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, . . . . . 1. Introduction
Tuning broad emission in 2D Pb—Sn halide perovskites (HPs) is essential

for advancing optoelectronic applications, particularly for color-tunable and
white-light-emitting devices. This broad emission is linked to structural factors,
such as defects and phase segregation of the Pb component within the Pb—Sn

2D halide perovskites (HPs) have emerged
as promising materials in the advancement
of optoelectronic applications, offering a no-
table advantage in stability over their 3D

system, which are strongly influenced by the molecular structure and chemical
properties of spacer cations. Atomic tuning of the spacers via halogenation
opens up a new way to fine-tune the molecular properties, enabling

further augmentations of HP functionalities. Nevertheless, the distinct broad
emission’s sensitivity to spacer chemistry remains underexplored. Here,
halogenation’s influence is systematically investigated on 2D HP emission
characteristics using a high-throughput workflow. These findings reveal that
the F-containing phenethylammonium (4F-PEA) spacer narrows the broadband
PL, whereas Cl broadens it. Through a correlative study, it is found that 4F-PEA
reduces not only the local phase segregation but also the defect levels and
microstrains in 2D HPs. This is likely attributed to the manifestation of less
lattice distortion via stronger surface coordination of the dipole-augmented
4F-PEA. These results highlight halogenation as a key factor in modulating
phase segregation and defect density in 2D Pb—Sn HPs, offering a promising

counterparts.!l Although 2D HPs offer sig-
nificantly improved stability, they generally
display a wider bandgap and weaker charge
transport due to the insulating nature of or-
ganic spacer layers. This can lead to reduced
device performance when compared to 3D
HPs.I?l Recently, a number of studies have
shown that fluorinating spacer cations—
such as fluorinated bromobenzyl ammo-
nium (F-BBA),’] fluorinated phenylethyl
ammonium (F-PEA),[*l and fluorinated aro-
matic formamidinium (F-ArFA)P! can sig-
nificantly improve the charge transport,
power conversion efficiency and stability
of HP solar cells. A study by Bala et al.
indicates that using fluorinated or chlori-

pathway to tune the emission for enhanced optoelectronic performance.
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nated organic spacer cations (F-PEA and
CI-PEA) could lead to HP solar cells that
are both highly efficient and stable.[°! The
proposed mechanisms include vertically
aligned crystal growth for better charge transport in quasi 2D
HPs,l’l promoting type-1I energy-level alignment to prevent car-
rier trapping and recombination,®! and reducing trap density
while increasing carrier mobility.*) The distinct electronegativ-
ities of fluorine (3.98) and chlorine (3.16) on the Pauling scale,
along with the larger size of chlorine, could influence the char-
acteristics of the resulting organic molecules.”) However, the re-
lationship between the fluorination of spacer cations and broad-
band photoluminescence (PL) emission in 2D mixed Pb—Sn HPs
remains unexplored.

