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Abstract: High-entropy alloying (HEA) has emerged as a prominent strategy to modulate physiochemical
properties of nanomaterials. Nevertheless, this approach is underexplored in luminescent semiconductor
nanocrystals (NCs) due to the lack of understanding into the HEA-induced electronic effect and photophysical
behaviors. Herein, harnessing the defect tolerance of metal halide perovskite NCs, we systematically synthesized
and characterized high-entropy halide perovskite (HEP) NCs containing multiple B-site elements (Pb?*, Sr2*, Caz*,
Cd?*, and Mg?*). High-resolution transmission electron microscopy, transient photoluminescence and absorption
spectroscopy, X-ray photoemission spectroscopy, and density functional theory simulations are employed to
unravel the evolution of electronic structures with respect to alloying degree and link them to the spectral signatures
and photostability. Counterintuitively, although the HEP NCs exhibit lateral sizes smaller than the Bohr diameter,
HEA reduces the band dispersion and broadens the conduction band, thereby vanishing the excitonic feature by
forming near band-edge shallow states. We show that these HEA-induced shallow states foster rapid radiative
recombination and improve photostability, accompanied by a significantly reduced lead content by up to 70%.
These findings pioneer understanding of the correlation between HEA-induced electronic effect and photophysical
properties, highlighting the versatility of HEA for band structure engineering and stabilization of metal halide
perovskites NCs.

Introduction

The discovery of multi-component alloys has generated considerable research interests across various material
systems, including ceramics, semiconductor oxides, and metals owing to the extensive compositional space and
unigue functionalities derived from the large configurational entropy.-* The incorporation of more than four primary
and secondary elements into a single-phase solid solution is able to unlock new physiochemical properties, such
as exceptional thermal stability, improved wear resistance, and unique electronic features, rendering them
attractive for aerospace, automotive, energy, and catalysis applications.>* Analogous to bulk high-entropy alloys,
which typically require high-temperature synthesis, high-entropy nanoparticles have also showcased promising
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results by exploiting colloidal ligand chemistry and different coordinating solvents.[20-12 Although phase segregation
is generally thermodynamically favorable, efficient strategies such as configuration of elements, precise
composition control, and judicious selection of surfactants, are capable of stabilizing high-entropy nanoparticles at
metastable states.[!3-1% Accordingly, several high-entropy nanoparticle systems have been reported, for instance
intermetallics,[*6-17] metal sulfides,81% metal oxides,/?l and metal oxysulfides.[?!l Nevertheless, there are limited
reports deploying the high-entropy concept in fluorescent colloidal nanocrystals (NCs) for optoelectronic
applications, likely because the extensive alloying process introduces crystalline defects and suppresses efficient
excitonic recombination, thereby lowering the quantum efficiency.?2-23l

In this regard, the advancement of lead halide perovskite (LHP) NCs enlightens a new framework for HEA owing
to the intrinsic defect tolerance nature and high photoluminescence quantum yields (nrL).24271 Theoretically, the
incorporation of multiple elements could be achieved by substituting the B-site atom with multiple divalent ions in
the perovskite ABXs crystal lattice. Indeed, although the partial replacement of B-site Pb?* ions by one or two metal
cations has been extensively investigated, with primary efforts dedicated to uncover the roles of surface defectsl?®
311 and trap states,[®2-3% fundamental understanding of B-site HEA effect and their link to photophysical properties
still remains elusive. Since the electronic structure is dictated by the B-site valence shells, it is expected that the
change in orbital hybridization will modulate the effective mass of excitons and induce lattice symmetry breaking.3¢-
371 Previously, we reported a solid-phase synthesis protocol for the preparation of HEP NCs based on
methylammonium lead bromide (MAPbBr3) NCs, leading to a substantial reduction of lead content by up to 55%
and near-unity npL.%8 Similarly, HEA-based perovskite NCs were synthesized via a rapid room-temperature
process,i?¥ and optimized to achieve highly efficient and spectrally stable electroluminescence.l*? Despite
significant progresses, it remains unclear that how HEA rectifies the electronic structure of LHP NCs and modulate
their excitonic behaviors, which is crucial to unlock their full potential and realize advanced optoelectronic
applications. Herein, combining high-resolution transmission electron microscopy, transient photoluminescence
and absorption spectroscopy, X-ray photoemission spectroscopy, and density functional theory simulations, we
narrow the gap between the understanding of electronic structures and novel optical properties of HEP NCs.

