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In this work, a series of passivating salts for perovskite solar cells (PSCs)

based on ortho-methylammonium iodide functional units are
molecularly engineered to study the steric hindrance driven passiv-
ation effect. The incorporation of fluorine atoms into passivating
agents has been found to be beneficial not only for maximized defect
passivation effect, ensuring improved charge transport, but also for
significantly enhanced hydrophobicity of the perovskite film, leading
to enhanced device stability. The highest power conversion efficiency
(PCE) of over 24% has been achieved for surficial passivated PSCs
based on fluorinated cation PFPDMAI,. Importantly, long-term oper-
ational stability over 1500 h is demonstrated showing the great
prospect of a simple passivation strategy forming a thin organic halide

salt layer instead of a 2D perovskite layer on the surface.

Perovskite solar cells (PSCs) because of their outstanding
photovoltaic properties, simple and low-cost solution fabrica-
tion process, abundant precursors, and skyrocketing power
conversion efficiency (PCE) have attracted tremendous atten-
tion all over the world and show great promise for scale-up and
future commercialization.’” While the unprecedentedly high
efficiency using perovskites is an astonishing achievement, on
the other hand, issues relating to the long-term durability
against atmospheric moisture and oxygen, heat, and light still
raise concern for successful commercial application of PSC
technology.'***
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Compositional and dimensional engineering of perovskites,
interface passivation, and charge transport layer optimization
are proven to be effective pathways to improve the performance
of PSCs.*>*' However, disordered stoichiometric compositions
at surfaces and the heterogeneous spontaneous polycrystalline
perovskite formation inevitably generate abundant defects at
surfaces and grain boundaries causing undesired charge
recombination, limiting the further improvement of PCE due to
significant loss of the open-circuit voltage (V,.) and fill factor
(FF). Moreover, the presence of defects causes stability issues
due to the phase segregation during cell operation and induced
ion migration at the perovskite/HTM interface.>*** Therefore,
developing innovative solutions to passivate the perovskite
defects is essential.

Until now, surficial passivation using alkylammonium
halides has been traditionally employed to form an additional
Ruddlesden-Popper or Dion-Jacobson two-dimensional (2D)
perovskite phase on top of the 3D perovskite to improve the
performance of perovskite devices.>”** However, a stubborn in-
plane orientation and high exciton binding energy are identi-
fied as limiting factors of 2D perovskite layers, which suppress
charge transport and draw back the passivation effect, espe-
cially under device operating conditions and when bulky spacer
cations are used.***” In this regard, we have recently studied the
energy barrier of 2D perovskite formation using sterically
hindered cations, which prevent the formation of surficial 2D
perovskite layers at elevated temperatures and maximize the
passivation effect on both shallow- and deep-level defects.®
Moreover, the strongly interacting intramolecular systems
effectively suppress the nonradiative recombination loss and
improve the device performance. It is known that the intro-
duction of a weak electron-accepting functionality (i.e. halo,
carbonyl, sulfonyl) into the molecular structure enhances the
dipole moment, being advantageous for intramolecular charge
transfer.?®*** On the other hand, it is known that the uncoordi-
nated Pb>" ions at the surface of the perovskite result in
a defective perovskite layer, and also act as charge recombina-
tion centers hindering the charge transfer. In addition,
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molecules containing electron-accepting groups have been
shown to interact with uncoordinated Pb>*, passivating the
defects of halide vacancies.**™>°

In this work, we explore ortho-methylammonium substituted
cations to reveal the steric hindrance driven passivation effect.
Combining different structural units, four organic salts were
designed and successfully synthesized employing facile chem-
istry using commercially available and cheap reagents.
Employing novel surface passivating agents for the post-
treatment of perovskite films suppresses nonradiative recom-
bination and improves interfacial charge extraction, resulting
in a PCE of over 24% in PSCs with enhanced long-term stability.
With this, we demonstrate a simple defect passivation method
that significantly improves perovskite solar cell efficiency and
stability.

