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Abstract

Heterostructures, combining perovskite nanocrystals (PNC) and chalcogenide quantum dots,
could pave a path to optoelectronic device applications by enabling absorption in the near infra-
red region, tailorable electronic properties, and stable crystal structures. Ideally, the
heterostructure host material requires a similar lattice constant as the guest which is also
constrained by the synthesis protocol and materials selectivity. Herein, we present an efficient
one-pot hot-injection method to synthesize colloidal all-inorganic cesium lead halide — lead

sulfide (CsPbXs (X=Cl, Br, 1)-PbS) heterostructure nanocrystals (HNCs) via the epitaxial



growth of the perovskite onto the pre-synthesized PbS nanocrystals (NCs). Optical and
structural characterization evidenced the formation of heterostructures. The embedding of PbS
NCs into CsPbX3 perovskite allows the tuning of the absorption and emission from 400 nm to
1100 nm by tuning the size and composition of perovskite HNCs. The CsPblz-PbS HNCs show
enhanced stability in ambient conditions. The stability, tunable optical properties and the
variable band alignments accessible in this system would have implications in the design of
novel optoelectronic applications such as light-emitting diodes, photodetectors, photocatalysis

and photovoltaics.
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Metal halide perovskite nanocrystals (PNCs) exhibit exciting optoelectronic properties for
numerous device applications, including solar cells, light-emitting diodes, photodetectors, and
lasers owing to their narrow emission line-widths, high photoluminescence quantum yields
(PLQYs), low defect densities, and high absorption coefficients.™*> PNCs benefit from the
advantage of quantum confinement and size/composition tunable optical properties.!4 16-20
Their optoelectronic properties can also be enhanced by incorporating transition or lanthanide
metal ions in the perovskite matrix, extending emission in the visible and near-infrared (NIR)
regions and boosting PLQY .2%-22 However, despite having high PLQY, the stability of organic-
inorganic PNCs (MPbX3 where M is CH3NHs* or HC(NH.)." and X is CI-, Br-, or I') are limited
by poor thermal stability and volatility of the organic cations.?® Alternatively, fully inorganic

PNCs (CsPbX3) have been used to enhance their thermal stability,?*% Still, surface defect
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density and ion migration limit the environmental stability of inorganic lead halide PNCs. Thus,
there is a need to stabilize the inorganic nanocrystals (NCs).?%2 Some attempts have been
made to protect NCs from moisture penetration and thermal stress by making heterostructures
(i.e. core/shell or composite) with various materials, i.e., inorganic or organic matrix of silica,
silica/alumina monolith, amorphous alumina, TiO2, polymers, and metal-organic frameworks.
21,2933 |n other attempts, NCs were alloyed with Mn?*, Zn?* metal ions to enhance the
perovskite phase stability.34-3

A recent study demonstrated the introduction of PbS into the perovskite can be possible due to
similar lattice constant and related crystal structures (For instance, the crystal structures of
MAPbIs and PbS are tetragonal and rock-salt, respectively and Pb being a hexa-coordinated
in each crystal.>"#2 Moreover, a shell of PbS onto the perovskite improves black phase stability
of iodide-based perovskite and reduces ionic migration in the mixed perovskite system.*’-3
These particles show extended optical response and modulation of the electronic properties
from n-type to ambipolar transport, with implications for photodetector, photovoltaic, and NIR
LED applications. *°*' Sargent et al, and other researchers reported another study by
embedding the PbS NCs into the bulk matrix of perovskite (hybrid and all-inorganic) for
improved optoelectronic properties and the phase stability of iodide based perovskite. 3" 42-44
The size and composition of the CsPbX3 NCs and its relative alignment to the band structure
of PbS could form two types of energy band alignment, named type-1 and type-Il. Type I
promotes energy transfer to PbS, and type Il promotes carrier separation across the interface.
Recently, Zhang et al. have shown the possibility of forming a type-l CsPbBrz-PbS
heterostructure NCs (HNCs) via post-synthesis treatment for tunable emission in the visible
and NIR regions.* However, the synthetic protocol requires a long processing time (~24hrs)

along with the formation of a 0D (Cs4PbBre) impurity phase. Thus, there is a need to develop



a simple synthesis protocol for CsPbX3-PbS HNCs and examine its influence on optoelectronic
properties as well as the stability of their crystal structures.

Herein, we report a one-pot hot-injection method for the synthesis of colloidal CsPbX3-PbS
HNCs by growing CsPbX3 NCs onto the preformed PbS NCs in different halide environments.
Extensive structural characterization such as high-resolution transmission electron microscopy
(HR-TEM), X-ray diffraction (XRD), and solid-state NMR as well as optical characterization
have been performed to analyze the formation of HNCs. Ultraviolet photoelectron
spectroscopy (UPS) is utilized to examine the type-I and type-Il heterojunction of CsPbBrs-
PbS and CsPbls-PbS HNCs. Lastly, the PbS embedded HNCs offer enhanced optical and
structural stability along with high PLQY compared to that of perovskite CsPbXs NCs.
CsPbBr3-PbS HNCs were prepared via a hot injection method following La Mer’s model for
synthesizing colloidal NCs (Fig. S1). The full synthesis methodology is detailed within the
supporting information (SI), alongside images of the reaction color changes (Fig. S2).
Thioacetamide was dispersed in oleylamine (OLA) at room temperature and this mixture was
used as a sulfur precursor with a concentration of 5 wt% to PbBr.. The sulfur precursor was
added into the PbBr2 solution in 1-octadecene (ODE) along with OLA and oleic acid (OA) at
135 °C as shown in Scheme 1(i). Immediately the colorless solution turns brown as shown in
Scheme 1(ii). This color change indicates the formation of PbS NCs. After which, the reaction
temperature was raised to 160 °C. The quick injection of Cs-oleate precursor into the above
reaction mixture leads to the formation of a dark green color solution as shown in Scheme
1(iii), indicating the formation of CsPbBrs-PbS HNCs. CsPblz-PbS and CsPbCls-PbS HNCs
were also prepared by injecting the sulfur precursor into the respective lead iodide (Pbl.) and
lead chloride (PbCly) source as described in the SI. For comparison, CsPbXz NCs were also

synthesized by a similar hot injection method.