Results and Discussion
STRUCTURAL AND OPTICAL CHARACTERISTICS OF HEP NCS

B-site HEP NCs were systematically prepared through ligand-assisted multi-cationic exchange of CsPbBrs NCs. In
brief, CsPbBrs NCs were first synthesized using a ligand-assisted reprecipitation protocol.[*] Subsequently, the
colloidal solutions were mixed with excess divalent metal bromide salts (MBrz2, where M2* = Sr2+, CaZ*, Cd?*, Mg?*)
partially dissolved in nonpolar toluene via the addition of amphiphilic ligands (details see Supplementary Section
1.2). Due to the soft ionic lattice nature of lead halide perovskites, the partial and gradual substitution of Pb2* with
ligand-stabilized M?* gradually became entropically favorable,® thus forming the B-site HEP NCs. Figure la
presents a schematic diagram illustrating a HEP NC containing approximately 1000 [MBre]*- octahedral unit cells,
in which M2* ions are embedded in the lattice through HEA. For each colloidal NC sample synthesized, we prepared
sold thin films by drop-casting the solution onto silicon substrates, followed by extensive energy-dispersive X-ray
spectroscopy (EDS) in a scanning electron microscope (SEM) or on TEM grids using high-resolution (HR) scanning
transmission electron microscopy (STEM) (Figure S1-S5 and Table S1). Figure 1b shows a representative
HRSTEM EDS mapping result for Cs(PbSrCdMg)Brs HEP NCs, highlighting the alloying elements, Mg, Cd, and Sr,
are randomly distributed within individual NC, without phase separation or metal segregation.

Our systematic SEM EDS measurements enable quantitative estimation of atomic ratios Cs:Br and (Pb+M):M for
all synthesized samples (Figure 1c, Figure S6-S8, and Table S2). The Cs:Br ratio nicely aligns with the expected
perovskite stoichiometry of 3, showing that our synthetic protocol did not alter the A-site composition significantly.
Alternatively, despite a degree of variation, there exists a clear trend that the (Pb+M):M ratio increases substantially
with more secondary elements, which is driven by the increasing configurational entropy of the systems. For
simplification, the B-site elements are used to denote each HEP NC synthesized in this work. We discovered that
the majority of secondary M?* ions, especially the smaller Cd?* and Mg?* ions, replaced the B-site Pb?* ions, which
aligns with the substitutional mechanism proposed by Phung et al. in monodoped perovskite NCs.[*2 Importantly,
our results indicate that the toxic Pb?* could be effectively reduced by up to 70% using our protocol, rendering the
commercial applications of the HEP NCs much more attractive.
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Figure 1. Concept of HEP NCs. (a) Schematic illustration of a B-site HEP NC containing approximately 1000 [MBrg]*~ octahedral unit cells. (b)
Representative HRSTEM EDS map for Cs(PbSrCdMg)Br; HEP NCs, revealing that the alloying elements, Mg, Cd, and Sr, are randomly
distributed within individual NCs. Scale bars: 5 nm. (c) Statistical analysis for the EDS-analyzed Cs:Br and (Pb+M):Pb ratios for all NC samples
considered in this study. The toxic Pb?" could be largely reduced by up to 70% using our HEP protocol.