2D mixed Pb—Sn HPs have demonstrated remarkable effec-
tiveness both as standalone active layers and as the top cell in
tandem configurations.'”! Adjusting the Pb to Sn ratio within
these materials allows for precise tuning of the band gap between
1.6 to 2.4 eV.['% This customization not only enhances charge
carrier dynamics compared to HPs containing only Pb but
also offers superior stability compared to those solely based on
Sn."!l Interestingly, these materials diverge from the expected
narrow-band PL, instead exhibiting broadband emission char-
acterized by a significant Stokes shift.['?] This unique property
enables them to emit photons across the entire visible spectrum,
resulting in the generation of broadband white light.*}] In our
recent work, we discovered that broadband PL emission in 2D
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mixed Pb-Sn HP (PEA,Pb,Sn, 1,) arises from defect-induced
Stokes shifts and charge transfer excitons formed by phase
segregation. Crucially, these phenomena are closely tied to the
Pb: Sn ratio, highlighting the role of composition in dictating the
perovskites’ optical properties. However, it can be also influenced
by a multitude of other factors beyond the Pb: Sn ratio. Com-
positional engineering involves fine-tuning elements within
the material’s structure, each adjustment offering a pathway to
precisely control and optimize its emission characteristics.['*]
Defect formation and phase segregation are critical challenges
in 2D mixed Pb-Sn HPs that significantly affect their opto-
electronic performance and stability. Common defects in these
materials include vacancies (e.g., Pb, Sn, or halide vacancies),
interstitials, and antisite defects, where atoms occupy incorrect
lattice sites.[®] These defects can act as non-radiative recom-
bination centers, reducing PL efficiency and carrier lifetimes.
Oxidation-related defects, such as the formation of Sn** and
metallic Sn, are also prevalent in Sn-containing perovskites,
contributing to material degradation.['®! Phase segregation in
2D Pb-Sn HPs arises from several factors; One key reason is
the intrinsic differences in the ionic sizes and bonding prefer-
ences of Pb?* and Sn?*, which create lattice strain and uneven
chemical potential distribution, leading to the separation of Pb
and Pb-Sn phases.['’] Additionally, the difference between the
crystallization rates of Pb and Sn plays a significant role, as Sn
exhibits a much faster crystallization rate compared to Pb, which
can result in inhomogeneous distribution during film formation
and exacerbate phase segregation.'¥] Phase segregation typically
manifests in two primary forms; spatial separation within the
lattice, resulting in localized mixed Pb-Sn and Pb regions,
and temporal evolution, where segregated phases grow with
prolonged environmental exposure or under stress conditions
such as illumination or heat. This segregation disrupts charge
transport pathways and broadens the emission spectrum, under-
mining the stability and performance of optoelectronic devices.
These challenges highlight the need for effective strategies, such
as chemical engineering of spacer cations, using appropriate
additives or samples processing to suppress defect formation
and phase segregation, thereby improving material properties.
Building on our previous study, we aim to explore how spacer
cation engineering, specifically introducing F and Cl into the
PEA phenyl ring, affects broadband emission in 2D Pb—Sn HPs.
Atomic tuning with F and CI alters molecular properties—such
as dipole moments and ionic sizes—which influence defect
formation, phase segregation, and lattice stability within the 2D
Pb—Sn system. These molecular modifications are anticipated to
affect emission behavior by modulating the electronic structure
and defect density, leading to changes in broad emission char-
acteristics. To explore that, we conduct a thorough examination
of how these spacer cations influence the spectral properties of
mixed Pb—Sn 2D HPs, leveraging a high-throughput automated
synthesis-characterization process. We synthesized 2D mixed
Pb-Sn HP drop-casted films with 288 different compositions
using an automated drop-casting method, completing the entire
process in just three hours. Utilizing high-throughput optical
characterization efficiently investigates the dynamic changes in
PL spectral features, including broadband emission and phase
segregation behavior over time—tasks that are beyond the speed
and scope of manual experimentation. Our findings demonstrate
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that introducing a fluorinated cation as a spacer reduces phase
separation and narrows broadband emission (reduced FWHM),
resulting in fewer defects, microstrains, and less lattice distor-
tion. This can be attributed to fluorine’s higher electronegativity
and dipole moment, which enhance the stability of the lattice
by lowering distortion and reducing defect sites. In contrast,
using a chlorinated cation accelerates phase segregation and
broadens emission, leading to films of lower quality. Chlorine’s
larger ionic size introduces greater lattice strain and micros-
train, promoting phase segregation and defect formation. The
controllable modulation of phase segregation and defect density
by halogenation in 2D Pb—Sn HPs offers a promising pathway to
tune the PL emission for enhanced optoelectronic performance.

2. Results and Discussion

We investigate the PL emission characteristics of 2D Pb—Sn HPs
and explore the evolution across 288 distinct compositions by
varying the Pb: Sn ratio and three different spacer cations, using
PEA, and adding halogen groups (F and Cl) into it. To facilitate
this exploration, we utilize a high-throughput automated experi-
mental workflow that includes an automated synthesis, rapid PL
characterization, and automated data analysis. This automated
method allows for precise control over key parameters such as
mixing the precursor solution in stoichiometric ratios, pipette
height for uniform deposition of solutions in the entire library,
resulting in controlled film properties, including film quality
and uniformity. Moreover, this method minimizes chemical
consumption and waste during exploration, using just 0.5 uL of
solution per sample. The comprehensive experimental workflow
employed is depicted in Figure 1. PEA,PbI, and PEA,Snl,
precursor solutions, prepared in 96 distinct ratios, are mixed
within a well plate. Each solution is then uniformly distributed
onto a heated glass substrate (at 100 °C) by a pipetting robot,
forming uniform thin films (Figure 1a). To explore the effect of
spacer cations, this experiment was conducted using 4F-PEA
and 4CIl-PEA as spacer cations with the same method. Conse-
quently, we utilize three separate wellplates (a total 288 films)
to systematically explore the effects of these variations on PL
characteristics (Figure S1, Supporting Information). After the
synthesis of HP films, we monitor the temporal changes in PL
behaviors of the 2D Pb—Sn HPs using a high throughput optical
reader, assessing the impact of time and composition ratios on
broadband emission (Figure 1a). Figure S2 (Supporting Infor-
mation) shows PL spectra of the 2D Pb—Sn HP drop-casted films
collected over 15 h, consisting of 9600 individual spectra for each
dataset (96 compositions with 100 measurement cycles, 28 800
spectra in total for all 288 compositions). There are two peaks
observed in these compositions, a peak ~520 nm, attributed to
the segregated phase of the Pb component, and a broad peak
~670 nm, corresponding to the broadband emission of the 2D
Pb-Sn HPs.I'®] Then, an automated peak-fitting function was
implemented to analyze the large PL dataset (Figure 1b) allowing
for the evaluation of the PL properties including the full-width at
half-maximum (FWHM) of broad emission and peak intensity of
the segregated phase, associated with the corresponding compo-
sition, all within just 45 min. To provide a detailed examination
of the impact of various parameters, including the spacer cations
and the Pb: Sn ratio in X,Pb,Sn, I, as represented by the
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(a) High-throughput automated film library synthesis and characterization
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Figure 1. Automated experimental workflow of 2D Pb—Sn HPs films. a) High-throughput automated synthesis of 2D HP drop-cast films with 96 different
compositions: combinatorial mixing of X,Pbl, and X,Snl, endmember precursors by a pipetting robot, using three spacer cations (X = PEA, 4F-PEA,
and 4CI-PEA). Each precursor mixture was drop-casted on glass substrates by 8 channel pipetting robot and annealed at 100 °C, and high-throughput
automated PL characterizations of the drop-casted films for 15 h, providing 9600 individual PL spectra. b) automated data analysis of 9600 PL spectra,
enabling tracking of PL properties over time, along with the SHAP plot with rating the impact of each feature value on the intensity of phase segregation.