Scheme 1. Shows the synthesis of CsPbBrs-PbS heterostructure NCs (HNCs) by a hot-injection
method. (i) consists of PbBr, solution in 1-octadecene (ODE), oleic acid (OA), oleylamine
(OLA). (ii) PbS NCs formation after injection of the sulfur precursor into PbBr. solution. (iii)
CsPbBr3-PbS HNCs formation after injection of Cs-oleate into PbS NCs solution.
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Fig. 1 a) Powder X-ray diffraction (XRD) patterns of CsPbBr3 CsPbBrz-PbS HNCs and PbS
NCs. Bulk reference patterns of CsPbBr3 with the orthorhombic phase with reference number
(96-451-0746) and PbS with cubic phase with reference number (04-004-5639) have also been
provided for the reference. For the orthorhombic phase of bulk CsPbBr3, only major peaks were
shown. b) shows the zoom-in spectra of Fig. 1a in the 26 range 25-35° to see the changes in

peak position at 29.8°.

To verify the formation of CsPbBrs-PbS heterostructures, XRD patterns have been collected.

Fig. 1a shows the XRD pattern of CsPbBrs NCs, PbS NCs, and CsPbBrs-PbS HNCs along with



the reference patterns for bulk CsPbBrs and PbS. The diffraction patterns for CsPbBrs NCs
indicate a wide distribution of orthornombic planes as shown in Fig. 1a3> %6 which reduces to
mainly three planes upon PbS incorporation in CsPbBrs-PbS HNCs. CsPbBrs-PbS HNCs
exhibit diffraction patterns similar to the CsPbBrs, however, it is difficult to distinguish
between the orthorhombic phase and cubic phase due to the broadening of XRD peaks of
CsPbBrz-PbS HNCs. Interestingly, the XRD peak of CsPbBrs at ~21.5° significantly reduces
in intensity while ~15.2° and ~30.7° peaks gain intensity upon PbS incorporation. To further
verify this synergetic effect, less amount of PbS (2%) was incorporated into CsPbBr3, which
results in a little more intense peak at ~21.5° than the 5% PbS sample as shown in Fig. S3. This
suggesting that the addition of excess sulfur precursor allowing CsPbBrs-PbS HNCs to grow
in the direction of planes at ~15.2° and ~30.7°. A shoulder diffraction peak starts to emerge at
29.8°, as shown in Fig. 1b (highlighted by a *), which asserts the presence of cubic PbS phase.
The co-existence of PbS (200) plane and CsPbBrsz (202) plane confirm the formation of
CsPbBr3-PbS HNCs. The distinct XRD diffraction peak arises at 29.8° in CsPbls-PbS and
CsPbClz-PbS HNCs than CsPblz and CsPbCls, respectively, further verifies the successful
incorporation of PbS in CsPbX3-PbS HNCs (Fig. S4a, b, c).

To verify the morphology and size of NCs, transmission electron microscopy (TEM)
measurements have been carried out. Fig. 2a shows the TEM image of CsPbBr3 NCs depicting
the characteristic cubic morphology of NCs. The HRTEM image with an interplanar distance
of 4.0 A shown in Fig. 2b corresponds to (002) plane at 26=21.68° confirming the formation

of orthorhombic phase in CsPbBr3 perovskite NCs.*6
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Fig. 2 a) Transmission electron microscopy (TEM) image, b) high-resolution TEM (HRTEM)
image, and c) size distribution plot of CsPbBrs NCs, respectively. d,e,f) TEM and g) HRTEM
images of CsPbBrs-PbS HNCs, respectively. h) energy-dispersive X-ray spectroscopy (EDS)
analysis obtained from TEM image. i) size distribution plot of CsPbBrs-PbS HNCs
respectively. To get the size distribution plots, more than 100 NCs have been considered. To
get the size of the CsPbBrs part in CsPbBrz-PbS HNCs, the size of PbS has been measured in
each NC and was subtracted from the size of corresponding CsPbBrs-PbS HNCs.

Fig. 2d-f show TEM images of CsPbBrs;-PbS HNCs with the cubic morphology, indicating no
change in the shape of the NC upon PbS incorporation. Each particle of HNCs contains one or
more small black particles in the structure which was evident by TEM images (Fig. 2d-f). The

black particles in the High-resolution TEM (HR-TEM) of the CsPbBr3-PbS HNCs (Fig. 2g)



show an interplanar distance of 3.0 A, confirming PbS (200) plane obtained in XRD spectra.
Similarly, the interplanar distance of 2.9 A corresponds to the (202) plane of CsPbBrs as
observed in XRD. Energy-dispersive X-ray spectroscopy (EDS) carried out on the small dark,
and the large light particles validate the formation of a heterostructure where PbS is embedded
in the CsPbBrs NCs as shown in Fig. 2h. With a slight lattice mismatch (0.1A) (202), planes of
CsPbBr3 are grown epitaxially on the plane (200) of PbS NCs, similar to the prior reports.*? 4
Possible impurity phase formation under high electron beam intensities was also eliminated
(Fig. S5). Simultaneously, we examined the TEM and EDS of CsPbCl3z-PbS and CsPblz-PbS
HNCs as shown in Fig. S6 and Fig S7, further validating the formation of HNCs under the
provided reaction conditions.

Our choice of synthesis conditions and resulting NCs can be understood by the nucleation and
growth processes as described by La Mer’s model. The thermal decomposition of lead and
sulfur molecular precursors deliver the monomers of the PbS NCs. At the critical concentration,
the nucleation takes place, leading to several atoms assembly to form a small
thermodynamically stable PbS crystal. Concurrently, the ligands present in the solution which
consists of amine and carboxylic acid functional groups bind to the metal ions on the surface
while the alkyl group interacts with the reaction medium. Thus, the long alkyl chain controls
the size of the crystals. Moreover, there is a dynamic equilibrium that occurs between the
monomers and ligands during the growth process. Keeping longer reaction times lead to the
making of larger crystals through Ostwald ripening. This Ostwald ripening process results in
the broad size distribution of NCs. To avoid this, we use low concentration of sulfur precursor
in our reaction. The concentration, reaction temperature, and ligand chemistry tuning results
in smaller size PbS NCs. After the formation of PbS NCs, the temperature of the reaction
mixture was raised and cesium precursor injected swiftly into the PbS NCs solution. The

perovskite phase (CsPbX3) started growing epitaxially on the surface of PbS NCs. The



schematic representation of CsPbBrs grown on PbS has shown in Fig. S8. The epitaxial growth
of perovskite on the PbS surface is likely due to the coalescence of the perovskite octahedral
ligand (PbBrs) on the PbS surface. This lead to the adhering of neighbouring octahedral share
edge and corner ions which results in the replacement of the outermost sulfur monolayer of
PbS by halides, and the outermost Pb of PbS acts as an interface between PbS and CsPbBrs;
perovskite.*”*® Further, theoretical studies of these heterostructures can give exact crystal
structure of the interface similar to the other perovskite heterostructures.®” 4°-5

TEM was also utilized to determine the size of the produced NCs, giving average diameters of
9.49+2.31 nm for the CsPbBr3 NCs as shown in Fig. 2c and 7.48+2.03 nm and 2.86+0.69 nm
for CsPbBrs and PbS respectively within the CsPbBrs-PbS system, given in Fig. 2i. The
reduced size of the CsPbBrs NCs within the heterostructure is likely due to the lower amount
of Pb available for CsPbBrs formation. The synthesis of both CsPbBrs NCs and CsPbBrs-PbS
HNCs utilized the same initial amount of lead bromide precursor, but in the HNC reaction, a
portion of the lead was consumed during the formation of PbS.

