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The Role of Fluorine-Functionalized Organic Spacers for
Defect Passivation and Low-Dimensional Phase Formation

in 3D MAPI Perovskite Solar Cells
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Widespread application of organic-inorganic halide perovskites

(OIHP) still faces a major obstacle in mitigating moisture-induced
degradation. Integrating organic spacers, as defect passivation

facilitators along with low-dimensional phase (LDP) formation is an effective
approach to enhance the efficiency and robustness of 3D methyl ammonium
lead iodide (MAPI) in photovoltaics (PV). Here, the formamidinium

cation (FA+) employing 3,5-difluorobenzene-1-carboximidamidium

iodide (2F), 4-(trifluoromethyl)benzene-1-carboximidamidium iodide (3F),

and 2,3,4,5,6-pentafluorobenzene-1-carboximidamidium iodide (5F) organic
spacers as passivation layer in 3D/LDP OIHP solar cells is utilized. Fluorine
atom position and quantity in organic spacers change the optoelectronic
characteristics of the perovskites, enhancing hydrophobicity, facilitating

LDP formation, and augmenting dipole moments, thereby facilitating

charge separation processes. PV performance analysis reveals that 3F-treated
3D/LDP devices achieve the highest efficiency of 19.22%. Experimental results
and density functional theory (DFT) studies attribute the higher performance
of 3F-modified devices to effective LDP formation, enhanced passivation of
defect states at perovskite surfaces and grain boundaries, the highest dipole
moment and lowest band gap among the evaluated spacers. The stability tests
show that, after 1000 h, 3F- and 5F-modified 3D/LDP OIHP devices retain over
85% of their initial efficiency. This research opens novel avenues for designing
appropriate organic spacers to attenuate defects in 3D/LDP PV devices.

1. Introduction

In recent years, organic-inorganic 3D halide
perovskites (OIHP) have gained promi-
nence as a top contender in advanced thin
film PV technology, demonstrating signif-
icant advancements.'}] The power con-
version efficiency (PCE) of 3D OIHP has
risen considerably, increasing from 3.8% to
25.73% (certified).*> OIHP is a potential
material for low-cost PV due to its unique
features, which include a high absorp-
tion coefficient, low binding energy, long
charge carrier diffusion length, high car-
rier mobility, and adjustable bandgap.[¢1]
The industrial use of 3D perovskite solar
cells (PSCs) continues to be hampered by
their poor intrinsic stability against mois-
ture and temperature under ambient op-
erating conditions, despite the significant
progress that has been made in PCE.[1%14]

The film quality of perovskite material
is an important factor in the high perfor-
mance and stability of PSCs. When per-
ovskite films are produced using the con-
ventional solution technique, there is a
high probability that defects will occur at
the surfaces and grain boundaries.['>1°]
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It is common knowledge that the defect sites that are present at
either the surface or the grain boundaries are the typical start-
ing point for the degradation of perovskite. Therefore, the pres-
ence of grain boundaries makes it easier for moisture and oxy-
gen from the surrounding environment to penetrate into per-
ovskite films, which in turn speeds up the process of perovskite
decomposition.['* Previous studies have shown that the in-
stability of PSCs is mainly caused by trapped charges. Organic
cations such as CH;NH;* (MA*) or NH,CH = NH,* (FA*) have
limited freedom for ion migration at higher temperatures, thus
contributing to the instability of 3D perovskite frameworks. The
defects result in decreased efficiency by affecting charge carrier
dynamics due to an imbalanced distribution of charges and the
unstable nature of the PSCs.[20-4] Defects arise when perovskite
sheet crystallizes in-situ, leading to non-radiative recombination
losses in device operations. Common point defects with low for-
mation energies in MAPI thin films include uncoordinated Pb**,
uncoordinated halide ions, Pb clusters, and Pb-I antisite defects.
Hence, it is essential to eliminate imperfections in perovskite
films to enhance stability without compromising the efficiency
of PSCs.[25-31]

Low-dimensional PSCs have drawn increasing interest over
the past couple of years.’?] A commonly employed approach
to reduce non-radiative recombination in 3D MAPI perovskites
is to either treat surface defects with properly functionalized
molecules or introduce low-dimensional perovskites (1D or
2D).[33-36] A wide range of substances, including Lewis bases, and
acids, metal cations, metal anions, and alkylammonium halo-
genides, have been employed as passivation agents to mitigate
the structural defects in perovskites.’”] Moreover, when intro-
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duced into 3D perovskite frameworks, LDPs act as passivating
agents, minimizing the influence of defects. Additionally, the
LDPs act as heterojunctions, enhancing the fluorescence life-
times inside the perovskite framework.[*8] In comparison to their
3D counterparts, the presence of large organic spacer cations
greatly increases the moisture resistance of LDP structures. How-
ever, the LDP PSCs typically exhibit a comparatively diminished
PCE due to the limited charge transport capabilities, high exciton
binding energies, and wider band gap, acting as insulators.[340]

