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Stabilization of Quantum-Confined Anisotropic CsPbl,
Nanoplatelets by Solid-Phase Metal lodide Crude Reaction

for Color-Pure Red Emission

Simon F. Solari, Alexander Wieczorek, Tommaso Marcato, Michael Woérle,
Frank Krumeich, Yen-Ting Li, Yu-Cheng Chiu, Sebastian Siol,* Sunil B. Shivarudraiah,*

and Chih-Jen Shih*

Quantum-confined CsPbl; perovskite nanoplatelets (NPLs) are highly
desirable for optoelectronic applications owing to their anisotropic electronic
properties that substantially boost the light outcoupling efficiency in
light-emitting diodes (LEDs). However, the structural instability of the
emissive CsPbl; phases makes it degrade rapidly to the non-emissive 6-phase
under ambient conditions. Here, the study presents a synthetic approach to
produce spectrally stable CsPbl; nanoplatelets (NPLs) through solid-phase
crude reactions with metal iodide powders, M1, (M** = Mn2* or Zn?*). The
synthesized NPLs exhibit narrow and color-pure red emission with high
photoluminescence (PL) quantum yields (QYs, 7, ) of up to 85%. Systematic
investigations into the surface chemistry of NPLs reveal that metal iodide
treatment stabilizes anisotropic CsPbl; NPLs via surface passivation with
metal and halide ions, substantially hindering from the formation of
non-emissive yellow phase. The anisotropic NPLs display signatures of
spontaneous self-assembly in spin-casted films, which yield strong emission
anisotropy, with up to 82% of the transition dipoles being horizontally
oriented with respect to the substrate, as revealed by the back focal plane
(BFP) imaging. The results presented here shed light on solid-phase
approaches for the preparation of quantum-confined nanocrystals (NCs) with
desirable geometry, which boost the light outcoupling efficiency in LEDs.

1. Introduction

Colloidal perovskite nanocrystals (PeNCs)
have emerged as a novel class of nano-
materials with exceptional optical and
electronic properties, sparking immense
interest in light-emitting diodes (LEDs),
solar cells, lasers, and photodetectors.!'8
The emission wavelengths (4,) and the
absorption properties of PeNCs can be eas-
ily tuned over the whole visible spectra by
varying the composition or size-dependent
quantum  confinement.>'l  Moreover,
owing to their inherent softness and
ionic lattice, perovskite materials offer
controllable manipulation of shape and
size across various dimensions, including
quantum dots, nanorods, nanoplatelets,
and nanosheets.['?16] Of the various nanos-
tructures, nanoplatelets (NPLs) uniquely
exhibit anisotropic emission, a characteris-
tic that enhances light extraction efficiency
and directionality, thereby significantly
improving  device  performance.['-%!]
Green-emitting perovskite NPLs have
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demonstrated superior spectral stability, color purity, and tunable
transition dipole moment (TDM) orientation in PL for enhanc-
ing intrinsic light outcoupling efficiency in thin-film LEDs.[22-24]
However, the emission spectra for perovskite red emitters, such
as CsPbl; NCs, typically peak beyond 640 nm, which does not
comply with that for the red primary (620-635 nm) in recom-
mendation (Rec.) 2020 standard.®! Although it is straightfor-
ward to reach the emission wavelength through halide mixing
(Br~ and I7),1262] the mixed-halide PeNCs suffer from halide
segregation under electrical stress,[2°!1 which leads to reduced
spectral stability and broadening of the electroluminescence
(EL) spectra,[2¢32] considerably compromising the device perfor-
mance. In this regard, it is highly desirable to synthesize stable
and pure-red-emitting CsPbl; NCs with controlled quantum con-
finement.

