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Quantum well (QW) structures have been successfully produced and utilized in high-performance
optoelectronic devices. By designing QW structures at the nanoscale, it is possible to combine the
advantages of both QW structures and nanostructures, resulting in extraordinary properties. In this study,
a CulnS;, (CIS) quantum well layer was successfully constructed within a single nanostructure using
a colloidal method. Various QW nanostructures were synthesized, including CdS/CIS/CdS, CdS/CIS/ZnS,
ZnS/CIS/CdS, and Cd-free ZnS/CIS/ZnS configurations. The shapes of these QW nanostructures were
precisely tuned to form tetrahedrons, hexagonal columns, and rods. Importantly, the morphology and
crystal structure of the CIS layer play a crucial role in determining the final morphologies of the QW
nanostructures. These QW nanostructures exhibit fluorescence emission in the near-infrared range (NIR),
achieving a maximum quantum vyield of 37% at 783 nm. This work demonstrates the successful
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Introduction

When semiconductors are combined to form heterostructures,
they exhibit extraordinary properties that differ from those of
single semiconductors. The semiconductor industry and its
devices have been developed based on various semiconductor
heterostructures. Among these structures, quantum well (QW)
structures have been widely used in the industry for high-
performance optoelectronic devices. QW structures typically
consist of a sandwich structure, including an intermediate
quantum layer and a potential barrier layer. In such structures,
excitons are confined within the quantum layer, resulting in
discrete energy levels, tunable emission wavelengths, and effi-
cient electron-hole recombination.' Generally, QW structures
are formed through the deposition of different semiconductor
layers, with hydride vapor phase epitaxy (HVPE), molecular
beam epitaxy (MBE), and metal-organic chemical vapor depo-
sition (MOCVD) being the most commonly used methods.>”
The thickness of the quantum layer can be adjusted during the
deposition process. Based on their compositions, various QW
structures have been developed for applications in photode-
tectors, light-emitting diodes, and high electron mobility
transistors.>* However, these methods pose challenges such as
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research model for fundamental studies and offering promising materials for optoelectronic devices.

the need for stringent production environments, complex
preparation processes, and high costs.

Over the past few decades, colloidal synthetic methods have
been well developed, and precise growth procedures at the
atomic level have been widely applied to colloidal quantum dots
(QDs) and core/shell heterostructures.”**® The nanoparticles
produced via these methods offer advantages such as low cost,
easy solution-phase fabrication, and more. Precise control over
growth in colloidal methods has made it possible to produce
QW structures in colloidal nanostructures, such as CdS/CdSe/
Cds, CdSe/HgS/CdS, and ZnSe/InP/ZnS QW
nanostructures.'®**'**®* However, compared to the well-
developed colloidal QDs, the reported QW nanoparticles are
limited to only a few semiconductors.'”**** Expanding the
composition of colloidal QW structures to include various
semiconductors remains a significant challenge in synthetic
chemistry. Investigating QW nanostructures with different
compositions is crucial for understanding their properties.

Culns$, (CIS) is a low-toxicity and earth-abundant compound
with an intrinsic direct bandgap of approximately 1.5 eV,
making it a compelling alternative quantum layer material with
a wide range of potential barrier materials. CIS QDs exhibit an
electronic structure dominated by donor-acceptor pair recom-
bination, enabling high optical performance even in nano-
structured forms.>**® Current research on CIS-based core/shell
nanostructures has focused on their synthesis and properties.
The optical performance of CIS in core/shell nanostructures is
typically influenced by cation exchange reactions, which often
result in fluorescence emission primarily in the visible
region.”*** However, the integration of CIS as a quantum layer
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in QW structures remains underexplored. In CIS QW structures,
the light-emitting region is determined mainly by the thickness
of the CIS quantum well layer, and the presence of an inner core
can facilitate the growth of the CIS layer to some extent. While
cation exchange still occurs, the relatively simpler experimental
operation allows for more redshifted photoluminescence (PL)
emission.