Mixed-dimensional perovskites (3D/LDP) are considered a
promising strategy for PSCs. Thus, the advantages of two dif-
ferent perovskite derivatives are combined. The 3D perovskite
controls optical absorption and charge transport qualities, while
a thin hydrophobic LDP seals defects on the surface and pro-
tects the 3D perovskite from moisture. The LDP also aligns
the energy bands and regulates the film quality of the 3D per-
ovskite structure.**?] For example, advancements in 3D/LDP
PSCs have mostly focused on modifying the optoelectronic char-
acteristics of 2D Ruddlesden-Popper phases by altering the or-
ganic spacers.[*)] LDP often exhibit a significantly higher exci-
ton binding energy due to their robust quantum and dielec-
tric confinement.** To decrease the dielectric confinement lead-
ing to low charge transfer in perovskite devices, an effective
strategy is to create organic spacers with a high dielectric con-
stant through enhancing molecular dipole moments. Functional
groups with high electronegativity are utilized to create an ap-
propriate organic spacer for this purpose. Fluorine (F) as the
most electronegative element is often used as a functional unit
to design organic spacers to raise the dipole moment and di-
electric constant.[***8 Wie et al. were among the pioneers who
introduced F atoms into lead-based PSCs.[*! Following that,
organic spacers 4-Trifluoromethyl-phenethylammonium (CF;-
PEA), 4-(trifluoromethyl)benzylammonium iodide (TEFMBAI), 4-
(trifluoromethyl) benzylamine (4TFBZA), 3-fluoro-benzyl am-
monium iodide (3FBAI), and 2-[4-phenyljethanamine were uti-
lized in 2D and 3D/2D PSCs.[**%° The fluorinated substances
are reported to improve device performance. In general, organic
spacers that incorporate amine (-NH,) functional groups are ex-
tensively employed to supplement the 3D perovskite film with
an LDP protective layer.®) Conversely, when compared to the
amine groups, the formamidinium (FA) functional group in-
teracts more strongly with Pb-I octahedrons and demonstrates
superior charge transport capability.’”>®] To fabricate an LDP
perovskite structure, organic spacers containing FA group (e.g.,
benzamidine (PhFA), 2-thiopheneformamidinium (ThFA), and
para-fluorobenzamidine (p-FPhFA)) have been the subject of very
few investigations.>*%) Given this knowledge, it is clear that
a systematic study is required for building organic spacers to
obtain insight into the mix-dimensional perovskite formation,
which influences the passivation mechanism and efficiency of
PSCs.

In this study, 3,5-difluorobenzene-1-carboximidamidium io-
dide, 4-(trifluoromethyl)benzene-1-carboximidamidium iodide,
and 2,3,4,5,6-pentafluorobenzene-1-carboximidamidium iodide
from the same family containing F atoms and FA functional
groups, referred to as 2F, 3F, and 5F, were utilized to create an
LDP on 3D MAPI PSCs. The acronyms 2F, 3F, and SF represent
the number of F atoms contained in the molecules. The study
examined how the dipole moment of organic spacers affects the
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Figure 1. a—c) Molecular structure of 2F, 3F, 5F organic spacer, respectively. d) Electrostatic potential (ESP) analysis of the xF-organic spacers (x =2, 3,
5). The color bar indicates the self-consistent field coulomb potential (SCF-Coulpot): negative (red) and positive (blue); e) Calculated molecular dipole

moments of 2F, 3F and 5F molecules.

performance of PSCs by the passivation of trap states. Cathodolu-
minescence (CL) investigations, a powerful technique, also reveal
certain aspects of LDP generation on perovskite surfaces. High-
resolution transmission electron microscopy (HR-TEM) observa-
tions provided additional evidence for the existence of LDP, as
seen by the significant lattice spacings obtained. To gain more
insight into the effect of these fluorinated spacers, we conduct
DFT calculations to examine the interactions between the passi-
vation species and the 3D MAPI surface. The stability investiga-
tion involves calculating the binding energy (E;) of fluorinated or-
ganic molecules on the Pb-I terminated perovskite surfaces. The
DFT calculations show that the bonding strength between fluo-
rinated molecules and MAPI surfaces is significantly increased.
The strongest binding is found for the 3F spacer, due to its largest
dipole moment. This enhancement plays a major role in the pas-
sivation of the perovskite surface.

2. Results and Discussion

Figure 1a—c depicts the molecular structure of the organic spacers
2F, 3F, and 5F utilized in this study. Nuclear magnetic resonance
(*H-, F-NMR) and mass spectroscopy were used to character-
ize the compounds (Figures S1-S4, Supporting Information). All
three organic spacers possess FA and F as functional groups,
which are either directly or indirectly connected to a benzene
ring. Previous studies have shown that fluorinated organic spacer
cations with high polarity can increase the dielectric constant.[®!]
This results in a reduction of the coulomb force between the ex-
citon’s electron and hole pair, thereby promoting effective charge
separation. Research indicates that the use of fluorinated spacers
enhances several characteristics of low-dimensional perovskites,
mostly due to their tunable dipole moments.[®2!

Dipole moments of organic spacers were calculated to compre-
hend how the number of F atoms and their position in the aro-
matic ring affect the dipole moment as illustrated in Figure 1d,e.
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The respective dipole moments of molecules 2F, 5F, and 3F are
calculated in DFT calculations, and values of 3.55, 3.76, and 4.56
D, were obtained, respectively. The differences in dipole mo-
ments have a significant impact on the quality of the modified
perovskite films and the performance of the devices.

The 3D/LDP PSCs device was fabricated by spin-coating or-
ganic spacers to form an LDP perovskite structure on 3D MAPI
films. Scanning electron microscopy (SEM) studies were con-
ducted to assess the morphology of 3D control with 5% of ex-
cess lead iodide (Pbl,), 2F, 3F, and 5F-3D/LDP MAPI perovskite
films. The top-view SEM images in Figure 2a—d demonstrate that
the active MAPI layers fully coat the substrate surface. Addition-
ally, there is excess Pbl, along grain boundaries, which appear
in the form of small particles (yellow circles) in the 3D control
(Figure 2a).