There are a number of reports in the literature demon-
strating the pure-red-emitting quantum-confined CsPbl,
NCs.[23337] However, although quantum-confined CsPbl,
NCs hold promise for optoelectronic applications, they face
instability issues, including phase transitions and morpholog-
ical transformations.3#3%) Indeed, the optically active CsPbl,
perovskite black phase (a, f, and y) is metastable relative to
its non-perovskite yellow phase (6) at room temperature.[*?] As
a result, quantum-confined CsPbI; NCs with a cubic a-phase
tend to degrade under ambient conditions to the non-perovskite
6-phase, thereby diminishing the optical properties and colloidal
stability.[3341=8] Tn addition, the synthesis of quantum-confined
CsPbl; NCs typically involves complex protocols conducted
under inert atmospheres and at elevated temperatures, po-
tentially impeding progress toward commercialization.[*3-3>4]
Hot-injection synthesis of pure-red-emitting CsPbl, NPLs is
even more challenging because the rapid crystallization kinetics
make shape modulation difficult. Recently, the ligand-assisted
reprecipitation (LARP) approach, commonly employed for
synthesizing PeNCs under ambient conditions, has also been
applied to the synthesis of CsPbl; NCs and NPLs.[255051 How-
ever, the quantum-confined CsPbl; NPLs exhibited poor spectral
stability, characterized by broadened PL peaks, diminished
color purity, and loss of anisotropic emission.>® Numerous
approaches have been developed to stabilize the red-emitting
CsPbl; NCs and NPLs, including surface passivation,32*
ligand engineering,[*>°! and presynthetic metal doping.>®!
Nevertheless, there is a lack of synthetic strategies to stabilize the
pure-red-emitting CsPbl; NPLs prepared by LARP, including
their oriented thin films showing anisotropic emission, which is
highly desirable for LED applications.

In this work, we present a facile synthetic approach to stabilize
quantum-confined CsPbl; NPLs by solid-phase passivation with
metal iodide powders, MI, (M = Mn** or Zn?*). The metal-doped
NPLs exhibit outstanding optical properties, including high #,,,
narrowband emission, and notably, exceptional spectral stability
compared to as-prepared NPLs. Additionally, the emission spec-
tra centered at 627-628 nm with CIE color coordinates of (0.677,
0.323) and (0.680, 0.320) for Mn:CsPbl; and Zn:CsPbI; NPLs,
respectively, nicely meet the Rec. 2020 standard. The treatment
with solid metal iodides effectively prevents the phase transi-
tion to the non-perovskite 5-phase, in contrast to the undoped
NPLs, which experience spectral instability, subsequent loss of
anisotropic morphology, and degradation, as confirmed by opti-
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cal and structural characterization. Employing an internal charge
reference method in X-ray photoelectron spectroscopy (XPS), we
observed changes in electron density at the Pb-site of the lattice
upon doping, suggesting that the halide vacancies are passivated.
The doped CsPbI; NPLs preserve their anisotropic platelet shape
and exhibit preferential face-on assembly in solid thin films. We
conducted a comprehensive analysis of the orientational ordering
of the resulting solids using grazing incidence wide-angle X-ray
scattering (GIWAXS) and back focal plane (BFP) imaging. This
investigation unveiled a markedly anisotropic PL emission, with
up to 82% of the transition dipoles that are horizontally oriented
with respect to the substrate.

2. Results and Discussion

We synthesized the CsPbl; NPLs dispersed in toluene using the
ligand-assisted reprecipitation (LARP) protocol.l’”! In short, Pbl,
was dissolved in toluene containing oleic acid (OLAc), oleylamine
(OLAm), and lecithin,®®! followed by adding the Cs-oleate pre-
cursors and stirring for one hour at room temperature and am-
bient conditions. During the synthesis of CsPbI; NPLs, the color
of the reaction mixture turned from orange to red, and differ-
ent quantum-confined species could be identified by absorption
and PL spectroscopy (Figure S1, Supporting Information). The
colloidal NPLs then underwent a solid-phase reaction by directly
mixing with solid powders of MI, (M = Mn?* or Zn?*) at room
temperature and ambient conditions for up to 15 hours, yield-
ing metal-doped CsPbl; NPLs.’! Unreacted precursors and ex-
cess surfactants were removed by anti-solvent purification, fol-
lowed by redispersion of the NPLs in toluene. Figure 1a presents
a schematic diagram for the synthetic process.