Herein, CulnS, (CIS) was constructed as the interlayer for
QW nanostructures. CdS/CIS/CdS QW nanostructures with
tetrahedrons, hexagonal columns and rods were produced via
precisely controlled ligands and precursors in colloidal
synthesis. The shape and crystal structure of the CIS layer on
CdS QDs are the key to tuning the shape of the final CdS/CIS/
CdS QW nanostructure. The growth procedure from CdS QDs
to the intermediate stage of CdS/CIS and the final CdS/CIS/CdS
QW nanostructures was monitored by spectroscopy, powder X-
ray diffraction (XRD) and transmission electronic microscopy
(TEM) to understand the growth mechanism. CIS based QW
nanostructures were further extended to Cd-free ZnS/CIS/ZnS
QW nanostructures. Moreover, CdS/CIS/ZnS and ZnS/CIS/CdS
QW nanostructures were also explored with a similar growth
procedure. Finally, CIS based QW nanostructures exhibited
fluorescence emission in the NIR range and achieved the
highest PLQY of 37% at 783 nm, making these QW nano-
structures promising materials for emitters and photodetectors
in the NIR range. This research provides a new research model
for QW nanostructures and new nanostructures for a wide range
of technological innovations and applications in the field of
NIR.

Results and discussion

As defined for QW structures, the exciton is confined in the QW
layer due to the narrow band gap of QW layer materials. For CdS
and CIS, they can form type-I (CIS/CdS core/shell) and reverse
type-I (CdS/CIS core/shell) structure. If the CIS interlayer can be
inserted into CdS, the CdS/CIS/CdS structure has the typical
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Scheme 1 The band alignment scheme of CdS/CIS/CdS QW structures.
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characteristics of QW structures due to the band gap alignment
between CdS and CIS, as shown in Scheme 1. The band offset
between CdS and CIS is 0.2 eV for the conduction band and
0.6 eV for the valence band . The wave functions of electrons
and holes are confined in the CIS layer, forming a QW structure.

With the controlled colloidal synthetic methods from CdS
QDs,* CdS/CIS/CdS QW nanostructures were produced with
different morphologies, including tetrahedrons, hexagonal
columns and nanorods, as shown in Fig. 1. Tetrahedron-shaped
CdS/CIS/CdS QW nanostructures have an average size of 9.5 nm
(Fig. 1a and S1at). The clear lattice in NCs indicates the single
crystallinity of tetrahedron-shaped CdS/CIS/CdS QW nano-
structures (Fig. 1d). The XRD pattern in Fig. S2t (navy blue line)
showed distinct diffraction peaks at 26.22°, 43.61°, and 51.64°,
corresponding to the cubic blende (CB) CdS (ICSD no. 97-016-
8373) (Fig. S271). As shown in Fig. S3a,f the distribution of Cd
and Cu in the tetrahedron given by the line scan of one tetra-
hedron supports the presence of a CIS interlayer in CdS/CIS/CdS
QW nanostructures. QW nanostructures for this tetrahedron-
shaped CdS/CIS/CdS were further confirmed by elemental line
scanning and elemental mapping in scanning transmission
electron microscopy-high-angle annular dark-field imaging (AC-
STEM-HADDF) and scanning transmission electron
microscopy-energy  dispersive  spectrometer (STEM-EDS)
(Fig. S4aft).

CdS/CIS/CdS QW nanostructures were also controllably
synthesized into hexagonal nanocolumns and nanorods.
Hexagonal nanocolumn CdS/CIS/CdS exhibit a cross-sectional
length of 17.2 nm (Fig. 1b and S1bt). The single structure and
the QW structure for CdS/CIS/CdS were identified from HRTEM
images in Fig. 1e. The different contrast in the center of the
HRTEM image indicated the core/shell structures of nano-
columns and the higher contrast was assigned to the heavy
metals of Cu in the CIS quantum layer. The line scan for the
elements in CdS/CIS/CdS nanocolumns in Fig. S3bt shows the
responding distribution of Cu and Cd in CdS/CIS/CdS struc-
tures. AC-STEM-HADDF and STEM-EDS further confirmed the

I -6.3 I
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Fig. 1

(@) TEM image, (d) HRTEM image and (g) AC-STEM-HADDF image of tetrahedron-shaped CdS/CIS/CdS QW nanostructures, (b) TEM

image, (€) HRTEM image and (h) AC-STEM-HADDF image of hexagonal column-shaped CdS/CIS/CdS QW nanostructures, and (c) TEM image, (f)
HRTEM image and (i) AC-STEM-HADDF image of rod-shaped CdS/CIS/CdS QW nanostructures. The illustrated structure models for each

nanostructure are shown in the inset of the TEM image, respectively.

