pbl,, which simultaneously creates a hydrophobic
protective surface. Steady-state photophysical characterization shows that the salophen molecules did
not significantly change the optical properties of the MAPbIs films. Nonetheless, time-resolved
photoluminescence decays clearly exhibit a charge-carrier extraction pathway through the salophen
passivation of MAPbIs defects while enhancing thin film organization, a behaviour proven with surface
electron microscopy images. Device efficiencies reached values higher than 18%, along with gains in
stability.

in the order of room-temperature (kg7 ~25 meV);”® (d) a high
absorption cross-section (direct band gap);® (e) ambipolar

Since Miyasaka and his collaborators' pioneering work, lead
halide perovskites (LHPs) have been one of the most attractive
emergent materials for photovoltaic (PV) technology applica-
tions." Perovskite solar cells (PSCs) have shown an incredible
power conversion efficiency (PCE) enhancement over time, from
3.9% in 2009” to the actual record of 27%.? This fast increase in
the PSC efficiency is directly related to some intrinsic features of
LHP materials: (a) an extended energy absorption band between
the near-infrared and visible spectrum;* (b) tolerance to elec-
tronic defects;>® (c) a low exciton dissociation energetic barrier
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electrical transport (intrinsic semiconducting material), with
high electron and hole charge-carrier mobilities;'*** (f) long
charge-carrier lifetimes'> and (g) large exciton diffusion lengths
(Lp > 1 pm).”® These combined characteristics make LHPs an
excellent emergent material for PV devices, particularly in niche
applications.

Despite the great advantages that LHPs have in contrast to
other materials for photovoltaic purposes, they still have some
drawbacks. Among the several issues reported in published
works, we point out that stability problems (which are
undoubtedly one of the most important) remain under discus-
sion in the scientific field and not yet fully explained, such as
strong sensitivity to the processing device conditions (environ-
ment temperature, water on the precursor solvent, spin-coating
randomness and parameter fluctuations, type of antisolvent
and their drop conditions, blade coating solvent evaporation
time, among others);"**® thermal instability;'” " water and
oxygen sensitivity;**** structural mismatching between each
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PSC layer; deep-trap formation in the grain boundaries (i.e.
interstitial I;~ and Br;"and Pb° cluster species as hole traps and
halide vacancies (Vx ) as electron traps),?** and more recently
discrepancies between indoor and outdoor tests. Considering
all these features, processing perovskite thin films without
a controllable atmosphere, i.e., outside nitrogen or argon-filled
conditions, remains a real challenge for upscaling PSC tech-
nology and even for some feasible marked applications.””"**

In this sense, solvent engineering protocols, antisolvents,
which can eliminate water molecules from the perovskite thin-
film, additives in LHP's precursor solution, and surface treat-
ment, are strategies that have been pointed out and adopted by
the research community to overcome these issues under normal
environmental processing conditions.>*** Nogueira and
collaborators® proposed the use of ethyl acetate (EA) as an
antisolvent and, simultaneously, incorporated poly(ethylene
oxide) copolymers (PEO-CPs) in the methylammonium lead (i)
triiodide (MAPDI;) perovskite, processing it under air condi-
tioning (rh ~50%). The EA antisolvent enables the elimination
of water molecules from perovskite precursor solutions and
those contained in the atmosphere; simultaneously, PEO-CPs
increase stability according to the ISOS-D-1 protocol although
at a cost of lower efficiencies. The stability enhancement was
attributed to the formation of hydrogen bonds between m-
ethylammonium and oxygen atoms present in the PEO-CP main
chain and possible halide vacancy defect passivation.

However, organic chelates play an important role in the Vx
defect passivation. They can simultaneously create a hydro-
phobic molecular layer that protects the perovskite from water
and oxygen molecules, inhibiting ionic migration and Pb(u)
leaching, as reported by Chen et al.,* using an ethylenediamine
tetraacetate (EDTA®") ligand in a post-passivation approach
(after perovskite film formation). They also reported an
improvement in PSC stability under ambient-air conditions,
along with a decrease in lead(u) leakage. Yang and co-authors®”
have shown that EDTA chelate can decrease SnO, interface
mismatching with the perovskite active layer, which improves
the efficiency and stability of the photovoltaic device. However,
these kinds of organic chelates directly affect the charge-carrier
transport features of the perovskite layer owing to their dielec-
tric behaviour, which can influence the solar-to-electricity
conversion performance. In this sense, employing a semi-
conducting organic chelate appears to be an excellent alterna-
tive for defect passivation and waterproof protection, without
impairing the electrical and optical characteristics of the
perovskite films. Other organic semiconducting chelates were
previously employed for enhancing the performance and
stability of PSC devices.**** Li et al. reported the functionali-
zation of a multi cation mixed-halide perovskite with ferrocenyl-
bis-thiophene-2-carboxylate molecules, which achieved PCE
over 25%, maintaining stability >98% along a 1500 h test.*®

