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ABSTRACT

High-performance perovskite solar cells (PSCs) are typically made using formamidinium CH(NH,)," (FA*), cesium Cs™ and
the thermally unstable methylammonium CH,NH,* (MA") monovalent cations. Excluding unstable MA* leads to perovskite
compositions with increased stabilities and decreased bandgaps. This study introduces a novel approach using a simple fluorinated
methylammonium CFH,NH,* (FMA") cation capable of doping into the perovskite-framework. With the addition of an optimized
quantity of 0.8 mol% FMALI, perovskite compositions are thermally more stable, enabling more reproducible n-i-p PSC performance
with a power conversion efficiency of 25.67%. The PSCs exhibit operational stability over 2000 h. Spectroscopic and computational
analyses suggest that FMAI may play a dual role as a fluorinated ammonium additive capable of doping into the perovskite and
as a chemically non-innocent precursor producing passivating species.

1 | Introduction

Organic-inorganic lead halide perovskite materials have
attracted considerable interest for optoelectronic applications,
including solar cells [1-4], light-emitting diodes [5-7], lasers
[8, 9], detectors [10, 11], and sensors [12, 13]. Perovskite solar
cells (PSCs), which use organic-inorganic lead halides as
the photoactive layer, have shown a rapid increase in power
conversion efficiency (PCE) since their first demonstration, from
3.8% in 2009 to a certified value of 28% in 2026 [14]. Despite this
progress, the long-term instability toward moisture, heat, and

light of PSCs containing 3D perovskite layers remains a major
challenge for commercialization [15, 16]. Therefore, strategies
such as compositional tuning, defect passivation, and crystal-
growth regulation through precursor-solution engineering
have been widely explored to improve device stability without
sacrificing efficiency [17-20].

Optimizing the composition of the perovskite photoactive layer
is an important target for the further improvement of the per-
formance of perovskite-based photovoltaics. The phase stability
of the APbX, perovskite structure is governed, together with
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thermodynamic factors, by the size and geometry of the A-site
cation, which can be approximated by Goldschmidt’s tolerance
factor [21-24]. Currently, Cs* and FA™" cations are widely used in
high-efficiency PSCs due to their high stability and favorable red-
shifted bandgap [21-24]. In contrast, MA* is generally regarded
as a key risk factor for long-term operational stability because
of its higher volatility and lower thermal stability [25, 26]. Pure
MAPDX;, FAPbX; or CsPbX; (X = Br~ or I7) perovskites can suf-
fer from thermal or structural instability depending on the halide
composition and processing conditions [27-32]. Mixed-cation
and mixed-halide strategies are therefore commonly used to
access desirable bandgaps, improve crystallization, and enhance
structural stability [33]. However, increasingly complex mixed-
cation/mixed-halide compositions may also be susceptible to
photo-, thermal-, or bias-induced segregation during operation
[34].

A-site cation compositional engineering offers opportunities to
tune stability and optoelectronic properties. Undersized cations,
such as K* or Rb*, may be incorporated along the surfaces
and grain boundaries, or other structurally accessible sites
[35, 36], whereas oversized organic cations typically form lower-
dimensional phases, such as 2D perovskites [37-40]. Oversized
organic cations typically form lower-dimensional phases. Bulky
fluorinated organic cations have also been used to improve long-
term durability, due to their hydrophobic character and inter-
facial passivation effects [41-44]. The introduction of fluorine-
containing additives in the A-sites can increase the molecular
dipole moment, alter electrostatic interactions within the inor-
ganic framework, and potentially improve the optical absorption
capacity and structural and thermal stability. Hence, fluorinated
methylammonium cations (CHg;.,)F,NH;* or F,MA*, n =1, 2,
3) are therefore attractive because they combine the small size
required for compatibility with the 3D perovskite framework with
the electronic effects of fluorination. Although such advantages
of fluorinated methylammonium cations have been theoretically
predicted and reported, the limited availability of such cations
hinders experimental realization [45-48]. In principle, fluori-
nated methylammonium iodide salts could be synthesized by
simply reacting fluorinated methylamines with hydroiodic acid.
However, the very low stability of halogenated methylamines
hinders the preparation of fluorinated methylammonium salts via
this route.

