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Decoding the Broadband Emission of 2D Pb-Sn Halide
Perovskites through High-Throughput Exploration

Elham Foadian, Jonghee Yang,* Sumner B. Harris, Yipeng Tang, Christopher M. Rouleau,
Syed Joy, Kenneth R. Graham, Benjamin J. Lawrie, Bin Hu, and Mahshid Ahmadi*

Unlike single-component 2D metal halide perovskites (MHPs) exhibiting
sharp excitonic photoluminescence (PL), a broadband PL emerges in mixed
Pb-Sn 2D lattices. Two physical models —self-trapped exciton and
defect-induced Stokes-shift — are proposed to explain this unconventional
phenomenon. However, the explanations provide limited rationalizations
without consideration of the formidable compositional space, and thus, the
fundamental origin of broadband PL remains elusive. Herein, the
high-throughput automated experimental workflow is established to
systematically explore the broadband PL in mixed Pb-Sn 2D MHPs, employing
PEA (Phenethylammonium) as a model cation known to work as a rigid
organic spacer. Spectrally, the broadband PL becomes further broadened with
rapid PEA,Pbl, phase segregation with increasing Pb concentrations during
early-stage crystallization. Counterintuitively, MHPs with high Pb
concentrations exhibit prolonged PL lifetimes. Hyperspectral microscopy
identifies substantial PEA,Pbl, phase segregation in those films,
hypothesizing that the establishment of charge transfer excitons by the phase
segregation upon crystallization at high-Pb compositions results in distinctive

promise in various optoelectronic appli-
cations, including solar cells and light-
emitting diodes.[>*] Moreover, compared to
3D organic-inorganic halide perovskites,
2D MHPs offer a compelling advan-
tage due to their unique quantum well
structure which results in the efficient
confinement of charge carriers within
the inorganic layer and enhances their
stability.*] Higher stability is a key fac-
tor that makes 2D structures a promising
choice in various applications, ensuring bet-
ter long-term performance and reliability.*]

A significant obstacle in advancing per-
ovskite devices for widespread commer-
cial use is the negative environmental im-
pact due to the presence of toxic Pb.I°]
Among various elements considered as re-
placements for Pb**, Sn** stands out as
the most promising candidate which shares
similar ionic radius (112 and 120 pm for

PL properties. These results indicate that two independent

mechanisms—defect-induced Stoke-shifts and the establishment of charge
transfer excitons by phase segregation—coexist which significantly correlates
with the Pb:Sn ratio, thereby simultaneously contributing to the broadband PL

emission in 2D mixed Pb-Sn HPs.

1. Introduction

The exceptional optical and electronic characteristics and afford-
ability of metal halide perovskites (MHPs) have generated signif-
icant interest in the field of optoelectronic materials.l'! In recent
years, 2D MHPs have gained notable attention for their immense

Sn?* and Pb**, respectivelyl”®]) and elec-
tronic structures.’) Additionally, due to
their closely matched elemental properties,
Pb and Sn can be seamlessly integrated
into a solid solution, forming a mixed Sn—
Pb compound in any desired proportion.!'‘]
Considering these compatibilities, substi-
tution of Pb with Sn in MHPs could
be a significant step forward in addressing health and environ-
mental concerns associated with Pb-based alternatives,*'! and
has led to extensive research aimed at developing environmen-
tally friendly and sustainable MHP platforms.['?]

Interestingly, mixed Pb-Sn 2D perovskites differ from their
3D counterparts as their spectra are dominated by sub-bandgap
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broadband emissions rather than band-edge emissions, which
still the origin of them remains a topic of debate and
uncertainty.®! The broad emission in mixed Pb-Sn 2D MHPs
could potentially be attributed to self-trapped excitons (STEs)!!?]
or structural defects of the material, the latter hypothesiz-
ing that excitons become confined within the defect-induced
sub-bandgap trap states and undergo radiative relaxation by
Stokes shifts.[1**14] In this context, Li et al. claimed that Sn-
doped PEA,PbI, (PEA = Phenethylammonium) have a strong
broadband emission which is attributed to Sn-triggered extrin-
sic STE.'*] On the other hand, Fang et al. found that the
insensitivity of broadband emission to the Pb-Sn ratio and
slower decay suggested defects, not exciton self-trapping, as
the source of this emission in 2D Pb-Sn perovskite alloys.['’!
Meanwhile, Zhang et al. claimed that the broadband emis-
sion observed in PEA,PbI,/PEA,Snl, double-layer heterostruc-
tures may be caused by charge transfer (CTE) emission at the
PEA,PDbI,:PEA,Snl, interfaces.!'°]

So far, the broadband emission in 2D mixed Pb-Sn MHP sys-
tems has been mainly explored based on the physics perspective
with the limited MHP compositions, relying on the understand-
ing of exciton dynamics and lattice behaviors in such representa-
tive conditions. However, this approach conversely deters the un-
derstanding of the global spectral feature emerging in this com-
positional space. Furthermore, the lattice features and the result-
ing excitonic behaviors can also vary depending on the synthetic
parameters, particularly responsible for the defects formation in
this materials system.['”] Thus, the details in the broadband spec-
tral evolution, where its control is important for some applica-
tions including white-light generation,[*®] as well as its genuine
origin in 2D mixed Pb-Sn MHP system has not been compre-
hensively understood so far. Recently, high-throughput robotics
synthesis platforms have introduced a fresh opportunity for in-
vestigating and enhancing materials processing techniques.[%2]
The lack of advanced tools restricted progress in finding useful
material combinations, therefore, it’s crucial to emphasize the
need for creating a high-throughput experimental approach to
investigate various Pb-Sn combinations in 2D perovskite materi-
als to understand the origin of their broadband emission, which
hasn’t been done yet.

Herein, we comprehensively explore the intriguing funda-
mental spectral behaviors in mixed Pb-Sn 2D MHPs by uti-
lizing a high-throughput automated synthesis-characterization
workflow. 2D MHP microcrystals with 96 different Pb-Sn ratios
are synthesized in a microplate through combinatorial mixing
of PEA,PbI, and PEA,Snl, precursors solution and subsequent
crystallization. High-throughput optical characterization allows
for efficient exploration of the serial changes of PL spectral fea-
tures including the broadband emission as a function of Pb-Sn
ratios over time, which cannot be expedited by human efforts.

