Downloaded viaDAEGU GY EONGBUK INST SCI & TECHLGY on November 25, 2025 at 07:13:35 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Thick ZnS Shells on CsPbBr; Quantum Dots by Colloidal-Atomic
Layer Deposition for Enhanced Photoluminescence and Stability

Justice A. Teku, Derrick A. Taylor, and Jong-Soo Lee*

Cite This: JACS Au 2025, 5, 4036-4043

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

The colloidal-atomic layer deposition (c-ALD)
method is employed to grow a zinc sulfide (ZnS) shell on CsPbBr;
perovskite quantum dots (PeQDs) to form CsPbBry/ZnS core/
shell heterostructures to address the intrinsic stability challenges of
PeQDs. The c-ALD process offers layer by layer control over the
thickness of the shell, enabling uniform and conformal
encapsulation, which significantly passivates the surface defects
and enhances the optical properties of the PeQDs. This approach
significantly improves photoluminescence quantum yield, increases
environmental stability, and prolongs the average radiative lifetime
of the CsPbBr; PeQDs. The structural and spectroscopic analysis
confirms the formation of a thick and uniform ZnS shell
Furthermore, the resulting core/shell PeQDs exhibit exceptional
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thermal, photostability, and aqueous durability, surpassing the limitations of pristine CsPbBr; PeQDs. This work opens new
opportunities for the c-ALD method to be integrated into perovskite core/shell heterostructures for advancing optoelectronic

technologies.
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Colloidal cesium lead halide perovskite quantum dots
(PeQDs) have received significant attention as a multipurpose
material. They exhibit near-unity photoluminescence quantum
yield, narrow emission line width, wide color gamut, and high
defect tolerance.'™ Their excellent optical properties have
encouraged its application in photovoltaics,” ™ light-emitting
diodes (LEDs),”™'* lasers,"™'® and photodetectors.'”~"?
Despite their excellent optical properties, the PeQDs exhibited
poor environmental stability and surface defects during
processing and storage, so therefore, recent researchers have
introduced a perovskite core/shell heterostructure to solve the
stability and defect challenges. The core/shell heterostructure
optimizes the ionic surface nature of the PeQDs by creating a
physical blockage that protects them from extrinsic
factors,”” > cut off the ion migration channel, and increase
photoluminescence stability.”* >° The perovskite core/shell
heterostructure significantly differs from the conventional
method due to their soft ionic nature, high ion mobility, and
rapid reaction rate.”®”” The shell materials used in the
perovskite core/shell heterostructure, including metal ox-
ides,”*™** other perovskite,”” >’ and metal chalcoge-
nides””**™" increase the luminescence and passivate surface
defects of the PeQDs. However, despite these improvements,
many of these materials offer only temporal stability with some
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having insulating properties that can hinder their usage in
optoelectronic applications.

Among the various shell candidates, metal chalcogenide
shells are prominent for their general ability to improve the
overall stability and photoluminescence of the PeQDs. Zinc
sulfide (ZnS), a wide band gap semiconductor material, is
regarded as one of the essential shell candidates that effectively
passivates, protects, and eliminates dangling bonds and surface
defects on the surface of PeQDs. Numerous studies on
perovskites have reported and validated the ZnS hypothesis.
However, synthesizing ZnS shells requires high temperatures,
which remains a significant challenge as it damages the soft
ionic nature of the perovskite core. Nag and co-workers
reported a pseudo type II CsPbBr;/ZnS core/shell hetero-
structure synthesized at 120 °C after stabilizing CsPbBr; with
oleylammonium bromide. Their resulting CsPbBr;/ZnS core/
shell improved photostability and prolonged the average
lifetime of the PeQDs.** Similarly, Hong et al. synthesized
an epitaxial ZnS shell on CsPb(Br,_,Cl,); using the hot
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injection method at 140 °C, and their finding shows that the
shell protected the perovskite nanocrystals from environmental
factors and extended the LED operational lifetime.”” Wang and
co-worker further reported enhanced photostability and
thermal stability in Zn-doped CsPbBr;/ZnS heterostructure
core/shell.”” Although the core/shell heterostructure improves
the optical properties of the perovskite, the resulting shell
generally exhibits nonuniformity, with no clear evidence of
facet-to-facet orientation. To avoid the high-temperature
constraints and preserve the integrity of the perovskite to
grow a uniform ZnS shell, a room-temperature synthesis
approach, colloidal-atomic layer deposition (c-ALD), has been
introduced.