The crystal grains of the 3D control with clear boundaries
vary from several hundred nanometers to a micron range size
as depicted in Figure 2a. On the other side, the modified per-
ovskite films display less obvious grain boundaries, as shown in
Figure 2b-d, suggesting the occurrence of surface passivation.l>?
The size of the grains remains similar when compared to the 3D
control film. A small-size conglomeration was found on the sur-
face of 2F-treated films as presented in Figure 2b. Upon analyz-
ing the perovskite phase treated with 3F, one can observe larger
and more clearly defined conglomerated formations along the
grain boundaries as shown in Figure 2c. It demonstrates that
SF follows a similar pattern in Figure 2d. Moreover, the excess
PbI, situated at the interfaces of the perovskite grains undergoes
partial consumption when treated with 2F, while experiencing a
more substantial consumption in the case of perovskite treated
with 3F and 5F (as shown below in CL part). The FA* func-
tional group of these spacers is expected to react with uncoor-
dinated surface Pb atoms.[>®! The conglomerations can influence
the charge transfer across the grains due to changes in the in-
terfacial dipole caused by this interaction.[®*] SEM analysis was
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Figure 2. SEM images of 3D MAPI control film, 2F-3D/LDP, 3F-3D/LDP, and 5F-3D/LDP MAPI perovskite films were recorded using a—d) SED and e-h)
CL detectors. i) XRD patterns and j) Pb 4f core level, k) 3d core level XPS spectra of 3D MAPI control film, 2F-3D/LDP, 3F-3D/LDP, and 5F-3D/LDP

perovskite films.

also performed on perovskite film surfaces treated with various
concentrations of corresponding organic spacers (Figure S5a—c,
Supporting Information). SEM images captured with a backscat-
tered electron detector (BED) unveil the presence of distinct
phases exhibiting different contrast (Figure S6a—d, Supporting
Information). Structures with a brighter color are smaller in size
compared to the MAPI grains, primarily appearing between the
grains as nanoparticles with irregular shapes. The brighter struc-
tures observed at the grain boundaries in the 3D control sam-
ple, which includes excess Pbl, (5%), are attributable to PbI,.
In the treated samples, the alterations in shape, size, and dis-
tribution density of these agglomerates indicate that they are
not the same excess PbI, particles observed in the 3D control
film (Figure S6b-d, Supporting Information). The hypothesis
is that, in the sample exposed to 2F and 3F, the concentra-
tion of Pbl, diminishes, allowing for the emergence of LDP.
In contrast, the 5F passivated sample undergoes complete con-
version of Pbl,, resulting in the formation of LDP on the sur-
face of MAPI grains. Additionally, small spots are observed on
the MAPI grains, especially in the 2F- and 3F-treated films. In
the case of the 5F-treated sample, there are fewer tiny forma-
tions, and most of the agglomerates are situated between the
MAPI grains. However, the analysis with backscattered elec-

Adv. Funct. Mater. 2025, 2423109 2423109 (4 of 13)

trons cannot unambiguously distinguish between Pbl, and LDP
phases.

CL has proven to be an effective tool for studying the recom-
bination behavior of charge carriers in PV materials, with sub-
micrometer spatial resolution. Moreover, for highly emitting ma-
terials (such as MAPI), CL can be useful in distinguishing dif-
ferent phases, when X-ray microanalysis or backscattered elec-
tron imaging encounter unfavorable conditions (e.g., materials
very sensitive to irradiations). Xiao et al. thoroughly investigated
the effect of accelerating voltage and incident electron beam cur-
rent on the emission parameters of MAPI perovskite films.[%]
Their extensive research dives into the changes in emission in-
tensity and spectrum caused by various e-beam excitation set-
tings. A comparison of MAPI emission spectra at various accel-
erating voltage and beam current settings revealed unique influ-
ences on emission properties with time and found that irradi-
ation with low beam energy (such as 2 KeV) at low beam cur-
rent (<4 nA) are suitable to detect a clear signal without degra-
dation of the sample. We analyzed the surface of specimens with
2 KeV beam energy and ~0.06 nA beam current. In these con-
ditions, the sample was not visibly degrading, and the CL sig-
nal was high enough for analysis. The CL intensity measure-
ment of solution-cast MAPI films developed on ITO-coated glass
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slides with a SnO, layer (~40 nm) on top of the ITO is shown
in Figure 2e. The most intense emission is localized at the PbI,
grains (two of them indicated with yellow circles in Figure 2e).
We observed that the intensity of the different features is sub-
ject to a time-dependent process (Figure S7, Supporting Infor-
mation). At the beginning (i.e., after minimum exposition to e-
beam) the most intense emission come from the MAPI grains
(Figure S7b, Supporting Information), and in many cases there
is an intensity difference between the grains (see also Figure 2f).
This indicates that different grains have varied nonradiative re-
combination rates near the film surface. We hypothesize that the
intensity variation can be attributed to different concentrations
of surface defects among distinct grains. Longer exposure re-
sults in a decrease in perovskite CL intensity, whereas the Pbl,
grains preserve a pronounced CL emission (Figure S7c—e, Sup-
porting Information). In treated perovskite films, there are also
darker spots exhibiting much lower (or none) emission as shown
in Figure 2f~h (some of them indicated by circles). The appear-
ance of darker spots in the treated films support the disappear-
ance of Pbl, and validate the formation of a new phase that could
be assigned to LDP. In the SEM image captured with a SED de-
tector (Figure 2a—d), these formations appear white. The average
size of these structures in the 2F-treated perovskite is less than
100 nm, while the LDP agglomerates in the 3F and 5F typically
range between 100 and 300 nm.

Utilizing an atomic force microscope (AFM), the passivated
perovskite films were further investigated for changes in their
surface roughness. The root mean square (RMS) roughness of
the 3D control film is determined to be 10.7 nm. On the other
hand, after the treatment the 2F, 3F, and 5F perovskite thin films
show RMS values of 7.6, 7.2, and 7.7 nm, respectively (Figure S8,
Supporting Information). The lower RMS values are favorable for
the deposition of hole transport material (HTM). In addition, the
decreased surface roughness of the mixed 3D/LDP film can be
accepted to have a positive impact on charge carrier transport re-
sulting in an enhanced performance of derived PSCs.

X-ray diffraction (XRD) was used to analyze the crystallinity of
3D control, and 3D/LDP perovskite films as shown in Figure 2i.
The primary XRD peaks of the 3D control are observed at 14.19°
and 28.50° 26, corresponding to the (110) and (220) planes of
MAPI, respectively.*¢!