N,N'-bis(salicylidene)-o-phenylenediamine (salophen) is
a kind of N,0,-donor Schiff Base molecule, which has proven to
be an excellent chelate ligand for most transition and non-
transition metal cations, forming a coordination compound
([M(salophen)]).** These metal complexes can exhibit a wide
range of applications, where sensing,* catalysis,*® non-linear
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optics (NLOs),*” medicine®® and optoelectronics*® might be
highlighted. Our research team has been contributing to the
state-of-the-art M(salophen) compounds during recent years in
the field of NLOs®*** and optoelectronic®*>* applications,
highlighting that simple and low-cost chemical changes in the
salophen ligand framework lead to considerable response
changes and enhancements. Barboza et al.>® showed that small
chemical changes in the ligand structure create a complete
change in the M(salophen)'s electronic structure and photo-
physical properties in solution and solid-state. Germino et al.®
and Duarte et al.> proved that the insertion of specific chemical
groups, particularly benzophenone and benzothiazole, into the
salophen framework enhances the optoelectronic features of
their Zn(u) coordination compounds when applied as an active
layer in all solution-processed organic light-emitting diodes
(OLEDs). The same chemical modifications led Vivas and co-
authors® to observe an enhancement of NLO properties, in
terms of incoherent second-order non-linear optical response in
[Zn(salophen)] compounds. Inspired by Yersin et al.®* and
Zhang et al.*’ works, Germino et al.®* were able to synthesize and
fully characterize (structurally and optically) phosphorescent
[Pt(u)salophen's)] coordination compounds using the same
ligand modification concept and successfully apply them as
guest (red-emitter) for all-solution-processed high-efficiency
white OLEDs (WOLEDs), achieving EQE values above 15%. It
is very important to highlight that salophen ligands and their
metal complexes can enhance the charge-carrier transport in
devices,***” which may be a key point when this molecule
passivates structural defects between lead-halide perovskite
grain boundaries.

Considering (i) the importance of developing feasible air-
processing protocols for obtaining a useful PSC, (ii) the
defects control and stability against room humidity by chela-
togenic organic compounds, and (iii) the environmental impact
of Pb(u) cation leaking, herein, we demonstrate the use of sal-
ophen chelate molecules to improve the stability and figures of
merit on MAPbI;-based PSCs processed under ambient condi-
tions. We demonstrate that salophen chelate is an effective
semiconducting molecular system for surface and grain
boundary interface defect passivation of MAPbI; thin films.
This approach can improve the structural, optical, and electrical
characteristics and stability of PSCs, creating a better interface
between the active layer and the HTM layer. Consequently, we
obtain highly stable and efficient PSCs under ambient condi-
tions, shining light on the usage of semiconductive chelate
molecules on the perovskites for optoelectronic applications.

2 Experimental section
2.1 Materials

Fluorine-doped tin oxide (FTO)-coated glass substrates (TEC7
Glass Plates, 300 mm x 300 mm x 2.2 mm, ~7 Q sq '), m-
ethylammonium iodide (MAI, =99.99%), 30 NR-D transparent
TiO, paste, and tris(2-(1H-pyrazol-1-yl)-4 tert-butylpyridine)
cobalt(m)tri[bis(trifluoromethane)sulfonimide] (FK209 Co(u)
TFSI) were purchased from GreatCell Solar Materials LTD
(Queanbeyan, Australia). Titanium diisopropoxide

This journal is © The Royal Society of Chemistry 2025
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bis(acetylacetonate) (75 wt% in isopropanol, 98%), ethanol
(anhydrous, =99.5%), chlorobenzene (anhydrous, 99.8%), N,N-
dimethylformamide (DMF, anhydrous, 99.8%), dimethyl sulf-
oxide (DMSO, anhydrous, =99.9%), acetonitrile (ACN, anhy-
drous, 99.8%), 4-terc-butylpyridine (TBP, 98%), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.95%), 1,2-
phenylenediamine (99.5%), salicylaldehyde (98%), zinc (Zn)
powder (98%), and hydrochloric acid (HCl, 36.5-38.0%) were
purchased from Sigma-Aldrich. Lead iodide (PbI,, 99,99%) was
acquired from Tokyo Chemical Industry (TCI), America Inc.,
and 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenyl-amine)9,9’-spiro-
bifluorene (Spiro-OMeTAD) was purchased from Xi'an Polymer
Light Technology Corp.

2.2 Synthesis of salophen

The Schiff base was synthesized following the protocol
described by Barboza et al.,*® with some modifications. Initially,
1,2-phenylenediamine (1 mmol) was diluted in ethanol (25 mL)
under constant stirring. After 5 min, salicylaldehyde (2 mmol)
was added dropwise into the reaction medium under constant
stirring until the formation of salophen crystals. The final
product was vacuum filtered, washed with ethanol, and air-
dried overnight at 25 °C. The synthesis scheme for salophen
is shown in Fig. 1.

2.3 Substrate preparation

FTO substrates (2.5 cm x 1.5 cm) were patterned using Zn
powder and HCI (4.0 mol L") for chemical etching. Polyimide
(Kapton®) tape was used to protect the FTO surface from
corrosion. Patterned FTO substrates were cleaned in an ultra-
sonic bath with aqueous Hellmanex® (2% v/v) solution for
25 min, followed by deionized water, acetone, and isopropanol
for 15 min each. After drying in nitrogen (N,) gas flow, the FTO
substrates were treated in a UV-ozone chamber for 30 min at
room temperature.

2.4 PSC assembly

PSCs with architecture FTO-glass|c-TiO,|/meso-TiO,|MAPDI; or
MAPDbI, : salophen|Spiro-OMeTAD|Au (active area of 0.16 cm?)
were fabricated under normal ambient conditions (outside the
glovebox), except for the Spiro-OMeTAD and Au layers. First, the
patterned FTO substrates were transferred to a hot plate and
quickly heated up to 450 °C. In sequence, a compact TiO, layer

2H.0 |

NH, 2 N OH
[I + o2 j ., @[

NH, | |N OH

(e] OH

Fig. 1 Synthesis scheme of salophen.
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(c-TiO,) (ETL) was deposited onto the FTO substrates by aerosol
spray pyrolysis, from a sprayed solution of 400 pL of
acetylacetone and 600 pL of titanium diisopropoxide bi-
s(acetylacetonate) in 9 mL of ethanol, using pure oxygen gas as
a carrying gas. The ¢-TiO, films were annealed at 450 °C for
30 min. To prepare the mesoporous TiO, layer (meso-TiO,), 30
N-RD Dyesol TiO, paste was diluted in ethanol (150 mg mL').%
The TiO, dispersion was maintained under vigorous stirring
overnight prior to use. The meso-TiO, dispersion (ETL) (80 uL)
was deposited by spin-coating at 4000 rpm for 30 s (2000 rpm
s~1); then, the films were sintered in multiple temperature steps
as reported by Saliba et al.®®