hexagonal columnar QW structure (Fig. S4bt). It is interesting
that the diffraction peaks in XRD patterns (azure line in
Fig. S27) reveal a hexagonal wurtzite (WZ) crystal structure for
CdS/CIS/CdS nanocolumns, different from the cubic blende
(CB) for tetrahedron-shaped CdS/CIS/CdS QW nanostructures.

CdS/CIS/CdS QW nanostructures were further tuned to a rod
shape (Fig. 1c) with a diameter of 8.2 nm and a length of
65.4 nm (Fig. Sic and S1dt). XRD in Fig. S21 shows the WZ
structure for CdS/CIS/CdS nanorods, and the nanorods are
formed along the c-axis of CdS. The measured lattice spacing of
0.34 nm in the HRTEM image (Fig. 1f) corresponds to the (002)
plane of CdS, agreeing with the results obtained from XRD
patterns. The HRTEM image in Fig. 1f also shows the position of
the CdS/CIS core in the nanorods from the different contrast
between Cd and Cu. Like the widely reported CdSe/CdS dot/rod
nanostructures, CdS/CIS nanostructures acted as the starting
core to form a rod-shaped CdS shell. The line scan for Cd and
Cu at the tip of nanorods shows the formation of a CIS inter-
layer in CdS/CIS/CdS QW nanostructures (Fig. S3ct). AC-STEM-

© 2025 The Author(s). Published by the Royal Society of Chemistry

HADDF and STEM-EDS further confirmed the rod-shaped QW
structure (Fig. S4bt).

Tetrahedron, hexagonal column and rod-shaped CdS/CIS/
CdS QW nanostructures exhibit absorption edges around 700~
900 nm in the near infrared (NIR) range, which corresponds to
the enlarged band gap in the CIS layer (Fig. S51). The difference
in the absorption spectra of CdS/CIS/CdS QW nanostructures
between three shapes may be induced by the various thick-
nesses of the CIS layer in each structure. The absorption edge
from the CIS layer in absorption spectra also indicates the
formation of a QW structure in CdS/CIS/CdS QW nano-
structures, as shown by the band gap alignment between CdS
and CIS in Scheme 1.

In the formation of tetrahedron-shaped CdS/CIS/CdS QW
nanostructures, the shape and crystal structure of CdS/CIS
nanostructures is the key to controlling the crystal structure
and shape of the final CdS/CIS/CdS QW structure. Fig. 2 and S67
show the tetrahedral shape of CdS/CIS nanostructures when the
CIS layer is grown on CdS with OLA as the ligand. The size

Chem. Sci., 2025, 16, 10051-10060 | 10053
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Fig.2 TEM image of (a) CdS QDs and (b) tetrahedron-shaped CdS/CIS nanostructures, (c) the PL spectra of spherical CdS QDs (taro purple line),
tetrahedron-shaped CdS/CIS nanostructures (pink line) and tetrahedron-shaped CdS/CIS/CdS QW nanostructures (navy blue line).

increases from 4.7 nm to 6.4 nm for CdS, demonstrating the
encapsulation of the CIS layer. The crystal structure has
changed from the original cubic structure (CB) to a chalcopyrite
structure (CP) (Fig. S71). The redshift of the absorption spec-
trum also supports the structure of reverse type-1 (Fig. 2¢ and
S87). This is also confirmed by the change in the band gap in the
Tauc plot (Fig. S971).