In this work, we report the synthesis of fluoromethylammonium
iodide (CH,FNH;I or FMAI) through a simple nucleophilic
addition reaction between fluoroiodomethane and ammonia
in methanol. We then evaluate FMAI as a low-concentration
fluorinated additive for FA/Cs-based PSCs. An optimized FMAI
loading of 0.8 mol% improves film quality, suppresses degra-
dation, and enhances photoluminescence response, affording
devices with a stabilized PCE exceeding 25.5% and improved
operational stability over 2000 h. We investigated the mecha-
nism of action of FMAI using complementary experimental and
computational approaches, revealing the dual role of FMALI, in
which the additive can act both as a fluorinated ammonium
cation capable of doping into the perovskite-framework, leading
to defect passivation and phase stabilization, and as a reactive
additive that may form additional species during film formation
and operation.

2 | Results and Discussion

Fluoromethylammonium iodide (FMAI) was obtained as a
white solid in 41% yield via a simple nucleophilic addi-
tion reaction between fluoroiodomethane and ammonia in
methanol. The compound was fully characterized by 'H, *C,
and F NMR spectroscopy and mass spectrometry with char-
acterization data provided in the Supporting Information)
[49]. Attempts to prepare difluoromethylammonium iodide
(CHF,NH;]I) and trifluoromethylammonium iodide (CF;NH,I)
using the same procedure, starting from difluoroiodomethane
and trifluoroiodomethane, respectively, were unsuccessful.

To assess whether FMA™ could potentially dope into a 3D lead-
halide perovskite framework, we evaluated conventional stability
descriptors for A-site cation incorporation, namely the Gold-
schmidt factor () and Li’s octahedral factor (u) [50]. Although
the calculated tolerance factor for FMAPbI;, t = 1.01, is slightly
above the conventional 0.8-1.0 range, it is close enough to
suggest that FMA™* is not prohibitively oversized for a 3D lead-
halide framework, motivating a more detailed computational
investigation. Moreover, the calculated octahedral factor, u =
0.541, also satisfies the commonly used u > 0.41 criterion
[50].

To examine how the incorporation of FMAI may impact the
FAPDI, lattice, the formation energy (Efymaion) and the rela-
tive phase stability of the FMAI-doped perovskite with varying
percentages of FMAI were assessed using periodic Density Func-
tional Theory (DFT) calculations of the crystalline system (full
details of DFT calculations and the corresponding files are given
in the Supporting Information) [51-53]. Ef,imaion Was calculated
using the following equation [54]:

Eftormation = E(FMAI)X(FAI)H(PMZ) — XEpyiar — (1 = X) Eppp — Epyy,

where Egyan, Fan,  pbly)> Ervars Erar and Epp, are the total
energies of the precursors Pbl, (trigonal phase), FAI, and FMAI
(both cubic phases) obtained from DFT calculations [55]. The
results indicate a linear increase in Ej, .40, Of the perovskite
with increasing doping of FMA*, which remains negative up
to 58% of FMA™* incorporation, when presumably the strain in
the lattice leads to instability. We calculated the relative phase
stability of the mixed perovskite phases compared to the pure
phases using the mixing free energy, AF ,e = AEphase = TASphases
which accounts for both energetic and entropic contributions to
measure the thermodynamic compatibility of FMA* and FA*
(Figure 1e). The energetic contribution was calculated using DFT
as:

AE[:)hasc (FMAxFAl—beI3) = Ephasc (FMAxFAl—beIS) -

[XEphase FMAPDIL) + (1 — X) Eppyse (FAPDI)|

where  Ejp.o(FMAFA, _ PbLy),  Eppo(FMAPDBL),  and
Epnase(FAPDL;), and Eypy,;, are the total energies of the mixed
perovskite composition and of the FMA- and FA-pure
perovskites, and x represents the molar fraction of FMA*
incorporated into the FAPbI; lattice. The entropic contribution
was estimated using the ideal-alloy approximation [56]:

20f10

Advanced Energy Materials, 2026

85UBD 17 SUOWWOD BAFeR1D) 3|l |dde au Aq paueA0b 818 S3o1Me YO ‘8SN JO S3INJ 404 Afeiq1 T 8UIUO /1M UO (SUONIPUOD-PUR-SLLLBYWI0D" A3 | IMAfe.q)1)BUI|UO//:SANY) SUORIPUOD PUe SWS L U385 *[9202/60/TT] U0 A%IqIT8UIUO /B|IM @IUeNU}IT 3URILO0D AQ 9BETL WUSR/Z00T OT/IOP/L0D A8 |IM A LRIq 1 [eul U0 paoURADe//SANY WO papeojumod ‘0 ‘0v89rTIT



(N +7.35eV

C) +0.05

IGMH

-0.05

X

ADCH atomic charge
-0.25 I (N +0.35

e) 002 f) '
0,014 0.2
—— Mixing free Energy
000§ j —e— Energy Contripution s 0
—— Entropic Contribution ]
>
2
] _
5 -001 H 00
C c
9
T
-0.02 £ -01
o
'S
-0.03 -0.2
-0.04 -03 |
0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 0.0 0.2 04 0.6 0.8 10

Fraction of FMA substitution (x)

Fraction of FMA substitution (x)

FIGURE 1 | (a)Resultsofisolated molecule calculations: Electrostatic surface potential (ESP) maps of MA* and FMA™. (b) Atomic dipole corrected
Hirshfeld (ADCH) atomic charge of MA* and FMA™. (c) Independent gradient model based on Hirshfeld partition of molecular density IGMH) analysis
of the interaction between FMAI and Pbl,, shown at an isovalue of 0.01 a.u. (d) Electron density difference map of a FMAI-PbI, complex. Purple and

yellow regions indicate electron accumulation and depletion, respectively. The isovalue is 0.001 a.u. (e) Results of periodic calculations for the crystalline

system: Mixing free energy as a function of FMA* concentration, including the corresponding enthalpic and entropic contributions. (f) Formation energy
of FMAFA, Pbl; as a function of FMA™ concentration. Note that the vertical axis shows the change in formation energy relative to the pristine phase.
The dashed line indicates the composition at which the calculated formation energy changes sign.

ASphase (FMALFA,_Pbl3) = kg [xIn (x) + (1 = x)In (1 - x)]

where kyis the Boltzmann constant and x represents the
molar fraction of FMA* incorporated into the FAPbI, lattice.
The differences among the calculated AE,,(FMAFA, _ Pbl;)
energies are small, approximately 0.01 eV per stoichiometric
unit, indicating that replacing FA* with FMA™ does not intro-
duce a large enthalpic penalty. The entropic contribution —
TASypnase s negative and therefore favors cation mixing, with

the maximum stabilization at x = 0.5. As shown in Figure le,
the resulting AF,s is thermodynamically favorable over the
modeled range, suggesting that FA* and FMA®* are compat-
ible within the same perovskite phase, suggesting that once
the perovskite is formed, the components are likely to remain
mixed rather than segregating. In contrast, the formation energy
at high doping concentration indicates that high FMA™* frac-
tions become increasingly unfavorable relative to the precursor
phases.
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To study the molecular properties of FMAI and its possible
interactions with perovskite-related species, we performed iso-
lated molecular DFT calculations [57-59]. Electrostatic surface
potential (ESP) maps (Figure 1a) confirmed that the electron-
withdrawing nature of the F atom leads to a larger dipole moment
(1) of FMA™ (5.90 D) and an increased difference (Ap) in the
ESP (4.27 eV) (Figures S2 and S3), compared to MA* (2.19 D
and 2.34 eV, respectively). Atomic dipole corrected Hirshfeld
(ADCH) charge analysis (Figure 1b) shows an overaccumulation
of negative charge over the fluorine site in FMA* with respect to
the analogous proton in MA* (0.072 for F in FMA* vs. +0.170 for
H in MA™). This excess polarity in the partly negatively charged
fluorine atom enables binding with Pb?" which establishes Lewis
acid-base interactions, as observed in the independent gradient
model based on Hirshfeld partition of molecular density IGMH)
maps, electron density differences, and topology analyses on elec-
tron density (Figure 1c,d and Figures S4 and S5) [60, 61]. FMAI
transfers electrons to Pbl, while MAI accepts electrons from Pbl,
(Figure S5). Additionally, according to the DFT calculation, the
positively charged NH;* fragment can establish hydrogen bonds
with the iodide atoms in its proximity. Overall, the binding energy
of FMAI-PbI, is —0.63 eV compared to 0.36 eV for MAI-PbI,.
These interactions could lead to the passivation of iodide vacancy
(V}) and coordination of undercoordinated Pb?* in the perovskite
film [60, 61].