The perovskite active layer of MAPbI; was prepared by
applying a one-step method.* First, the perovskite stock solu-
tion was prepared by dissolving 1290 mg of PbI, and 444 mg of
MAI in 2 mL of a solvent mixture of DMF and DMSO (4: 1 v/v).
An aliquot of the MAPDI; solution (60 pL) was deposited by spin-
coating at 1000 rpm for 10 s (200 rpm s~ ), followed by 4000 rpm
for 20 s (2000 rpm s~ '), and 200 pL of ethyl acetate (antisolvent)
was spin cast onto the MAPbDI; film in the final 10 s. Different
salophen solutions in ethyl acetate (0.05 to 5.0 mmol L") were
also used as antisolvents. Finally, the MAPbI; and MAPbI;:-
salophen films were thermally annealed at 100 °C for 30 min.
The Spiro-OMeTAD layer (HTL) was prepared inside the glove-
box as follows: 100 mg of Spiro-OMeTAD was dissolved in 1 mL
of chlorobenzene and stirred at room temperature for 20 min.
The additives TBP (36 uL), LiFTSI (20 pL, 1.8 mol L™" in aceto-
nitrile) and FK209 (8 pL, 0.25 mol L' in acetonitrile) were
added to the Spiro-OMeTAD solution and remained upon stir-
ring for 10 min. An aliquot of the Spiro-OMeTAD solution (50
uL) was deposited on the MAPbI; and MAPbI; : salophen films
by spin-casting at 4000 rpm for 20 s. The films were removed
from the glovebox and stored overnight in a desiccator to allow
for the oxidation process of the Spiro-OMeTAD layer. Finally,
inside the glovebox, Au electrodes with a thickness of 80 nm
were deposited by thermal evaporation in a high vacuum
chamber (~5 x 10~° mbar), at a rate of 0.1 As~* (4 nm) and 1.0
A 57! (76 nm), through a shadow mask. PSC architecture, sal-
ophen molecular structure, assembled device and energy level
of each PSC component are shown in Fig. 2.

2.5 Electrical characterization of PSCs

The current density-voltage (J-V) curves were acquired upon
white light illumination (100 mW ecm ™2, AM 1.5 G) with a class

Salophen
Spiro-OMeTAD

Energy (eV)
EN
o
3
et
z|

PSC's energy levels

Fig. 2 Perovskite solar cell architecture (a), salophen molecular
structure (b), device photography (c) and energy levels below vacuum
diagram (d).
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AAA Solar Simulator (HAL-320, Asahi Spectra Co., Ltd) using
a Keithley 2400 SourceMeter. The simulator was calibrated
using a silicon reference solar cell with a KG5 filter. Stability
tests were carried out according to ISOS-D-1 protocol.** These
tests were performed under ambient conditions at room
temperature, relative humidity and in the dark, without any
encapsulation. The photovoltaic response from the PSCs was
monitored for 720 h.

2.6 Characterization of MAPbI; and MAPDI; : salophen films

2.6.1 Structural characterization. X-ray diffraction (XRD)
patterns were acquired using a PANalytical AERIS diffractom-
eter, Cu Ko radiation source (1.54056 eV), operating at 40 kv
and 15 mA. Diffractograms were collected with 0.003° steps, 0.5
seconds per step acquisition time and an angular range from
10° to 60° in 24.

2.6.2 Morphological characterization. Scanning electron
microscopy (SEM) images of the FTO|c-TiO,|mp-TiO,|MAPbI;
and MAPDI; : salophen films were obtained on a Field Emission
Gun Scanning Electron Microscope (FEG-SEM) (MIRA 3 XMU
model, TESCAN, Brno, Czech Republic), with electron energies
of 10 kv, in high vacuum. Before analysis, all the samples were
coated with a thin Au layer using a standard sputtering
technique.

2.6.3 Optical characterization. UV-vis absorption spectra of
the MAPDI; (control) and MAPDI;:salophen films were
acquired using an Agilent Cary 60 UV-vis spectrophotometer. A
glass substrate was used as a baseline for all the spectra. Pho-
toluminescence (PL) spectra were performed using an Ocean
Optics QE Pro scientific grade spectrometer with an LED (Ley, =
365 nm) as the excitation light source.

Time-resolved photoluminescence (TrPL) decays of the
MAPDI; and MAPDI; : salophen thin films were obtained from
time-correlated single-photon counting (TCSPC) in an Edinburg
Analytical Instruments FL 900 spectrofluorometer with an MCP-
PMT (Hamamatsu R3809U-50; 50 ps) and a PicoQuant LDH-D-
C-440 pulsed diode laser, operating at Aex. = 440 nm (band-
width of 5 nm, pulsewidth = 80 ps; F = 9.7 nJ cm ). The
emission signals were collected at the maximum emission
wavelength of each sample on a time scale of 2 us. The instru-
ment response was recorded using a Ludox sample.

3 Results and discussion
3.1 Characterization of MAPbI; and MAPDI; : salophen films

The structural, optical and morphological properties of the
pristine MAPDI; film (control) and MAPDI; : salophen (from 0.05
to 5.0 mmol L ') films were investigated. Fig. 3 shows the room
temperature diffractograms and Rietveld refinement for the
samples. In addition to the perovskite MAPbI; phase (ICDD
pattern 01-085-5508), the films exhibited the formation of PbI,
(ICDD pattern 00-007-0235). The results obtained from the
Rietveld refinement (Table 1 and Fig. S1, SI) indicate the
formation of the tetragonal crystalline phase (I4/mcm space
group) in the MAPDI; films. The main diffraction peaks of
MAPDI, localized at 26 = 14.0°, 19.9°, 24.3°, 28.2°, 31.7°, 34.8°,

33178 | J. Mater. Chem. A, 2025, 13, 33175-33187
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Fig. 3 XRD patterns of the pristine MAPbIz (control) and MAPblIs:
salophen (0.05 to 5.0 mmol L™ films.