Organic passivation salts were designed and synthesized
using straightforward procedures with high purity and excellent
yields. In general, brominated substrates were converted to
amine derivatives using Gabriel synthesis, followed by treat-
ment with hydrogen iodide to yield ammonium iodides
required for 3D perovskite passivation. As shown in Fig. 1, four
different cations with tailored functional units were prepared
based on ortho-phenylenedimethylammonium iodide PDMAI,,
3,4-thiophenedimethylammonium iodide TDMAI,, perfluoro-
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ortho-phenylenedimethylammonium iodide PFPDMAI,, and
1,2,3,4,5,6-phenylenehexamethylammonium iodide PHMAIg.
The chemical structures of the synthesized compounds were
verified by NMR spectroscopy, mass spectrometry, and
elemental analysis. Detailed synthetic procedures and analysis
are reported in the ESL.}

The density functional theory (DFT) was employed to study
the interaction at the molecular and atomic scales, where the
(001) perovskite surface with 2 x 2 periodicity in the x-y plane
acts as the adsorption slab. The optimized geometries of
passivating cations laying on the perovskite surface (Fig. 1)
show that the NH;" group of cations interacted with the
surrounding iodine atoms. The cations PFPDMAI, and PHMAI,
exhibit stronger surface iodine atom relaxation than that of
PDMAI, and TDMAIL,, indicating that the introduction of F
atoms and increasing the number of NH;" groups within the
cations will enhance the surface interactions. Compared with
PDMAI,, TDMAI, and PFPDMAIL,, the six NH;' groups in
PHMAI, will change the stand of surface cations on the perov-
skite to lay on the Pbl, terminal surface. The molecules having
two ammonium groups are vertically interacted with the tetra-
hedron cage of the perovskite (001) surface, such as the PDMAI,,
TDMAIL,, PFPDMAL,. The detailed difference is the tiny angular
rotation between the molecules towards the perovskite surface.

T*HaN
F 3 NH3+I-
a a
. TTHN
F NH3 | NH3+I-
NH3+|- NH3+| NH3+[.
PFPDMAI, PHMAIg

Fig.1 The chemical structures and optimized geometries of synthesized passivating agents laying on the perovskite surface.
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However, the PHMAIg with six active ammonium groups lays on
the perovskite tetrahedron cage via the benzene ring, because of
the multiple interaction sites. The binding energy (Ey,) of cations
laying on the perovskite (001) surface was further employed to
study the interfacial interaction where the Ej, is defined as AE,
= E, — Ey — En, in which E,, E,, and E,, denote the energies of
the optimized adsorbed slabs, the corresponding separated slab
without the adsorbed cations, and the cations, respectively. As
a result, the E;, values increase in the order of PDMAI, (49.65
keal mol™") < TDMAL, (53.62 keal mol™") < PFPDMAL, (64.53
kcal mol ') < PHMAI (77.56 kecal mol '), consistent with the
order of surface geometry relaxation. The introduction of
surface cations generally will passivate the surface trap states of
perovskite films. A surface scanning electron microscope (SEM)
was employed to observe the surface morphology influenced by
the additional cation modification (Fig. S11), and the results
indicate that introduction of each cation onto the surface will
make the perovskite surface grains more dense, which may be
attributed to the surface secondary growth of the perovskite. X-
ray diffraction (XRD) was further employed to study the crystal
structure after the surface secondary reaction (Fig. S2t). The
results show that the crystallinities of PFPDMAI, and PHDMAI,
based samples are better than those of others, implying the
possibility of better performance of PSCs.

Next, PSC devices were fabricated with a typical stack con-
sisting of fluorine-doped tin oxide (FTO)/TiO,/SnO,/perovskite/
passivating agent/spiro-OMeTAD/Au to study the passivation
effect of synthesized cations. Isopropanol solutions of cations
were spin-coated onto the perovskite layer to form a thin
organic halide salt layer instead of a 2D perovskite on top of the
3D perovskite surface, expecting to avoid the energy disorder
and the efficiency loss at elevated operating temperatures.
Fig. 2a represents the illustration of the device structure
through cross-section SEM. It is evident that the thickness of
the perovskite film is about 600 nm, and it is only one grain
thick due to the large gain size of the perovskite, which is
favorable to achieve efficient PSCs. We also obtained the cross-
section SEM images of PFPDMAI, treated perovskite films,
which show that a very thin layer is formed on the top of the
perovskite, which would protect the perovskite film and result
in surface passivation (Fig. 2a).

Current density (J)-voltage (V) characteristics with negligible
hysteresis of the devices based on PFPDMAI, are compared in
Fig. 2c and the J-V curves for the different cations are shown in
Fig. 2b with detailed parameters listed in Table 1. Interestingly,
all devices having passivating agents show higher PCEs
compared to the control devices, in particular with higher V.
and improved FF, under the optimized cation concentration of
4 mg mL " (Fig. S3 and Table S21). The effective passivation
may be attributed to the high adsorption density on the
perovskite, strong adsorption energy of the ortho-methyl-
ammonium units, and the improved electrostatic interactions
with the perovskite defects.