We observe that the broadband emission globally emerges in
every mixed-compositional range, and the spectral feature be-
comes further broadened with increasing Pb concentration. Also,
phase separation of PEA,PbI, from the mixed Pb-Sn 2D MHPs
takes place over time in photoluminescence results, which is fa-
cilitated with increasing Pb concentration. X-ray based chemi-
cal and structural analysis revealed that, counterintuitively, the
amounts of defects (i.e., iodine vacancies) species are exponen-
tially proportional to the Pb concentrations in the 2D MHPs,
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which is irrespective of the ambient exposure particularly in Pb-
rich cases. This indicates that, for Pb-rich compositions, those
defects are inherently formed upon synthesis and not fully in-
corporated well into the inorganic lattice. Hyperspectral cathodo-
luminescence (CL) microscopy reveals the segregated PEA,PbI,
phase in those films as seen in early-stage crystallization behav-
iors evidenced by high-throughput observations. We hypothe-
size that the inherent, uncontrolled segregation of the PEA,PbI,
phase upon crystallization at high-Pb compositions establish
charge transfer states dominant in the 2D MHP matrix, far out-
performing the defect-induced emission — valid for the system
with nominal Pb concentrations — and thereby resulting in PL
broadening and longer lifetimes. Our high-throughput approach
successfully resolves the prior controversies surrounding the ori-
gin of broadband emissions in 2D mixed Pb-Sn MHPs, offering
a comprehensive understanding of the fundamental principles
and practical applications of these intricate material systems.

2. Results and Discussion

2.1. High-Throughput Exploration of Broadband Emission in
Mixed Pb-Sn 2D MHPs

Essentially, the photophysics of materials is largely dependent
on a multitude of factors having profound correlations with the
crystallite lattice. Two distinctive factors, defects and phase sep-
arations, are known to substantially tune the emission features.
While extensive efforts have been made to control these obstacles
in 3D MHPs, similar investigations for mixed Pb-Sn 2D MHPs,
which possess nontrivial chemical complexity, have not been se-
riously considered.?!! Given these materials are synthesized via
simple solution processing, a comprehensive understanding of
the crystallization dynamics is primarily necessary for the ex-
ploration of the complex fundamental properties. Recently, we
have successfully demonstrated that our high-throughput auto-
mated synthesis-characterization workflow provides a systematic
understanding of the early-stage crystallization dynamics of low-
dimensional MHPs, allowing us to gain fundamental insights
into the functional materials systems.[1%]

Encouraged by this, to effectively explore the evolution of the
broadband PL in a Pb-Sn compositional space of the 2D MHPs,
we implement a high-throughput automated experimental work-
flow, as shown in Figure 1. By utilizing an automated pipetting
robot, we systematically mix PEA,Pbl, and PEA,Snl, precur-
sor solutions with 96 different ratios in a microplate and sub-
sequently synthesize the mixed Pb-Sn 2D MHP crystallites via
antisolvent (e.g., toluene) injection within an hour (Figure 1la;
Figure S1, Supporting Information).['*><4] After mixing, the mi-
croplate is sealed and quickly transferred to an optical reader to
characterize the PL properties of each binary composition of 2D
MHP over time (for 1000 min). Monitoring the PL changes over
time provides insights into the early-stage crystallization behav-
iors — difficult to explore in the conventional film fabrication pro-
cess —of 2D MHPs in the Pb-Sn compositional space (Figure 1b).
The time evolution of PL spectra determines the defect densities
and chemical inhomogeneities in the solution-processed materi-
als associated with the broadband emission.!'%?

Practically, the time-evolved PL characterization produces
9600 individual PL spectra in a dataset (96 wells in a plate
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b. Automated PL Characterization
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Figure 1. Experimental workflow showing the automated high-throughput exploration of 2D Pb-Sn MHPs. a) High-throughput automated synthesis
of the 2D MHP microcrystals via combinatorial mixing of PEA,Pbl, and PEA,Snl, endmember precursors using the pipetting robot and subsequent
antisolvent (toluene) injection, allowing the synthesis of 96 different binary mixtures. b) High-throughput automated time-evolved PL characterizations
using an optical reader, providing 9600 individual PL spectra for 1000 min. c) Spectral diagnosis of PL dataset via implementation of automated peak
fitting function, allowing for comprehensive monitoring of PL characteristics for each composition over time. Analyzing the entire dataset takes only

10 min.

multiplied by 100 measurement cycles; Figure S2, Supporting
Information), which is impractical to be analyzed solely by hu-
man efforts. To address this challenge, a Python-based automated
peak-fitting and tracking function is designed and implemented
(Figure 1¢).[1%] Here, we implement symmetric (Gaussian) and
asymmetric (exponentially modified Gaussian) peak models for
segregated PEA,Pbl, (vide infra) and broadband emissions, re-
spectively. This peak-fitting function significantly streamlines the
analysis of high-throughput observations, which automatically
and accurately measures the PL properties including full-width
at half-maximum (FWHM) and intensity for each peak compo-
nent in the entire dataset within only 10 min. As a result, the
overall workflow allows for a comprehensive and accelerated un-
derstanding of the crystallization dynamics in 2D MHPs across
the Pb-Sn compositional space.
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Figure 2a shows the PL spectral maps of the 2D MHP mi-
crocrystals across the Pb-Sn compositional space at three dif-
ferent timepoints: initial, 5, and 10 h, respectively, showing a
global trend in the evolution of emission behaviors over time
(corresponding overlays of PL spectra are shown in Figure
S3a, Supporting Information). Except for pure PEA,Snl, and
PEA,PbI, showing respective band-edge excitonic emission
peaks at ~620 and ~525 nm, respectively (Figure S4, Support-
ing Information),[13#1622] initially, all mixed Pb-Sn 2D MHP mi-
crocrystals exhibit a broadband emission peaked at ~700 nm in-
volving a shoulder at 750 nm, which corresponds to the pho-
toluminescence peak of 2D Pb-Sn perovskites.[?)] It is evident
that an increase in the PEA,PDbI, ratio initially broadens the
broadband emission, and as time progresses, the broad emis-
sion continues to widen — particularly at the low-Pb compositions
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Figure 2. a) 2D spectro-compositional maps of the mixed Pb-Sn 2D MHP microcrystals photoluminescence at three different time-points across the
compositional space, which were synthesized by high-throughput automated synthesis. Temporal changes in b) broadband FWHM, c) broadband PL
intensity, and d) PEA,Pbl, PL intensity in the mixed Pb-Sn 2D MHP microcrystals across the Pb-Sn compositional space. Difference of €) FWHM
(AFWHM) and f) broadband intensity (Abroadband intensity) between the initial and final time-points as a function of Pb compositional ratio. g) The
onset timepoints of PEA,Pbl, peak, and h) 15t derivative of PEA,Pbl, PL intensity (corresponding to transient growth rates of PEA,Pbl, phase) as a

function of Pb compositional ratio.