We examined the structural and crystallographic properties of HEP NCs (Figure 2). High-resolution scanning
transmission electron microscopy (HRSTEM) is used to analyze and quantify the crystallographic profiles of parent
CsPbBrs and three representative HEP NCs, including Cs(PbSrCdMg)Brs, Cs(PbCaCdMg)Brs, and
Cs(PbSrCaCdMg)Brs (Figure 2 a and b). The atomically resolved images allow us to precisely quantify the lattice
parameter d-spacing, |a], exhibiting a reduction from 5.89 to 5.81 A upon HEA. These findings agree well with the
smaller ionic radii of the doping cations compared to Pb?*. We did not observe phase separation within individual
HEP NC, echoing the previous EDS results. The corresponding X-ray diffraction (XRD) crystallographs suggest
that all the synthesized HEP NCs inherit the parent orthorhombic structure (Figure S9-S10), with a slight degree
of lattice contraction consistent with the HRSTEM observation. Interestingly, upon HEA, in addition to lattice
contraction, statistical TEM analysis revealed that the lateral size of the synthesized NCs substantially decreased
from 10 nm to approximately 5.5 nm for the quaternary and quinary HEP NCs, while possessing high
monodispersity (Figure 2c and S11). We attribute the observed NC size reduction to: (i) the addition of excess
ligands in the synthetic protocol, and (ii) re-assembly of M-site octahedral unit cells.[3 4344 We would like to point
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out that the average size for the quaternary and quinary HEP NCs are all below 6 nm, considerably smaller than
the Bohr diameter (ds) of CsPbBr3 (~7 nm).ll
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Figure 2. Structural and crystallographic properties of HEP NCs. (a,b) HRSTEM images (top) and extracted lattice parameters (bottom) for (a)
the parent CsPbBr; and (b) HEP NCs. Upon HEA, the perovskite lattice contracts resulting from doping of small-radii B-site M?* ions. Scale
bars: 5 nm. (c) Statistical analysis for the NC lateral sizes extracted from the TEM images of synthesized NCs, showing a reduction of size. In
particular, HEP NCs of B-site alloying of more than three extra ions decreases the size below the Bohr diameter of CsPbBr; (~ 7 nm). (d)
Comparison of absorption (Abs.) and photoluminescence (PL; right inset) spectra for HEP (average NC size: 5.7 nm; red curves) and quantum-
confined CsPbBr; (average NC size: ~ 6 nm; black curves) NCs, showing a lack of excitonic feature for HEP NCs. Left inset: HRSTEM image

for the quantum-confined CsPbBr; NCs. Scale bar: 5 nm.

Optical characterizations are then employed to investigate the steady state absorption and emission spectra for
the colloidal HEP NCs (Figure S12-S14). Surprisingly, although the small NC sizes should give rise to a strong
guantum-confined nature, all absorption spectra lack excitonic feature and showcase a smooth bandgap edge. For
comparison, we synthesized the quantum-confined CsPbBrs NCs with an average NC size of ~6 nm (HRSTEM
image see Figure 2d inset). Figure 2d compares the absorption spectra between the 5.7 nm Cs(PbSrCdMg)Brs
HEP and the 6 nm CsPbBrs NCs. Clearly, in addition to the lack of discernable features of confined resonance, the
Cs(PbSrCdMg)Brs HEP NCs exhibit a smaller hypsochromic shift (the emission wavelength Ap;, = 506 nm).
Furthermore, the long-tail absorption at the band edge, together with the slightly stoke-shifted photoemission,
suggest the presence of shallow states upon HEA.[6-481 We noticed that these optical behaviors are in stark contrast
with the quantum-confined CsPbBrs NCs, where a larger bandgap along with a strong absorption peak locating at
475 nm are present due to the quantized density of states (DOS).!*9! Note that we had confirmed the extended
absorption tail does not result from the optical scattering effects, as we filtered the colloidal solution through a
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porous 0.2 uym Polytetrafluoroethylene (PTFE) filter and excited the solution at the tail wavelength region (Figure
S15). Our findings clearly indicate that the electronic configuration of the small HEP NCs behave closer to bulk
semiconductors rather than confined quantum dots (QDs); in other words, the classical quantum confinement fails
to describe the unique photoelectronic properties of HEP NCs. Detailed characterizations are then performed to
unravel the mechanisms governing the anomalous optical behaviors.