c-ALD utilizes a self-limiting half-reaction process designed
to deposit new inorganic materials at the surface of the
colloidal core materials under controlled conditions.”"** The
concept involves mixing the core nanocrystal capped with
organic ligands in nonpolar solvents, with the shell precursors
in polar solvents, triggering a biphasic reaction. This shelling
technique provides exceptional colloidal stability to nanocryst-
als, providing resistance against extrinsic factors, polar solvents,
and ligand dynamicity, hence overcoming the limitations of the
high-temperature synthesis reported.””****7>° Pioneering
work by Talapin’s group demonstrated using c-ALD to grow
CdS shells on CdSe nanostructures,”” Bawendi’s group has
applied c-ALD for the sequential growth of true CdS shell on
the PbS QDs, enabling fine control over the CdS shell
thickness.”' Loiudice et al. expanded the application of c-ALD
by growing tunable metal oxide shells on various nanocrystals,
including perovskite, metal oxides, and metals, while preserving
their colloidal stability.”*>> Green et al. further applied the c-
ALD to grow a metal oxide shell on semiconductor
nanocrystals creating organic/inorganic hybrid materials.”*
From the perspective of perovskite nanocrystals, alumina
shells synthesized by c-ALD exhibited outstanding resistance
to degradation in an inert atmosphere and significantly
enhanced photoluminescence quantum yield.33 However,
most reported c-ALD shelling CsPbBr; perovskite nanocrystals
have focused solely on forming metal oxides, with no reported
or published work exploring metal chalcogenide shells on
perovskite.

This work presents a c-ALD method to grow zinc sulfide
(ZnS) on halide-rich CsPbBry PeQDs at room temperature.
The process involves sequential mixing of the anion precursor
(S*7) and the cation precursor (Zn**) with PeQDs solution,
utilizing oleylamine and (di-n-dodecyl) dimethylammonium
bromide (DDAB) as ligands and a phase transfer agent. The c-
ALD process provides layer by layer control over the thickness
of the shell, enabling uniform encapsulation and hence
significantly passivates the surface defects and enhances the
optical properties of the PeQDs. The structural and
spectroscopic analyses confirmed the formation of a thick
ZnS shell around the core CsPbBry PeQDs. The resulting
core/shell significantly improves the photoluminescence
quantum yield, environmental stability, and radiative lifetime
of the CsPbBr; PeQDs. The ZnS shell provides remarkable
stability, with only 15% degradation after 48 h of continuous
heat exposure and 20% after 648 h of continuous light
exposure, compared to nearly 98% degradation observed in
unprotected pristine CsPbBr; PeQDs. Additionally, the ZnS
shell tremendously enhances the aqueous stability, maintaining
structural integrity for 504 h in water, whereas the unprotected
CsPbBr; PeQDs degrade within 12 h. This work highlights the
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potential of the c-ALD method for advancing perovskite core/
shell heterostructures and paves the way for further improve-
ments in optoelectronic technologies.

The c-ALD CsPbBr;/ZnS core/shell heterostructure is
synthesized in two stages. The first stage involves the synthesis
of halide-rich pristine CsPbBr; PeQDs’>* (see details in the
experimental procedure). The purified pristine PeQDs were
subjected to the second stage, whereby the c-ALD approach
was used to grow the ZnS shell on the pristine PeQDs. This
step is very delicate and can only be achieved by using halide-
rich CsPbBr;, the presence of DDAB, and a biphasic system.
The biphasic system of c-ALD reaction proceeded through
coupled interaction between the PeQDs solution (nonpolar)
phase and reagents in the polar aqueous phase. The c-ALD
biphasic reaction comprises two half reactions, whereby the
separate half reactions involve transferring either the sulfur ion
(S*7) or zinc ion (Zn*") from their polar aqua phase to the
nonpolar phase, enabling the formation of ZnS shell on the
PeQDs. The half reactions are combined in the chemical
reactions below.