(color-marked areas in the maps). Such dynamic changes sug-
gest that there is an indirect relationship between the broadband
features and Pb-Sn compositions; rather than the composition it-
self. Therefore, there are likely secondary factors associated with
the peak broadening, the behaviors of which strongly depend on
the Pb-Sn composition. Given the distinctive difference in PL in-
tensity and stability between both endmembers (i.e., PEA,Snl,
and PEA,PbI,) respectively reflecting the defect formation rates
and crystal growth (Figure S4, Supporting Information),’?! the
emergence of defects as consequences of incompatible chem-
ical stability and crystallization rate can be responsible for the
broadband feature in the mixed Pb-Sn MHP system. Indeed, de-
fects in the lattice, particularly the iodine vacancies at apical di-
rection, have been suggested to be the origin of the broadband
emission,!”*?] which could be produced upon crystallization.
Interestingly, an additional PEA,PbI, PL is observed in the
MHP microcrystals across the Pb-Sn compositional space over
time, which initially emerges at high-Pb compositions and grad-
ually expands to lower Pb compositions over time (Figure S3b,
Supporting Information). This indicates that phase segregation
of metal cations occurs during crystallization, and the rate of crys-
tallization depends on the Pb-Sn compositions. To gain a more
detailed understanding of the PL behaviors in this materials sys-
tem, we explore the time-evolved PL spectra of mixed Pb-Sn MHP
microcrystals with selected compositional ratios, as visualized in
Figure S5 (Supporting Information). Overall, two global features
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are observed: with increasing Pb composition ratios, a) the initial
broadband becomes wider, and b) the emergence of PEA,PbI,
peaks becomes faster (from 600 to <100 min after antisolvent
injection). We note that, specifically, the 2D MHP microcrystals
with low Pb ratios (i.e., 10 to 40%) exhibit a sudden widening of
the broadband at respective timepoints, which qualitatively coin-
cides with the time onset of the PEA,PbI, PL emergence. This
suggests a strong correlation between the broadband emission
and the segregated PEA,PbI, phase, which is plausible as the
charge transfer state can be established between the segregated
lattice and the mixed Pb-Sn 2D MHPs.[1%

To ensure the formation of 2D perovskite phases in the solu-
tion, UV-vis absorption and PL characterization are performed
on the microcrystals before the injection of any antisolvent
(Figure S6, Supporting Information). The emission spectra dif-
fer significantly from those obtained after antisolvent injections
without any PL or absorption peaks, clearly demonstrating that
the high-throughput PL spectra reflect the emission behaviors
of 2D MHPs phases. In addition, the X-ray Diffraction patterns
(XRD) of the microcrystals, representing three selected Pb:Sn
compositions (Figure S7, Supporting Information), exhibit dis-
tinctive diffraction patterns characteristic of 2D MHPs confirm-
ing the formation of 2D MHPs microcrystals in the solution.[®]

Through comprehensive analysis of PL dataset by the im-
plementation of the peak-fitting function, the detailed param-
eters (i.e., broadband FWHM, evolutions of broadband, and
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segregated PEA,Pbl, peak intensities) in time-evolved PL emis-
sions are quantified across the Pb-Sn compositional space, as vi-
sualized in Figure 2b—d. Initially, the FWHM of broad emission
expands from 60 to 170 nm with increasing Pb composition ra-
tios from 1% to 99%. Such a significant difference in FWHM
suggests that different mechanisms are associated with the emis-
sion behaviors of 2D mixed Pb-Sn MHPs at the low- and high-Pb
compositional ranges. Also, the broadband continues to widen
over 1000 min as shown in Figure 2b. Figure 2e shows the dif-
ference in FWHM (AFWHM) between the initial and final time
(after 1000 min) as a function of Pb-Sn compositions, showing
more pronounced peak broadening of ~#80 nm in the MHPs with
low-Pb compositional ratios over time. As a result, the broadband
FWHMs exhibit nominal values >120 nm across the entire com-
positional space, suggesting that the broadband emission mech-
anism at low-Pb 2D MHPs likely transforms to that of high-Pb
counterparts.

Figure 2c shows the temporal evolution of broadband emis-
sion intensity across the Pb-Sn compositional space. Except
for the MHPs with <20% Pb showing PL drops — as a result
of rapid degradation by Sn oxidation (Figure S4, Supporting
Information),?22¢! for the MHPs with low-Pb compositions, in-
tensity consistently increases (Figure 2f). Given the favorable ox-
idation and the consequent degradation of 2D Sn and low-Pb
MHPs under ambient conditions, which promote defect forma-
tions over time, the temporal enhancements of broadband PL
in low-Pb 2D MHPs seemingly support the scenario of defect-
induced Stokes-shift contributing to broadband emission; The
widening of the broadband in this compositional range also
seems to align with this scenario. In contrast, for the MHPs with
high-Pb compositions, an initial enhancement in broadband PL
intensity is followed by a reduction. While such an up-and-down
trend can be attributed to the competition between the slower
crystallite growths and slower degradation — Pb?* is more sta-
ble than Sn?** upon ambient oxidation — the trend is irrespective
of the continuous (though slow) widening of the broadband. In
fact, not only defects associated with broadband emission, the
degradation of MHP crystallites also produces defects promot-
ing non-radiative recombination compromising PL intensity.[%]
These observations strongly suggest that defects and phase segre-
gation of PEA, Pbl, concurrently contribute to peak broadening.
In addition, given the similarity in diffusion coefficients between
Sn?* and Pb?*,[*] along with lattice reorganization being depen-
dent on defective sites, it can be hypothesized that the forma-
tion of PEA,Pbl, is more attributable to phase segregation than
any lattice reorganization. Furthermore, the oxidation of Snis un-
likely to contribute to the formation of this component, as com-
positions with higher Pb content exhibit more PEA,PbI,. This
suggests that the presence and ratio of Pb play a more critical role
in the formation process, discounting Sn oxidation as a primary
factor.

Now we focus on the segregation behavior of PEA,Pbl, peak
across the compositional space. As shown in Figure 2d, notably
faster PEA,PbI, PL emergences are observed with increasing Pb
composition ratios. From the intensity profiles, the onset time-
points of PEA,PbI, peak are estimated across the compositional
space (Figure 2g). Evidently, for the low-Pb compositions, the
emergences of PEA,PbI, peak are first observed over several
100 min after antisolvent addition, whereas those of the MHPs
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with high-Pb compositions are detected within 100 min. These
observations indicate that the segregation of PEA,Pbl, from the
mixed Pb-Sn MHP phase becomes substantially accelerated with
increasing Pb composition ratios. Note that the emergences of
PEA,Snl, are difficult to be identified and deconvoluted from
the PL spectra, mainly due to the weak PLQY and the spectral
proximity of the peak with the broadband.[?®] In addition, consid-
ering the ambient-susceptible nature of Sn?* leading to tempo-
ral degradation with substantial PL quenching via defect-induced
non-radiative recombination, the contribution of PEA, Snl, in the
spectral feature of the 2D mixed Pb-Sn MHPs would be neg-
ligible. It is also noteworthy that the MHP microcrystals with
<20% Pb compositions exhibit relatively faster PEA,PbI, peak
emergences compared with the nominal level of MHPs with in-
termediate Pb compositions. This can be explained by the rapid
oxidation of Sn?* in the inorganic lattice, which accelerates the
uncontrollable phase changes upon degradation. In addition, it
is noteworthy that if phase segregation was to compromise the
2D structure, this would typically result in the degradation of
the broad emission spectrum. However, it has been observed
that compositions with higher Pb content, despite experiencing
greater phase segregation, still exhibit an expanded broad emis-
sion spectrum over time.