n value, on the phase segregation and broad emission, we
utilized a machine learning method “Shapley Additive Explana-
tions” (SHAP). SHAP is a powerful tool that can assign positive
or negative impacts to each parameter on the overall prediction
of the system.'”] Consequently, this optimized workflow facili-
tates a comprehensive and expedited exploration of the effects of
compositional variations on PL characteristics.

To accelerate the analysis of PL behaviors, we utilize a peak-
fitting function to analyze changes in the intensity of the segre-
gated phase and the FWHM of the broad emission in the films.
Here, we visualized the intensity of the segregated phase (PL peak
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centered at ~525 nm) and FWHM of broad PL emission (cen-
tered at 670-700 nm), respectively in the color map of Figure
2a—c. The lighter colors represent the low intensity of the seg-
regated phase and/or narrow FWHM and the darker sections,
on the other hand, denote the higher intensity of the segregated
phase and/or broader FWHM. It is clearly observed that using
4F-PEA results in a lower intensity of phase segregation com-
pared to PEA and 4CI-PEA at the initial time. Although the in-
tensity of phase segregation in the film increases after 15 h for all
compositions, as represented by the darker color in Figure 2a—c,
the compositions with 4F-PEA exhibit a lower intensity of the

© 2025 Wiley-VCH GmbH

a‘o‘1L01s61z

:sdypy woiy papeoy

sdy) suonipuoy) pue swa 1, oy 995 “[S70T/€0/90] U0 ATeqrT auIuQ A9fi A ‘ATeIqrT SOSPOF] 208SAUUA L JO ANSIATUN AQq 07T E0FTOTWOPE/Z00T 01 /10P/WOd ko1

woo KdjimAreaquour

PuB-SULID),

U001 SUOWW0)) ATEa1) d1qEadde oy Aq PAIAAOS AIE SA[ITIE V() faSN JO o[ 10j ATeIqIT AUIUQ ASTIAN UO (SUOT



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

www.advopticalmat.de

2 (b) (c) oq ;
: b Broad
4F-PEA 4ACI-PEA -0 180nm
- , W
g Intensity t=0 Intensity t=0 h Intensity t=C §
R Qo
z g
2 =
o Q
whd “
= FWHM t=0 h ;
S =
5 S
Low 1 t % 4 L 3
0 50 100 0 50 100 0 50 100 Narrow
Pb Ratio (%) Pb Ratio (%) Pb Ratio (%) 120 i
( d) Positive Effect Negative Effect High
4CI-PEA b h)
Q
n Value . LI ..OUI .-.. :.ll. :- LR o.:- »: g
@
4F-PEA {sf- S
5
PEA "
, : : : Low
-0.20 -0.10 0.00 0.10 0.20

SHAP Value (Impact on model output)

Figure 2. PL characterization of X,Pb,Sny.,1, drop-casted films, the color map of the changes in phase segregation intensity (Green), and the color map
of the changes in the FWHM of broad emission (Blue), at the initial time and after 15 h, for the 96 different Pb—Sn ratio compositions, using a) PEA,
b) 4F-PEA and c) 4CI-PEA as spacer cations. d) The ranking of feature importance using SHAP assessment, showing the impact of each composition
on the intensity of phase segregation in descending order of importance (rank). The purple and yellow colors indicate low and high values of a given

feature, respectively.