The metal iodide salts were chosen to prevent the NPLs from
undesirable halide exchange reactions.[®] After the purification
of the colloidal perovskite NPLs, Mn and Zn contents were suc-
cessfully detected in the metal-doped perovskites by the semi-
quantitative energy-dispersive X-ray spectroscopy (EDXS) anal-
ysis (Figure S2, Supporting Information). Specifically, EDXS re-
sults revealed a small fraction of guest metals (~3 at.% Mn and
~6 at.% Zn) in the perovskite structures. Interestingly, the iodine
content slightly increased from ~60 at.% up to ~65 at.% upon
crude solution metal iodide treatment (Figure S2b, Supporting
Information).

Absorption and PL spectra of the parent and metal-doped per-
ovskite NPLs are shown in Figure 1b. The metal-doped CsPbI,
NPLs exhibit 4,; = 628 nm for Mn:CsPbl; and 4, = 627 nm for
Zn:CsPbl; NPLs, respectively, as compared to undoped CsPbl,
NPLs (4p; = 639 nm). Metal doping results in high photolu-
minescence quantum yields, #,,, reaching up to 85%. The re-
lated absorption spectra revealed the quantum-confined nature
of the NPLs, with sharp excitonic absorption features observed
across all samples. Furthermore, the full width at half maxi-
mum (FWHM) of the PL emission peak was further narrowed
from 42 nm for the undoped CsPbI; NPLs down to 37 nm
for the metal-doped CsPbI; NPLs. The blueshift of the optical
bandgap could be either attributed to the lattice contraction of
the perovskite unit cell upon replacing Pb** by the smaller di-
valent cations Mn?* and Zn?* or a small degree of size reduc-
tion effects in quantum-confined systems upon metal iodide
treatment.[11:61-65]
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Figure 1. Synthesis and optical characterization of quantum-confined, metal-doped CsPbl; NPLs. a) Schematic diagram for the synthesis of CsPbl; and
metal-doped CsPbl; NPLs. b) Absorption (solid line) and PL (dashed line) spectra for the as-synthesized CsPbl; NPLs. c) Representative photographs
of synthesized colloidal solutions under UV excitation. d) Comparison of PL lifetimes for bare CsPbl; NPLs and metal-doped NPLs.

The PL color purity for the CsPbI; NPLs remain intact af-
ter doping, as demonstrated in Figure lc. Remarkably, the
red-emitting perovskite NPLs exhibit CIE color coordinates of
(0.677, 0.323) for Mn:CsPbI; and (0.680, 0.320) for Zn:CsPblI,
NPLs, within the Rec. 2020 standard for color-pure red primary
(Figure S3, Supporting Information). The PL lifetimes of the par-
ent CsPbI; NPLs and the metal-doped NPLs are presented in
Figure 1d, whereas their carrier lifetimes are shown in Table S1
(Supporting Information). Interestingly, a shortening of the av-
erage PL lifetime, 7,,,, was observed from 21.7 + 1.2 ns for the
parent NPLs down to 13.1 + 0.4 ns for the Mn:CsPbI; and 13.2
+ 0.3 ns for the Zn:CsPbl; NPLs, respectively, which has been
observed in the literature that the intrinsic optical properties of
the CsPbl; NPLs are affected by the incorporation of Mn?* and
72+ [59.61,66,67)

More specifically, the enhanced photophysical properties for
the metal-treated NPLs, namely shortened radiative lifetime ac-
companied by enhanced 7, could be attributed to an increased
charge carrier localization through lattice periodicity breaking re-
sulting from the metal dopants. The scenario results in an in-
creased overlap for the electron and hole wavefunctions, thereby
considerably increasing the radiative recombination rate. Addi-
tionally, the charges become localized around the metal dopant
and are therefore less likely to diffuse to remaining trap sites,
which would otherwise promote non-radiative recombination
processes.[67:68]