40.4°, and 43.0° can be attributed to the crystalline planes (110),
(112), (202), (220), (310), (312), (224), and (330), respectively. The
results indicate the formation of the tetragonal crystalline
phase (14/mcm space group) in the MAPDI; films.®

Overall, the crystallization and orientation of the MAPbI;
films were not significantly affected by surface modification
with salophen. All films exhibit a preferred orientation along
the (110) and (220) crystalline planes. The diffraction peak
centred at 26 = 12.6° refers to the (100) crystalline plane of Pbl,,
indicating an incomplete conversion of the precursors into
perovskite.®® The XRD patterns also show a reduction in the
intensity of the Pbl, peak with increasing salophen concentra-
tion in MAPDI; films, except for low salophen concentrations
(0.05 and 0.1 mmol L '). The overall data are presented in Table
1. As shown in the table, for the MAPbI; film with salophen at
a concentration of 5.0 mmol L ™", the wt% of the Pbl, phase was
reduced to 3.34%. These results indicate that adding salophen
molecules promotes a more effective conversion of the perov-
skite (MAPDI;) to the black-phase («-phase). This phase is
particularly desirable for photovoltaic applications owing to its
superior electronic properties.

FEG-SEM images (see Fig. 4a) were obtained to investigate
the surface morphology of the pristine MAPbI; and MAPDI;:
salophen films. All the films show good coverage of the TiO,

Table1l Rietveld refinement values obtained from the XRD patterns of
the pristine MAPDI3 (control) and MAPDIs : salophen (0.05 to 5.0 mmol
L~} films are shown in Fig. S1 (SI)

MAPDI; a-phase  Pbl,

Sample (Wt%) (Wt%) Rexp Rp Rup X

MAPDI; 88.41 11.59 3.39 3.69 5.16 1.52
0.05 mmol " 83.28 16.72 3.23 4.05 5.71 1.77
0.1 mmol L™* 83.44 16.56 3.21 441 610 1.90
0.5 mmol L™* 93.61 6.39 3.25 3.89 5.28 1.63
1.0 mmol L™* 92.58 7.42 339 4.25 610 1.80
5.0 mmol L™* 96.66 3.34 341 3.89 546 1.60

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) FEG-SEM images of FTO|c-TiO,|meso-TiO,|MAPbIs (control) and FTO|c-TiO,|meso-TiO,|MAPbIs : salophen (from 0.05 to 5.0 mmol

L1 samples. Scale bars indicate 5 pm in FEG-SEM images. FEG-SEM images are also shown in the insets, with scale bars representing 2 um. (b)
Contact angle images and (c) contact angle as a function of salophen concentration.

ETL. The morphology of the pristine MAPbI; film reveals grains
with varying sizes between 0.2 and 1.2 pm. The addition of
salophen (=0.1 mmol L") over the MAPbI; layer promoted an
improvement in the uniformity of grain sizes (0.9-1.2 pm).
However, at higher concentrations of the salophen (=1.0 mmol
L"), FEG-SEM images reveal the formation of needle-like
structures on the surface and between grain boundaries. To
better understand the influence of the salophen molecules in
the MAPDI; film formation, morphology and structure, we
collected cross-section images for the control and the high-
concentrated salophen-modified film (5 mmol L") (see
Fig. S2, SI). In fact, as observed in the FEG-SEM top-view images,
salophen molecules can enhance perovskite grain contact,
thereby diminishing grain boundary defects. This effect can
improve perovskite stability against ambient conditions, as di-
scussed in Subsection 3.2.

Water contact angle measurements were performed to eval-
uate water resistance in MAPbI; films after salophen modifi-
cation. Fig. 4b and c shows the contact angle images of water
droplets on the FTO/MAPbI; and MAPbI; : salophen (0.05 to
5.0 mmol L") surfaces, and contact angle variation with
different salophen concentrations. The water contact angle for
the pristine MAPDI; film (control) was 36.1°, which increased to
53.6° for the MAPDI;:salophen (5.0 mmol L") film. The
MAPDI; films with salophen at concentrations of 0.05 mmol
L™, 0.1 mmol L™, 0.5 mmol L™, and 1.0 mmol L™ showed
a progressive increase in the contact angle, with values of 41.7°,

This journal is © The Royal Society of Chemistry 2025

43.3°, 49.8°, and 51.5°, respectively. It can be achieved that the
water contact angle increases with salophen concentration
owing to the hydrophobic nature of this Schiff base. This
enhancement of the hydrophobicity of the modified MAPbI;
surface can contribute to increasing the stability of the corre-
sponding PSCs.

Fig. 5a-c shows the steady-state, time-resolved PL (TrPL)
decays and the charge-carrier recombination dynamics for the
MAPbDI; and MAPbI; : salophen films.