segregated phase after this period (Figure 2b). As demonstrated
previously, 1218201 defects and phase segregation are regarded as
two key factors associated with peak broadening mechanisms in
2D Pb-Sn HPs. The variations in the intensity of phase segrega-
tion by changing spacer cation can influence the FWHM of broad
emission. Figure 2b illustrates that reducing the phase segrega-
tion in compositions with 4F-PEA results in narrower emissions
at both initial and final measurements regardles of Pb: Sn ratios.
While using 4Cl-PEA results in higher phase segregation inten-
sity and increased FWHM of broad emission compared to PEA
as depicted in Figure 2c. These observations clearly demonstrate
that in addition to Pb: Sn ratios that affect broad emission and
phase segregation in 2D Pb—Sn HP,[*®] other factors such as the
choice of spacer cations can influence the PL characteristics. The
distinct effects of fluorinated and chlorinated spacer cations on
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PL characteristics can be attributed to their respective dipole mo-
ments and atomic sizes, which impact lattice strain and defect
formation. It means, Fluorine’s high dipole moment promotes
stable bonding between spacer cations and an inorganic layer
of the perovskite lattice and reduced defects,?!! while chlorine’s
larger ionic radius induces lattice distortion,[??) promoting phase
segregation and broadened emission.

To summarize how various parameters, such as n values of
the X,Pb,Sn, I, structure (Pb: Sn ratio) and different spacer
cations (X = PEA, 4F-PEA, and 4Cl-PEA) influence the emer-
gence of phase segregation, we utilized SHAP, a powerful ma-
chine learning (ML) method. Briefly, SHAP is an explainable
ML method that applies game-theoretic principles to quantify
each feature’s contribution to model predictions. This approach
provides ranked feature importance and reveals trends in how
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each feature influences the target variable. Using SHAP in this
case is especially beneficial compared to traditional statistical
methods, as it enables a higher degree of interpretability, partic-
ularly for complex, non-linear relationships within the data.[?]
In particular, a positive/negative SHAP value indicates that the
input property with the given value (indicated by color: yellow
for high values and purple for low values) positively/negatively
affects the output variable (intensity of segregated phase), while
the modulus indicates the weight of this influence. We trained
four distinct models—linear regression, random forest regres-
sion, support vector machine, and neural network—to discern
patterns in the changes of phase segregation intensity. The root-
mean-square error was computed for each model to assess the
average difference between the predicted values and the actual
values of the peaks, as shown in Figure S3 (Supporting Informa-
tion). The neural network and linear regression models proved to
be the most effective. SHAP then calculates the contribution of
each feature to the prediction by considering all features and their
interactions.” The linear regression model was employed to
evaluate the intensity of phase segregation. Subsequently, SHAP
was used to rank the importance of each parameter. Our analy-
sis reveals that the higher Sn content in the compositions (lower
n values), along with the use of 4F-PEA, positively impacts the
system, resulting in a lower intensity of phase segregation as
shown in Figure 2d. Conversely, a higher Pb content in the sam-
ples (n-values) and the use of 4CI-PEA and PEA as spacer cations
have a negative impact, leading to an increase in the intensity
of phase segregation. These observations suggest that the fluori-
nation of spacer cation reduces phase segregation — likely asso-
ciated with the enhanced dipole moment of 4F-PEA - realized
by the high electronegativity of fluorine.[*?°] These properties
lead to stronger interactions between the fluorinated cation and
the inorganic layers, enhancing crystal stability and minimizing
defects.?] In other word, stronger spacer-inorganic interactions
improve crystal stability by creating a tightly bonded structure,
which reduces lattice distortions and makes defect formation
less likely. This bonding reinforces the crystal lattice, minimizing
weak points where defects typically develop. The result is a more
stable and defect-resistant structure. The stronger coordination
of spacer cation can manifest a more rigid lattice structure where
the ionic movements are greatly restricted. In turn, this can effec-
tively suppress the phase segregation and the consequent estab-
lishment of the charge transfer state, which is likely associated
with the broadband emission. That is, the lower phase segrega-
tion narrows the FWHM of broadband PL. In contrast, Cl with
its larger size and weaker bonding, increases phase segregation.
The larger atomic radius introduces strain within the lattice,!”’]
while the weaker bonding with the inorganic layer, reduces the
stability of the material. This promotes defects and phase sep-
aration, leading to broader emission peaks (increased FWHM)
associated with higher phase segregation and degraded material
performance.