To understand the kinetic aspects in PEA,PbI, segregation,
we take the first derivatives of PEA,Pbl, PL intensities with re-
spect to the reaction time (i.e., 0 @y, /0t) for the entire composi-
tional space, as shown in Figure 2h. Notably faster growth rates
of PEA,PbI, (1-2 orders of magnitudes) are observed at the ear-
lier timepoints (<200 min) for high-Pb 2D MHPs compared with
the low-Pb counterparts. This indicates that the substantial phase
segregation takes place at a very early-time during crystallization
athigh-Pb compositions. In contrast, at the intermediate-Pb com-
positions, the rate of PEA,Pbl, segregation starts to slowly in-
crease later after 200-600 min. Note that very small PL intensity
of the segregated PEA,Pbl, crystallites below the detection limit
of the instrument, attributed to their extremely small amounts,
may not be collected during the measurement. However, the ob-
served trends qualitatively suggest that phase separation takes
place at the very initial time with extremely low intensity (Figure
S3b, Supporting Information), as evidenced by the large FWHM
of the broadband even at the initial PL spectra for Pb-rich MHP
microcrystallites.

Overall, these results indicate that the segregation behavior of
PEA,PbI, phase in 2D mixed Pb-Sn MHPs becomes substantial
with increasing Pb compositions. Inevitably, this can resultin the
non-trivial emergence of the segregated PEA,Pbl, phase during
the crystallization of Sn-doped PEA,PbI, thin films (vide infra)
that have been prepared for photophysical investigations,[>1522%]
which, surprisingly, has been somewhat overlooked from inter-
pretation so far.

Note that the temporal evolutions for the PL parameters across
the Pb-Sn compositional space share consistent trends with
each other; gradually, the parameters undergo notable changes
for the MHP microcrystals with low-Pb compositions, whereas
those at high-Pb compositions show mild changes (or quickly
reach the saturation level in PEA,PbI, intensity) over time. Al-
though defects contribute more significantly to peak broaden-
ing in compositions with lower Pb content, as the Pb con-
tent increases and time progresses, the segregated phase of
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PEA,PbI, becomes more prominent; this enhanced segregation
has an increasingly greater impact on the broadening of the PL
peaks.

2.2. Experimental Characterization of Mixed Pb-Sn 2D MHPs
Thin Films

After high-throughput exploration of the crystallization behaviors
in mixed Pb-Sn 2D MHPs, now we investigate the PL character-
istics of the MHP thin films to understand how the early-stage
crystallization behaviors influence the chemical inhomogeneity
and optical properties of the resulting films. Here, in addition
to PEA,Snl, and PEA,Pbl, endmembers, we select five mixed
Pb-Sn compositions with a serial increase of Pb compositional
ratio (i.e., 10, 35, 60, 85, and 96%) and the corresponding 2D
MHP films were prepared via spin coating method. PL spectra
were measured for two different solvents and annealing temper-
atures, identifying the optimal conditions of film fabrication (Ex-
perimental Section, Figures S8 and S9, Supporting Information).
Figure S10a (Supporting Information) shows UV-vis absorption
spectra of the films, revealing serial blueshifts of the excitonic
peak with increasing Pb compositional ratios. Note that the films
with high-Pb ratios (i.e., 85 and 96%) exhibit distinctive excitonic
peaks of PEA, Pbl, separated from the corresponding absorption
edge, which is not observed in Sn-rich films. This infers notable
segregation action of PEA,PbI, phase in the films at high-PD ra-
tios. Moreover, the shoulder peak observed at 380 nm is likely as-
sociated with the intrinsic energy state of PEA,PbI,.[?°] Similarly,
the more diffused peak at 525 nm, observed at a Pb = 0 concen-
tration, correlates with the intrinsic energy state of PEA,SnlI,.3%
From the corresponding Tauc plots, the optical bandgap (E,) of
the mixed phases is estimated and it reveals that the E, of the
films exhibits an exponential increase from 1.94 to 2.35 eV with
increasing Pb ratios (Figure S10b,c, Supporting Information).
The non-linear trend in E, profile deviating from Vegard's law
could be attributed to the energy mismatch of the Pb 6s and Sn 5s
states in the valence band.*!! Additionally, significant phase seg-
regation such as with the 85 and 96% samples can complicate the
extraction of the bandgap and can explain the perceived deviation
from Vegard’s law since the absorbance would be a linear com-
bination of the separate phases. We also estimated Urbach tail
energy (E,) in the film matrices,*? as shown in Figure S10d (Sup-
porting Information). Except for PEA,Pbl,, a gradual increase in
E, from 280 to 380 meV is observed with increasing Pb ratios, in-
dicating the qualitative increase of Pb results in higher energetic
disorder at the band-tail states in the mixed Pb-Sn 2D MHPs.[*’]
This could be attributed to the phase segregation and/or the de-
fect densities formed in the films.

Figure S11a (Supporting Information) shows time-evolved PL
spectra of mixed Pb-Sn 2D MHP thin films. Similar to the high-
throughput observations, here the broadband emission becomes
wider with increasing Pb composition ratios. Particularly, tiny but
evident bumps of PEA2PbI4 emission at ~522 nm are also ob-
served for the films with Pb composition ratios over 60%, which
indeed confirms that phase segregation occurs upon the film
crystallization at high Pb ratios. The emergence of PEA2PbI4 is
not appreciable in the film with 10 and 35% Pb ratios, suggesting
that the retarded and slow segregation behaviors observed in the
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solution phase are reflected as the suppression of the segregation
at these ranges.

We implement the devised peak-fitting function to analyze the
time-evolution of PL features in the films, as shown in Figure
S11b-d (Supporting Information). In Figure S11b (Supporting
Information) it is shown that the temporal changes in broadband
FWHM for low-Pb films are negligible, far different from the dy-
namic changes observed in the microcrystal system. Moreover,
the FWHM values of the low-Pb 2D MHPs exhibit nominal val-
ues of ~80 nm, whereas those of high-Pb MHPs show distinc-
tively large values of 120-180 nm. This indicates that the physic-
ochemical action associated with the widening of the broadband —
hypothesized to be PEA,PbI, segregation that establishes charge
transfer exciton (CTE) states — shown in microcrystal analysis is
suppressed in the low-Pb films. The retarded and slow PEA,Pbl,
segregation shown in high-throughput results of low-Pb MHPs
support this, as the ion movement is deemed to be restricted in
the solid matrix compared to the situation corresponds to the mi-
crocrystals system in the solution phase.l'® The stronger bond
dissociation energy of Sn-I (234 k] mol™') compared to that of
Pb-I (197 kJ mol~!) also supports this. Meanwhile, the tempo-
ral drops of broadband PL intensity in all films, as a result of
ambient degradation can be observed (Figure S11c, Supporting
Information).** Collectively with the constant FWHM despite
the increase in defects by temporal degradation, these observa-
tions indicate that these defects are unlikely to be the only cause
of changes in the broadband features.