‘We have recently shown that perovskite additives are sometimes
non-innocent and participate in beneficial reactivity within the
perovskite system [61]. Given the known lability of a-fluorinated
ammonium salts [51-53], we also considered whether FMAI may
not exclusively act as an A-site cation, but additionally as a
reactive additive. The NMR spectra of freshly prepared FMAI
exhibit the expected 'H, *C, and F NMR resonances, confirm-
ing formation of the target fluoromethylammonium iodide salt
(Figure S1). However, time-dependent ’F NMR spectroscopy
measurements in d,-DMSO over 128 h at 25°C revealed the growth
of additional fluorine-containing species (Figure S6) with features
at —140 ppm (dd, J = 35.0, 17.3 Hz), at —148 ppm (singlet),
and at —150 ppm (broad), ascribed to an unknown potentially
fluorocarbon product, to HF,™ [56], and to potentially fluorinated
glass (from the NMR spectroscopy tube) [54], respectively. The
latter two species likely arise from released F~ and HF from
the 1,2-elimination reaction in FMAI (Figure S6). No changes
were observed in the corresponding time-dependent 'H NMR
spectra (Figure S7), except for a slight shift and broadening of
the ammonium proton resonance from 7.04 to 6.42 ppm, with
no substantial changes to the integration or relative ratios. This
suggests that the reactivity is slow in the precursor solution
(liquid state) and would be even slower in the films (solid).
After several weeks, colorless single crystals were observed in
the NMR spectroscopy tubes, which were collected and analyzed.
Single-crystal X-ray diffraction identified the presence of two
ionic molecules in the structure: a protonated hexamethylenete-
tramonium (HMTA) and an ammonium (NH,*) cation with
the corresponding iodide anions (Figure S8). The formation of
this species indicates that FMAI reactivity not only generates
fluorine- and fluoride-containing byproducts, but also produces
reactive C/N-containing fragments that can undergo condensa-
tion reactions. HMTA is classically prepared by condensation
of formaldehyde with ammonia or ammonium-derived species,
via a reactive methanimine intermediate. The crystallographic

identification of a HMTA salt in the crystal could be consistent
with the generation of such species during the slow FMAI
reactivity likely via a 1,2-elimination of HF (Figure S9). HMTA
has been previously shown to be beneficial in PSCs by enhancing
the a-phase stability of FAPbI; [62] and the presence of HI
and HF can increase the stability of the perovskite precursor
solutions [63], and can lead to PSCs with higher PCE through
doping and passivation [64, 65]. Although the complementary
crystal structure and NMR spectroscopy data do not establish
the complete reactivity pathway, it provides evidence that FMAI
might be chemically non-innocent in the perovskite.

We next investigated the effect of incorporating FMAI into
perovskite films and PSCs (full preparation details are given in
the Supporting Information) fabricated from solutions of the
generic form Cs, ¢FA( ¢, Pb(I,Cl,);. Films and devices without
FMALI are referred to as Control, whereas those incorporating 0.8
mol% FMALI (relative to the total amount of CsCl and FAI), the
optimized FMAI concentration (Table S2 and Figure S16) based
on overall performance, are referred to as Target.