Figure S4 (Supporting Information) visualizes the PL spectra
for three selected Pb—Sn ratios from the high-throughput dataset,
chosen to highlight representative emission trends across com-
positions. The initial and final PL peaks for each composition
are also displayed in this figure. Predictably all the mixed Pb-
Sn HPs exhibit broad emission peaked at ~700 nm which corre-
sponds to the 2D Pb—Sn HPs.[12?8] Figure S4a—c (Supporting In-
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formation) shows that the broadband emission becomes broader
with increasing Pb composition ratios, irrespective of the spacer
cations, as we observed previously.ll In addition, tiny but evident
bumps of X,PbI, emission at ~520 nm are also observed in the
films with 509 and 90% Pb ratios (Figure S4b,c, Supporting In-
formation), confirming that phase segregation occurs at high Pb
ratios, which is not appreciable in the film with a 10% Pb ra-
tio (Figure S3a, Supporting Information), suggesting the slow
segregation behaviors at these lower ranges. Meanwhile, while
all films display a noticeable decline in broadband PL intensity
over time from initial to final measurements—suggesting ambi-
ent degradation—the intensity of the segregated phase increases
after 15 h, pointing to the growth of this phase (illustrated by the
white and red spectra shown in Figure S4, Supporting Informa-
tion). Overall, this figure confirms that using 4F-PEA spacer re-
sults in higher FWHM of broad emission and lower intensity of
the phase segregation compared to the PEA and 4CI-PEA for all
selected samples.

To confirm the results from high-throughput drop-casted
films are transferrable to the laboratory practice among the per-
ovskite community, the PL behaviors of spin-coated 2D HPs thin
films were investigated using standard HP thin film fabrication
method for three different Pb ratios and spacers (Detailed in
the experimental section) and similarly studied the PL features,
FWHM of broad emission and intensity of segregated phase us-
ing peak-fitting functions and shown in Figure S5 (Supporting
Information). Figure S5a (Supporting Information) illustrates
the intensity of phase segregation for three selected Pb ratios
(10%, 50%, and 90%) using three different spacer cations, both
at the initial time and after 15 h. These Pb compositions were
chosen to match those used in the drop-casted films, allowing
for direct comparison. The results confirm that across all Pb: Sn
compositions of the thin films, the use of 4F-PEA leads to a lower
intensity of phase segregation, while 4Cl-PEA results in a higher
intensity of phase segregation compared to PEA, consistent with
the high-throughput findings. Figure S5b (Supporting Informa-
tion) further demonstrates the impact of spacer cations on the
FWHM of the broadband emission in these compositions, show-
ing that 4F-PEA reduces the FWHM, whereas 4CI-PEA broad-
ens the emission peak. These findings validate the high through-
put synthesis results, regardless of the deposition technique
used.

To gain spatially resolved insights into the effects of fluorina-
tion of PEA spacer cation on the phase segregation reduction and
its impact on the emission of 2D Pb—Sn HP films, hyperspectral
cathodoluminescence (CL) microscopy is employed,?’) to ana-
lyze several selected Pb-Sn films with using PEA and 4F-PEA
as spacer cations. Figure 3 displays the CL results for samples
with a 90% PDb ratio. We selected the samples with high Pb con-
tent from different Pb-Sn compositions, as phase segregation
is more pronounced in them, allowing for a thorough compar-
ison. The corresponding SEM images in Figure 3a reveal nom-
inal surface morphologies characterized by flattened surfaces.
Maps filtered at 520 nm in Figure 3b, which highlight the seg-
regated phase, distinctly reveal clear local contrasts on these film
surfaces. Additionally, it is observed that the use of 4F-PEA sig-
nificantly reduces phase segregation in the CL maps compared
to PEA similar to our PL studies. These contrasts are aligned
with the SEM images, which show both segregated phases and
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Figure 3. a) SEM images, b) 520 nm-filtered CL maps (assigned to segregated phase), c) local CL spectra of four spots color-marked on the maps of
2D Pb-Sn HP films with 90% Pb ratio, using PEA and 4F-PEA as spacer cations.

mixed Pb—Sn phases; the SEM image of the 4F-PEA sample re-
veals fewer boundaries between phases, which is attributed to the
reduced phase segregation in this sample (Figure 3a). In partic-
ular, the broadband emission is uniformly distributed across the
film, resulting in fewer distinct phase boundaries. The 690 nm-
filtered CL maps of the films in Figure S6 (Supporting Infor-
mation) also exhibit no specific spatial contrast in broadband
emission which is attributed to the uniform distribution of the
mixed phases across the films. The wavelengths of the segre-
gated phase (520 nm) and the mixed Pb—Sn phase (690 nm) cor-
respond to their respective CL peaks, as shown in the local CL
spectra in Figure 3c. The lower intensity of the segregated phase
in the 4F-PEA sample aligns with the PL results, further sup-
porting our hypothesis for the reduced phase segregation in this
film.