Scheme 1 comprises two half reactions that combine to form
a complete c-ALD process. The first half reaction proceeds via

Scheme 1. Chemical Reactions Illustrating ZnS Formation
via c-ALD on the PeQDs
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a ligand exchange process in a biphasic system, whereby the
organic ligands on the PeQDs are replaced by sulfur ions with
the help of a DDAB. DDAB facilitates the formation of an
interfacial region between the polar and nonpolar solvents,
hence promoting the migration of sulfur ions to the nonpolar
solvent. The sulfur ion effectively displaces the native organic
ligand and binds to the PeQDs as a ligand, while residual DDA
ions stabilize the sulfur-capped PeQDs. Subsequently, the
second half reaction was initiated by adding a Zn ion precursor
in the presence of the primary amine. The Zn ions reacted with
sulfur-capped PeQDs, forming a ZnS shell. The amine added
acts as a transfer agent and surface ligand, hence stabilizing the
ZnS-coated PeQDs. The c-ALD process was repeated,
enabling thicker ZnS growth on the CsPbBr;. The
experimental procedure of the c-ALD process is illustrated in
Scheme 2. Detailed procedure for the synthesis is in the
Experimental Section.

Figure la shows a schematic illustration of the CsPbBr;/ZnS
core/shell heterostructure, where CsPbBr; core PQDs are
uniformly encapsulated by a ZnS shell. The X-ray diffraction
(XRD) patterns of the core/shell heterostructure PeQDs
(Figure 1b) clearly reveal the presence of two distinct
crystalline phases. Compared to the pristine CsPbBr; core,
the CsPbBr;/ZnS core/shell heterostructure exhibits addi-
tional peaks that match well with the standard diffraction
pattern of ZnS, confirming successful shell formation. Trans-
mission electron microscopy (TEM) images show the average
size of the pristine CsPbBr; PeQDs with an average size 14.2 +
1.4 nm (Figure Sla,d), which gradually increases to 15.3 + 1.8
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Scheme 2. Illustrate the Scheme and Experimental
Procedure of Forming ZnS Shell on CsPbBr; PeQDs Using
c-ALD Processes
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nm after one ZnS layer (1L, Figure Slb,e), and to 18.5 = 1.5
nm after two ZnS layers(2L, Figures 1c and Slc,f), consistent
with ZnS shell growth using the c-ALD method. After the ZnS
shell growth via c-ALD, the size of the PeQDs increased, and a
morphological change was observed.

High-resolution TEM images (Figure 1d) further confirm
the formation of the core/shell structure, showing a well-
defined cubic CsPbBr; core surrounded by a distinct ZnS shell.
The estimated ZnS thickness as observed from the core
through to the final two cycle c-ALD ranges from 0.9, 3.2, and
4.3 nm. The magnified High-resolution transmission electron
microscopy (HRTEM) images (Figure le,1f) clearly show the
interface between the core and the shell, with lattice fringes

corresponding to the (200) planes of CsPbBr; with d-spacing
of 0.29 nm (Figure S8a—c) and the (100) planes of ZnS with
d-spacing of 0.33 nm from the inverse FFT (Figure S8d—f)
providing direct evidence of the successful growth of the ZnS
shell around the CsPbBr; core. Figure 2 shows an X-ray
photoelectron spectroscopy (XPS) analysis that provides
further evidence for the successful growth of the ZnS shell
on the CsPbBr; core via the c-ALD process and reveals the
chemical composition and interfacial interaction between the
core and the shell. The XPS survey spectrum in Figure 2a
confirms the presence of Cs, Pb, Br, S, and Zn elements in the
CsPbBr;/ZnS core/shell heterostructure. To confirm changes
in the chemical composition induced by ZnS shell growth, we
compared the high-resolution XPS spectra of the core/shell
heterostructure with those of the pristine CsPbBr; PeQDs.
Notably, as shown in Figure 2b—d, the binding energies of Cs
3d, Pb 4f, and Br 3d peaks shift toward higher values by 0.23,
0.31, and 0.29 eV, respectively, after the ZnS shelling,
indicating strong electronic interactions between the core
and shell. Additionally, the characteristic Zn 2p and S 2p peaks
(Figure 2e—f), absent in the pristine CsPbBr; PeQDs, emerge
after the c-ALD process, further confirming the successful
formation of the ZnS shell. These results demonstrate the
effective chemical coupling between the CsPbBr; core and the
ZnS shell, facilitated by the c-ALD method.*””