Multinuclear solid-state NMR was performed to further analyze the structure of the CsPbBrs-
PbS HNCs. The 27Pb MAS NMR spectra of CsPbBrs-PbS HNCs, CsPbBrs NCs, and PbS NCs
are shown in Fig. 3a. NMR parameters obtained via spectral simulation are shown in Table
S1in SI. The CsPbBrs NCs spectrum presents with a single 2°7Pb line-shape at 260 ppm, which
is perturbed by J*(*°’Pb-"*#'Br) scalar coupling which produces a 19-spikelet splitting pattern.
These results corroborate the previous reports*? 253 of 207Ph NMR on CsPbBr; crystal, which
contains more in-depth discussions of the scalar coupling phenomena. The resolution of the
scalar coupling pattern confirms the high level of crystallinity seen in the HRTEM images of
the CsPbBrs NCs. The PbS NCs 2’Pb spectrum comprises one broad resonance at 1380 ppm,
as expected from small nanoparticles (~3 nm diameter). To the best of our knowledge, this is

the first published 2’Pb MAS NMR spectra of PbS, however, the chemical shift position is



corroborated by a previous unconfirmed report.>* The 2°Pb NMR spectrum of the CsPbBrs-
PbS HNCs (Fig. 3a) contains resonances representing both the CsPbBrs; and PbS NCs, with a
CsPbBr3:PbS ratio of around 3:1. Both resonances have shifted to lower frequencies and
broadened in comparison to their pure NC analogs; the CsPbBr3z resonance has broadened
sufficiently to obscure its scalar coupling pattern. These changes to the NMR spectrum indicate
distortion to the structure of the PbS and CsPbBrs NCs, suggesting that PbS incorporation has
a wholesale effect on the perovskite chemical structure. Hence, 2°’Pb NMR has confirmed the
formation of a nanoscale heterostructure in the CsPbBrs-PbS HNCs. 1**Cs MAS NMR was also
utilized to investigate the structural differences between the CsPbBrs; NCs and the CsPbBrs-
PbS HNCs. The **3Cs spectra are shown in Fig. 3b and the NMR parameters are given in Table
S2 in SI. The CsPbBrs NC spectrum is comprised of a sharp narrow resonance at 120 ppm,
which represents the bulk CsPbBr3, and multiple lower intensity, lower frequency “shoulder”

resonances which represent the distorted surface/near-surface layers within the NC.

CsPbBr;-PbS HNCs | (a)
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Fig. 3 a) 2’Pb MAS NMR of CsPbBr; NCs, PbS NCs and CsPbBrs-PbS HNCs. b) 13Cs MAS
NMR of CsPbBrz NCs and CsPbBr3-PbS HNCs. Experimental lines, simulated line-shapes, and

deconvoluted resonances are represented by black, red, and blue lines respectively.
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These results corroborate recent *3Cs NMR studies of CsPbBrs NC systems, which are
informed by similar bulk/surface effects seen in previous reports of 1Pt and ®Pd NMR of
metallic nanoparticle systems.*? %5-6 In the *3Cs NMR spectrum of the CsPbBrs-PbS HNCs,
the dominant resonance at 102 ppm is broader and shifted than CsPbBr3z NCs, analogously to
the 2°’Pb NMR data, confirming the distortion to the CsPbBrz NC structure due to PbS
passivation. The reduction in average CsPbBrs particle diameter from the CsPbBrsNCs to the
CsPbBrz-PbS HNCs (from 9.5 to 7.5 nm) could explain a small portion of the distortion
observed in the **Cs NMR due to the increased surface-to-bulk ratio of atoms in smaller
particles. However, the difference in size is insufficient to explain the major broadening
observed. A small resonance at 116 ppm is assigned as the unmodified CsPbBr3 NCs in the
system, which accounts for only 3% of the Cs nuclei, demonstrating the thorough passivation
provided by this methodology. Additional resonances are observed in the 13Cs NMR spectrum
of CsPbBrs-PbS at 193/170 ppm, which could represent Cs sites at the boundary between
CsPbBrs and PbS.>* 7

Fig. 4a shows an optical absorption spectrum of CsPbBrz NCs and CsPbBrz-PbS HNCs in the
Ultraviolet-visible-NIR region. CsPbBrs-PbS HNCs exhibit absorption in visible (450-520
nm) and to some extent to NIR visible region. The origin of absorption above 520 nm in HNCs
can be attributed to PbS, which were embedded in each CsPbBrs particle. Characteristic
emission in the green spectral region (513 nm) has been observed from both the CsPbBrs NCs
and CsPbBrs-PbS HNCs (Fig. 4b). Photoluminescence (PL) spectrum of CsPbBrz-PbS HNCs
shows a slightly higher energy shoulder probably due to the presence of smaller size CsPbBr3
in CsPbBrs-PbS HNCs sample as evident by Fig. 2i. Particularly, the inset of Fig. 4b shows the
PL spectrum of CsPbBrs-PbS HNCs in the NIR region similar to PbS NCs (Fig. S9a). Two PL
peaks were observed at 800 nm and 850 nm upon excitation of 350 nm in agreement with the

prior report.>-% These two peaks can be attributed to the band to band transition and defect-
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Fig. 4 a, b) absorption and photoluminescence (PL) of CsPbBrz NCs and CsPbBr3-PbS HNCs,
respectively. Inset of a) shows the photographs colloidal CsPbBrz NCs and CsPbBr3-PbS
HNCs under daylight. Inset of b) shows the PL of CsPbBrs-PbS HNCs in the NIR region upon
excitation at 350 nm. ¢) Time-resolved photoluminescence (TRPL) decay dynamics. d,e)
Ultraviolet photoelectron spectroscopy (UPS) was carried out for CsPbBrs-PbS HNCs in the
cut-off region and valance region, respectively. f) Schematic representation of the band
structure for CsPbBrs-PbS HNCs at the interface. The exact VBM, CBM values have been
given in Fig. S15.%2
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Table 1. Time resolved photoluminescence (TRPL) decay dynamics of CsPbBrz NCs and
CsPbBr3-PbS HNCs at 513 nm PL peak position. TRPL decay fitted using I(t) = A1 exp(—t/t1)
+ Az exp(—t/t2) + Az exp(—t/t3) equation, where A1, Az and As are the relative contributions
and t1, 12 and T3 are the PL lifetime decay constants.