Any addition of the salophen compound did not consider-
ably disturb the electronic absorption spectrum of MAPDI;,
which maintained its optical bandgap energy (Fig. 5a). The
same behaviour was observed in the steady-state PL spectra of
the samples (inset Fig. 5a). Conversely, the TrPL measurements
(Aexe = 445 nm; Ap;, = 780 nm) reveal that adding salophen
chelate molecules to MAPbI; completely changes the charge-
carrier dynamics of the films. We clearly observe in Fig. 5b
that the addition of the salophen molecules decreases the
charge-carrier lifetime of the perovskite, suggesting a better
charge-carrier extraction from the MAPbI; layer. The charge-
carrier lifetime starts to increase from concentrations above
0.05 mmol L™" of the chelate. To better understand the charge
carrier transport and recombination processes, and the effect of
the salophen molecules added to MAPDI; films, we adjust each
TrPL decay according to the third-order recombination
dynamics, following differential eqn (1):°"
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Fig. 5 (a) Electronic absorption and steady-state PL spectra, (b) TrPL
decays (Aexc = 445 nm and Ap. = 780 nm), and (c) obtained charge-
carrier lifetimes and disorder parameters as a function of the salophen
concentration for MAPbls and MAPbIs : salophen (0.05 to 5.0 mmol
L™ films.

dn(z)

d = *k3l’l3 - kzl’lz - kll/l7 (1)

where n is the charge carrier density, ¢ is the time, k; is the
monomolecular trap-assisted (first-order), k, is the band-to-
band (second-order), and k; is the complex Auger (third-order)
recombination rate. However, high-order charge carrier
recombination processes can be neglected at low fluence
regimes (F = 9.7 nJ cm ?), as time-correlated single-photon
counting (TCSPC) experiments were performed. Thus, in this
regime, TrPL decays should exhibit monoexponential behav-
iour. Nonetheless, owing to spin-coating film formation, a high
disorder level and random crystal size may lead to complex
emission decay, which was adjusted using a stretched expo-
nential decay model (eqn (2)):*

I(t) = Ioe’(i) ﬂs, (2)

where I(¢) is the time-dependent intensity (directly proportional
to the n(¢)), I, is the intensity at the time “zero”, ts is the charge
carrier lifetime, and (s is the stretching factor, also known as
the disorder parameter, which was set as a boundary condition
as 0.5 <@g = 1.

By applying this model to adjust the TrPL decays, we observe
that the addition of the salophen chelate molecules on the top
of the MAPbDI; films considerably reduces the charge carrier
lifetimes, respecting the following decrescent order: tapbr,) =
358 ns > T(o.5 mmol L) = 207 NS > T(o.1 mmol L) = 177 ns >
T(0.05 mmol L) = 147 > T(1.0 mmol L) = 131 ns> T(5.0 mmol L") = 87
ns. Nonetheless, the disorder parameter increases consistently
with the addition of the salophen, from 0.78 for the neat
MAPDI; film to 0.99 for the lowest chelate concentration, 1.0 for
0.1 and 0.5 mmol L™, and finally, decreases for the highly
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concentrated film (85 = 0.66 and 0.93 for 1.0 and 5.0 mol L™,
respectively). The observed values lead us to conclude that the
salophen molecules passivate MAPbI; defects and, simulta-
neously, contribute to a better crystallization process in the film
formation, which agrees with the SEM microscopy images and
XRD patterns. However, a high density of salophen molecules
(>1.0 mmol L") induces a worsening of the MAPbI; thin-film
morphology, increasing the perovskite film defects, and then
can negatively impact the figures of merit of the overall perov-
skite solar cells.

3.2 Perovskite solar cells

The effect of varying salophen concentrations in ethyl acetate
(from 0.05 to 5.0 mmol L") as an antisolvent on the MAPbI,
layer can be further explored in PSC devices. To this end, we
assembled PSCs with an n-i-p configuration: FTO-glass|c-
TiO,|meso-TiO,|MAPbI; or MAPDbI;:salophen|Spiro-OMeTAD |
Au. The J-V curves in the forward and backward scan directions,
under illumination and in the dark, for the best-performing
PSCs are shown in Fig. 6.

As depicted in Fig. 6, the best pristine PSC (control) reached
18.55% and 14.39% of power conversion efficiency (PCE) for
backward and forward scans, respectively. We observed a slight
decrease in the PCE values for the devices containing
a MAPDI; : salophen layer at low concentrations (up to 1.0 mmol
L"), varying from 18.55% (control, without salophen) to
17.56% (with 1.0 mmol L ™" of salophen). At higher concentra-
tions (=1.0 mmol L"), the PCE values decrease sharply to
14.36% using 5 mmol L ™" of salophen as an antisolvent on the
perovskite layer. The device containing a salophen-modified
MAPbDI; layer at a concentration of 10 mmol L™ " of salophen
in the antisolvent was also assembled and showed a lower PCE
value (13.53%) (see Fig. S3, SI). The statistical distributions of
the photovoltaic parameters for each salophen concentration
(from 0.05 to 5.0 mmol L") used as antisolvent are shown in
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Fig. 6 J-V curves in forward and backward scan directions under
illumination (100 MW cm™) (solid lines) and in the dark (dashed lines)
of the best-performing PSCs for each salophen concentration used as
an antisolvent: (a) control, (b) 0.05 mmol L™, (c) 0.1 mmol L2, (d)
0.5 mmol L™, (e) 1.0 mmol L™, and (f) 5.0 mmol L.
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5.0 mmol L™ used as antisolvent for backward and forward scans.

Fig. 7, and their corresponding values are summarized in Table
2.