To further investigate the role of spacer engineering on phase
segregation, time-resolved PL decays of the Pb-Sn films with
50% and 90% Pb content were measured using 1027 nm exci-
tation wavelengths are shown in Figure S7 (Supporting Informa-
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tion). By employing a three-exponential peak fitting model, the
average lifetime is calculated for each sample (Table S1, Support-
ing Information). Interestingly, for both Pb—Sn compositions,
films containing 4F-PEA exhibit a longer carrier lifetime com-
pared to those with PEA, while 4CI-PEA shows the shortest av-
erage lifetime. This is likely attributed to the passivation of de-
fects; stronger and more feasible coordination of 4F-PEA toward
the inorganic lattice reduces non-radiative recombination cen-
ters. The lifetimes of the other systems exhibit notably shorter
PL lifetimes notwithstanding small FWHM differences. This
suggests that the spacer coordination action becomes weaker,
thereby leaving larger amounts of defects in the 2D HP lattice.’%
Here, we hypothesize that, the larger size of the chlorine atom
in 4CI-PEA contributes to greater structural distortions, increas-
ing phase segregation and reducing the overall stability of the
material.B132]

To investigate the impact of halogen groups on PEA-based
2D Pb-Sn HP crystal structure, X-ray Diffraction (XRD) patterns
were collected from the films containing three selected Pb—Sn
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Figure 4. a) microstrain calculated from XRD refinement data and b) estimation of the degree of the distortion of the 2D Pb—Sn HP films with selected
Pb ratios and three spacer cations. c) XPS spectra of Pb 4fand d) | 3d, e,f) Peak-deconvoluted Sn 3d;, spectra, of the 2D Pb~Sn HP films with 90% Pb

and using PEA and 4F- PEA as spacer cations.

ratios and spacers. All films exhibit distinctive diffraction pat-
terns of 2D HPs[*}! which are displayed in Figure S8 (Support-
ing Information). For the composition containing 10% Pb, us-
ing 4CI-PEA a significant degradation occurs, as indicated by the
emergence of PEAI peaks (Figure S8a, Supporting Information).
However, using 4F-PEA results in higher peak intensities across
all Pb—Sn compositions, which is attributed to the enhanced crys-
tallinity of the samples with this spacer cation. The peak shift
to lower angles with the addition of F and Cl to the PEA corre-
sponds to the increased distance between the inorganic planes,
attributed to the larger sizes of the spacer cations by the substi-
tution of para-H in phenyl ring with halogens, which shows a
following order: 4CI-PEA > 4F-PEA > PEA. More in detail, Ri-
etveld refinement of the XRD-diffractograms (using the Double—
Voigt approach based on Caglioti equation, Figure S9, Support-
ing Information)¥ assigns the crystalline structures of 2D HPs
to the triclinic P1 space group. The corresponding lattice cell pa-
rameters are listed in Tables S2 and S3 (Supporting Informa-
tion). FWHM of the peaks is directly related to both the average
size of the crystalline domains and the degree of distortion (mi-
crostrain) present in the crystalline lattice. A detailed size and
strain analysis was conducted on the Pb—Sn HPs films (Note S1,
Supporting Information), with the results shown in Figure 4a,
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highlighting significant differences in the microstructure of the
three spacer cation samples. The analysis reveals that composi-
tions with higher Pb content generally exhibit greater micros-
train, regardless of the spacer cation used which is attributed to
more defects and phase segregation in the samples.!'8] Micros-
train in the lattice can lead to distortions, which influence the
overall stability of the crystalline structure. The reduced distor-
tion observed in the 4F-PEA samples may be due to stronger in-
teractions between the F cations and the inorganic layer as ex-
plained previously. These interactions likely enhance the rigid-
ity of the inorganic lattice, resulting in a more stable and less
defective system. On the other hand, the higher microstrain in
4Cl-PEA samples could suggest weaker interactions and more
pronounced lattice distortions, contributing to a less stable crys-
tal structure with more defects. In addition, Table S3 (Support-
ing Information) presents the lattice parameters, where it is ob-
served that all lattice angles deviate from 90°, consistent with the
triclinic structure of the samples.[>] Notably, the deviations in
the samples containing 4F-PEA are smaller compared to the oth-
ers, indicating a less distorted lattice. The degree of distortion of
the perovskite octahedra can be characterized by the variance of
the angles showing in Equation (1).¢] We estimated the degree
of distortion, as shown in Figure 4b. The results indicate that
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4F-PEA exhibits lower distortion, while 4CI-PEA shows higher
distortion in all Pb-Sn compositions.