Figure 2a compares the absorption spectra for our synthesized
NPLs dispersed in solution recorded spanning 360 minutes. For
undoped CsPbl; NPLs, we observed a relative intensity reduc-
tion of the sharp excitonic peak and the emergence of an ad-
ditional weak absorption shoulder ~680 nm. We carried out a
longer-term stability test (Figure S4, Supporting Information),
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revealing a redshift and a reduction of the excitonic absorption
feature, suggesting the loss of quantum-confinement over a stor-
age time of 10 days for the parent CsPbl; NPLs. Furthermore,
a strong absorption peak at ~#380 nm is detected after 10 days,
which could be attributed to an optical transition of the non-
emissive §-phase of CsPbl,.[%] The PL spectra are consistent
with the absorption spectra. Notably, untreated CsPbI; NPLs ex-
hibit substantial emission broadening and a secondary PL peak
at Ap, = 689 nm, exceeding the spectral range for color-pure
red emitters (Figure 2b). The PL intensity of undoped CsPbI,
NPLs dropped significantly (decreased #p; ) following the degra-
dation to the non-emissive yellow phase (Figure S4, Supporting
Information).l>>70l

Conversely, the spectra remained stable for the metal-doped
NPLs. The PL properties of Mn:CsPbl; and Zn:CsPbl; NPLs re-
main unchanged in 360 min, exhibiting enhanced spectral stabil-
ity following crude solution metal iodide treatment. In particular,
the excitonic absorption feature was preserved for a longer time
in the metal-doped NPLs. In the case of Zn:CsPbl; NPLs, an opti-
cal transition related to the §-phase could be observed after a few
days, suggesting a partial transition from the black phase to the
yellow phase, whereas the PL peak position of the metal-doped
NPLs could be preserved for a few days.

We further examined the UV stability of the metal-treated
NPLs by continuously illuminating them with UV light. The
metal-doped samples show no peak shift of A, and maintain
their high #,,, whereas the undoped CsPbl; samples exhibit a
significant peak shift and a reduction in #,, to <20% after 240
min of continuous irradiation (Figure S5, Supporting Informa-
tion). Overall, the improved spectral and colloidal stability of the
metal-doped NPLs over the CsPbl; NPLs could result from an
inhibition of the NPL fusion, following the passivation of trap

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

25UBO11] SUOLLLLIOD BAITER.ID) 3|01 (ddke aU) Ag pouBA0B 21 DI YO ‘98N JO'SBINI 10} ARG 1T 8UIIUO AB1IA UO (SUONIPUOD-PUB-SLLLBILICO" A 1M AZRc]1[BU 1 |UO//'SANU) SUO HPUOD) PUE SWLB 1 83 39S *[202/20/T0] Uo ARIqIT BUIIUO AB11M “YoUINZ H13 Ad 870TOYZ0Z WOPe/Z00T OT/10p/LICO" A8 1M AZec]1pu|uo//sdy Woj papeojumod ‘0 “TZ0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

)

CsPbl,
Normalized Absorbance (-)

400 500 600 700 800
Wavelength (nm)

= g :
L 3
% 3
O 2
c 3
E N
s
£
o
3
400 500 600 700 800
Wavelength (nm)
- i 360 min
o 2 !
o 8 i
O &
n 4
QO <
c 3
8
N
£
o
2
400 500 600 700 800

Wavelength (nm)

www.advopticalmat.de

Normalized PL (-)

550 600 650 700 750 800
Wavelength (nm)

O
o |
o
el
Q
8
T
£
e
2
550 600 650 700 750
Wavelength (nm)
360 min
O
|
o
el
Q
8
©
£
E
2
L =
‘0 mi
550 600 650 700 750

Wavelength (nm)

Figure 2. Comparison of spectral stability of undoped and doped CsPbl; NPLs. a) Time-dependent absorption and b) PL spectra for the diluted solutions
reveal that solid-phase metal doping effectively stabilizes the spectral stability of the quantum-confined perovskite red emitters.

states on the NPL surfaces by the additional guest ions incorpo-
rated during the crude solution metal iodide treatment.[5>71-73]