The diffraction peak corresponding to excess Pbl, was noted at
12.7°. This peak exhibited a decrease in the 2F, 3F, and 5F-treated
perovskite films compared to the 3D control, suggesting the con-
version of excess Pbl, to LDP. So that, extra peaks are observed
at low 26 angles of 6.1, 5.4, and 8.2° in the XRD pattern of the
3D/LDP perovskite films treated with 2F, 3F, and 5F, respectively.
It was determined that these new signals did not originate from
the corresponding organic spacers, as evidenced by the compar-
ison with the XRD analysis of pure organic spacers (Figure S9,
Supporting Information). Therefore, the extra peaks are associ-
ated with the combined new phases on the 3D perovskite surface
as illustrated in Figure 2b—d. The weak reflections at the low 26
angle (<10°) suggest the presence of LDP formed during anneal-
ing, as reported in prior research.>26]

X-ray photoelectron spectroscopy (XPS) investigation was con-
ducted to study the surface composition of the treated perovskite
films. The passivated samples were found to have the F element
from the corresponding organic spacers. The distinct photoemis-
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sion peak of F atom in core level F1s was detected in the treated
perovskite films (Figure S10, Supporting Information). The bind-
ing energies of the Pb 4f; , and Pb 4f, , orbitals in the 3D control
perovskite, at 143.0 and 138.2 eV are associated with the Pb*?2,
as illustrated in Figure 2j. The binding energies of 13d;, and
I3d; , in the pure perovskite are 630.6 and 619.1 eV, respectively,
as shown in Figure 2k. In all treated films with the 2F, 3F and
5F organic spacers, both peaks of Pb and I shifted toward lower
binding energy compared to the 3D control film (Table S1, Sup-
porting Information). These downward shifts in binding ener-
gies suggest that the corresponding organic spacers interact with
the uncoordinated Pb%** ions and iodine atoms.[® In addition,
the downward shift in binding energy indicates that LDP facili-
tates charge transfer in the perovskite structure because the core
level signals in the treated films are located closer to the Fermi
level.'*%7] The most notable decrease in binding energies within
the Pb4f and 13d spectra was observed in the perovskite film
treated with 3F, as compared to those treated with 2F and SF.
This suggests that (—NH,) in the 3F perovskite film may be in
closer proximity to the [PbX4]*~ octahedron because of enhanced
hydrogen bond interactions caused by the electron-withdrawing
impact of X-positioned F atoms.[®®]

Nuclear magnetic resonance ('H-NMR) was employed to ver-
ify NH-I hydrogen-bonding interactions between organic spac-
ers and inorganic lead iodide species (e.g., [PbI,(H,0),]>~ or
[PbI¢]*7]) (Figure S11, Supporting Information). To indirectly
support this observation, 'H-NMR analysis was performed by
mixing 3F molecule, containing -CF, group, with Pbl,, the build-
ing block of [PbI;]*~ octahedral in the 3D perovskite crystal.
When the spacer and Pbl, are combined, the protons of the
formamidinium -NH, group in the organic cation that interact
with Pbl, experience a shift toward higher magnetic field values
(shielding effect) compared to the 'H-NMR spectrum of the pure
3F molecule. This indirectly indicates that the organic cation in-
teracts with PbI, via the FA* cation end.[®”]

Grazing incidence wide-angle X-ray scattering (GIWAXS) was
employed to assess the orientation of perovskite crystallites to the
substrate in both the 3D control film and the treated perovskite
film with 2F, 3F, and 5F organic spacers. The 3D reference mate-
rial shows a random orientation, which can be seen through the
diffraction rings displayed in Figure 3a.’) The reflection at the
azimuthal angle near 0°, beneath the first reflection ring related
to 3D MAPI, corresponds to the (001) plane of Pbl,. 3D Control
MAPI thin films commonly have an excess of Pbl, due to sur-
face deterioration of the perovskite layer and the excessive usage
of Pbl, in the perovskite precursor solution.[”!! All other materi-
als show similar reflections and random orientation for the 3D
MAPI phase. In the 2F and 3F samples, the intensity of the Pbl,
reflections is reduced whereas it is not observable anymore for
SF as shown in Figure 3b—d, demonstrating the partial (2F and
3F) and complete (5F) consumption of the excess Pbl,. Further-
more, additional reflections in the low q region, below the first 3D
MAPI reflection ring, can be observed for all three treated mate-
rials. For comparison with the XRD and TEM results, a pseudo
2 Theta plot of the low q scattering region is given (Figure S12,
Supporting Information).

While the origin of these low-angle reflections was shown not
to originate from the pure organic spacer materials, we cannot as-
sign them unambiguously to a solved structure. Nonetheless, the
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Figure 3. GIWAXS data of a) 3D control MAPI (with +5% excess Pbl,), b) 2F- 3D/LDP, c) 3F- 3D/LDP, d) 5F-3D/LDP perovskite films. e,f) TEM images
of 3D/LDP perovskite film treated with 3F and corresponding fast Fourier transforms (FFT) taken from the marked areas.

large unit cell parameters required for the low q region scattering
point toward the formation of low-dimensional phases on the sur-
face of the 3D MAPI thin film. The lattice planes of the observed
reflections of these LDPs are predominantly oriented parallel to
the substrate, as seen by the reflections being located around the
azimuthal angle of 0° as shown in Figure 3b—d. Lastly, for 3F the
different orientation profiles of the additional reflections, i.e., a
broad reflection ring at g, = 3.37 nm™" (4.76° 26) and a sharp re-
flection at g, = 4.08 nm™! (5.72° 26) could point to more than one
new phase being present.