Type of NCs As 11 (NS) Az 12 (NS) As 13 (NS)

CsPbBrs NCs 0.31 £0.01 | 0.49+0.01 0.47+0.01 2.85+0.03 0.24+0.01 | 9.2+0.1

CsPbBrs-PbS HNCs 0.25+0.01 | 0.50+0.01 | 0.43+0.01 2.59+0.06 0.30+0.01 | 10.7+0.2

related PL of PbS in the CsPbBrz-PbS HNCs. To confirm the origin of NIR PL of CsPbBrs-
PbS HNC:s, excitation spectra were collected at 800 nm and 850 nm as shown in Fig. S10a.
Interestingly, the excitation spectra have a wide range of intensity from 450 to 700 nm. The
shape of the excitation spectra resembles the absorption spectra of CsPbBrs-PbS HNCs (Fig.
S10b) and is distinctly different from the excitation spectra of PbS NCs as shown in Fig. S9b.
This indicates energy/charge transfer from CsPbBr3 to PbS. However, further investigation is
needed to confirm the energy/charge transfer. On the other hand, absorption and PL in the NIR
region are absent for CsPbBrz NCs as expected.

To understand the charge carrier dynamics of CsPbBr3-PbS HNCs, time-resolved PL (TRPL)
decay of CsPbBrs NCs and CsPbBrs-PbS HNCs at their PL peak positions (in the visible
region) were measured. Fig. 4c shows the TRPL of CsPbBrz NCs along with CsPbBrz-PbS
HNCs. The incorporation of PbS into CsPbBrs has made the PL decay slightly slower for
CsPbBr3-PbS HNCs. For best fit parameters, TRPL decay has been fitted by tri exponential
decay using the equation: I(t) = A1 exp(—t/t1) + Az exp(—t/12) + Az exp(—t/t3). Table 1 shows
the detailed analysis of TRPL decay. The shortest PL lifetime component t1 ~ 0.5 ns (sub-
nanosecond lifetime) is the one that is most influenced by non-radiative processes.®® This fast
component (t1=0.5 ns) relative contribution (Ay) is also reduced from 0.31 to 0.25 suggests the

decrease in trap state density for CsPbBrs-PbS HNCs compared with CsPbBrz NCs (Table 1).
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On the other hand, t2 and t3 corresponds to the radiative recombination of electron and hole.
There was a negligible difference in the 2"%-lifetime component i.e. A, and 12, but for the third-
lifetime component, the relative contribution Az and PL lifetime t3 increased from ~0.24 and
9.2 ns to 0.3 and ~10.7 ns respectively, suggesting the radiative decay is slower for CsPbBrz-
PbS HNCs compared with CsPbBrs NCs. The decrease in the relative contribution of non-
radiative PL lifetime Ay and increase in PL radiative lifetime components (t2and t3) along with
their relative contribution Az and As of CsPbBrs-PbS HNCs for CsPbBrs NCs should reflect in
PL quantum yield (PLQY). The PLQY's of the samples were about ~ 20+2% and 30+3% for
CsPbBrz NCs and CsPbBrz-PbS HNCs respectively, which coincides with increased
contribution from longer lifetime components of the TRPL as shown in table 1. The lower
PLQY of NCs is due to the stripping of organic ligand (OLA/OA) upon washing of NCs with
methyl acetate, which also agrees with the prior literature.%* Details of the optical properties
of CsPbls-PbS HNCs and CsPbCl3-PbS HNCs have been discussed in Fig. S11 and S12 in the
Sl.

To investigate the band alignment of CsPbBrs-PbS HNCs, UPS measurements have been
carried out for CsPbBrs NCs, PbS NCs, and CsPbBrs-PbS HNCs. The valence band maximum
(VBM) has been calculated using the formula Evem = 21.2 eV - (Ecuwoff - Ei), where 21.2 eV,
Ecutoff, and Ei, correspond to ionization source (He 1), kinetic cut-off energy, and Fermi energy,
respectively.®® The VBM of CsPbBrs NCs and CsPbBrs-PbS HNCs have been calculated to be
-5.6 eV and -5.32 eV as depicted in Fig. 4d,e. These values are in the agreement with the
previous reports.®®” The corresponding conduction band minimum (CBM) was calculated
using the optical bandgap, and the bandgap was extracted from the Tauc plot (Fig. S13). The
VBM and CBM values for PbS NCs are about 5.45 eV and 3.85 eV (Fig. S14), respectively.>®
The band alignment of CsPbBrz NCs, PbS NCs, and CsPbBrs-PbS HNCs is shown by the

schematic in Fig. S15. The interface of CsPbBrs and PbS heterostructures is a type | band
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alignment, as shown in Fig. 4f. The schematic in Fig. 4f explains the mechanism of electron-
hole radiative recombination in CsPbBr3-PbS HNCs, showing higher PL in the visible and NIR
region in Fig. 4b. The PL results show that most electron-hole radiative recombination occurs
in CsPbBr3 is likely due to efficient delocalization between the VBM of CsPbBr; and PbS of
CsPbBrs-PbS HNCs (small energy difference, 0.13 eV) as shown in Fig. 4f and S15.
Interestingly, PbS incorporation shifts Fermi values by 0.3 eV. This suggests the possibility of
n-type to an ambipolar character for CsPbBrs-PhS HNCs.®” Often, type-I band alignment is
desired for photomultiplication-assisted high-performance photodetector application.%® On the
other hand, the band alignment for CsPbls-PbS HNCs has been found out to be type-II ( Fig.