The c-ALD formation of the ZnS shell on the CsPbBr; core
significantly enhances the optical properties of the resulting
core/shell heterostructure. The ZnS shell is critical in
enhancing the photoluminescence performance of the core/
shell heterostructure; being a wide band gap material, it
passivates the surface defects of the PeQDs and hence reduces
the nonradiative decay pathway associated with the core.
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Figure 1. Structural characterization of CsPbBr;/ZnS core/shell PeQDs. (a) Schematic illustration. (b) XRD patterns of pristine CsPbBr; and
CsPbBr;/ZnS. (c) HRTEM image of CsPbBr;/ZnS. (d) HRTEM image showing clear lattice separation between the core and shell. (e) Enlarged

image of core/shell interface. (f) Magnified lattice fringes of the ZnS shell.
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Figure 2. XPS analysis of pristine CsPbBr; and CsPbBr;/ZnS core/shell PeQDs. (a) XPS survey spectra. (b—f) High-resolution XPS spectra of (b)

Cs 3d, (c) Pb 4f, (d) Br 3d, (e) Zn 2p, and (f) S 2p.
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Figure 3. Optical properties of CsPbBry/ZnS core/shell PeQDs during c-ALD growth. (a) UV—vis absorption and PL spectra. (b) Optical
parameter trends. (c) TRPL decay curves. (d, e) Photographic images under (d) room light and (e) UV light.

The absorption band-edge and photoluminescence (PL)
spectra of the pristine CsPbBr; PeQDs are exhibited in Figure
S2, while the evolution of these properties during the c-ALD
shell cycle of the ZnS is shown in Figure 3a. Figure 3b
summarizes the trends in key optical properties as a function of
the c-ALD cycles. Notably, the PL peak position of CsPbBr;
exhibits a redshift from 507 to S11 nm after two ZnS shell
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cycles, which is attributed to the partial diffusion of Zn or S
ions into the CsPbBr; lattice and possible partial substitution
of Pb ions.*****® This observation also suggests inorganic shell
growth, a size increase (evidenced by TEM), and delocaliza-
tion of excitonic wave functions across the core/shell interface
over the core.*"*#*>* Furthermore, the PLQY of the pristine
CsPbBr; PeQDs increases from 75 to 90% after two c-ALD
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Figure 4. Stability comparison of pristine CsPbBr; and CsPbBr;/ZnS core/shell PeQDs synthesized via c-ALD. (a) Thermal stability under heating
at 373 K for 48 h. (b) Photostability under continuous UV irradiation. (c) Aqueous stability under water exposure. Insets in (a—c) show
photographic images before and after each test. (d) Temperature-dependent PL at 373 K. (e) Relative PL intensity under UV irradiation. (f)
Relative PL intensity in water under UV light. Insets in parts (e, f) show photographic images of corresponding thin films.