The PLintensity of the segregated PEA, Pbl, phase in the films
over time directly corroborates the negligible phase segregation
in the low-PDb films, which is, in contrast, distinctive in the films
with high Pb compositions with stronger PL (Figure S11d, Sup-
porting Information). Note that the PEA, Pbl, intensity profiles of
the high-Pb films exhibit initial increases followed by decreases,
qualitatively replicating the trend of the broadband FWHM in
these films. Overall, the characteristics in time-evolved PL spectra
of the films obviously suggest that phase segregation is the ma-
jor factor in broadband emission in compositions with higher Pb
ratios in the mixed Pb-Sn 2D MHPs.

To gain insights into the chemical structures of the elements,
particularly the emergence of defects, across the compositional
space in mixed Pb-Sn 2D MHP system, X-ray photoelectron spec-
troscopy (XPS) is conducted on the thin films and the Sn 3d,
Pb 4f, and I 3d core-level photoelectron emission spectra of the
films are collected. The baseline-subtracted Sn 3d XPS spectra
are shown in Figure S12a (Supporting Information). Two distinc-
tive peaks centered at ~484.5 and 486 eV, assigned to be metal-
lic Sn (Sn°) and Sn?*, respectively,[*] are observed from the Sn
3d;,, spectra in the overall compositional range except for pure
PEA,Snl,. The peaks at ~486 eV show asymmetric features at-
tributed to the defective Sn*" component centered at ~487 eV.
This is widely observed in Sn-based perovskite because of the sus-
ceptibility of Sn** upon oxidation.**! While the lattice-occupying
Sn** peak proportionally becomes weaker with increasing Pb
composition ratios, Sn® peak — known to also promote non-
radiative recombination as defect*®! — substantially evolves and
increases to the comparable intensity with that of Sn?*. To get
quantified insights into the Sn chemistry in 2D Pb-Sn MHPs,
the Sn 3d;,, spectra are deconvoluted into three distinct com-
ponents corresponding to Sn**, Sn?*, and Sn°, respectively, as
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Figure 3. a) Relative ratios of Pb%, Sn*+, and Sn® with respect to total atomic contents. b) Estimated 1/(Pb+Sn) ratios of the 2D MHP films with different
Pb ratios derived from the deconvolution of the corresponding XPS spectra. c) XRD patterns of the freshly prepared 2D MHP films with different Pb
ratios and those were left in ambient for one day. The green asterisks indicate the diffraction peak of PEAI.

shown in Figure S12b (Supporting Information) (detailed val-
ues are summarized in Table S1, Supporting Information). Obvi-
ously, in addition to Sn?, it is observed that Sn** component grad-
ually evolves with increasing Pb composition ratio (Figure 3a).
Note that the films are carefully transferred to ultra-high vacuum
(UHV) chamber for measurement with a minimized exposure to
ambient conditions, as corroborated by the nearly exclusive emer-
gence of Sn** peak in the XPS Sn 3d spectrum of pure PEA,Snl,
film.

Similarly, strong metallic Pb (Pb°) peak — centered at ~#136.5 eV
in Pb 4f,, region — and the lattice-occupying Pb** peak
(~137.8 eV in Pb 4f,, region) are observed in Pb 4f XPS
spectra,l’’”] where the former component increases with increas-
ing Pb composition ratio in Pb 4fXPS spectra (Figure S13a, Sup-
porting Information). The quantitative trend after peak deconvo-
lution (see Figure S13b and Table S1, Supporting Information)
is also visualized in Figure 3a, clearly showing a progressive in-
crease of Pb® defects with increasing Pb ratio in the 2D MHP
films. In contrast to PEA,Snl,, pure PEA,PDI, film exhibits the
strongest Pb? peak, suggesting that the origin of Sn® in mixed Pb-
Sn MHPs is associated with the chemical action of Pb. Accord-
ingly, exposure of Pb-based MHPs to UHV conditions and X-ray
photon irradiation can cause iodine evaporation as a form of I,
gas,**] thereby promoting Pb?* to Pb° reduction.*! In mixed Pb-
Sn 2D MHP, this reducing action — initiated from Pb-I part — can
also affect neighboring Sn?* in the lattice, thereby producing Sn°.

We further analyzed the I 3d spectra across all films to under-
stand the nuanced changes in binding energy associated with
varying lead concentrations. Figure S14 (Supporting Informa-
tion) shows I 3d spectra of the 2D MHP films, exhibiting se-
rial upshifts in binding energy up to ~0.2 eV with increasing Pb
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ratio. In fact, stronger interaction between Sn and I compared
with the Pb counterpart is deemed to result in binding energy
downshift with increasing Pb ratio, which is inconsistent with
the observations. Such contradictory results infer that other fac-
tors are likely associated with the spectral feature. We estimated
the I/(Pb+Sn) ratio of the films (Figure 3b; and Table S1, Support-
ing Information),l*”] showing a drop in I concentration in the 2D
MHP matrix with increasing Pb ratio. While the elucidation of
the exact origin of metallic Pb and Sn in 2D Pb-Sn HPs remains
uncertain and out of the scope of this work, the magnitude of
1/(Pb+Sn) changes and the associated peak shifts across the com-
position ratios are relatively minor. In contrast, the sequential
changes observed in the Sn 3d and Pb 4f spectra are markedly
distinctive. This suggests that iodine vacancies are not signifi-
cantly affected by such extreme experimental conditions (UHV
or X-ray-induced damaging). That is, relatively higher amounts
of I vacancies are formed in the film with increasing Pb ratios
— particularly in high-Pb films — which is likely responsible for
the upshifts in I 3d spectra. Note that among various defects,
I vacancy, particularly that in equatorial position rather than in
apical position, is known to be responsible for local trapping of
charge carrier and the consequent peak broadening in 2D Pb-Sn
MHPs.I’l XPS results indicate that, both mechanisms respec-
tively associated with defects and phase segregation contribute to
the widening of FWHM of the broad emission, where the impact
of the latter mechanism becomes more pronounced with increas-
ing Pb contents.