We carried out X-ray diffraction (XRD) to gain more insight
into the crystallographic nature of the phase transition. Due to the
nanoscale nature of these materials,”*l a broadening of diffrac-
tion peaks for the black phase results in considerable overlaps,
rendering an unambiguous assignment of crystallography dif-
ficult. Therefore, the measured X-ray diffractograms for fresh
and aged perovskite samples were qualitatively compared with
the calculated powder patterns of the two black phases (cubic a-
phase, ICSD 161481, and orthorhombic y-phase, ICSD 32310)
and the yellow phase (orthorhombic §-phase, ICSD 250744). This
comparison is made under the assumption of an average crystal-
lite size of 10 nm for the nanoscale materials and 3 um for the
5-phase crystals, as illustrated in Figure S6 (Supporting Informa-
tion).
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Figure 3a—c compare the measured and calculated XRD pat-
terns (a, y, their 1:1 sum, and 6) for CsPbI; (Figure 3a) and metal-
doped NPLs (Figure 3b,c). From a first point of view, we could
assign the main diffraction peaks for CsPbl; NPLs at 20 = 14.4°
and 26 = 28.7° to (100) and (200) planes the cubic a-phase.337>]
However, the splitting of the peak belonging to the (200) lattice
plane suggests a mixed cubic («) and orthorhombic (y) phase,/”®]
nicely agreeing with the calculated (1:1) mixed pattern. Due to the
nanoscale broadening, a reduction of symmetry elements upon
distortion of the [PbI(]*~ octahedral, which results in peak splits
of the simple cubic pattern, is not observed. Upon aging of the
colloidal CsPbl; NPLs, a phase transition from the mixed black
phase to the yellow phase was confirmed,[*!l matching the calcu-
lated §-phase pattern.

At the first glance, no signs of transition to the yellow phase
could be observed in the case of the Mn:CsPblI,; NPLs, indicating
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Figure 3. Crystallography and morphology for the fresh and aged NPLs. Measured XRD patterns for a) CsPbls, b) Mn:CsPbl;, and c) Zn:CsPbl; NPLs
(fresh and aged), in comparison with the powder XRD patterns for the black cubic (a, ICSD 161481), orthorhombic (y, ICSD 32310), their 1:1 sum,
and the yellow orthorhombic (6, ICSD 250744) phases. STEM images and photographs for the fresh and aged colloidal dispersion of d) parent CsPbl;,

e) Mn:CsPbls, and f) Zn:CsPbl; nanostructures. Scale bars: 20 nm.

improved stability upon Mnl, solid-state treatment. On the other
hand, in addition to the broad peaks arising from the nanoma-
terial, narrow peaks were already found in the case of the aged
Zn:CsPbl,; NPLs, suggesting a partial transition from the emis-
sive black phase to the non-emissive yellow phase, which is con-
sistent with the appearance of the absorption signal that can be
assigned to the §-phase. (Figure S4a, Supporting Information).
Although the main diffraction peaks for the metal-doped samples
are slightly shifted toward higher angles, which could result from
contraction of the perovskite lattice,!%7”! one could not exclude
the scenario of zero point shift due to the broad and overlapping
nature of these peaks.[”*]

The scanning transmission electron microscope (STEM) im-
ages (Figure 3d—f) reveal anisotropic shape of the as-prepared
NPLs. The statistical size analysis shows that the average NPL
width was reduced from ~6 to ~4 nm upon metal doping,
whereas the average length remained unchanged at ~13 nm
(Figure S7, Supporting Information). The size reduction in one
spatial direction of quantum-confined systems could explain the
blueshift of the optical bandgap upon the crude solution treat-
ment (Figure 1Db).[>%478] Remarkably, STEM images of an aged
colloidal CsPbl, dispersion experienced a morphological trans-
formation from quantum-confined NPLs to nanocubes with in-
creased dimensionality. This transformation aligns with the ob-
served color shift in the colloidal solution and previously noted
spectral instability, indicating a loss of quantum confinement
and significant redshifts in both absorption and PL spectra
(Figure 2; Figure S4, Supporting Information). The emergence
of the PL emission peak at A;; = 689 nm in the undoped sam-
ples (Figure 2b) results from the morphological transformation
via the Ostwald ripening mechanism, where smaller NCs of high
surface energy coalesce into larger ones with reduced surface en-
ergy. The diffusion of halide vacancies and ligand desorption cre-
ate surface active sites that drive the growth.[”8% The addition
of excess metal and halide ions not only passivates the nanocrys-
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tal surfaces but also changes the thermodynamic equilibrium of
the parent solution,®! substantially stabilizing the NPLs kineti-
cally. Consequently, the doped samples show higher morpholog-
ical stability without PL emission peak shifts.