The statistical distribution results indicate good reproduc-
ibility due to the narrow performance deviation between PSCs
under the same conditions, as shown in Fig. 7. The photovoltaic
parameters of the devices containing 0.05 and 0.1 mmol L™ of
salophen on the MAPDI; layer are comparable with the control
PSCs (without salophen), except for the average V,. (forward

Table 2 Photovoltaic parameters of the PSCs with an active area of 0.16 cm? measured under illumination (100 mW cm

View Article Online
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scan), which showed a slight improvement from 0.98 & 0.03 V to
1.00 £ 0.02 V (about 2%, on average). Among the best perfor-
mance for modified devices, PSCs with salophen-modified
MAPbI; layer at a concentration of 0.1 mmol L™" achieved
a maximum average PCE value of 17.69% =+ 0.45%, with a V. of
1.05 £ 0.01V, aJs. of 22.13 & 0.53 mA cm ™2 and an FF of 76.08%
+ 1.03% (see Table 2). Comparing the average values, the V.,
FF, and PCE parameters were slightly affected by the increase in
salophen concentration (=0.5 mmol L") on the perovskite
films. For the devices with 5.0 mmol L™ of salophen, the
average PCE value decreased sharply to 13.09% =+ 0.68%, with
a V,.0f1.01 4+ 0.03V, aJs of 20.17 & 0.39 mA cm > and an FF of
64.38% =+ 1.91%.

The decrease in an FF value can also be attributed mainly to
the increase in the sheet resistance value (see Table S1, SI),
which reflects the increase in the charge transfer resistance
between the MAPbI; grains, as well as between the perovskite
layer and the HTL (Spiro-OMeTAD). The lower performance of
PSCs containing higher concentrations (=1.0 mmol L") of
salophen can be attributed to the excess of chelate molecules,
which worsens the MAPDI; crystallization process, as well as the
insulating nature of the Schiff base. In addition, there seems to
be no improvement in hysteresis with the use of salophen as an
antisolvent compared to the control PSCs (Fig. S4, SI).

In addition, all devices exhibited noticeable hysteresis in the
J-V curves, which is typical of mesoporous n-i-p architectures
employing MAPbI; and TiO,. Hysteresis in PSCs has been

~2) in backward scan (B)

and forward scan (F). Average and standard deviation values were obtained based on nine devices. The values in parentheses are for the best-

performing PSCs

Experimental Simulation
Voc ]sc FF PCE Jsc Rsh
Devices Scans (V) (mA cm™?) (%) (%) (mAcem™)  R,(Q) (Q)
MAPDI; (control) B 1.05 + 0.02 22.20 £ 0.40 75.42 + 1.80 17.51 + 0.64 22.36 20.79 6013
(1.06) (22.45) (77.25) (18.55)
F 0.98 + 0.03 21.87 + 0.43 63.64 + 1.64 13.64 + 0.44 21.97 21.03 3169
(1.02) (22.15) (63.69) (14.39)
MAPDI; : salophen B 1.05 £ 0.01 22.26 + 0.46 74.40 + 2.27 17.46 + 0.68 22.72 10.31 33599
(0.05 mmol L™ (1.07) (22.52) (76.93) (18.53)
F 1.00 =+ 0.02 21.84 + 0.52 64.13 + 1.71 13.98 + 0.54 22.29 14.05 2161
(1.02) (22.17) (65.69) (14.85)
MAPDI; : salophen (0.1 mmol B 1.05 £ 0.01 22.13 £ 0.53 76.08 + 1.03 17.69 + 0.45 22.07 13.98 10336
L (1.06) (22.47) (77.27) (18.41)
F 1.00 =+ 0.02 21.71 £ 0.61 63.74 + 1.47 13.86 + 0.51 21.63 15.42 3381
(1.00) (22.13) (63.75) (14.11)
MAPDI; : salophen (0.5 mmol B 1.04 £ 0.02 22.05 + 0.47 73.69 + 1.90 16.93 + 0.69 22.12 12.37 9866
L (1.05) (22.74) (75.15) (17.95)
F 0.98 + 0.02 21.68 + 0.34 63.24 + 2.29 13.44 + 0.71 21.59 15.55 2886
(0.97) (22.07) (63.48) (13.59)
MAPDI; : salophen (1.0 mmol B 1.02 £ 0.02 22.30 £ 0.36 71.44 + 3.00 16.28 + 0.81 21.96 12.62 12244
L (1.04) (22.56) (74.81) (17.56)
F 0.96 + 0.02 21.74 £ 0.38 61.50 + 2.98 12.87 + 0.86 21.33 16.72 2542
(0.96) (22.03) (61.62) (13.03)
MAPDI; : salophen (5.0 mmol B 1.01 + 0.03 20.17 £ 0.39 64.38 + 1.91 13.09 + 0.68 20.51 13.97 5468
LY (1.04) (20.64) (66.90) (14.36)
F 0.94 + 0.02 19.13 + 0.48 58.29 + 2.21 10.49 + 0.70 19.42 19.64 1090
(0.97) (19.81) (60.14) (11.55)

This journal is © The Royal Society of Chemistry 2025
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widely attributed to ionic migration (e.g., I, MA"), trap states at
grain boundaries and interfaces, and capacitive effects at the
ETL/perovskite and perovskite/HTL interfaces.®*”* Even when
salophen was introduced to passivate surface defects, a signifi-
cant hysteresis index (HI) persisted across all concentrations,
suggesting that the molecular passivation achieved was insuf-
ficient to suppress the bulk ionic and capacitive mechanisms.
For instance, devices incorporating MAPbI; : salophen at 0.05
and 5.0 mmol L™ " showed an approximate 10% reduction in HI
relative to the control likely due to partial passivation, but this
was not enough to eliminate the interfacial capacitive behav-
iour. These observations are also in line with studies by Kim and
Park, who demonstrated that the meso-TiO, morphology and
grain boundary density are critical parameters influencing
hysteresis magnitude.®