The powder X-ray diffraction (pXRD) patterns of the fresh (t =0
days) Target perovskite films exhibit the typical perovskite peak
at ~14° (Figure 2), without any additional peaks observed due
to the addition of FMAI The presence of FMAI in the Target
perovskite film, however, suppresses decomposition, as much
less residual Pbl, is generated compared to the Control samples
during thermal aging (60°C in N, ) evidenced by the peak at ~12.5°
(Figure 2a). In addition, the Target film does not exhibit the
photoinactive hexagonal FAPbI; §-phase (yellow phase) peak at
~12° during moisture aging (30%-40% RH at room temperature),
even after 30 days, indicating that the FMA* cation stabilizes the
black phase of perovskite (Figure 2b).

Scanning electron microscopy (SEM) was used to further inves-
tigate the perovskite film structure. The addition of 0.8 mol%
FMALI improves the Target film quality with larger grains and
a smoother, more compact surface morphology observed in the
top-view images compared to the Control film (Figure 3a). After
both thermal and moisture aging, the Target films containing
FMAI continue to exhibit a denser perovskite surface with fewer
voids than the Control (Figures S10 and S11). Cross-sectional SEM
images of devices show the expected glass, FTO, TiO,, perovskite,
HTL, and gold electrode layers. Partial delamination of the
gold electrode occurred during device fracture, but the main
device layers remained identifiable. The Control perovskite layer
showed limited through-thickness texturing, whereas the Target
film appeared more compact, although the apparent crystal
size in the bulk differed from the surface morphology (Figure
S12). We next performed X-ray photoelectron spectroscopy (XPS)
measurements to experimentally probe the interaction between
F and Pb. Specifically, the Pb 4f spectrum exhibits a clear shift
toward lower binding energy (by ~0.3 eV) upon introduction of
FMAI, which is consistent with Pb-F interaction as previously
evidenced by DFT calculations (Figure S17).

The photophysical properties and carrier dynamics of the Control
and Target films were evaluated using relative photolumines-
cence (PL) intensity and voltage-dependent transient PL decay
measurements (Figure 3b,c). The Target film shows higher
PL intensity and longer PL decay lifetime (728 ns vs 245 ns,
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FIGURE 2 | XRD patterns of Control and Target perovskite films during (a) thermal aging at 60°C in N, glove box; (b) moisture aging under

30%-40% RH at room temperature.

respectively) than the Control film, reduced non-radiative recom-
bination and grain boundary defect passivation. The PL decay
profiles of the Control can be fitted to a biexponential containing
a fast component, associated with defects- or impurity-induced
recombination, and a slower component arising from radiative
recombination occurring in the bulk perovskite. In contrast, the
Target exhibits a more gradual decay, consistent with reduced
trap recombination. Confocal PL mapping further confirms that
the Target perovskite films exhibit higher PL intensity and a nar-
rower emission wavelength distribution than the Control films
(Figure 3d,e). These differences are consistent with the enhanced
film uniformity and defect passivation, presumably arising from
interactions between FMAI and undercoordinated Pb** or iodine
vacancies. The absorption spectra of the Control and Target films,
consistent with the External Quantum Efficiency (EQE) response

(Figure 4b), exhibit a similar absorption onset around 750 nm
(Figure S13), indicating that the low FMAI loading does not
significantly alter the optical bandgap of the perovskite.

The performance of the Control and Target PSCs was evaluated
using devices based on architectures comprising FTO/TiO,/
SnO,/perovskite/PMMA/Spiro-OMeTAD:PDCBT/Au. The sta-
tistical performance of the devices is shown in Figure 4 and
Table 1. The performance improvement in the Target PSCs
primarily arises from increased V. and FF, which benefit
from the reduced non-radiative recombination, improved charge
extraction, and defect passivation effect of FMAI discussed above,
while the Jg- remains essentially unchanged within experimental
deviation. The champion Target PSC showed Jy. = 26.67 mA/cm?,
Voc =115V, and FF = 83.9%, which resulted in an overall PCE
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FIGURE 3 | (a)Top-view SEM images; (b) PL spectra; and (c) voltage-dependent transient PL decay lifetime of the Control and Target perovskite
films. Mapping of (d) PL intensity and (e) wavelength of the Control and Target perovskite films. Data were obtained over an area of 43 ym X 43 um.