S18), which is helpful for charge separation in solar cell and multimodal neuromorphic synapse

applications.®

| | PbS cubic phase
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Fig. 5 XRD patterns of the films of CsPblz NCs and CsPbls-PbS HNCs with time along with

the reference pattern of CsPbls and PbS. Inset shows the photograph of the films on the 15"

day after making where yellow and brown color films correspond to CsPblz NCs and CsPbls-
PbS HNCs, respectively.
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Finally, we examine CsPbls cubic phase (black phase) stability upon PbS incorporation for its
use in optoelectronic device applications. Thin films of CsPbls NCs and CsPblz-PbS HNCs
were made and tested over some time under ambient conditions. Figs. 5 and S18 depict stability
of samples carried out under ambient conditions in which black CsPblz NCs transform to
yellow phase within five days. However, CsPblz-PbS HNCs films maintained their stability for
the atleast 15 days as shown in Fig. 5. The complete conversion of cubic to the orthorhombic
phase of our CsPbls-PbS HNCs would take more than 60 days (Fig. S19b). The enhanced
stability can be attributed to the new chemical bonds and surfaces at the PbS- CsPbls interface,
and the small contribution of stress as shown by previous studies on PbS embedded FAPDbI3.%’
These combined effects lower the total energy of the cubic phase and make it more
thermodynamically favourable in the PbS embedded CsPblz NCs.*” This significant
enhancement of phase stability due to the embedding of PbS could allow the fabrication of
perovskite NC-based stable optoelectronic devices without the assistance of a glovebox.
Typically, CsPbBr3 which exists in the orthorhombic phase at room temperature shows superior
stability as compared to CsPbls. However, we tested CsPbBrs-PbS HNCs against polar solvent
treatments, ambient testing, and UV light exposure upon inclusion of PbS in CsPbBr3 NCs as
shown in Fig. S20, S21, and S22 in SI. Interestingly, CsPbBrz-PbS HNCs are more stable over
CsPbBr3 NCs. Thus, the embedding of PbS into CsPbX3 NCs leads to new functional properties
with enhanced stability. Finally, we also demonstrate scalability via larger-scale synthesis of
CsPbBr3-PbS HNCs and CsPblz-PbS HNCs as shown in Fig. S23.

Here, we have successfully demonstrated type-1 (CsPbBr3-PbS and CsPbCls-PbS) and type- |1
(CsPbl3-PbS) HNCs prepared by the one-pot hot-injection method. The absorption and
emission of CsPbX3 NCs have been extended to the NIR region by embedding PbS NCs. We
propose a unique synthesis protocol, which reduces synthesis time, steps and improves purity.

Importantly, the syntheses of HNCs have been scaled up to a few hundred milligrams. We
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believe this study limelight the possibility of the formation of HNCs such as perovskite/CulnSy,
Perovskite/ZnS, which will ultimately offer the advantages of both materials with higher
stability.
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Supporting information (SI)

Chemicals

Lead bromide (99.5%), lead iodide (99.999%), lead chloride (99.999%), cesium carbonate
(99.9%), thioacetamide (>99.0%), 1-octadecene (90%), oleylamine (70%), trioctylphosphine
(97%), oleic acid (90%), methyl acetate (anhydrous, 99.5%), hexane (anhydrous, 95%) were

purchased from Sigma-Aldrich and used as such unless until mentioned further purification.
Experimental section
Cs-oleate preparation

134.4 mg of cesium carbonate was loaded in a 3-neck round bottom flask along with 5 mL 1-
octadecene and 1 mL oleic acid, degassed for 1 hour at 100 °C followed by shifted to nitrogen
(N2) environment then the temperature was raised to 150 °C to make sure cesium carbonate get
dissolved completely. After that natural cooling to room temperature (RT).

Synthesis of CsPbX3-PbS heterostructure nanocrystals (HNCs)

To synthesize CsPbBr3-PbS HNCs, 0.19 mmol (~ 70 mg) of lead bromide was loaded in a 3-
neck round bottom flask containing 5 mL 1-octadecene and this mixture was degassed for 1
hour at 100 °C. After which, the reaction flask was switched to the N> environment followed
by the injection of 0.30 mL of dried oleylamine (OLA) and 0.55 mL dried oleic acid. This
reaction mixture was degassed for another 15 minutes at 100 °C under vacuum and then finally
switched back to the N2 environment. The temperature of the lead bromide solution was then
raised to 135 °C for dropwise addition of thioacetamide solution containing 5% (4 mg) of
thioacetamide dissolved in 0.25 mL of dried OLA. This addition results in a color change of
reaction mixture from colorless to a dark brown color solution. Subsequently, the temperature
of the solution was further raised to 160 °C, then 0.5 mL Cs-oleate (which was heated up to
80-100 °C before injection) was injected swiftly, after 5-8 sec, the reaction flask was cooled
down in an ice-water bath. After Cs-oleate injection the color of the solution turns black
greenish as shown in Figure Sla. The reaction mixture was kept at RT for 15 minutes then the
solution was centrifuged for 8000 rpm for 5 minutes and collected the decant was dispersed in
1 mL anhydrous hexane. To this, 1 mL methyl acetate (MeOAc) was added and again the

mixture was centrifuged for 5 min at 8000 rpm, the resulting precipitate was collected. The
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final precipitate was then dispersed in 1 mL hexane for further characterization. To make 2%,
1.2 mg of thioacetamide was dissolved in 0.25 mL dried OLA. The remaining procedure was
the same as 5% reaction. To synthesize CsPblz-PbS and CsPbClz-PbS HNCs 0.19 mmol of
Pbl> and PbCl> were used. Additionally, 1 mL trioctylphosphine (TOP) was added to PbCl>

solution. The remaining procedure is similar to the synthesis of CsPbBrs-PbS HNCs.
Large scale synthesis of CsPbBr3-PbS and CsPbls-PbS HNCs:

2.1 mmol of PbBr; has been taken in a 500 mL round bottom flask which contains 50 mL 1-
octadecene. This mixture was degassed for 30 minutes to one hour at 100 °C followed by the
injection of 5 mL OA and 4 mL OLA under N2 environment. Again, the above reaction mixture
was degassed at 100 °C and 110 °C for 30 minutes. After degassing 1 mL of the sulfur precursor
was injected dropwise at 135 °C under N2 environment. A sulfur precursor was prepared by
dissolving ~ 0.5 mmol thioacetamide in 1 mL OLA by sonication. After that, the reaction
temperature has been raised to 160 °C. At this temperature, 4 mL of Cs-oleate (which was
heated to 80 °C before injection) was swiftly injected, after 5-8 sec, the reaction flask was
cooled down in an ice-water bath until the solution becomes completely freezes. This NC
solution allowed to reach RT. Then, this solution has been divided into eight parts in 50 ml
centrifugation tubes. To each tube, 24 mL of MeOAc was added followed by centrifugation at
8000 rpm for 5 minutes. The resultant wet pellet was dispersed in 3 mL of hexane. To this 6
mL of MeOAc was added followed by centrifugation at 10000 rpm for 5 minutes. The final
wet pellet was dispersed in 10 mL hexane. Larger size NCs have been removed by the

centrifugation at 4000 rpm for 5 min.!
Synthesis of CsPbX3 NCs

Synthesis of CsPbBrz NCs is similar to CsPbBrs-PbS HNCs, since the sulfur source is not
needed in this case, 0.55 mL dried OLA was added to lead bromide solution along with 0.55
mL OA. The remaining the procedure is same for both CsPbBrs NCs and CsPbBrs-PbS HNCs.
To synthesize CsPbls and CsPbCls NCs Pblz and PbCl, were used respectively. Additionally,
1 mL TOP was used to dissolve PbCl>. The remaining procedure is similar to the synthesis of
CsPbBr3 NCs.