Among the four cations, PFPDMAI, showed the maximized
passivation effect, boosting the PCE from 21.99% of the control
device to 24.02% with a V.. of 1.155 V, a J,. of 24.99 mA cm 2,
and a FF of 0.833. The improvement using the fluorinated
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cation is mostly due to the enhanced V,. and FF, which may be
ascribed to the decreased defect densities and reduced non-
radiative recombination loss, suggesting that the fluorinated
passivation layer serves as a blocking layer impeding iodide
migration across the interface. The reproducibility of the
devices based on the reference and PFPMALI, indicated that both
types of PSCs exhibit good reproducibility (Fig. S47). The inte-
grated J,. values from the IPCE spectra in Fig. 2d match the J-V
curve-extracted values (<1% discrepancy). A stabilized power
output of 23.95% is shown in Fig. 2e compared to 21.90% of the
control device. In addition, the MAPDbI; and Csg os5(FAg.g5-
MAy 15)0.05PD(Lo.85BT0.15)3 types of perovskite were also further
measured with the PFPDMAI, passivation. All the devices with
the PFPDMALI, treatment exhibit better efficiency, however, all
of the PCEs are lower than that of the FAMAPbI; based
composition (Fig. S6, Tables S6 and S77).

Time-resolved photoluminescence (TRPL) measurements
(Fig. 2f) were performed on the FTO/perovskite and FTO/
perovskite/PFPDMAL films. TRPL decay time was fitted by a bi-
exponential model with the fast (t;) and slow (z,) components,
which indicate the interfacial transportation and recombina-
tion. The average delay time (tae) is calculated by
Tave = D AiTi®/>  Ajti, where A; and 7; represent the decay
amplitude and components of delay time, respectively (Table
S3t). For the interfacial recombination, the slow (z,) component
was considered. When the bare perovskite film was employed
for the film, the decay time was 177.7 ns with an average decay
time of 139.3 ns. By contrast, a slower decay time with 7, = 321.7
ns and an average decay time t = 272.3 ns were attained for the
PFPDMAI, based devices. Steady-state fluorescence spectros-
copy (PL) was further employed to study the interface recom-
bination of carriers (Fig. 2g). Similarly, the PL also shows
a higher lifetime of carriers for the PFPDMAI, based sample.
Interestingly, when the PFPDMAI, was spin-coated on the
perovskite film, the peak of PL shifts about 3 nm, which further
indicated the passivation of the perovskite film and agrees well
with the increased performance of PSCs by the introduction of
the cation. The DFT was further employed to study the trap state
changes after the PFPDMAI, cation interacted with the PblI;™~
anti-defects of the perovskite surface. The results show that the
PFPDMAI, interfaced with the center of the octahedron, and
electrostatically interacted with the Pbl;~ anti-defects
(Fig. S7at). The density of states (DOS) results show that the
Pbl;™ anti-defects of the perovskite exhibit trap states within the
band gap of the perovskite (Fig. S7bT). However, the gap state is
eliminated after the interaction of PFPDMAI,. These results
further certify that the PFPDMAI, cation passivates the trap
states of the perovskite, consistent with the TRPL and PL
results.

Next, ultraviolet photoelectron spectroscopy (UPS) has been
used to explore the energy level change by the passivation of
PFPDMAIL, (Fig. S8f). The results show that employing
PFPDMALI, increases the valence band (VB) of the perovskite
from —5.42 to —5.39 €V (21.22 €V — Ecyorf T Eonser), Which is
better matching with the energy of spiro-OMeTAD (—5.2 eV) and
facilitates the interface carrier transportation.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2

(a) Cross-sectional SEM of the PSC device (left) and perovskite film treated with the PFPDMAI, passivation layer (right); (b) J-V char-

acteristics of the devices with different passivating agents; (c) J—V characteristics of the champion devices with or without the PFPDMAI, layer
measured in both reverse (solid) and forward (dash) scanning directions; (d) IPCE spectrum of the best-performing PFPDMAI,-passivated device;
(e) stabilized power output for a device with and without PFPDMAI,; (f) time-resolved photoluminescence (TRPL) of the perovskite thin films with
or without the PFPDMAI; layer; (g) PL of the perovskite thin films with or without the PFPDMAI, layer.