cycles, highlighting the effective passivation of surface defects
by the ZnS shell. The 90% quantum yield of the CsPbBr;/ZnS
PeQDs synthesized via the c-ALD is comparable to the
quantum yield value reported by the conventional one-pot and
hot injection method.””*”*” However, an additional c-ALD
cycle (third cycle) resulted in significant decreases in PL and
other optical properties as shown in Figure S7. Figure 3d—e
provides photographic images of CsPbBr; PeQDs at various c-
ALD stages under ambient temperature and ultraviolet-lamp
(UV-lamp) illumination, respectively. To investigate exciton
recombination dynamics, time-resolved PL (TRPL) measure-
ments were performed on pristine and CsPbBr;/ZnS core/
shell PeQDs using a 500 nm excitation source (Figure 3c). The
decay profiles were fitted with a multiexponential function.
The pristine CsPbBr; PeQDs exhibit a faster decay rate than
the core/shell heterostructures, consistent with the PLQY
enhancements.*” The average PL lifetime increased from 12.2
ns (pristine) to 20.9 ns (one ZnS$ layer) and further to 24.8 ns
(two ZnS layers), as summarized in Table S1. These results
indicate that the ZnS shell effectively suppresses nonradiative
recombination pathways, leading to prolonged exciton life-
times and improved optical properties of the CsPbBr;/ZnS
core/shell heterostructure.***”

To evaluate the impact of ZnS shell formation on the
stability of CsPbBr; PeQDs, we systematically examined their
thermal, photostability, and aqueous stability performances.
The wide band gap of the ZnS shell provides a physical barrier
to the PeQDs, which protects ion migration and enhances the
environmental stability of the core/shell heterostructure. The
results clearly demonstrate that the CsPbBr;/ZnS core/shell
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heterostructure exhibits significantly enhanced resistance
against external environmental stresses compared to pristine
CsPbBr; PeQDs. As shown in Figure 4a, when subjected to
heating at 373 K, the pristine CsPbBr; PeQDs rapidly lost
nearly 98% of their initial PL intensity within 10 h, while the
CsPbBr;/ZnS core/shell heterostructure retained approxi-
mately 75% of its original emission intensity even after 50 h,
exhibiting a much slower degradation profile. The inset of
Figure 4a presents the photographic images of both samples
before and after thermal exposure, visually highlighting the
superior thermal durability of the core/shell structure.

In addition to thermal stability, the ZnS shell significantly
enhances the photostability of the CsPbBr; PeQDs. As shown
in Figure 4b, after 648 h of continuous UV irradiation, the
pristine CsPbBr; PeQDs retained only ~10% of their initial PL
intensity, whereas the CsPbBr;/ZnS core/shell PeQDs
maintained ~65% of their initial emission. The insets in
Figure 4b,4e show photographic images of both samples under
UV light, further confirming the enhanced photostability of the
core/shell PeQDs. The pristine CsPbBr; PeQDs exhibited a
steep decrease in the PL intensity over time (Figure SSa),
while the core/shell heterostructure showed only a slight
reduction (Figure SSb), as further demonstrated by the relative
PL intensity plot in Figure 4e. It is worth emphasizing that this
exceptional photostability can be directly correlated to the
thicker ZnS shell formed by the c-ALD method. Previous
reports have often suffered from rapid PL quenching due to
incomplete surface coverage or thin shells prone to photo-
induced degradation. In contrast, our thicker ZnS shell
effectively blocks the penetration of oxygen, moisture, and
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photogenerated species, thereby preventing the structural and
chemical degradation of the CsPbBr; core under prolonged
light exposure. The aqueous stability of the PeQDs was also
evaluated by monitoring PL intensity over time under
continuous water exposure. Figure 4¢,f reveals that the pristine
CsPbBr; PeQDs suffered nearly complete degradation within
12 h, losing ~99% of their initial PL intensity. In stark contrast,
the CsPbBr;/ZnS core/shell heterostructure experienced only
a 5% reduction in PL intensity during the first 12 h and
retained approximately 10% of its initial intensity even after
504 h of water immersion. The photographic images of the
samples before and after water exposure are shown in the inset
of Figure 4c,4f for solution and thin film forms, respectively.
These outstanding results clearly support the critical role of the
thick ZnS shell in enhancing the long-term aqueous durability
of the CsPbBr; PeQDs. The thick ZnS shell formed via the c-
ALD significantly outperforms the previous reported ZnS shell
using the conventional methods, which exhibits aqueous
stability over 48—96 h.***”°” While previous strategies
employing thin oxide or sulfide shells have shown short-term
water stability, the present work surpasses such reports by
demonstrating continuous structural and optical integrity over
an unprecedented time scale of more than 500 h of water
exposure. Overall, the thick ZnS shell formed via the ¢-ALD
process provides robust protection against thermal, photonic,
and aqueous degradation, effectively enhancing the long-term
stability of CsPbBr; PeQDs. Compared with previously
reported core/shell CsPbBr; systems, our c-ALD-grown thick
ZnS shell offers a clear advantage in terms of uniformity,
scalability, and environmental resilience, representing a
promising pathway for advancing durable perovskite nanoma-
terials for future optoelectronic applications.