On the other hand, the shape and average size of the
Mn:CsPbl; and Zn:CsPbl,; NPLs were preserved upon aging
(Figure S8, Supporting Information). The observed fusion or
aggregation processes of the parent CsPbl; NPLs to bigger
nanocubes could result from an iodine inadequacy and defects
on the NPL surface.®¥#3] The enhanced phase stability of the
metal-doped samples may arise from the lower Shannon ionic
radii of Mn?* and Zn?* compared to Pb?** which would result in
a more ideal Goldschmidt factor.!®* Indeed, the lower value for
Mn?* (0.67 A) compared to Zn?** (0.74 A)®] could explain the
superior phase stability upon Mnl, treatment.

We further carried out X-ray photoelectron spectroscopy (XPS)
to examine chemical states at the NC surface (Figure S9, Sup-
porting Information). Note that for semiconductors and insu-
lators especially, binding energy (E,) shifts of several eV could
arise from charging effects in XPS. Charge referencing based on
the C 1s feature of adventitious carbon is often employed, but
may still induce errors of up to 2 eV.®®) For this reason inter-
nal charge referencing concepts have recently been more widely
applied for semiconducting and insulating samples.®-°l By us-
ing internal charge references, i.e., the energetic distance be-
tween features, rather than their absolute binding energies, one
can resolve even small binding energy shifts reliably and con-
sequently probe even minor changes of the local chemical en-
vironment of the probed atoms. To probe differences in the lo-
cal chemical environment in CsPbl; NPLs upon doping, anal-
ysis based on the E, distance of the Pb 4f;, and I 3d;, core
level emission is performed (Figure 4a). For validation of the re-
sults, sample statistics were conducted (Figure 4b). In addition,
additional experiments including energy referencing at differ-
ent probing depths were performed to exclude vertical charging
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Figure 4. a) Concept of internal binding energy (E,) referencing based on
Pb 4f;; (grey) and | 3ds,, (blue) features forimproved charge referencing.
b) Result of statistical XPS analysis obtained from two sample batches and
multiple sample spots. The statistical approach allows to verify the signifi-
cance of the observed minor relative shifts. Furthermore, a relatively higher
spread of the shifts was determined for the parent CsPbls, indicating in-
homogeneity on the surface.

effects, which may add a degree of uncertainty to the chemical
state analysis, even with internal charge referencing (Figure S10,
Supporting Information).”?) Based on these results, the metal-
doped CsPbI; NPLs exhibited no overlap of the determined rel-
ative Pb chemical shift within the interquartile range. Further-
more, the relative shift of the Pb 4f, , feature compared to I 3d; ,
toward lower E, values indicates a change in the electron distri-
bution between the Pb- and I-sites compared to the halide site
for treated samples. This minor shift of 0.1 eV may arise from io-
dide passivation effects or B-site doping at the NPL surface upon
MI, treatment. In comparison to EDXS analysis, which is less
surface-sensitive than XPS,[?>%4 the quantities of Mn and Zn de-
tected on the surface were either below or near the detection limit
of 1-2 at.% (Figure S11, Supporting Information). This indicates
that these ions are predominantly situated within the core of the
nanomaterials, aligning with the higher concentrations of met-
als identified by the EDXS analysis (Figure S2b, Supporting In-
formation).

Strikingly, the distinctively reduced spread in the relative E,
shift observed in the metal-doped samples suggests an enhanced
stability in the surface chemistry of NPLs. This increased stability
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for both metal iodide treatments may play a role in inhibiting the
fusion of quantum-confined NPLs into redshifted nanocubes of
larger sizes, as evidenced by the morphological transformation
of undoped CsPbl; NPLs (Figure 3d). Furthermore, it could con-
tribute to preventing the eventual degradation of optically active
perovskite species into the yellow §-phase.l>>7 Overall, these re-
sults highlight how the more robust internal charge referencing
allows to probe minor changes in the Pb and I chemical states.