SHALLOW STATES-ASSISTED RAPID PHOTOEMISSION

Figure 3 presents the photophysical properties of HEP NCs. Compared to the parent CsPbBrs NCs, the solution
and thin-film neL are substantially enhanced in alloyed NCs, attaining the highest values for Cs(PbCaMg)Brz NCs
(~90% and ~100% for thin films and solutions, respectively; see Figure 3a). Nevertheless, for HEP NCs, the
solution PL quenches slightly in the quaternary and quinary B-site systems, presumably owing to trap states
introduced by extensive alloying.® Interestingly, the HEP NC thin-film samples universally attain high ne. of >90%,
which is attributed to the ligand adsorption/desorption equilibrium and NC self-assembly minimizing the
non-radiative pathways!51 and the aggregation-induced emission due to restricted motion of surface ligands.2 The
is confirmed qualitatively by close inspection of the SEM images and quantitatively by grazing incident small-angle
X-ray diffraction of HEP NC films, showcasing the formation of self-assembled cubic superlattices that fosters
long-range packing and reducing the number of undercoordinated bonds (Figures S16-S17).1533 Hereafter, the
photophysical characterization is based the thin-film samples. The boosted radiative recombination efficiency in
HEP NCs reaffirms a distinct emission mechanism from quantum-confined NCs, where a significantly low ne. are

observed (npL=30%).[45 54
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Figure 3. Photophysical characterization of HEP NCs. Room-temperature (a) solution and thin-film ne. and (b) TRPL responses for HEP NCs.
(c) The exciton binding energy extracted from variable temperature PL measurements and the prompt radiative lifetime component 1,
characterized at room temperature. (d) The variation of emission FWHM values characterized at low temperatures. (e) The extracted peak
broadening contributions from lattice imperfection (o) and longitudinal phonon scattering (I'.o) by fitting with the Fréhlich equation. (f) Extracted
exciton lifetimes at room temperature with respect to excitation power for the HEP NCs.
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To unravel the carrier recombination dynamics in HEP NCs, we performed room-temperature time-resolved (TR)
PL spectroscopy of HEP NCs thin films (Figure 3b). Interestingly, according to the enhanced ne. relative to parent
CsPbBrs NCs, one might anticipate elongated lifetimes induced by defect or surface passivation.®>58 However, in
all HEP NC species considered here, the average PL lifetime significantly decreased by up to nearly one order of
magnitude, from 48.4 ns to as low as 6.1 ns upon HEA (Table S3). A similar PL lifetime reduction is also observed
in the guantum-confined CsPbBrs NCs, suggesting that size effect cannot be ignored (Figure S18 and Table S3).
To explore different radiative channels and their contributions, we examined the TRPL decay at cryogenic
temperatures between 77 to 300 K, in which the trap states are mitigated to allow the intrinsic recombination
process to dominate.®9-601 Each TRPL response was fitted with a bi- or tri-exponential function, where the most
rapid component conforms to the band-edge radiative recombination at low temperatures, while the second and
third components can be assigned to shallow and deep trap-assisted recombination, respectively.[61-621 Surprisingly,
the average PL lifetimes of HEP NCs are reduced by a factor of 18 when the temperature decreases from 300 to
77 K (Figure S19 and Table S4), whereas that for parent CsPbBrs and single-doped NCs only decreased by two
folds. Because the defects- / deep-states-mediated pathways are quenched at low temperatures, the significant
lifetime reduction in HEP NCs indicates that the band-edge- and shallow-states-mediated radiative recombination
are substantially accelerated. We can therefore infer that the shallow states introduced in HEA are responsible for
the rapid photon emission observed here.[63-64]