HR-TEM studies were conducted to clarify the structural fea-
tures of the 3D/LDP MAPI samples treated with 3F, as depicted
in Figure 3e,f. The interplane spacings, which are assessed from
the Fast Fourier transform (FFT) images and correlate to the fin-
gerprint of LDP lattice fringes, are visible in the HR-TEM im-
ages. The HR-TEM images from certain areas validate the pres-
ence of different lattice spacings. The small distance between ad-
jacent crystal planes of 3.2 A is associated with the (220) diffrac-
tion peak of the 3D MAPI tetragonal phase (COD file: 1548467)
as shown in Figure 3e.”?] Furthermore, the 3F-treated perovskite
films show interplanar d- spacing of 7.1, 7.7 and 11.8 A, which are
correlated with the LDP (Figure 3e,f). The observed interplanar
d-spacings in HR-TEM are mainly consistent with those of LDP
as reported in previous studies.l”>”# Furthermore, The XRD and
GIWAXS studies also support the LDP formation within the 3D
MAPI structure.l*”75] Assessing the distinctive features of LDP is
difficult because of their small numbers and surface localization.
Conducting experiments in bulk phase is not useful in clarifying
the n-values, the number of octahedral layers, or the formula of
the LDP phase, as literature that presents n-values often pertains

Adv. Funct. Mater. 2025, 2423109 2423109 (6 0f13)

to LDPs created from specific stoichiometric ratios of precursors.
The quantity of excess PbI, at grain boundaries as Pbl, and the
amount of organic spacer reacting with this excess Pbl, which is
observable in XRD pattern, during the spin-coating stage remain
unspecified. These results indicate that the final structure we ob-
tained is potentially a mixed-dimensional 3D — low dimensional
PSCs.

Our experimental results suggest that the treatment with the
fluorine-functionalized organic cations has the potential to im-
prove the efficiency as well as the stability of the MAPI-based so-
lar cells, as a result of LDP formation. We hypothesize that these
fluorinated organic spacers passivate also defects on grain bound-
aries and surfaces of the perovskite film at molecular level, as
shown schematically in Figure 4a. To gain more insight into the
effect of these fluorinated spacers, we conduct DFT calculations
to examine the interactions between the used agents and the 3D
MAPIT surface.

We started with an MA-I terminated perovskite surface and
replaced MA cations with xF cations to compare the stability of
these modified perovskite surfaces relative to that of 3D MAPI,
shown as in Figure 4b. In addition to the xF cations studied ex-
perimentally in this work, we also investigated the effect of the
NH group in passivating the surface by substituting it with a
CH, group in the 3F cation. This organic spacer will be referred
to as 3FC, ampbhiphilic 4-(trifluoromethyl)benzylammonium io-
dide (TFMBAI), which is often reported as a passivation agent
previously in literature.l’?] To assess the stability of adsorbed
molecules, we performed calculations of the binding energy (E)
for the MA-I ion pair and xF-I structures on the Pb-I termi-
nated perovskite surface. Details of the structural models and the
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Figure 4. a) A schematicillustration showing how an LDP layer is formed on top of a 3D MAPI, with a perovskite grain boundary passivated by fluorinated
organic spacers; b) a diagram showing the perovskite surface with partially fluorinated organic spacers decoration on the right and full organic spacer
decoration on the left; ¢) the binding energy for the perovskite surface fully covered with fluorinated organic cations; d) the binding energy for the

perovskite surface with a low coverage of fluorinated organic cations.

calculations can be found in supporting information note for
DFT calculations. The calculations were done both for full cover-
age and low coverage (25%) of the surface with xF organic spac-
ers, as shown in Figure 4b.

The E, calculation results for the surface fully and partially cov-
ered with fluorine-functionalized organic cations are shown in
Figure 4c and in Figure 4d respectively. When considering the en-
tire coverage, it is evident that the perovskite surface has a better
passivation effect because all the fluorinated organic cations bind
to the Pb-I ended surface more firmly than the MA and 3FC or-
ganic spacer. Whereas 2F, 3F, and 5F cations have approximately
the same Eb, interestingly, a more distinct trend becomes appar-
ent when reducing the coverage. 3F forms the strongest bond
with the surface, followed by 5F and 2F as shown in Figure 4d.
This trend can be explained by the dipole moments of the flu-
orinated molecules themselves, which are shown in Figure 1e,
where the larger dipole moment of the molecule corresponds
to stronger binding to the surface, as a larger dipole moment
indicates stronger intermolecular forces leading to more stable
molecular interactions. The larger dipole moment of the 3F pas-
sivator is ascribed to the position of the fluor atoms on the aro-
matic ring. For 3F these are all concentrated on the top position
on the ring in a trifluoromethyl group, whereas for the other pas-
sivators, the fluor atoms are distributed around the aromatic ring.
This trend is the same as the one experimentally established for
the PCE, confirming the most effective defect passivation effect
of the 3F organic spacer. Next to increasing the PCE, passivat-
ing dangling bonds on the Pb-I terminated surface leads to in-
creased stability as it minimizes ion migration and defect forma-
tion. Also, the stronger passivation, together with the hydropho-
bic effect of the Fluor atoms, leads to less water infiltration into
the crystal, which results in a better long-term stability.

It is important to mention that only very small amounts of
the organic cations were used in our experiments. This suggests
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that it is unlikely for the passivation with organic spacers to fully
cover the surface, therefore 3F emerges as the best passivator at
low coverage. However, using a large amount of organic cations
may also have drawbacks. The insulating character of the organic
spacers can be attributed to their predicted band gaps, which ex-
ceed 3 eV in according to DFT calculations. Among the organic
spacers, 5F has the highest insulation (Figure S13, Supporting In-
formation). Applying high concentration of the organic spacers
can therefore hinder the charge transport, since the insulating
properties of the fluorinated compounds would be more domi-
nant than the beneficial effect of passivation. We highlight that
the passivation effect of these organic cations also improves the
stability and performance of the perovskite films and devices, by
immobilizing surface halide species and passivating dangling Pb
bonds. Here, with the largest surface binding energies, both 3F
and 5F significantly improve the long-term stability of the solar
cells, with 5F being slightly superior to 3F due to its more hy-
drophobic nature, as demonstrated in Figure 6a.