To better correlate the experimental data obtained from the
PSC devices with some properties of the employed structures,
several physical parameters can be estimated, simulating the
experimental behaviour with the known equivalent electrical
circuit of a solar cell. Typically, such an equivalent electrical
circuit attempts to reproduce the device electrical behaviour
considering (i) the effect of electrically active defects (parallel
resistance Rp), (ii) potential barrier at the electrodes (series
resistance Rg), (iii) ideal approximation of the donor-acceptor
junction (diode) and (iv) losses in the generation of free excitons
(photogenerated current density — Jpy — versus collected current
density - Jsc). In this one-diode ‘real’ solar cell model, the J-V
data can be given by the following general equation:”>”*

q(V — JRs4) 1) VIR

JV)=Jy (exp T R

— JPH: (3)
where J, is the diode saturation current density, g is the elec-
tronic charge, n is the diode ideality factor, kg is the Boltzmann
constant, T is the temperature, A is the solar cell active area and
V is the voltage. Rs and Rp depend on the device structure and
materials. We can consider that Jpy (direct photogenerated
current density) is voltage independent. Experimental data
fitting was performed by employing homemade genetic algo-
rithms searching for the best solution with a minimization of
the cost function (error).”*”® Fig. 8 shows the equivalent elec-
trical circuit and the simulation data for two samples (MAPbI;
control and MAPbI, : salophen 0.05 mmol L") in both forward
and backward scans. The simulation data for all kinds of solar
cells produced are summarized in Table 2.

From the simulated data, we can observe that parallel
resistance Rp tends to increase significantly (in backward scan,
and compared to the control device) in all salophen-based
devices, except for the 5 mmol L™ concentration. The most
pronounced increase is observed for the 0.05 mmol L~*
concentration, indicating a significantly better molecular
conformation with a low density of electrically active defects
that can act as traps for the electrical carriers. This observation
suggests that for the low incorporation of salophen, we have
more free electrical carriers. These results support the afore-
mentioned conclusion that salophen molecules could passivate
MAPDI; defects, promoting a better crystallization domain in
the film. In effect, for low salophen concentration, we observe
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Fig. 8 J-V data and simulation of best-performing PSCs for
MAPbIs (control; (a)) and MAPbls:salophen (0.05 mmol L™ (b)) in
backward and forward scans, acoording to the solar cell equivalent
circuit. The yellow square represents the maximum power, related to
the FF.

a better uniformity of grain size (better film uniformization),
while for high salophen incorporation, needle-like structures
formed between grain boundaries and the surface, which
promote a high density of electrically active defects (Fig. S7), are
responsible for the low Rp estimated data. Moreover, the rela-
tively low Rp for a salophen concentration of 5 mmol L~ indi-
cates that defect passivation could not be efficient in this
sample (in agreement with previous data).

These observations also agree with TrPL decays. Although
without any appreciable change in the bandgap, the observed
blue shift simultaneously with a decrease in the decay for low
salophen concentration (of 0.05 mmoL L") indicates a high
probability of MAPDI; defect passivation together with a better
crystallization process in the film formation. The relatively
small value for Rg reveals that a low potential barrier exists at
the electrodes. This observation agrees with the effect that sal-
ophen incorporation has on the film (bulk), but there is no
evidence of band and/or energy level changes. The high value of
Rg for the 5 mmol L™ salophen concentration (and for the
control) suggests some charge accumulation in defects local-
ized at interfacial layers at electrodes, but, considering the data,
should not be meaningful.

Interestingly, for high salophen incorporation (5.0 mmol
L"), the Jsc tends to decrease slightly (compared to the
remaining samples) but accompanies a decrease in the esti-
mated Jpy values. This should indicate (and following the
previous discussion about heterostructure formation at grain
boundaries) that such samples have less exciton formation
perhaps owing to a decrease in the film absorption as the new
heterostructure is formed. In general, Jsc and estimated Jpy are
similar, indicating that almost all exciton formation is collected
as free carriers at the electrodes. As a general trend,

This journal is © The Royal Society of Chemistry 2025
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photogenerated charge carriers are efficiently extracted by the
external circuit, with small non-radiative recombination losses.

The estimated diode ideality factor did not change signifi-
cantly (around 4 in the forward scan and 2 in the backward
scan). This means that the usual model D-A interface exhibits
more ideal behaviour in backward scans than in forward ones. A
possible explanation can be ascribed to the lesser charge
accumulation in the first case and could rely on the usual
hysteresis found in PSC devices.

To obtain more insights into the salophen addition in the
MAPDI; thin films and its impact on the non-radiative losses in
the PSCs, we estimated the quasi-Fermi level splitting (QFLS)
non-radiative V. variation (AVocurad), considering the photo-
luminescence quantum yields (PLQY) of the devices. eqn (4)
describes the QFLS dependence on PLQY:"®

QFLS = QFLS,.q + kyTIn(PLQY), (4)

where QFLS,,q is the radiative limit (PLQY = 1) of the device
material. In some cases, when there is low interface mis-
matching between the perovskite film and the ETL and HTL, we
can assume at lower intensities (~1 Sun of illumination) that
QFLS ~ qV,, (where g is the elementary charge).””” In our
device, the radiative limit is approximately 1.1 eV. Considering
these values, the addition of salophen molecules to MAPbI; thin
films reduces the non-radiative losses for the 0.05 mmol L™"
condition (PLQY = 0.31) in the backward bias in relation to the
control device (PLQY = 0.21) (Fig. S5, SI). However, high
concentrations of salophen disturb the interface between
MAPDI; and Spiro-OMeTAD HTL, creating non-radiative path-
ways, resulting in the decrease of the PLQY and consequently
increasing the PSC non-radiative losses. However, the addition
of salophen did not change the QFLS under direct bias until
0.5 mmol L™'. Above this concentration, we can observe
a behaviour similar to that seen under backward bias.