To further strengthen our hypothesis, temperature-dependent PL intensities are analyzed (Figures S20-S22),
allowing us to extract the exciton binding energy using the Arrhenius equation.65-671 We found that trinary perovskite
NCs, such as Cs(PbCaMg)Brs, yield the highest binding energy up to 180 meV, as compared to 70 meV in parent
CsPbBrs NCs (Figure 3c). Remarkably, this exceptionally high binding energy is typically found only in strongly
confined nanocrystals.[%8 As the trinary NC sizes remain larger than the Bohr diameter (see Figure 2c), and the
absorption spectra lack the excitonic feature (see Figure S12), we attribute the enhanced band-edge recombination
to the high binding energy, endorsing the extremely short prompt radiative lifetime value at room temperature (~3
ns). However, excessive alloying in HEP NC systems reverses the trend, decreasing the binding energy, despite
the confinement effects resulting from the NC size reduction (Figure 2c). We hypothesize that excessive alloying
induces wavefunction delocalization that disrupts the recombination process. This highlights the concomitant
existence of strong exciton localization induced by size reduction and HEA in HEP NCs.[69-70]

Indeed, our synthesized HEP NCs are not "defect-free". We characterized the PL full width at half maximum
(FWHM) at various temperatures and fitted with the Frohlich equation (Figures 3d and 3e).["ll The relatively higher
values for the extracted peak broadening contribution from lattice imperfection, ', suggest the increase of defective
sites upon HEA. To further elucidate the role of defects, Figure 3f compares the extracted average radiative
lifetimes with respect to the pumping laser power. Among the NC samples considered here, two distinct trends
were identified: lifetimes of parent CsPbBrs NCs remained approximately constant and independent of the laser
power, while those for binary alloyed NCs decrease with increasing laser power. The lifetime decreases at high
laser powers, according to previous reports,[’? result from the populated trapped states that promote the
bimolecular exciton-exciton annihilation at high laser powers. In HEP NCs, however, this effect appears to be
counter-balanced, exhibiting power-independent lifetimes (Figure 3f). Echoing the observed binding energy
decrease in HEP NCs (Figure 3c), the exciton localization and suppressed diffusion may suppress the many-body
recombination processes upon HEA.[73-74]

We further investigated the non-radiative charge carrier dynamics of HEP NCs using the transient absorption (TA)
spectroscopy. Figures 4a and 4b show the representative TA spectra for the parent CsPbBrz and
Cs(PbSrCdMg)Brs HEP NCs in solutions, exhibiting a dominant positive signal corresponding to the ground state
bleaching (GSB) at the band edge wavelengths of 516 and 507 nm, respectively. Figure 4c compares the GSB
kinetics that characterize the excited-state carrier dynamics for a number of NC samples considered here. Overall,
the samples with higher numbers of alloying elements exhibit shorter carrier lifetimes. The GSB kinetics were
further probed at various pumping powers (Figures 4d and 4e, and Figure S23), followed by globally fitting with
the triexponential functions with the instrument response function deconvolved (Figure 4f and Table S5). The
kinetics at low fluence demonstrates a mono-exponential decay, characterizing the exciton lifetime 11. In contrast,
the 12 and 13 appear at higher pump fluences, attributed to the multiexciton processes of biexcitons and trions,
respectively.[’”® The obtained lifetimes of biexcitons (tens of picosecond) and trions (hundreds of picosecond) are
in line with their reported time scales in halide perovskite NCs. [7577]
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Figure 4. Transient absorption (TA) responses of HEP NCs. Representative TA spectra for (a) parent CsPbBr; and (b) Cs(PbSrCdMg)Br; NCs
excited at 400 nm. (c) Comparison of GSB kinetics for NC samples with different doping elements at low pump fluence of ~0.8puJ/cm?2 Pump
power-dependent GSB kinetics for (d) CsPbBr; and (e) Cs(PbSrCdMg)Br; NCs. The dashed curves correspond to fittings of tri-exponential
functions convoluted with instrument response function. (f) Extracted exciton and biexciton lifetimes from the pump power-dependent GSB
kinetics.