Inlight of the high 5;; and spectral stability of our metal-doped
NPLs, we further examined their NPL solid films. Recent studies
have highlighted the significance of characterizing the orienta-
tional distribution of nanocrystal solids, particularly in the con-
text of their optoelectronic properties.[?22#%] Indeed, the reduc-
tion of disorder in NC packing has a direct impact on promoting
internanocrystal charge and exciton transport due to increased
transfer integrals and in enhancing light outcoupling. Further-
more, the dynamics of solvent evaporation has been identified as
a crucial factor controlling NPL self-assembly in either face-on
or edge-on configurations.[*! We directly prepared the NPL solid
thin films by either spin coating or drop casting on glass sub-
strates, followed by analyzing the thin-film crystallographic and
optical properties.

Figure 5a,e present the grazing incidence wide-angle X-ray
spectroscopy (GIWAXS) patterns used for analyzing NPL pack-
ing orientation and disorder. The pole figures were constructed
by obtaining polar linecuts at the (100) Bragg peak radial posi-
tion. Both spin-coated NPL samples exhibit strong Laue spots
rather than the Debye-Scherrer rings, suggesting well-defined
NPL packing ordering. In contrast, the drop-casted films dis-
played the flat pole figure characteristic of isotropic orienta-
tion (Figure 5b,f). The presence of the (100) Bragg peak (q =~
1 A1) along the g, axis confirmed the face-on configuration
of the NPLs. The thin-film orientational characteristics are con-
sistent with the signatures of NPL solids reported in recent
literature.[22:24]

We further examined the PL angular emission patterns us-
ing the back focal plane (BFP) imaging.””! This technique ef
fectively generates the spatial Fourier transform of its front fo-
cal plane image on its back focal plane, revealing the radiation
pattern of an emitter. Different points in the BFP image repre-
sent emission angles in the sample plane and linecuts are ef-
fectively angle-dependent PL profiles. The average orientation of
transition dipole moment (TDM) can therefore be determined
by fitting the horizontal p-polarized BFP linecut, which informs
radiation resulting from both in-plane and out-of-plane dipoles.
Figure 5c,g show the experimental BFP images of the two metal-
doped NPL spic-coated films. We used a high-NA oil-immersion
objective to collect radiation with the wave vector, k /k,, where
k, is the wave vector in air, up to 1.3. Qualitatively speaking, at
a given p-polarized linecut profile, a higher ratio for the radia-
tion emitted at the zero angle, k;/ k, = 0 to that at the critical
angle, k;/ k, = 1, suggest that the TDM is more horizontally ori-
ented. Figure 5d,h present the p-polarized (p-pol.) and s-polarized
(s-pol.) linecuts and their theoretical fittings within —1.1 <k, /k, <
1.1, revealing that both Mn:CsPbl; and Zn:CsPbI; NPLs exhibit
a substantial contribution of in-plane dipoles, with the horizon-
tal dipole ratio values, ®,,, of 0.82 and 0.75, respectively. A higher
©,p value >0.67 can substantially enhance the light outcoupling
efficiency in their LEDs.
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Figure 5. a,e) GIWAXS diffractograms for the spin-coated NPL films. b,f) Extracted orientation distribution of spin-coated and drop-casted NC films
showing signature of preferential face-on packing orientation in the spin-coated films. ¢,g) The back focal plane images for Mn:CsPbl; and Zn:CsPbl;
NPL thin films. d,h) p-polarized and s-polarized BFP linecuts in comparison with the theoretical fittings for the estimation of transition dipole moment

orientation.

3. Conclusion

In summary, we present a solid-phase synthetic approach for
preparing metal-doped CsPbl; NPLs with enhanced colloidal and
spectral stability. The quantum-confined NPLs exhibit color-pure
emission fulfilling the color coordinates of red primary in the CIE
chart. XRD characterizations revealed a phase mixture of the op-
tically active black phase (@ and y), which transforms to the non-
emissive §-phase upon aging of the parent CsPbl; NPLs, whereas
the phase transition could be inhibited upon metal iodide treat-
ment. Together with EDXS and XPS evidence, we conclude that
the guest metal atoms not only incorporate into the NPL lattice
but also passivate the NPL surface. The spin-coated NPL thin
films have face-on orientation, thereby yielding anisotropic PL
emission with a high ratio of horizontally oriented transition
dipoles. Together with their QYs, we believe the NPLs are promis-
ing for future LED applications overcoming the light outcoupling
efficiency limit.

Supporting Information

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