UV-vis absorption spectroscopy was used to study the opto-
electronic properties of the perovskite films shown in Figure 5a.
Compared to the 3D MAPI control film, surface-modified
3D/LDP films (=550 nm thick, Figure S14, Supporting Informa-
tion) exhibit no notable absorption differences. It indicates that
the presence of the LDP phase atop the 3D structure does not
cause a significant change in the absorption characteristics of the
photoactive film.

As depicted in Figure 5b,c, steady—state photoluminescence
(SSPL) and time-resolved photoluminescence decay (TRPL) mea-
surements were performed on the 3D MAPI control and treated
3D/LDP perovskite samples to elucidate the charge recombina-
tion processes. The passivated film including 2F shows slightly
increased peaks in PL emission, while the pristine perovskite
films modified with 3F and 5F demonstrate elevated PL emission
peaks, as depicted in Figure 5b.
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Figure 5. a—c) Absorption, SSPL and TRPL spectra of 3D MAPI control, 2F-3D/LDP, 3F-3D/LDP, and 5F-3D/LDP perovskite films on glass substrate. d)
SCLC curves of the Electron only devices for 3D MAPI control, 3D/LDP with 2F, 3F and 5F. ) Device structure of corresponding PSCs reported in this
study. f) J-V curves of champion devices of 3D control 2F-3D/LDP, 3F-3D/LDP, and 5F-3D/LDP perovskite films respectively. g) Histograms display the
distribution of PCE for both the 3D control and 3F-3D/LDP PSCs, for 15 devices each. h) The MPP of PSCs under AM 1.5G light. i) EQE of corresponding

devices.

The high PL intensity serves as an indicator of the elimination
of defect-related sub-bandgap states in perovskite films.l”®! The
observed high PL emissions in 3D/LDP perovskite films treated
with 3F and 5F can be attributed to ability of the surface defect
passivation and LDP phase formation to inhibit non-radiative re-
combination losses.

Figure 5c illustrates the TRPL decay spectra of the films that
were prepared on glass substrates. The TRPL curve was fitted
with the biexponential equation (1) given below:

T

t -t
y=Alexp< > + A, eXP(T_)+Y0 (1)
1 2
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where A, and A, denote the signal amplitudes. The symbols 7,
and 7, represent, the short and long charge carrier recombina-
tion times, respectively. In essence, 7, is linked to nonradiative
trap-assisted recombination taking place at the perovskite grain
boundaries, while 7, is associated with bulk carrier recombina-
tion, conversely.[¢777]

A compilation of the charge carrier lifetimes of the perovskite
films is provided in Table S2 (Supporting Information). The re-
spective 7, and 7, values in the 3D control film are 50 and 114 ns,
respectively. There is no major change in these values in the film
treated with 2F. In particular, the 3F-treated 3D/LDP perovskite
films exhibit considerably longer 7, and 7, values than the control
sample. The diminished 7, value signifies that in the passivated
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3F and 5F 3D/LDP, radiative recombination of carriers predom-
inates over trap-assisted nonradiative recombination. Reduced
nonradiative recombination is likely linked to a lower defect den-
sity, as indicated by the extended lifetimes. This, in turn, pro-
motes charge carrier transport and contributes to an increased
open-circuit voltage (V,,).l"8!

The trap-state density of the corresponding films was deter-
mined using the space-charge-limited current (SCLC) method,
which is applicable to electron/hole-only devices. The equa-
tion (2) for this calculation is as follows:

N, = 255OVTFL/(]L2 (2)

where N, represents the electron or hole trap-state density, ¢ is
the relative dielectric constant of MAPI perovskite (¢ = 25), ¢,
represents the vacuum permittivity (8.85 x 10712 F m™), Vi
signifies the trap-filled limit voltage, g is the fundamental charge
(1.602 x 1071 C), and L symbolizes the thickness of the per-
ovskite film. For this experiment, electron-only devices were pro-
duced and current density-voltage (J-V) curves in the dark were
collected as shown in Figure 5d.I! The ohmic region is the lin-
ear segment observed in the dark J-V curve at low bias voltage.
The region characterized by an intermediate bias, where charge
carriers occupy traps, is termed the trap-filled region. The region
devoid of traps is established at the high-bias voltage. The bias
voltage at the inflection points between the ohmic region and the
trap-filled region is used to calculate the V.. The calculated trap
state density of the 3D MAPI control device is 6.17 X 10'° cm™3.
The trap-state density of the 3D/LDP perovskite the 2F device is
measured at 5.88 X 10" cm™. Although the trap density value
of the 2F-modified device is lower compared to the 3D control,
there is no significant difference. The trap-state densities of 3F
and 5F-designed 3D/LDP perovskites were determined to be 4.97
x 10" cm~3 and 5.26 x 10 cm™3, respectively. The 3D/LDP per-
ovskite device with 3F demonstrates the least trap-state density.
This confirms the passivation impact of the fluorinated organic
spacers and LDPs, reducing nonradiative recombination and fa-
cilitating efficient charge transfer. These factors are pivotal for
improving the photovoltaic performance of PSCs.

To assess the impact of the molecular passivation and LDPs on
the photovoltaic performance, the n-i-p planar (ITO/SnO, /3D or
3D/LDP/Spiro-OMeTAD/Au) PSCs with 3D MAPI and 3D/LDP
mix-dimensional were fabricated as shown in Figure 5e. The re-
sults of the best performing devices, as determined through J-V
characterization at an Air Mass (AM) of 1.5G (1000 W m?), are
depicted in Figure 5f and detailed in Table S3 (Supporting In-
formation). Furthermore, statistical distributions are provided
for the photovoltaic parameters to demonstrate the reproducibil-
ity of the corresponding devices within acceptable limits as
well as to define the best concentration value of LDP film.
(Figures S15-S17, Supporting Information).