Overall, the exciton and biexciton lifetimes become shorter upon metal alloying. Although one could attribute the
observation to the NC size reduction in HEP NCs (Figure 2c and Figure S24), we noticed that the trends for exciton
and biexciton lifetimes upon alloying with multiple metal elements are different, highlighting the role of alloying apart
from the size effect. Specifically, as shown in Figure 4f, the biexciton lifetimes for trinary, quaternary, and quinary
metal NCs are nearly identical, irrespective of the NC size. On the contrary, the exciton lifetimes reach a minimum
in the trinary NCs. Despite very small NC sizes for HEP NCs, the exciton lifetimes increase again upon HEA,
consistent with the trend in exciton binding energy (Figure 3c). We therefore conclude that the exciton binding
energy underpins the observed exciton kinetics.

COMPUTATIONAL INSIGHT INTO THE ELECTRONIC STRUCTURE

We carried out the density functional theory (DFT) simulations to elucidate the electronic structures of HEPs. We
considered representative trinary, quaternary, and quinary systems with B-site elemental compositions given by
the experimental characterizations of Cs(PbSrMg)Brs, Cs(PbSrCdMg)Brs, and Cs(PbSrCaCdMg)Brs NCs. For
tractable computations, we constructed special quasi-random structures with 360-atom supercells which
approximate the disordered arrangement of B-site atoms. Figure 5 presents the calculated electronic structures.[”8]
The valence band maximum (VBM) in HEPs is predominantly composed of Br with some contribution from Pb,
while the conduction band minimum (CBM) is primarily dominated by Pb with a smaller contribution from Br,
resembling the CsPbBrs system.[’ In the four- and five-component systems containing Cd, there is also significant
Cd p-like character at the CBM. Other elements contribute marginally to the band edge states; most states are
energetically far away from the band gap. We note that the Cd dominated CBM states are separated energetically
from the continuous conduction bands by about 0.1 eV, which might correspond to shallow trap states observed in
the TRPL responses.

For quaternary and quinary HEPS, the calculated band structures (Figures 5b and 5c¢) reveal that they are indirect
band gap semiconductors with the VBM and CBM located away from I'-point. These HEP systems having a large
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degree of Pb replacement also exhibit relatively flat and non-dispersive bands. In contrast, for the trinary system
with a relatively higher Pb content, the direct band gap is located at the I'-point with a much more dispersive band
edge states, similar to pure CsPbBrs NCs.lB% Figure S25a compares the DFT calculated bandgap values,
suggesting that HEA results in a drastic bandgap widening. This increase in bandgap has been reported in other
doped perovskite nanocrystals,!8 which is attributed to the crystal symmetry breaking from the bonding and anti-
bonding orbitals in perovskites.[# Interestingly, as the degree of alloying increases, the calculated bandgap values
remain approximately constant within the narrow energy range, in agreement with our experimental photophysical
measurements.

We further extracted the electron and hole effective masses by parabolic fitting of the band edge states (Figure
S25b), revealing a gradual increase of the effective masses with decreasing the Pb content. It underlies the
increasingly non-dispersive nature of band structure upon HEA, as the presence of Pb yields stronger covalent
interactions in the system, leading to more dispersive bands. The increase of effective mass also contributes to a
smaller excitonic radius, leading to faster radiative recombination rates and shorter radiative lifetimes, 8283
consistent with our experimental observations, as illustrated in Figures 2 to 4.
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Figure 5. Calculated electronic band structures of HEP systems. DFT-calculated projected density of states (PDOS; top row) and corresponding
electronic band structures along high symmetry directions (bottom row) for representative (a) trinary Cs(PbSrMg)Brs, (b) quaternary
Cs(PbSrMgCd)Br;, and (c) quinary Cs(PbSrCaMgCd)Brs. The valence and conduction bands correspond to blue and orange curves,
respectively, and red points highlight the band minima / maxima. The inset shows a representative trinary supercell in DFT calculations.