Through ultraviolet photoelectron spectroscopy (UPS) analy-
sis, we observe distinctive changes in electronic structures of
mixed Pb-Sn 2D MHPs as a function of Pb composition ra-
tios (Figure S15, Supporting Information). Here, a low-energy
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Figure 4. a) PL decays and calculated average lifetimes collected from 2D MHP films with increasing Pb ratios. b,e) SEM images, c,f) 525 nm-filtered
CL maps (assigned to PEA,Pbl,), and d,g) local CL spectra of six spots color-marked on the maps for the films with 85 and 96% PEA, Pbl,, respectively.

incidence photon of 10.2 eV was used as a UV source to miti-
gate the beam-induced damage, particularly on the organic part
during experiments.[*"] Based on the extracted Fermi energy
(Eg) and valence band maximum (E) — respectively calculated
from the secondary electron cut-off and valence band spectral re-
gions (Figures S16 and S17, Supporting Information) —and E, of
mixed-phases calculated from Tauc plots (Figure S10, Support-
ing Information), the energy level diagram of the 2D MHP films
are reconstructed (Figure S18, Supporting Information). Overall,
the Ey, upshifts away from the valence band edge towards the mid-
dle of the E, indicating less p-type doping, are observed with in-
creasing the Pb ratios, which aligns with the self p-doped nature
of Sn rich MHPs.[*!] The notable separation of the less p-typed
PEA,PbI, from the mixed Pb-Sn phases is likely reflected in the
notable jump of Ep-Ey (from 0.67 to 0.84-0.89 eV) in the films
with 85, 96, and 100% Pb. Also, the higher densities of iodine va-
cancies as evidenced in XPS analysis, which is known to facilitate
a shift towards a more n-type surface character in 3D MHP[*?] —
could be also associated with this jump. Summarizing, the inter-
play of self p-doping properties of Sn?*, notable phase separation,
and higher densities of iodine vacancy synergistically bestow me-
diated p-type character to the films with increasing Pb ratios.
Defects are known to sacrifice the stability of MHPs, suspect-
ing that Pb-rich 2D Pb-Sn MHPs are more susceptible to degra-
dation. To explore the influence of defects identified in XPS analy-
sis on the stability of 2D MHP films, X-ray Diffraction (XRD) pat-
terns of both the freshly prepared samples and those that were left
in the ambient environment for a day are collected (Figure 3c).
All films exhibit distinctive diffraction patterns of 2D MHPs with
strong fundamental peaks at ~5.40°, assigned to be (002) face-on
oriented lattice stacking mode.'®] After a day in ambient condi-
tions, the intensity drop of 2D MHP diffraction peaks as well as
the emergence of a new peak ~4.8° (marked with green asterisks;
assigned to be PEAI?2#]) that shows stronger intensity with de-
creasing Pb ratios are observed. This indicates the 2D MHP crys-
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tallites, particularly the inorganic lattices are disintegrated upon
ambient degradation. Note that the degradation is more facili-
tated in the film with decreasing Pb ratios due to the chemical
lability of Sn** upon oxidation. Zoom-in XRD patterns of the
(0010) planes for both fresh and degraded samples are displayed
in Figure S19 (Supporting Information) and the FWHM and in-
tensity of the XRD peaks were quantified from fitted results. The
peak intensity increases with higher Pb concentrations for fresh
samples, indicating enhanced crystallinity associated with them.
Conversely, while peak intensity increases in degraded samples
with higher Pb content, the FWHM decreases, suggesting larger
crystallite sizes according to the Scherrer equation.l**] Moreover,
despite all films demonstrating good crystallinity, no peak split-
ting related to phase segregation is observed. This absence of
peak splitting can be attributed to the limitation of XRD in de-
tecting subtle lattice modifications, including phase separations,
particularly in complex systems.[**]

To further investigate the role of defects on the PL characteris-
tics, time-resolved PL decays of the 2D MHP films are measured
using a sub-bandgap excitation wavelength of 1027 nm, as shown
in Figure 4a. Here, as the photon energies below the bandgap lack
the capacity to directly excite the carriers to the band edge, the
broadband emission under this condition effectively negates the
STE emission scenario.!?>*°] To explore whether STEs underlie
the broad emission, the PL spectra of the films were collected us-
ing above and below-bandgap excitation wavelengths of 365 and
650 nm, respectively (Figure S20, Supporting Information). In-
terestingly, the PL spectra of the films — particularly with high
Pb ratios — collected with 650 nm excitation are broader than
those from 365 nm excitation. While the above-bandgap excita-
tion triggers STE emission producing broadband PL, the emis-
sion from CTE — exclusively promoted by sub-bandgap excitation
— results in much wider broadband PL beyond STE can solely
manifest. This indicates CTE is more responsible for the much
broader PL emission. In Figure 4a, while pure 2D MHPs exhibit
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very fast PL decays, interestingly, the mixed Pb-Sn MHPs exhibit
slower decays, which are further prolonged with increasing Pb
ratios. By employing a triexponential peak fitting model, the av-
erage lifetime is calculated for each sample (see Table S2, Sup-
porting Information). The pure 2D endmembers exhibit short
lifetimes of 18 and 0.6 ns for PEA,Snl, and PEA,Pbl,, respec-
tively, in good agreement with previous studies.['>*1¢] Serial in-
creases in PL lifetime from 20.62 to 275.06 ns are observed
from the mixed Pb-Sn 2D MHPs with increasing Pb ratios, even
though the defects (i.e., iodine vacancies) become higher in the
films in XPS observations.*”] Such a contradictory trend sug-
gests that the CTE states established by the interfacial contacts
between the segregated PEA,Pbl, and the mixed Pb-Sn 2D HPs
— rather than increased defects (I vacancy) — are responsible for
higher PL lifetime of samples with higher Pb content.**! Fur-
thermore, we utilized TRPL with pulsed excitation wavelengths
above the bandgap, specifically at 343 nm. The results, as de-
picted in Figure S21 (Supporting Information) (and Table S3,
Supporting Information), clearly show that the lifetimes of these
samples follow the same trend as Figure 4a. However, it is note-
worthy that the lifetimes observed with above-bandgap excita-
tion (343 nm) are shorter than those with sub-bandgap excitation
(1027 nm). While the sub-bandgap photons can exclusively excite
the charges to CTE states, the above-bandgap photons can pop-
ulate all possible excitonic states with different physical origins.
For the latter scenario, the relative portion of the CTE-originated
excitons in the radiative relaxation process, which is associated
with the broadband PL, decreases. Additionally, the observed in-
crease in lifetime with higher excitation wavelengths suggests
that the measurements predominantly occur within the radia-
tive regime. This effectively minimizes high-order charge car-
rier recombination processes, such as Auger recombination!*?]
and exciton-exciton annihilation,*’! ensuring that the laser set-
tings are optimized to emphasize radiative transitions over non-
radiative losses. Note that the observed PL lifetimes of our poly-
crystalline films are longer than those collected from Sn-doped
PEA,PbI, single crystal,[?}l where the evolution of the interface
between the segregated phases is minimized and thus majorly
renders PL from STEs. This suggests that the emergence of
other PL components responsible for broadband PL — activated
by above-bandgap excitation — can reduce the overall lifetime
of broadband PL. These findings compellingly indicate that the
phase segregation of mixed Pb:Sn phases plays a key role in the
broadening of PL peaks.