Synthesis of PbS NCs from PbBr2, Pblz, and PbCl2 sources

To synthesize PbS NCs from PbBr, Pblz, and PbCl, sources 5% of thioacetamide was added
to PbBr2, Pbly, and PbCl; solution as described in the synthesis of CsPbBrs-PbS, CsPbls-PbS,
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and CsPbCls-PbS HNCs respectively, for about one minute followed by sudden cooling by an
ice water bath. PbS NCs were purified by excess MeOAc solvent and centrifuged at 8000 rpm
for 5 minutes to collect the precipitate. The obtained precipitate was dispersed in 1 mL hexane
solvent. These PbS NCs were washed one more time with a 1:1 ratio of MeOAc. The final
precipitate was dispersed in hexane for further characterization. In the manuscript, the PbS
NCS from different halide sources have been represented by PbS NCs@PbBr,, PbS NCs@
PbCl2, and PbS NCs@Pbl..

Characterization

UV-visible-NIR absorption and PL spectra were collected using Shimatzu and Horiba
instruments, respectively. A small amount of NCs was dispersed in a quartz cuvette containing
~ 3 mL hexane for UV and PL measurements. XRD measurement of CsPbBrz-PbS HNCs, PbS
NCs@PbBr, and CsPbBrz NCs were conducted using a PANalytical X-ray diffractometer
equipped with a 1.8kW Cu Ka X-ray tube and operating at 45 kV and 30 mA. The diffraction
patterns were collected in the air at room temperature using Bragg-Brentano geometry.
CsPbCls NCs, CsPblz NCs and CsPbCls-PbS, CsPbls-PbS HNCs XRD were collected using
Bruker D8 Advance X-ray diffractometer using Cu Ka radiation (1.54 A). All XRD samples
were prepared by drop-casting a concentrated solution on a zero-diffraction silicon holder
unless until mentioned. For Ultraviolet photoelectron spectroscopy (UPS) measurements for
CsPbBr3-PbS HNCs, PbS NCs from PbBr2 source and CsPbBrs NCs solution was drop cast on
ITO substrates. Whereas, samples correspond to PbS NCs @ Pbl,, CsPblz NCs and CsPbls-
PbS were done on silicon wafer. High-resolution transmission electron microscopy (HRTEM)
measurements of CsPbBr3 NCs and CsPbBrs-PbS HNCs were performed by Jeol 2100F. The
measurements were carried out with a beam current of 146 pA and an accelerating voltage of
200 kV. TEM measurements of CsPbClz NCs, CsPbls NCs and CsPbClz-PbS, CsPbls-PbS
HNCs were measured using JEM-ARM. Samples were prepared by drop-casting diluted NCs
solution (in hexane) onto the Cu grid. Fourier Transform Infrared Spectroscopy (FTIR)
analyses were carried out using VERTEX 70v FT-IR spectrometer for the colloidal dispersion
in hexane solvent. S-4800 from Hitachi Scanning electron microscope (SEM) have utilized for
the measurement of energy dispersive spectroscopy (EDS) analysis for CsPbClz-PbS, CsPbls-
PbS HNCs.

27



Time-resolved photoluminescence measurement

Time-resolved photoluminescence (TRPL) measurements were performed using a home-built
setup. The excitation laser is a Coherent LIBRA, with a pulse duration of ~50 fs and a
repetition rate of 1 kHz. The 400 nm pump beam was generated from frequency doubling the
800 nm fundamental beam using a BBO crystal. The residual 800 nm beam was filtered out
with appropriate filters after frequency doubling. The photoluminescence was collected with
a lens pair and directed into a monochromator (Princeton Instrument SP2300i) which was
coupled to the streak camera (Optronis Optoscope) for measurement. The pump fluence used
for the TRPL measurements was 4.5 pJem™,

Photoluminescence quantum yield (PL QY) measurements

PL QY measurements have been carried out by exciting the samples with a 445 nm continuous-
wave diode laser (Cobolt) in an integrating sphere (Labsphere). The output of the integrating
sphere is coupled through an optical fiber to a charge-coupled device (Newton 920 CCD,
Andor) in which the photon count is captured. Samples were prepared by taking the dilute

solutions of nanocrystals in hexane solvent with absorbance ~ 0.2.

UPS measurements:

X-ray photoelectron spectroscopy (XPS) depth profiling was performed using an AXIS Supra
spectrometer (Kratos Analytical Inc., UK) equipped with a hemispherical analyzer and a
monochromatic Al K-alpha source (1487 eV) operated at 15 mA and 15 kV. The etching was
done with an Ar Gas Cluster lon Source (GCIS, Kratos Analytical Inc., Minibeam 6) operated
at 10 keV, Ar1000+ with a roster size of 2 x 2 mm2. The high-resolution XPS spectra were
acquired from an area of 700 x 300 um2 after 60-s etch for each cycle. The sample was
electrically grounded to the sample holder to prevent charge build-up on the sample surface.
This instrument has used for CsPbBrs NCs and CsPbBrz-PbS HNCs. UPS measurements of
CsPbClz NCs, CsPbls NCs, and CsPbCls-PbS, CsPbls-PbS HNCs were measured in an
ultrahigh-vacuum chamber with a 4D beamline equipped with an electron analyzer and heating
element, at the Pohang Acceleration Laboratory. Results were corrected for charging effects

using an Au internal reference.

Solid-state NMR measurements

All-solid-state NMR experiments in this study were completed on a 14.1 T Bruker Advance Il
HD 600 MHz spectrometer with a Bruker 1.9mm HXY MAS probe operating at a MAS
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frequency of 24 kHz. The *3Cs NMR (z0(**3Cs) = 78.729 MHz) experiments employed a one-

pulse sequence, utilizing a selective 7T/Z pulse of 6.5 us (determined on CsCls)) and a recycle

delay of 30-200 s. The resulting data was referenced with respect to 0.1 M CSNO3(g) (diso = 0
ppm). The 2°7Pb NMR (20(**"Pb) = 125.745-125.595 MHz) experiments employed a Hahn-
echo pulse sequence, utilizing 7T/Z and =z pulses of 4.125 and 8.25 us (determined on 1.1 M

Pb(NO3)2@q)), a recycle delay of 1-2 s, and a rotor synchronized echo delay of 35.5 us. The
207pp experiments utilized variable offset cumulative spectroscopy (VOCs) frequency stepping
where appropriate to allow for full excitation of the broader NMR line-shapes present in some
of the spectra. The resulting data were referenced with respect to 1.1 M Pb(NO3)2(ag) (diso =
—2965.7 ppm). All spectral simulation was performed using the DMFit software package.?