ELECTRONIC BAND DISPERSION IN HEP NCS

To further elucidate the electronic structures of HEP NCs experimentally, we carried out X-ray photoelectron
spectroscopy (XPS), which directly informs the density of states at the valence band edge (Figure 6a). While the
parent CsPbBrs NCs exhibits sharp valence states, we observed an increased dispersion for the valence band
states upon alloying. In particular, for quaternary and quinary HEP NCs, the spectra reveal featureless and broad
distribution of states, in agreement with the DFT simulation results discussed earlier. Analogous to recent findings
in high-entropy nanoparticle catalysts,84 the valence band dispersion results from the hybridization of states within
the B-site elements incorporated into the perovskite lattices. The findings nicely explain the observed extended
Urbach tails in absorption spectra upon HEA (Figure 2d and Figure S12).

We further analyzed the chemical states extracted from the core level spectra. The Cs 3d, Br 3p, and Pb 4f features
remain highly symmetric for each metal-doped NC sample (Figures S26-40), indicating the presence of a single
dominant chemical state for each individual element. Notably, for XPS analysis of semiconductors and insulators,
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the charging effects may induce shifts in the spectra on the energy scale.8® Although charge referencing based on
adventitious carbon is often applied to counter this effect, insufficient electrical contact of the adsorbate layer to the
investigated sample could induce uncertainties of up to 2 eV.[8l To circumvent these issues, internal charge
referencing has recently been established as a technique to perform precise XPS analysis for semiconductors, 87
91 where the relative distance of two features inherent to the investigated samples are compared. Similar to our
recently reported CsPbls nanoplatelets,®!! we extracted the relative distance (AEb) between the Pb-site (Pb 4f7)
and halide-site (Br 3psz) peaks to qualitatively analyze the local chemical environment of the Pb-site, as
schematically illustrated in Figure 5b.

Applying this concept on each sample considered here yields a clear correlation of the Pb chemical state in
relation to its attenuation relative to the Br 3p peak (Figure 5c¢). With increasing alloying of the B-site element, a
continuous change of its chemical state is observed. The relative increase of the binding energies by up to0 0.2 eV
suggests an increased electron density at the Pb-site relative to the Br reference. Strikingly, this trend is not
governed by the type of metal incorporated into the lattice, despite their variable electronegativity. This may suggest
that the structural change induced upon alloying, such as the octahedral contraction previously observed from the
structural analysis (Figures 2a and b), dominates change in the Pb—Br bonding. Interestingly, Cs(PbSrMg)Brz and
its quaternary derivative Cs(PbSrCaMg)Brs exhibited a chemical state that did not fall into this overall trend. This
may result from the formation of structural defects on the NC surface for these samples and/or the lower suitability
of these dopants for our synthetic protocol.
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Figure 6. XPS characterization revealing electronic structures of HEP NCs. (a) Low-energy XPS spectra for parent CsPbBr3 (Pb) and all B-site
doped NC samples resolving the density of states at the conduction band edge. (b) Concept of relative binding energies for robust semiconductor
surface analysis. (c) Correlation of Pb 4f peak area attenuation versus Br 3p reference against the relative binding energy.