Tablel The detailed photovoltaic parameters of PSCs without or with
passivating cations under the optimized 4 mg mL™ concentration

Device Jse [MA cm™?] Voe [V] FF/% PCE [%)]
Reference 24.93 1.093 80.7 21.99
PHMAI, 24.96 1.135 82.5 23.37
PDMALI, 24.94 1.121 81.7 22.84
TDMAI, 24.93 1.114 82.2 22.82
PFPDMAI, 24.99 1.154 83.3 24.02

Femtosecond transient absorption spectroscopy (fs-TA) was
employed to study the charge transport at the interface. Fig. S9a
and bt show the typical AOD at various delay times from 50 to

This journal is © The Royal Society of Chemistry 2024

1500 ps. The positive excited-state absorption (ESA) band is
present before 720 nm and the negative ground state bleaching
(GSB) band is at ~760 nm, which is related to the fluorescent
emission from the perovskite. Comparison of the GSB peak at
~767 nm reveals that the negative peak intensity of PFPDMAI,
is largely decreased due to the faster transportation of the holes.
The time evolution profiles of the ESA peak at 767 nm are shown
in Fig. S9c.T The ultrafast time below 1000 ps indicates the
charge transportation, however, the time scale of 1 ns to 1 ps
may be ascribed to the excited-state delay time or recombina-
tion dynamics of the perovskite.** Thus, the fast component 7,
was considered to affirm charge transportation for glass/
perovskite/spiro-OMeTAD and glass/perovskite/PFPDMAI,/
spiro-OMeTAD samples. When PFPDMAI, is introduced onto
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the perovskite surface, the decay times of GSB peaks are
dramatically reduced from 805.2 ps to 74.5 ps, which indicated
that employing a passivation layer will enhance the interface
carrier transportation.

In addition to the improved PCE, the long-term stability was
also evaluated to study the influence of different passivation
layers on device stability. The light-soaking performance of the
unencapsulated PSCs was evaluated by MPPT under 1 sun
illumination and an inert atmosphere as shown in Fig. 3a. In
general, all passivated devices show significantly improved
stability compared with the control device having no post-
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Fig. 3 (a) Maximum power point tracking (MPPT) for 1500 h of the
unencapsulated devices under continuous light (100 mW cm™2) illu-
mination at 25 °C in a nitrogen atmosphere; (b) the Tgo stability of PSCs
from (a); (c) evolution of the PCEs for the unencapsulated devices
exposed to a controlled relative humidity (RH) of 10-20% in the dark at
25 °C; (d) water contact angles of the perovskite and perovskite/
PFPDMAI; films.
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treatment that degrades to ~70% of the initial PCE. The
device passivated with fluorinated PFPDMAI, exhibits the
highest light stability, maintaining ~94% of its original PCE
after 1500 h, outperforming other devices based on PHMAIg
(90%), TDMAI, (~88%), and PDMAI, (~86%), respectively, and
representing another important advantage of a newly synthe-
sized fluorinated cation. Fig. 3b shows the T, of the stability of
the devices. It can be seen that the device with the PFPDMAI,
cation exhibits a slower decay of efficiency with the Tg, over
1000 h, whereas the control device reaches the Tg, line in only
200 h. Next, the PCEs of the unencapsulated devices with and
without PFPDMAI, under a RH of 10-20% were tracked over
time (Fig. 3c). The control device maintained ~79% of the
initial PCE after 60 days, compared to that of ~92% for the
PFPDMALI, passivated device. The water contact angles of the
perovskite and the perovskite/PFPDMAI, films were employed
to realize the reason of stability enhancement (Fig. 3d). The
results show that the contact angle increased from 58° to 67°
after the treatment with the PFPDMAI,, salt. The more hydro-
phobic fluorinated PFPDMAI, passivation layer is presumably
responsible for reducing moisture penetration and suppressed
phase degradation benefiting from the passivation effect.

To conclude, we demonstrate the synthesis and a thorough
study of sterically hindered ortho-methylammonium cations
that are used as passivating agents to form a thin organic halide
salt layer in perovskite solar cells (PSCs) instead of forming a 2D
perovskite. The impact of different molecularly engineered
functional units was revealed by employing optical, photo-
physical, and photovoltaic measurements. We found that the
incorporation of fluorine atoms is beneficial for improved
carrier transportation and enhanced device stability due to the
passivation of defective perovskite states. The most efficient
perovskite devices contained PFPDMAI, salt, reaching a PCE of
over 24% and excellent long-term stability over 1500 h. The
study shows that a simple post-treatment strategy using steri-
cally hindered cations with extra functionality leads to signifi-
cantly improved PSC efficiency and stability.
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