Finally, to gain spatially resolved insights into the mixed Pb-Sn
2D MHPs, hyperspectral cathodoluminescence (CL) microscopy
is employed for several selected Pb-Sn thin films.[?*5% For pure
PEA,Snl, and PEA,PDI, films, distinctive band-edge emissions
(as visualized in 625 and 525 nm-filtered CL maps, respectively)
of the films are observed across the entire surface with slight
local intensity contrasts (Figure S22, Supporting Information).
This suggests that those films possess imperfect chemical homo-
geneity in the respective lattice interiors, likely attributed to the
defects. Note that, in contrast to PEA,PDbI,, substantial amounts
of small voids are observed on the PEA, Snl, surface. This could
be explained by the extreme susceptibility of Sn**-based lattice
upon ambient oxidation that leads to degradation,>! which how-
ever does not compromise the spectral shape of emission char-
acteristics. In other words, while the oxidation process leads to
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the formation of Sn** species, which impacts the structure of the
films, it does not significantly affect the broadband PL features.

For the mixed 2D Pb-Sn MHP films with low Pb ratios (i.e., 10,
35, and 60% PEA,Pbl,), such voids are not observed on the sur-
faces, suggesting the oxidative degradation action is somewhat
mitigated upon Pb incorporation (Figure S23, Supporting Infor-
mation). Also, in both 625 and 700 nm-filtered CL maps — corre-
sponding with the peak and shoulder of the broadband spectra,
broadband CL peak is observed across the entire film surface.
Stronger CL intensities are observed along the grain boundaries,
which could be attributed to the higher charge density at the
edge of the 2D MHPsl®? that constitutes the grain boundaries.
Specifically for the film with 35% PEA,Pbl,, two spots within
500 nm pixel size emitting asymmetric CL emission centered
~388 nm are identified (Figure S24, Supporting Information).
This is likely attributed to the formation of SnO, particles as a
product of Sn?* to Sn** oxidation.[>3! Note that these spots are ob-
served at the grain boundaries, suggesting that the oxidation ac-
tion directly through the PEA-coordinated 2D faces is mitigated
upon Pb incorporation and thereby exclusively occurring at the
reactive surface spots. Moreover, despite this clear indication of
Sn oxidation in the CL data, UV-vis absorption spectra of these
samples (i.e., films with high-Sn concentrations) do not exhibit
any peaks attributable to oxidation of Sn (Figure S10, Support-
ing Information). This absence suggests that the oxidation of Sn
does not significantly alter the absorption characteristics of these
films.

Figure 4b,e exhibits SEM images of mixed Pb-Sn 2D MHPs
with high Pb ratios of 85 and 96%, respectively, showing nomi-
nal surface morphologies with flattened surfaces observed in the
other films. Seven hundred nanometers-filtered CL maps of the
film also exhibit no specific spatial contrast in broadband emis-
sions (Figure S25, Supporting Information). However, 525 nm-
filtered maps — responsible for PEA, Pbl, — clearly show non-zero
CL intensity with distinctive local contrasts in these film surfaces,
which exhibits the strongest intensities at the grain boundaries
and then propagates towards the surroundings (Figure 4c,f). This
suggests that the PEA,PbI, phase starts to segregate from the
defective grain boundaries upon film crystallization and exhibits
long-range coverage to the entire film surface. Atomic Force Mi-
croscopy (AFM) images of the films present in Figure S26 (Sup-
porting Information) illustrate that an increase in Pb content cor-
relates with a reduction in grain size, indicative of more promi-
nent grain boundaries within these compositions. The emer-
gence of the segregated PEA, Pbl, phase is also evident in the cor-
responding local CL spectra (Figure 4d,g). Based on the results,
we conclude that the interfacial contact between the segregated
PEA,Pb], lattice and the mixed Pb-Sn 2D MHP lattice effectively
establishes CTE states across the entire film surface, thus majorly
contributing to the long-lived broadband emission.['%)

In fact, defects — particularly the iodine vacancy — have been
claimed to promote peak widenings in broadband emission stem-
ming from Stokes-shift (Figure 5a,d,e), which have been exper-
imentally observed in PL spectra of the pure 2D MHPs col-
lected at cryogenic temperatures.!”™!*>15] This model can be ex-
panded to the observations in 2D MHPs with low-Pb ratios,
which shows a nominal level of the broadband FWHM but no
appreciable segregated PEA,Pbl, phase (Figure 5b,f). In this
study, clearly, the emergence of PEA,Pbl, phase in the mixed
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Figure 5. a—d) Schematics describing lattice structures in 2D Pb-Sn MHPs and e—g) corresponding Jablonski diagrams explaining broadband emission

mechanisms at respective composition ranges.

Pb-Sn 2D MHP is spatially resolved, which reveals that the
segregation action starts to occur at the grain boundaries that
are deemed to possess larger amounts of defects. As hypoth-
esized from the high-throughput observations, the incompati-
ble crystallization kinetics with different chemical natures of Sn
and Pb-based 2D MHPs could be mainly responsible for the
formation of defects during the initial stage of crystallization
of the solution-processed films. These defects, rather than in-
ducing spectral Stokes-shift, in turn, can simultaneously pro-
mote the segregation of PEA,PbI, during the rest of the crys-
tallization process. As a result, the “unexpected” interfacial con-
tacts between PEA,Pbl, and the mixed Pb-Sn 2D MHPs estab-
lish the CTE states for broadband emission (Figure 5c¢,g). We
stress that high-throughput exploration provides indispensable
and comprehensive insights into the detailed crystallization dy-
namics that cannot easily be captured in conventional experimen-
tal workflow, significantly accelerating the discovery of the gen-
uine origin of the fundamental material’s properties. This work
exemplifies how high-throughput automated experimental work-
flow sheds light on the fundamental discovery of functional ma-
terials. In fact, these observations emphasize the intricate rela-
tionship between composition, degradation, and photophysical
properties in mixed 2D Pb-Sn HPs, shedding light on how com-
positional variations influence the optical characteristics of these
materials.