The stability of these devices under environmental condi-
tions is a major challenge owing to their sensitivity to oxygen
and the hygroscopic nature of the perovskite layer.”® In this
context, the stability of the PSCs was evaluated under dark
storage conditions by 720 h at room temperature (~25 °C),
without any encapsulation, following the ISOS-D-1 protocol.**
First, the devices were stored in a box with continuous nitrogen
flow, maintaining relative humidity from 20% to 22%. Second,
the PSCs were exposed to ambient conditions without nitrogen
flow, with relative humidity ranging from 55% to 60%. PCE
evolution with time for PSCs is shown in Fig. S6 in SI, and
normalized PCE data are shown in Fig. 9.

The control PSCs (without salophen) and devices containing
salophen-modified MAPbI; at concentrations of 0.1 mmol L™*
and 1.0 mmol L' did not show significant PCE losses after
720 h in a box with continuous nitrogen flow and with relative
humidity between 20% and 22% (see Fig. 9a and b). In fact,
PSCs containing a salophen-modified MAPDbI; layer (1.0 mmol
L") demonstrated the best stability, with a slight gain of 1.2%
of the initial PCE value in the backward scan direction and
a modest PCE loss of approximately 12% in the forward scan
direction.

This journal is © The Royal Society of Chemistry 2025
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Fig.9 Normalized PCE evolution of the PSCs stored in the dark under
ambient conditions with a relative humidity of (a and b) 20-22% and (c
and d) 55-60% without any encapsulation, according to protocol
ISOS-D-1, for (a and c) backward and (b and d) forward scans.

As depicted in Fig. 9c and d, PSCs containing salophen at
concentrations of 5.0 mmol L™ " and 1.0 mmol L ™" exhibited the
best stabilities under ambient conditions with relative humidity
ranging from 55% and 60%, respectively. In the backward scan
direction, these devices presented only 1.8% and 5.8% of the
initial PCE loss, respectively. In the forward scan, they showed
a1.2% loss and a 1.0% gain in initial PCE loss. The devices with
salophen-modified MAPbI; at concentrations of 0.05 mmol L™*,
0.1 mmol L™ and 0.5 mmol L' exhibited initial PCE losses of
16.7%, 15.5% and 12.4%, respectively, in the backward scan
direction. For the forward scan, the initial PCE losses were
6.6%, 7.2% and 5.3%, respectively. In contrast, initial PCE los-
ses of 29.3% and 19.6% were observed for the PSC used as
a control in the backward and forward scans, respectively, after
the same period and under the same conditions. The clear
improvement in stability may be related to the coordination of
the organic ligand (salophen) with the metallic center (Pb**) of
the perovskite through a bond with donor atoms (e.g. nitrogen
or oxygen).”>®

Salophen

Methylammonium ~ p~ Schiff-base
MA

) “-@

poi) Q

lodine °

Fig. 10 Illustration of a possible interaction between the salophen
molecule and MAPbIs octahedra and defect passivation possibility.
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To better understand the role of salophen in improving the
stability and performance of MAPDI; films, we propose the
mechanism illustrated in Fig. 10. Salophen, an N,O,-donor
Schiff-base ligand, coordinates undercoordinated Pb** ions
through its imine nitrogen and/or phenolic oxygen atoms. This
chelation passivates surface and grain boundary defects (i.e.
iodide vacancies - V;—), suppressing non-radiative recombina-
tion pathways. TrPL decays (Fig. 5) confirm this behavior, as
charge-carrier lifetimes decrease with salophen addition, indi-
cating more efficient carrier extraction.

Simultaneously, salophen's planar and hydrophobic struc-
ture creates a molecular capping layer on the perovskite surface.
Contact angle measurements reveal an enhanced water repel-
lent effect, with values increasing from 36.1° (control) to 53.6°
(5.0 mmol L™Y), confirming improved moisture resistance. This
dual action, defect passivation and hydrophobic protection,
provides superior environmental stability for salophen-
modified PSCs. Devices incorporating salophen at optimal
concentrations (0.1-1.0 mmol L") exhibited minimal PCE loss
under the ISOS-D-1 protocol, even after 720 hours in ambient
humidity (55-60%).

Together, these effects demonstrate that salophen acts as
a multifunctional additive, improving the crystallization, defect
tolerance, and environmental stability of MAPbI; films pro-
cessed under ambient conditions.

4 Conclusions

Salophen molecules were dissolved in EA solvent (0.05-5 mmol
L") and added to MAPbI; films during antisolvent deposition.
X-ray diffraction (XRD) analysis showed enhanced conversion to
the black-phase (a-phase) with reduced Pbl, impurities, with
subsequent improvement in the film stability under normal
ambient conditions (25 °C, ~50% rh) for at least 30 days. Grain
size distribution remained unaffected though excess salophen-
induced heterostructure formation at grain boundaries, as
observed in the FEG-SEM images. Photophysical characteriza-
tion revealed no disturbance in absorption and photo-
luminescence (PL), but PL excitation (PLE) confirmed the
resonant energy transfer (RET) or charge transfer (CT) processes
between each one. Time-resolved PL (TrPL) indicated reduced
emission lifetime, better film organization, and fewer structural
defects. Salophen-modified PSCs did not present considerable
changes in power conversion efficiency compared to the control
devices. However, the addition of the salophen chelate mole-
cules into the MAPbI; devices enhances the global PSC figures
of merit (statistical distribution), improving the PCE median
values, being the best performance parameter for 0.1 mmol L ™!
of salophen (PCE = 17.69% =+ 0.45%). Concentrations of salo-
phen above 0.1 mmol L™ worsen the features of MAPbI; solar
cells. The data obtained from device physics simulations of the
electrical equivalent circuit agree with the PSC structural and
photophysical characterizations, confirming defect passivation.
Stability tests (ISOS-D-1) showed enhanced durability, with
5 mmol L' salophen devices maintaining initial PCE for one
month (55-60% rh, 25 °C). With these results, new frameworks
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can be opened for PSC defect passivation towards processable
devices under normal environmental conditions.
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