Stability checking of CsPbBr3-PbS HNCs:

Typically, CsPbBrs NCs having cubic and orthorhombic phases show high photoluminescence
quantum yield (PLQY) unlike the orthorhombic phase of CsPblz NCs. Therefore, phase
stability is not studied for CsPbBrz-PbS HNCs rather polar solvent treatment, ambient stability,
and UV light exposure was studied for CsPbBrs-PbS HNCs and CsPbBr3 NCs. Fig. S19 shows
the PL intensity change of ethanol treatment for 2 hours. Interestingly, CsPbBrs-PbS HNCs
exhibits better stability compared with CsPbBrz NCs. On the other hand, films of CsPbBrs NCs
and CsPbBrs-PbS HNCs show similar stability towards ambient and UV light exposure (Fig.
S20 and S21). Therefore, with a broad absorption range from 400 nm to 750 nm with type |
band alignment, less trap state density, and better stability, CsPbBrs-PbS HNCs can be a
potential candidate for photocatalysis, photomultiplication, and other optoelectronic

applications.
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t La Mer model for colloidal NCs preparation
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Fig. S1 La Mer model for preparing monodisperse colloidal nanocrystals.®
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sulphur source injection
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160 °C

PbBr, precursor CsPbBr, NCs

Fig. S2 a) and b) are showing the photographs of the formation of CsPbBrs-PbS
heterostructure nanocrystals (HNCs) and CsPbBrs nanocrystals (NCs).
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Fig. S3 a) Powder x-ray diffraction pattern (XRD) patterns of CsPbBr3-PbS HNCs with 2%
and 5% along with reference orthorhombic and cubic patterns. The intensity of the peak at
21.5%is gradually decreased from 2% to 5% suggesting the growth of CsPbBr3 perovskite along
with peaks at ~15.2° and 30.7° according to HRTEM analysis. We note that with the broadening
of XRD peaks for smaller size CsPbBrz-PbS HNCs it is difficult to distinguish between
orthorhombic and cubic phases both exhibiting similar Bragg's angles for intense peaks.
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Fig. S4 a) XRD plot of CsPbClz NCs and CsPbCl3-PbS HNCs, b) XRD plot of CsPbls NCs
and CsPblz-PbS HNCs, and ¢) XRD plot of PbS NCs formed from upon thioacetamide and
various lead sources i.e. lead chloride, lead bromide, and lead iodide, respectively.

Fig. S5 a) and b) are TEM images of CsPbBrz-PbS HNCs. Upon electron beam exposure under
high-resolution imaging conditions, from a) to b) the damage of CsPbBr3 perovskite which is
attached to PbS particle can be observed. On the other hand, damage of perovskite is very less
under low resolution.
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Fig. S6 a,b,c,d) TEM images of CsPbClz-PbS HNCs with different magnification at different
locations where the more contrast (black) dot is PbS and lighter contrast part is CsPbCls. e)
energy dispersive spectroscopy (EDS) analysis showing the elements present in the CsPbCls-
PbS HNCs. Inset shows the elemental composition, for clarity elements like C, N, Si, and Pt
were removed. Morphology of the CsPbClz-PbS HNCs is cubic similar to CsPbBrs-PbS HNCs.

Small inhomogeneity also there in CsPbClz-PbS HNCs.
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Fig. S7 TEM images of CsPbls-PbS HNCs with different magnification at different locations
where the more contrast (black) dot is PbS and lighter contrast part is CsPbls. €) EDS analysis
showing the elements present in the CsPbls-PbS HNCs. Inset shows the elemental composition,
for clarity elements like C, N, Si, and Pt were removed. Morphology of the CsPbls-PbS HNCs

is mostly cubic similar to CsPbBrs-PbS HNC:s.
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Fig. S8 Schematic representation of a CsPbBrs perovskite on PbS.*

35



(@)

—— Ex 500

PLintensity (a.u.)

800
Wavelength (nm)

T
700

Absorbance

= Em 720 nm b
= Em 820 nm

5

8

2

D

c

2

=

£

o

T T T T T T T
900 500 550 600 650 700 750
Wavelength (nm)
—— PbS NCs
T T T T T T T
500 600 700 800 900 1000 1100 1200

Wavelength (nm)

Fig. S9 a), b) and ¢) show emission, excitation, and absorption spectra of PbS NCs@PbBr.

CsPbBr,-PbS HNCs

—— Em 800 nm
—— Em 850 nm

Intensity (a.u.)

T T T
500 550 600

Wavelength (nm)

Fig S10. a), b) showing excitation spectra, and absorption spectra of CsPbBrs-PbS HNCs,

respectively.

T
650

CsPbBr3-PbS HNCs
(a) - Absorption (b)
O
(8]
c
I
2
o
[%2]
o)
<
L T T T T T
700 450 500 550 600 650 700 750

Wavelength (nm)

36



(a) —— CsPbl3-PbS HNCs NIR PL (b)
s —— CsPbl,-PbS HNCs s
S —— CsPbly NCs S
=3 £
> >
= =
[%2] 2]
o c
2 ]
£ =
T T T T T T T T T T T
600 650 700 750 800 850 900 950 1000 1050 900 950 1000 1050 1100
Wavelength (nm) Wavelength (nm)
1.0
—— CsPbl3-PbS HNCs excitation spectra (d)

- ) |-
IS £ —— CsPblg NCs
S S — Pbs-
= 2 PbS-CsPbiz HNCs
> o 05
g 2
2 g
] o
et p
c o
- 1]

o)

<

T T T T 0.0 T T T
550 600 650 700 750 800 600 800 1000
Wavelength (nm) Wavelength (nm)

(f)

\
3 X\

¢ f 5 ”
a: CsPbl; NCs, b: PbS-CsPbl; HNCs ..