We successfully demonstrated the room-temperature growth of
a robust ZnS shell around CsPbBr; PeQDs via the colloidal-
atomic layer deposition (c-ALD) process. The precise and
uniform deposition enabled by c-ALD not only enhances the
photophysical properties of CsPbBr; PeQDs, including a
significant increase in PLQY and prolonged exciton lifetime,
but also imparts exceptional stability against thermal stress,
continuous UV irradiation, and long-term aqueous exposure.
Notably, the formation of a relatively thicker and uniform ZnS
shell, which is unattainable by conventional shelling methods,
serves as a key factor in overcoming the inherent instability of
CsPbBr; PeQDs. These findings highlight the versatility and
potential of the c-ALD technique as a powerful strategy for
engineering highly stable and efficient perovskite core/shell
nanostructures, paving the way for their practical utilization in
next-generation optoelectronic devices.

In a typical synthesis procedure, 0.764 mmol of PbBr,, 2 mL of OA,
and 20 mL of the ODE were loaded into a S0 mL three-neck flask.
The mixture was vacuumed at 120 °C for 45 min. Then, 2 mL of 0.1
M DDAB in OLAM was injected and vacuumed, continuing to 60
min to remove air and moisture. The flask was purged with a N, gas
flow, and the temperature was raised to 180 °C to dissolve the PbBr,
completely. After the mixture stabilized, 2 mL of preheated as-
prepared Cs-oleate was injected into the mixture, and after 5—10 s of
QD’s growth, the reaction was quenched with an ice bath to RT.**’
The crude solution was centrifuged at 8000 rpm for 10 min to remove
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the insoluble byproducts. The supernatant was discarded, and 10 mL
of toluene was added to dissolve the precipitate. Finally, the CsPbBr;
PQDs were purified using the precipitation/redispersion method with
methyl acetate as an antisolvent.

In a §$ mL vial, 1 mL of aqua, 20 uL of 0.5 M Na,S aqueous solution, 1
mL of purified CsPbBr; (30 mg/mL) in toluene, and 40 uL of DDAB
were stirred at room temperature for 5 min. Combining toluene,
DDAB solution, and aqua forms the liquid—liquid biphasic system, an
essential parameter for the colloidal-atomic layer deposition. The
CsPbBr;/S*™ form remains in the toluene phase stabilized by the
DDA ligands, and the aqua phase was discarded. The nonpolar phase
with CsPbBr;/ S? was washed with excess aqua to remove excess
Sodium sulfide. Next, the biphasic system was reconstituted again by
adding 1 mL of fresh aqua to CsPbBrs/S*™ solution, followed by the
addition of a mixture of 10 L of 0.5 M Zn(Ac), in toluene-OLAM,
and 10 pL Zn(Ac)y(,q), and stirred for 5 min. The aqua phase was
discarded, and nonpolar hexane with PeQDs was washed to remove
unreacted zinc acetate. By this process, the Zn?* from the second
stage of the c-ALD reacts with the S~ surface from the first stage of
the c-ALD process to form 1-layer ZnS on the CsPbBr; stabilized by
the OLAM. The c-ALD cycle was repeated twice to grow two
monolayers of ZnS layers on the CsPbBry. This process occurs
without precipitation of the PeQDs after each monolayer growth.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.5c00651.
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