12

]- o
Gg(oct) = H 2 (01 -90 )2 (1)

i=1

To assess the impact of fluorinated PEA as a spacer cation on
defect states, X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on 2D Pb: Sn HP samples and Sn 34, Pb
4f, and I 3d spectra were extracted from that. Figure 4c shows
Pb 4f XPS spectra of the films with 90% Pb and using PEA and
4F-PEA as spacer cations. Two peaks are observed at ~138 and
~142 eV,’”l which are shifted to higher binding energies with the
use of 4F-PEA. This shift indicates stronger interactions between
Pb and its surrounding environment, as the higher dipole mo-
ment of F enhances the interaction between the F cation and the
inorganic lead-halide framework. Specifically, the observed shift
in the Pb 4fXPS spectra to the lower binding energy in the sam-
ples containing fluorinated PEA spacer cations can be attributed
to an increase in the electronic density around the Pb atoms com-
pared to samples with PEA. However, this change is closely re-
lated to the nature of the interactions between the fluorine atoms
and the inorganic layers within the perovskite lattice.*®! Fluo-
rine, due to its high electronegativity, creates a polar interaction
with the inorganic lead-halide framework.*") While it tends to
withdraw electron density from the surrounding lattice locally,
its interaction with the Pb atoms redistributes electronic density
in a way that stabilizes the entire system. This stabilization oc-
curs because the strong bonding between fluorine and the in-
organic octahedra minimizes structural distortions and defects,
thereby creating a more cohesive lattice. The polar nature of the
fluorinated spacer cation and its ability to form stronger elec-
trostatic and hydrogen-bond-like interactions with the inorganic
layer enhances the uniformity of the electron cloud surrounding
Pb. These interactions effectively lower the overall energy of the
Pb electronic states, leading to a decrease in the binding energy
observed in the XPS spectra. This decrease reflects the more sta-
ble and defect-reduced environment facilitated by the fluorinated
spacer cation. Thus, the electronic density changes around Pb are
adirect consequence of the fluorinated spacer cation’s interaction
with the inorganic layers. Shifting to higher binding energies ob-
served in I 3d spectra with the use of 4F-PEA (Figure 4d), also
suggesting stronger interaction similar to Pb 4fspectra. Addition-
ally, Sn 3d;,, spectra are deconvoluted into three distinct compo-
nents: metallic Sn (Sn°), Sn?*, and Sn**, centered at 484, 486,
and 487 eV, respectively (Table S4, Supporting Information).[*’]
Figure 4e.f displays the Sn 3ds, spectra for films with 90% Pb.
Interestingly, it is observed that using 4F-PEA suppresses the for-
mation of Sn** and clearly reduces Sn®, the product of Sn ox-
idation. Figures S10 and S11 (Supporting Information) present
similar trends in the XPS spectra of samples containing 50% and
10% PD, respectively. Despite a different sample composition, the
suppression of Sn** formation and the reduction of metallic Sn
are similarly evident with the use of 4F-PEA. Moreover, analo-
gous shifts in the Pb 4fand I 3d spectra are noticeable with 4F-
PEA, showing stronger interaction. These results demonstrate
that 4F-PEA can effectively reduce Sn defects in 2D Pb—Sn HPs,
leading to a longer carrier lifetime and reduced microstrain. This
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defect reduction also contributes to a decrease in the FWHM
of the broad emission, as defects play a significant role in peak
broadening.'»'8] By minimizing these defects, 4F-PEA improves
the crystalline quality and optical properties of the material.
Finally, in Figure 5, we illustrate the mechanism by which
adding halogen groups to PEA-based 2D Pb-Sn HPs influences
structural distortion and therefore photophysical behavior.

3. Conclusion

This study provides a novel exploration into the use of halogen
groups (F and Cl) in PEA-based 2D Pb-Sn HPs, emphasizing
their significant impact on broadband PL emission. By system-
atically adjusting the Pb ratio and the type of spacer cations,
we uncovered mechanisms that strongly influence phase seg-
regation and emission behavior. Our findings show that using
4F-PEA improves both PL and structural properties, reducing
emission FWHM and minimizing phase segregation, leading to
more stable and efficient emission profiles. X-ray spectroscopy
results (XRD and XPS) further confirm that the use of fluorinated
PEA enhances crystallinity and reduces microstrain and defects,
owing to fluorine’s high dipole moment and stronger bonding
with the inorganic octahedra. In contrast, chlorine’s larger size
induces lattice distortion and increases defects, negatively im-
pacting the material’s structural integrity. More importantly, this
study exemplifies how the fundamental properties of chemically
complex materials can be comprehensively explored in an accel-
erated manner through an unconventional high-throughput au-
tomated experimental workflow. Tuning broad emission is criti-
cal for achieving white light emission in LEDs. Moving forward,
these findings could inform device fabrication by applying differ-
ent halogen groups to examine their effects on emission prop-
erties, potentially enhancing the development of efficient white
light sources.

4. Experimental Section

Materials:  Phenethylammonium iodide (PEAI; Greatcell Solar Ma-
terials, 98%), 4-Flouro-Phenethylammonium iodide (4F-PEAI; Greatcell
Solar Materials, 98%), 4-Chloro-Phenethylammonium iodide (4CI-PEAI,
Sigma-Aldrich, 98%), Tin(ll) iodide (Snl,; Sigma-Aldrich, 99.99%), lead
(1) iodide (Pbl,; Fisher Scientific, 99.99% ultra-dry, metals basis), N, N-
dimethylformamide (DMF; Sigma-Aldrich, 99.8% anhydrous), Dimethyl-
sulfoxide (DMSO; Sigma-Aldrich, >99.9% anhydrous) were purchased
and used without further purification.