Day light UV light

Fig. S11 a) PL spectra of CsPbls NCs and CsPblz-PbS HNCs. b) PL spectrum of CsPblz-PbS
HNCs in the NIR region. ¢) excitation spectrum of CsPbls-PbS HNCs at ~ 1000 nm. d)
absorption spectra of CsPbls NCs and CsPbls-PbS HNCs. NIR PL was also observed for
CsPbls-PbS HNCs at ~ 1000 nm. The excitation spectrum of CsPblz-PbS HNCs also agrees
with the absorption spectrum of CsPblz-PbS HNCs. However, further investigation is needed
to confirm the energy/charge transfer in these HNCs. e,f) Photographs of the solutions and
films of CsPbls NCs and CsPbls-PbS HNCs under Day-light and 365 nm light irradiation.
PLQYs of the solutions of CsPblz NCs and CsPbls-PbS HNCs are found to be 4545 and 60+4.
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Fig. S12 a) absorption spectra of CsPClz NCs, PbS NCs and CsPbCls-PbS HNCs. b and c)
photoluminescence (PL) spectrum of CsPbCls and CsPbCls-PbS HNCs in the visible region,
NIR region respectively. d) PL spectrum and e) excitation spectrum of PbS NCs (prepared from
PbClI,). We note that it is difficult to distinguish the NIR PL of CsPbCls-PbS HNCs due to the
overlap of 2A peak i.e. 2xPL peak in the visible region of CsPbCl3-PbS HNCs. Since we are
not sure of NIR PL, therefore we did not study the electronic band alignment studies using
UPS. f) Photographs of the solutions of CsPbClz NCs and CsPbCls-PbS HNCs under Day-light
and 365 nm light irradiation. The PLQY's of the solutions of CsPbCls NCs and CsPbCls-PbS

HNCs are found to be 3+1 and 5+2.
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Fig. S14 a), b) Ultraviolet photoelectron spectroscopy (UPS) carried out for PbS NCs
((prepared from PbBr» as lead source and thioacetamide being a sulfur source) in the cut-off
region and valance region, respectively. c) (Ahv)? vs energy plot for PbS NCs in the NIR

region. .

39



1 Vacuum
0 )
o
-1 re— h(“"J ;UJLZU))
E:Jz % T
2— & oo
S O Sa
Y I 3.21 291
N [ — 3.85 3.72
® 4l 3.58 |/—¢-------F--------
S 3.93 | 3.88
51—
6 5.6 5.45 >.32 ~5 6

Fig. S15. Valance band maximum (VBM), conduction band minimum (CBM), and Fermi
energy levels have been extracted from UPS and absorption spectra for CsPbBr3 NCs, PbS
NCs, and CsPbBrs-PbS HNCs, respectively. The small changes in the VBM and CBM level of
PbS and CsPbBrs for HNCs compared with the as-prepared samples can be attributed to the
different chemical environments and size inhomogeneity. Further, it is evident from the Fourier

Transform Infrared Spectroscopy (FTIR) analysis.
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Fig. S16 FTIR spectrum of CsPbBrs NCs and CsPbBrs-PbS HNCs. FTIR spectrum does not
show any detectable contribution from C=S bond (thioacetamide) on the surface for CsPbBr3-
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Fig. S17 a, b) UPS carried out for PbS NCs (prepared from Pbl, as lead source and
thioacetamide being a sulfur source) in the cut-off region and valance region, respectively. c,d)
(Ahv)? vs energy plot for PbS NCs, CsPbls NCs, and CsPbls-PbS HNCs respectively, in the

NIR region.
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Fig. S18 Valance band maximum (VBM), conduction band minimum (CBM), and Fermi levels
have been extracted from UPS and absorption spectra for CsPl3 NCs, PbS NCs, and CsPbls-
PbS HNCs, respectively. Schematic representation of type-Il band alignment of CsPblz-PbS
HNCs obtained from UPS and absorption spectroscopy. Type-Il band alignment allows
electron-hole charge separation across the interface upon illumination of light.
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Fig. S19 a) and b) XRD patterns of the films of CsPblz NCs and CsPbls-PbS HNCs on 5" and
60" day after making. Reference patterns of CsPbls and PbS are also provided. In the period
of 60 days film of CsPbls-PbS HNCs showing the co-existence of cubic and orthorhombic xrd
peaks. Inset in Fig. b) shows the film CsPbls-PbS HNCs still looks brownish and it will take
more days to complete conversion from cubic to orthorhombic phase.
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Fig. S20 We wanted to show the effect of polar solvents on these NCs because often NCs
experience such polar environments in making optoelectronic devices and photocatalytic
reactions. i.e., Coating of NCs on top of PEDOT, ZnO, TiOz, SnO,, etc layers which are often
dispersed in polar solvents. Therefore, we did a simple experiment by adding a small amount
of ethanol to the dispersions of NCs, and their UV and PL were checked over time to check the
stability of our HNCs. To check the stability, 50 yL of ethanol was added to 3 mL NCs
dispersion with similar concentration. a) shows the change in PL intensity, b) shows the change
in the absorbance for CsPbBrz NCs and CsPbBrs-PbS HNCs over a period of 120 minutes.
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Fig. S21 Change in PL intensity of films of CsPbBrz NCs and CsPbBrs-PbS HNCs under
ambient conditions. The PL QY of CsPbBrs NCs is less than that of HNCs. This indicates that
CsPbBr3 NCs contain more defects than HNCs. It has been shown in the literature that oxygen
passivates defects of perovskite films in the ambient air. This defect passivation has been
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studied in solar cell applications.> ® Probably, in our case also, CsPbBrs NCs containing more
defects might be passivated by oxygen. However, further investigation is needed to verify this.
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Fig. S22 Change in PL intensity of films of CsPbBrs NCs and CsPbBrs-PbS HNCs under
continuous 365 nm UV light source for 2 hours.
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Fig. S23. a, ¢) XRD patterns and b, d) photograph of the large-scale synthesis of CsPbBrz-PbS
HNCs and CsPbls-PbS HNCs, respectively.
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Table S1: The 2Pb NMR parameters of the nanocrystal samples determined via
Gaussian/Lorentzian fitting (except for CsPbBrs which was simulated with a J-coupling
multiplet with 1J(?**’Pb-"#!Br) = 2.3 + 0.3 KHz and individual spikelet FWHM = 2.64 + 0.3

kHz).
Nanocrystals Assignment diso(*°’Pb) FWHM Relative
(ppm) (KHz) intensity
(%)
CsPbBrs; - 2601 - -
PbS - 1380 + 30 63+8 -
CsPbBr3-PbS CsPbBr3 240 £ 10 22+3 74.2
PbS 1270 £ 50 110+ 10 25.8

Table S2: The 3Cs NMR parameters of the nanocrystal samples determined via
Gaussian/Lorentzian fitting

Nanocrystals Assignment diso(**3Cs) FWHM Relative
(ppm) (kHz) intensity

(%)

CsPbBrs; Bulk 120.0£0.2 0.29 £0.04 36.6

116.7 £ 0.6 0.73+£0.09 24.9

Near-surface layers

105+ 2 2103 38.5

CsPbBr3-PbS CsPbBrs 116 +1 0.75x£0.09 3.3

Distorted CsPbBr3 101+£2 21+£0.2 88.8

Boundary sites 193+ 2 24+0.3 5.3

170.1+1 16x0.2 2.6
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