of 25.67% with small hysteresis (Figure 4a). In comparison, the
Control PSC showed Jyc = 26.51 mA/cm?, Vo = 1.10 V, and
FF = 81.8%, corresponding to a PCE of 23.87%. The stabilized
power output under maximum power point tracking reached
25.38% (Figure 4a, inset), which is in good agreement with the

J-V scans. Statistical analysis of more than 30 devices confirms
the reproducibility of the performance improvement in the Target
PSCs (Figure 4c-f). shows statistically relevant improvements
in the performance of over 30 PSCs. The PCE values obtained
here are highly competitive for FA/Cs-based single-junction PSCs
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FIGURE 4 | (a)Current-voltage scans for the best performing Control and Target devices showing the entire hysteresis loop and maximum power
point tracking (inset); (b) external quantum efficiency spectra and integrated short-circuit current density of the corresponding devices; statistics of
the photovoltaic parameters (c) V¢, (d) Jsc, (e) FF, and (f) PCE of Control and Target devices (n > 30); (g) maximum power point (MPP) tracking for
2000 h of the encapsulated devices under continuous light (100 mW c¢m™2) illumination at 25°C in a nitrogen atmosphere.
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TABLE 1 | Summary of the best and average device performance for the Control and Target devices with the statistical standard deviation of

parameter distribution from 30 samples for each condition.

Voc (V) Jsc (mA cm™2) FF (%) PCE (%)
Control 1.10 + 0.01 26.48 + 0.07 80.22 + 1.17 23.41 +0.30
Best 1.10 26.51 81.80 23.87
Target 114 + 0.01 26.51 + 0.08 83.60 + 0.78 25.26 + 0.29
Best 115 26.67 83.93 25.67

prepared using low-concentration molecular additives, confirm-
ing the potential of the fluorinated FMA™ cation to improve
photovoltaic performance.

The operational stability of encapsulated devices was evaluated
under maximum power point (MPP) tracking under simulated
solar illumination, following an ISOS-L-1 protocol as established
by the International Summits on Organic Photovoltaic Stability
[66]. The light-soaking performance of the encapsulated PSCs
was evaluated under 1 sun illumination under an inert atmo-
sphere. The Target PSC retained ~88% of its original PCE after
2000 h, compared to ~70% for the Control PSCs under the same
conditions. These results demonstrate that the incorporation of
FMALI improves both the initial device performance, as well as
the operational stability.

To evaluate the broader applicability of the FMAI treatment,
we further tested the additive in perovskite formulations with
different bandgaps and in mini-module devices. Target devices
based on 1.60, 1.65, and 1.75 eV perovskite absorbers showed
improved photovoltaic performance compared to the correspond-
ing Control devices (Figure S15), indicating that the beneficial
effect of FMAI is not limited to a single perovskite composition. To
assess scalability, we fabricated an FMAI-containing perovskite
mini-module with a total active area of 29cm? (Figure S14).
The module was completed by laser etching and contained nine
subcells connected in series. Encouragingly, the Target module
exhibited a Vi of 10.19V, a Jg. of 75.84 mA, an FF of 78.1%,
and a PCE of 20.76%. The high module performance originates
from the good uniformity of the perovskite layer, the reduced trap
density, and suppressed interfacial recombination, supporting the
potential of FMALI for scalable fabrication of PSCs.

3 | Conclusions

Fluoromethylammonium iodide (FMAI) was employed as a
low-concentration additive for FA/Cs-based perovskite films,
motivated by its potential 3D perovskite doping and defect-
passivation interactions. Perovskite films with 0.8 mol% FMALI,
i.e., Target films, comprise larger and smoother grains and exhibit
superior relative PL intensity and PL decay lifetime compared to
the Control film, i.e., without FMAI. The n-i-p PSCs fabricated
with the Target perovskite films achieve a PCE of 25.67% and
long-term operational stability for 2000 h. Hence, the new FMA*
cation, which may be prepared using a facile procedure, is
expected to find widespread applications in the design of next-
generation perovskite-based photovoltaics, light-emitting diodes,
sensors, and beyond.
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