High-Throughput Robotic Synthesis of 2D MHP Films: ~ Stoichiometric
quantities of X,Pbl, and X,Snl, (0.3 m) (X = PEA, 4F-PEA, and 4CI|-PEA)
were dissolved in a mixture solvent, DMF: DMSO (4:1 ratio), within an
N,-filled glovebox and stirred for five hours at room temperature. Sub-
sequently, these solutions were transferred to a pipetting robot system
maintained under an N, atmosphere. Fifty microliters of precursor solu-
tions, representing 96 different Pb—Sn composition ratios, were dispensed
into each well of a microplate. This was achieved using an Opentron OT-2
pipetting robot. For film depositions, the glass substrates were ultrason-
ically cleaned sequentially in deionized water, isopropanol, and acetone.
After drying the substrates with nitrogen, they underwent a 55-minute UV
ozone treatment. Immediately after the treatment, the substrates were
transferred into a robot within an N, atmosphere and placed on a hotplate.
The temperature of the hotplate was set to 100 °C. Precursor solution
(0.5 pL each) was then dispersed onto the substrates using an 8-channel
pipetting robot, a process that took only five minutes. After depositing all
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Figure 5. Structural representation of the effect of different spacer cations on lattice distortion in 2D Pb—Sn HPs. a) significant deviation from ideal

lattice structure using CI-PEA-based 2D HP, b) slight deviation in PEA, and c) nearly ideal lattice geometry in F-PEA-based HP.

96 compositions onto the substrates, they were left on the hotplate and
annealed at 100 °C for 15 min, resulting in the formation of round films
with 96 compositions.

This approach yielded three different data sets. The synthesis of these
288 different compositions (96 x 3) was completed in just three hours,
with each set taking only 45 min. The high-throughput robotic system op-
erated entirely within an N,-filled enclosure, where both humidity and tem-
perature were closely monitored and recorded for each experiment, before
and during synthesis. For this specific experiment, the humidity was main-
tained at 0.5% RH at a temperature of 24 °C.

Photoluminescence Characterization: The drop-casted films were
quickly transferred to the hybrid multi-mode optical reader (BioTek,
Cytation 5), situated adjacent to the robotic system. PL spectra,
with a T nm step resolution, were then collected from each well
over time, using an excitation wavelength of 365 nm. A consis-
tent “read” cycle was employed to gather 96 spectra from each
film at 10-minute intervals, repeated across 100 cycles to obtain
time-evolved PL spectra. This setup ensured that all films remained
uninterrupted within the reader for the entire duration, thereby main-
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taining consistent time conditions for PL measurement across all
compositions.

Data analysis was performed on Google Colab using Python. The
code is available in the following link: (https://colab.research.google.
com/drive/13184530PoY2fDMRANF80PnUNXzBRmMHx#scrollTo=
ReQpBxOZrOVr).

Thin Film Fabrication: ~ Stoichiometric quantities of X,Pbl, and X,Snl,
precursor solutions (X = PEA, 4F-PEA, and 4CI-PEA) were dissolved in an-
hydrous DMF: DMSO mixed solvent with a 4:1 volume ratio. Thin films
were subsequently cast on ITO substrates, which were first ultrasonically
cleaned using deionized water, isopropanol, and acetone. After drying the
substrates with nitrogen, they underwent a 20-minute UV ozone treatment
and were immediately transferred to an N,-filled glovebox for film deposi-
tion. The fabrication of these films included a two-step spin-coating pro-
cess: initially 1000 rpm for 10 s, followed by 4000 rpm for 40 s. The films
were annealed at 100 °C for 15 min.

Other Characterizations: XPS measurements were performed with a
Scienta Omicron XPS Lab instrument using a monochromated Al Ka an-
ode (1486 eV). Time Resolved PL decays were measured using a Horiba
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Fluorolog 3 spectrometer and PPD-900 photon counting detector. XRD
pattern of the films was acquired by using a high-resolution X-ray diffrac-
tometer (Malvern Panalytical, Empyrean). Hyperspectral Cathodolumines-
cence (CL) microscopy data were collected by using an environmental
SEM instrument (FEI, Quattro) with a Delmic Sparc CL collection module.
An e-beam with an acceleration voltage of 5 kV (beam current of 28 pA)
with a dynamic acquisition time ranging 500-1000 ms was used for CL
measurements. The pixel size was fixed to 500 X 500 nm?. All measure-
ments were conducted in a low vacuum environment of 0.27 Torr with H,O
vapor, which alleviated sample charging while minimizing electron-beam-
induced damage.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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