ENHANCED PHOTOSTABILITY IN HEP NCS

Photostability of luminescent semiconductor nanocrystals has been recognized as the key consideration towards
advanced optoelectronic applications.[92-981 We have examined the environmental stability of the HEP NCs
considered here by in-situ monitoring the thin-film PL loss (Figure 7 and S41), without any encapsulation. Taking
advantage of an automated platform for optical stability assessment,®4 we were able to resolve the often non-linear
changes with high temporal resolution over 96 h. As a benchmark, the CsPbBrs thin-film sample retained 68% of
its initial PL intensity within the timeframe. Among the quaternary and quinary HEP NCs, the least stable sample
exhibited similar performance with CsPbBrs, while the most stable sample substantially outperformed, preserving
95% of their initial PL intensity.
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Interestingly, among the B-site alloyed samples considered here, those with substantially enhanced photostability
all contain Cd?*, whereas Mg?* alloying generally showed lowered performance. Indeed, Mg?* alloying without Cd?*
may promote decomposition of the perovskite phase on the surface, because among all divalent metal ions
considered here, Mg?* has the smallest Shannon ionic radius (72 pm);® hence with the largest difference
compared to Pb2* (119 pm).*® The ionic radius for Pb2* is the most ideal for the stabilization CsPbBrs perovskite
phase according to the Goldschmidt factor.!%! On the contrary, the more similar ionic radius of Cd?* (95 pm)®®]
might alleviate the shortcomings; for example in the Cs(PbCaCdMg)Brz NC composition.
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Figure 7. Enhanced photostability of metal-alloyed perovskite NCs. Spectral stability of in-situ PL aging for (a) CsPbBr3 benchmark and (b)
trinary highly stable but reduced toxicity Cs(PbSrCa)Br3 samples, retaining 68% and 97% of their initial PL intensity, respectively, after 96 hours
of continuous automated test. (c) Normalized integrated PL intensity with respect to time for all metal-doped perovskite NC samples considered
in this study.

Remarkably, the systematic experimentation allowed us to identify a trinary B-site alloyed NC compound,
Cs(PbSrCa)Brs, showing extraordinary photostability but reduced toxicity by retaining (97+2)% of its initial PL
intensity within 96-hour timeframe (Figure 7c). We consider this compound particularly attractive for commercial
optoelectronic applications. At first glance, the ionic radii of Sr?* (118 pm) and Ca?* (100 pm) seem even more
suitable for B-site alloying as compared to Cd?*, but the binary Cs(PbSr)Brs and Cs(PbCa)Brs only showed similar
stability with parent CsPbBrs NCs, retaining (61+3)% and (66.1+0.3)% of their initial PL intensities, respectively.
The synergistic effect resulting from both suitable yet different ionic radii of Sr>* and Ca?* may offset local strains,
thereby enhancing the PL stability. We notice that by alloying Sr?*, the relatively low PL stability for Cs(PbMg)Brs
(59.6+0.2%) was substantially enhanced (77.8+0.6%) for Cs(PbSrMg)Brs. Consequently, the HEP NCs generally
exhibit enhanced photostability compared to binary perovskite NCs. The complex interplay between different B-
site alloying elements may motivate further in-depth investigations elucidating synthesis-structure-property
relationships and data-driven compositional optimization.

Conclusion

In summary, we have synthesized a series of HEP NCs based on parent CsPbBr3 perovskite system. The HEP
NCs exhibit both enhanced neL and shortened PL lifetimes. Although the HEP NCs have NC size smaller than the
Bohr diameter, their absorption spectra show the absence of confined resonance and the emergence of long-tail
states, which cannot be explained using the classical quantum dot theory. Detailed temperature-dependent
photophysical analyses reveal that B-site metal doping could increase the exciton binding energy and introduce
shallow states near the band edge. The shallow states synergistically facilitate electron-hole radiative
recombination with intrinsic band-edge photon emission. Our DFT simulations suggest that HEA reduces the band

10



WILEY . vcH

dispersion, thereby resulting in higher effective electron and hole masses. The in-depth XPS measurement
endorses the presence of shallow states and discloses gradual broadening of valence states with increasing degree
of B-site alloying. The synthetic protocol presented here allows us to identify the HEP NC thin films with substantially
enhanced photostability and reduced toxicity. Our findings uncover the fundamental mechanisms altering
photophysical properties of HEP NCs, bridging the gap to correlate the electronic structure and B-site HEA. We
believe that the data-driven optimization of compositional space for the development of next-generation
luminescent quantum dots will be greatly facilitated by the fundamental principles and chemical methodology
presented here.
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