3. Conclusion

In summary, the early-stage crystallization dynamics of mixed
Pb-Sn 2D MHPs are investigated by implementing high-
throughput automated experimental workflow to explore the
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broadband PL emission of this materials system. This signif-
icantly accelerates the quantitative and comprehensive under-
standing of relationship between the broadband emission and
crystallization behaviors, which has not been deeply considered
so far. Itis revealed that the broadband emission exhibits a strong
correlation with the segregation of PEA,Pbl, that is facilitated at
high-Pb compositional ratios, hypothesizing that the establish-
ment of CTEs, alongside defects, are mainly responsible for the
broadband emission. This is attributed to the incompatible crys-
tallization kinetics and different chemical nature between Sn and
Pb-based 2D MHPs, bestowing nontrivial chemical complexity in
the film crystallites. XPS characterizations reveal that the iodine
vacancies progressively evolve with increasing Pb ratios — exclu-
sively responsible for sub-bandgap states inducing Stokes-shift,
remains insignificant variation across the mixed Pb-Sn compo-
sitional space. Hyperspectral CL microscopy reveals that sub-
stantial segregation of PEA,Pbl, phases in the mixed Pb-Sn 2D
MHP films particularly with high-Pb ratios indeed, the evolution
of which is initiated from the defective grain boundaries. Thus,
we conclude that the evolution of prolonged broadband PL origi-
nated from the coexistence of defects and the establishment of
CTE by phase segregation. This effectively reconciles the pro-
posed models describing the fundamental origin of broadband
emissions, which are in debate. Elucidation of the genuine origin
of these fundamental properties of promising materials sheds
light on the development of sustainable and ubiquitous applica-
tions. More importantly, this study evidently exemplifies how the
fundamental properties in chemically complex materials can be
comprehensively explored and discovered in an accelerated man-
ner via unconventional high-throughput automated experimen-
tal workflow.

© 2024 Wiley-VCH GmbH
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4. Experimental Section

Materials:  Phenethylammonium iodide (PEAI; Sigma-Aldrich, 98%),
Tin(ll) iodide (Snl2; Sigma-Aldrich, 99.99%), lead (Il) iodide (Pbl2;
Fisher Scientific, 99.99% ultra-dry, metals basis), N,N-dimethylformamide
(DMF; Sigma-Aldrich, 99.8% anhydrous), Dimethylsulfoxide (DMSO;
Sigma-Aldrich, >99.9% anhydrous), y-butyrolactone (GBL; Sigma-Aldrich,
>99%), and toluene (Sigma-Aldrich, 99.8% anhydrous) were purchased
and used without further purification.

High-Throughput Robotic Synthesis of 2D MHP Microcrystals:  To pre-
pare precursor solutions, stoichiometric amounts of PEAI,Pbl, and
PEAI,Snl, precursor solutions (0.3 m) were dissolved in GBL in an N,
glovebox and stirred for 5 h at room temperature. Then the solutions were
transferred to the pipetting robot system with the N, atmosphere. Fifty
microliters of precursor solutions with 96 different Pb-Sn composition
ratios were filled into each well of a microplate using a pipetting robot
(Opentrons, OT-2) by combinatorial mixing of both precursor solutions as
endmembers (Figure S1, Supporting Information). By injecting 250 pL of
toluene (as an antisolvent) into each well, a microplate with microcrystals
having target Pb-Sn composition ratios were synthesized automatically.
The high-throughput robotic system operates entirely within an N,-filled
enclosure, where both humidity and temperature were closely monitored
and recorded for each experiment, before and during synthesis. For this
specific experiment, the humidity was maintained at 0.5% RH at a tem-
perature of 24 °C.

Photoluminescence Measurements: ~ After synthesis, the well plate was
immediately sealed with a 96-well plate sealing film while still within the
controlled environment of the robot. This prompt sealing minimizes any
exposure to external environmental factors. The sealed plate was then
quickly transferred to the hybrid multi-mode optical reader (BioTek, Cy-
tation 5), located close to the robotic system. Then the PL spectra (1 nm
step) were collected from each well over time. The excitation wavelength
was 405 nm. A “read” cycle was used to collect 96 spectra from each well
every 10 min, which was repeated over 100 cycles (1000 min) to get time-
evolved PL spectra. This means that the well plate remains in the reader for
that entire duration without any interruptions. Initially, the reader collects
the PL spectra of all 96 compositions in the well plate. In subsequent reads,
the reader measures the PL spectra of all compositions again and repeats
this process over the 16 h. This method ensures that the time conditions
for PL measuring were consistent for all compositions with different Pb:Sn
ratios, allowing for a reliable comparison and thorough analysis of the pho-
toluminescence properties across the entire sample set. Data analysis was
performed on Google Colab using Python 3.6. The code is available in the
following link (Google Colab): https://colab.research.google.com/drive/
IXTRTuQUNX6Z6r198fMmPi86jK5yYGxnrlusp=drive_link.

Thin Film Synthesis:  Stoichiometric amounts of PEA,Pbl, and
PEA,Snl, precursor solutions were dissolved in a mixed solvent of an-
hydrous DMF:DMSO with a volume ratio of 4:1. PL spectra of several se-
lected Pb:Sn thin films with two different solvents, DMF and DMF:DMSO,
reveal that the mixed solvent results in higher PL intensity and reduced
phase segregation, as observed in Figure S7 (Supporting Information).
Thin films were cast on glass substrates, and they were ultrasonically
cleaned in deionized water, isopropanol, and acetone, respectively. After
drying substrates with N,, they were treated with ultraviolet ozone for
20 min and immediately transferred into the N, glovebox for film deposi-
tion. The fabrication of the films involved a two-step spin coating process,
1000 rpm for 10 s, followed by 5000 rpm for 40 s. Then, the films were
annealed at 100 °C for 10 min. PL spectra of several selected Pb:Sn thin
films annealed at two different temperatures are presented in Figure S8
(Supporting Information), demonstrating higher intensity with an anneal-
ing temperature of 100 °C.

Characterizations: Using the same optical reader as for PL measure-
ments, the films’ absorption spectra were measured. Data analysis was
performed on Google Colab using Python 3.6. The code is available
in the following link (Google Colab): https://colab.research.google.com/
drive/1IvF4Xo_hrykBiTIfHxbu99kgK9ADdvzB?usp=drive_link. XPS mea-
surements were performed with a Scienta Omicron XPS Lab instrument
using a monochromated Al Ka anode (1486 eV). For the UPS measure-
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ments, the H Lyman-photon source (E-LUX 121) used had a photon en-
ergy of 10.2 eV and a pass energy of 5.85 eV, and the sample was biased
at a potential of —=5 V. TRPL decays were measured by using a Horiba Flu-
orolog 3 spectrometer and PPD-900 photon counting detector. A setup
was utilized with multiple laser excitation capabilities, specifically at wave-
lengths of 343 and 1027 nm. The power densities for these wavelengths
were measured at ~80 and 1200 pj cm™~2, respectively. These values were
determined using a power meter to directly measure the laser's power
output, which was then divided by the area of the laser spot to calculate
the power density. The filtered harmonics of the excitation sources were
generated from a 280 fs pulsed laser operating at 50 kHz. XRD patterns
of the films were acquired by using a high-resolution X-ray diffractometer
(Malvern Panalytical, Empyrean). Hyperspectral CL microscopy data were
collected by using an environmental SEM instrument (FEI, Quattro) with
a Delmic Sparc CL collection module. A parabolic mirror was utilized to
collect the CL signals upon e-beam excitation. An e-beam with an acceler-
ation 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 measurements were conducted in a low
vacuum environment of 0.02 Torr with H, O vapor, which effectively allevi-
ated 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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