The 3D MAPI control perovskite device achieved a short-
circuit current density (/) of 21.99 mA cm?, an V,, of 1.07 V,
and a fill factor (FF) of 74%. Consequently, the best-performing
control device attained a PCE of 17.62%. As can be seen in the
forward and reverse scans, the 3D control unit suffers from hys-
teresis. When optimizing with 2F, the efficacy of 3D/LDP PSCs
does not increase significantly (17.91%) in comparison to the 3D
control. Concerning the 3D/LDP devices treated with 5F, there is
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an observed improvement in PCE to 18.93% with an increased
V,. of 1.09 V, a higher J of 22.13 mA cm?, and an elevated
FF of 76%. The highest performance of 19.22% was achieved by
3D/LDP PSCs treated with 3F, outperforming other devices. The
3F-treated 3D/LDP devices have the following photovoltaic pa-
rameters: V,. = 1.10V, J,. = 22.34 mA cm?, and FF = 77%. The
observable rise in V. suggests that the trap-assisted recombina-
tion associated with defects is alleviated through the surface de-
fect passivation and formation of the low-dimensional LDP phase
at the grain boundaries of the 3D perovskite, achieved with 3F
and 5F organic spacers. Additionally, the improvementin V. and
FF is further facilitated by the acceleration of charge transport
induced by surface dipoles. The higher dipole moment and lower
band gap (3.26 eV) of 3F molecule, as determined by DFT, can
be attributed to its superior PV performance compared to the 5F
(3.54 eV) (Figure S13, Supporting Information).

Moreover, the reproducibility of PSCs devices is assessed by
conducting tests on 15 cells to determine the influence of the
3F passivation on the performance of the devices, as depicted
in Figure 5g. The optimal power output at the maximum power
point (MPP) is achieved by the top-performing devices when
operating under 40%-45% relative humidity (RH) conditions
within the initial 2 min period, as illustrated in Figure Sh.
The average PCE of the PSCs treated with 3F is calculated to
be 18.98%, which closely matches the PCE obtained from J-V
measurements.

The external quantum efficiency spectra (EQE) of the PSCs
were measured due to their identical optical absorption spectrum
as shown in Figure 5i. Given their identical optical absorption
spectrum slight change has been observed in the range from 300
to 850 nm. The 2F-treated 3D/LDP hybrid device exhibits an inte-
grated ] response of 21.03 mA cm?, similar to the 20.94 mA cm?
of the 3D MAPI control. The integrated J,. values for the 3F and
5F modified 3D/LDP PSCs samples surpass those of the control
device, with values of 21.44 and 21.23 mA cm?, respectively. Af-
ter treatment with the corresponding organic cations of the per-
ovskite layer, the PSCs show improved efficiency in converting
the absorbed light into electrical energy, which is even more evi-
dent for 3F-3D/LDP-PSCs.

Although MAPI was selected for this investigation due to
its well-characterized and reproducible optoelectronic proper-
ties, which provide a reliable foundation for examining the ef-
fects of fluorinated organic spacers on performance and de-
fect passivation, we also applied our most efficient fluorine-
functionalized organic spacer, 3F, to a formamidinium lead io-
dide (FAPI) perovskite solar cell to demonstrate its effectiveness
on other organic-inorganic perovskite structures. We successfully
achieved a PCE of 22.43% for the 3F-treated FAPI, compared to a
PCE of 20.95% for the control FAPI device (Figure S18, Support-
ing Information).

The stability of unencapsulated MAPI devices was examined
in ambient air conditions (room temperature, RH (40%—45%),
as depicted in Figure 6a. Perovskite devices treated with 2F and
3F kept 74% and 85% of their PCE following a 1000 h stability
test in the dark respectively. In comparison, the PCE of the un-
treated 3D control device decreased to 70% of its initial value. The
5F-modified 3D/LDP PSCs exhibited superior environmental sta-
bility compared to other devices, retaining 88% of their initial
PCE after 1000 h under a N, atmosphere (dark), which is quite
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Figure 6. a) Long-term stability tests, and b) light-thermal stability curves of 3D control, 2F-3D/LDP, 3F-3D/LDP, and 5F-3D/LDP. Contact angle mea-
surements of ¢) 3D MAPI control, d) 2-F, e) 3F-, and f) 5F-treated 3D/LDP perovskite film.

comparable with 3F-modified 3D/LDP PSCs (retaining 85% of
their initial PCE after 1000 h). In contrast, the long-term stability
of the 2F-treated perovskite films was negligible, similar to that
of the 3D control device.

A light-thermal stability test was also performed on the de-
vices by exposing them to one sun at 60 °C for 800 mins in
an N, environment. The 3D/LDP perovskite device treated with
SF exhibited the highest light-thermal stability, maintaining 80%
of its initial efficiency after 12 h of continuous light soaking,
as depicted in Figure 6D, followed with 3F-treated device main-
taining 75% of its initial efficiency. The PCE of 3D MAPI con-
trol and 2F-treated 3D devices reduced to 52% and 58% of their
initial values, respectively. The increased stability observed in
the 5F- and 3F-modified devices is attributed to several factors
such as the formation of LDP phase and higher hydrophobic-
ity, which is believed to impede ion migration and moisture in-
filtration, improve film quality, and reduce defects in the per-
ovskite layer. Although the 3F molecule has higher E,, the in-
creased hydrophobicity of the 5F molecule provides slightly bet-
ter stability, hence preserving the PCE performance. On the other
hand, the lower stability in 2F treated films can be explained with
the smaller binding energy and lower hydrophobicity. The rapid
degradation of all devices under light-thermal stress can be at-
tributed to the presence of the spiro-OMeTAD layer in the device
architecture.l®"]

To investigate the effect of the hydrophobic nature of the F
atom on stability, in conjunction with the F-number of the or-
ganic spacers, the water contact angles of 3D/LDP perovskite
films treated with 2F, 3F, and 5F were evaluated in comparison
to the 3D MAPI control film as shown in Figure 6¢—f. The 5F-
modified 3D/LDP structure has the largest water contact angle,
measuring ~79°, followed with 3F-modified 3D/LDP perovskite
film with contact angle of ~74°. In contrast, the water contact
angle of the 2F-modified 3D/LDP perovskite film is roughly 62°,
quite close to that of the 3D MAPI control film (58°). We can de-
duce that LDP passivation in general has a favorable effect on the
water contact angle, resulting in hydrophobic surface.
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3. Conclusion

In summary, fluorine functionalized organic spacers were used
to reduce defects and to fabricate mixed-dimensional 3D/LDP
MAPI perovskite devices. DFT calculations showed that the 3F
has the highest molecular dipole moment, followed by the 5F
and 2F. When considering partial coverage, the calculated E
of these fluorinated organic spacers on the Pb-I-terminated per-
ovskite surface, follows an increasing trend in the sequence: 2F,
SF, and 3F. The efficacy of the passivating organic spacers and
LDP was demonstrated by SSPL and TRPL studies, which sug-
gested possible decreases in non-radiative recombination losses
in treated perovskite films. CL analysis was utilized to provide a
more comprehensive understanding of the emission characteris-
tics of both the untreated and treated perovskite films. Although
the 3D control displayed emission from both MAPI and excess
Pbl,, the treated films that formed LDP exhibited non-emissive
properties from the agglomerates and emitted a signal from the
3D MAPI. Low-dimensional phases were revealed by additional
investigations using XRD, GIWAXS, and HR-TEM. These anal-
yses also revealed changes in crystallinity, surface composition,
and crystallite orientation of the passivated films.

Among these fluorinated spacers, the 3F structure showed
the highest PCE. First, its higher dipole moment potentially
increases the dielectric constant, reducing the Coulomb force
between the exciton’s electron and hole pair in the formed
low-dimensional perovskite phases, thereby promoting effective
charge separation. Second, the molecular structure of 3F, with
its higher flexibility and trifluoromethyl unit located in the para
position of the benzene ring rather than a direct attachment of F
atoms to the benzene ring, gives rise to larger molecular dipole
and facilitates more effective interaction between its amino
group and the perovskite surface. This leads to enhanced defect
passivation and, consequently, improved device performance.
In addition, the presence of three F atoms in 3F provides an op-
timal balance that gives the perovskite layer sufficient hydropho-
bicity to protect it from moisture without compromising the
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electronic properties of the material. Therefore, 3F emerges as
the most promising structure, offering an ideal combination of
efficiency and stability.

Our study highlights the intricate relationship between surface
morphology, molecular structure, and optoelectronic characteris-
tics in PSCs, providing valuable insights for optimizing and im-
proving device performance, while also emphasizing the key role
of molecular design in tuning these properties through compar-
ative analyses of these organic spacers within the same family

group.

4. Experimental Section

All characterization data were derived from 3D/LDP perovskite films
created using 2 mg mL~" 2F, 3F, and 5F in IPA solution unless specified
otherwise.

Preparation of 3D MAPI Perovskite Precursor: The 3D control solution
was made by mixing Pbl2 (1.68 M with a 5% excess), MAI (1.60 M), and
DMSO (1.60 M) in T mL DMF.

Device Fabrication of 3D Control and 3D/LDP Perovskite: Glass sub-
strates (3 X 3 cm) coated with indium-tin-oxide (ITO) underwent etch-
ing with Zn powder and 3 M HCl for 5 min. Subsequently, the ITO-coated
substrates were subjected to sonication in a 2% solution of Hellmanex
Il cleaning agent (Sigma-Aldrich) followed by sequential immersion in
double distilled water, ethanol, and isopropanol, each for a duration of
15 min. After drying the substrates with nitrogen gas, they were exposed
to nitrogen plasma at 50% power for 15 min. For the 3D control and
the passivated 3D/LDP MAPI perovskites, a diluted water solution con-
taining SnO, nanoparticles (2.67 wt.%) was spin-coated onto FTO sub-
strates with patterns in ambient air at 4000 rpm for 35 s. Subsequently,
the coated substrates were annealed at 150 °C for 30 min. Before applying
the perovskite coating, the ITO substrates coated with SnO, were sub-
jected to an additional cleaning step using nitrogen plasma for 10 min.
Employing the one-step “anti-solvent” method, the perovskite precursor
solution of the 3D MAPI perovskite was spin-coated onto the ITO/SnO,
layer, first at 1000 rpm for 10 s, followed by 3500 rpm for 20 s. During
the final 10 s of the spin-coating step, an anti-solvent, chlorobenzene
(400 uL), was introduced onto the perovskite film. Following that, the sam-
ples were annealed at 130 °C for 10 min. For the surface treatment, 2F,
3F, 5F, (2 mg) in 1 mL isopropanol solution was spin-coated onto the
perovskite films at 4000 rpm for 30 s. Later, the samples were annealed
at 100 °C for 5 min under N, atmosphere. The hole transport material
(HTM) was applied through spin-coating (3000 rpm for 30 s) using a spiro-
OMeTAD solution. The solution comprised 72.3 mg of spiro-OMeTAD, 35
ul of bis(trifluoromethane) sulfonimide lithium salt (LiTFSI) stock solution
(270 mg LiTFSI in 1 ml acetonitrile), 30 pl of 4-tert-butylpyridine, and 1 ml
of chlorobenzene. Ultimately, a thin film of Au with a thickness of 80 nm
was deposited via thermal evaporation under high vacuum conditions (1 x
107% Pa) onto the hole transport layer. The active area was determined us-
ing a metal mask with an area of 0.0831 cm?.
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