When the ligands were changed to DDT and OA in the
formation of the CIS layer on the same CdS QDs (Fig. 3a), the
dot shape was preserved in CdS/CIS nanostructures (Fig. 3b).
The increased size to 5.3 nm from the starting 4.7 nm for CdS

QD supports the successful coating of the CIS layer on the
surface of CdS QDs (Fig. S10t). The clear lattice in the HRTEM
image for CdS/CIS nanostructures exhibits a single crystalline
structure (Fig. S111). The red shift in absorption spectra
(Fig. S121) and the emission peak (Fig. S13%) also provide
evidence for the formation of CdS/CIS nanostructures. CdS/CIS
nanostructures show a few diffraction peaks at 25.97°, 27.58°,
29.38°, 37.72°, 45.88°, 50.06°, and 54.76°, corresponding to the
hexagonal WZ CIS structure (pink line in Fig. 4). With the
spherical dot-shaped CdS/CIS nanostructures with a WZ crystal
structure, the further growth of the CdS layer can form CdS/CIS/

Fig. 3 TEM image of (a) CdS QDs, (b) spherical dot-shaped CdS/CIS nanostructures, (c) hexagonal column-shaped CdS/CIS/CdS QW nano-
structures, and (d) rod-shaped CdS/CIS/CdS QW nanostructures. The structure models are shown in the insets of TEM images, respectively.
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Fig. 4 XRD patterns of CdS QDs (purple line), spherical dot-shaped
CdS/CIS nanostructures (pink line) and rod-shaped CdS/CIS/CdS QW
nanostructures (blue line).

CdS QW nanostructures. When ODE-S was used as the sulfur
precursor, the epitaxial growth of CdS on CdS/CIS nano-
structures produced hexagonal column-shaped CdS/CIS/CdS
QW nanostructures (Fig. 3c). The isotropic growth of (110)
and (002) planes in WZ CdS induces the hexagonal column
shape. The WZ crystal structure of the CdS shell is confirmed by
XRD and HRTEM. It is interesting that a rod-shaped CdS shell
was formed when DDT was used as a sulfur precursor by
anisotropic growth along the c-axis (Fig. 3d). The anisotropic
growth of the CdS shell along the c-axis can be attributed to the
effect of DDT. This anisotropic growth is also related to the
inherent polarity of the CdS/CIS structure, primarily due to the
(002) plane. DDT, serving as both a sulfur source and a weak
Lewis base, binds effectively to crystal planes other than the
passivated (002) polar plane. Additionally, DDT has a higher
affinity for Cu than for Cd, leading to an axionically terminated
(002) crystal plane, which was mentioned in the previous
section. This termination promotes the deposition of CdS on
the polar plane, resulting in the overgrowth of the axial polar
crystal planes, similar to previously reported ZnS structures.**
When DDT is used instead of OLA as the ligand, the shape of
CdS/CIS changes from tetrahedral to spherical-dot and the
crystal structure is tuned from CB to WZ. The ligands play a key
role in turning the crystal structure and shape of the CIS layer
on the surface of CdS QDs. In the synthesis of I-III-VI group
QDs with OLA, the tetrahedral crystal structure of CIS and CISe
governs the growth. The preferred growth of non-polar facets of
the (114) plane forms tetrahedron-shaped QDs.*** Starting with
CdS QDs having a CB crystal structure, the coating of the CIS
layer on CdS QDs with OLA as the ligand was dominated by the
intrinsic crystal structure of CIS to form a tetrahedron shape.
However, when DDT is used as the ligand, the strong bonding
between DDT and cations governs the isotropic growth to
a spherical CIS layer on CdS QDs. Finally, spherical-dot shaped
CdS/C1S QDs were produced. The formation of the WZ CIS layer

© 2025 The Author(s). Published by the Royal Society of Chemistry
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can be attributed to the differing affinities of Cd and Cu for the
ligand DDT. Cd, being a strong Lewis acid, and Cu, a weaker
Lewis acid, both have a relatively better affinity for DDT, a weak
Lewis base. However, as a hard Lewis base, the sulfide anion has
difficulty fusing with the ligand.**** The presence of ODE-S
promotes growth along the kinetic-dominated orientation,
facilitating the generation of WZ crystal forms.

Aiming to understand the role of ligands, the growth of the
CIS layer on CdS QDs was conducted without OLA and DDT
ligands. Notably, the absence of these ligands resulted in
irregularly elliptical/spherical nanostructures (Fig. S147), con-
trasting sharply with the well-defined morphologies achieved
using OLA or DDT. Despite this morphological divergence, the
absorption spectra of these irregular CdS/CIS nanostructures
closely matched those of spherical CdS/CIS structures
(Fig. S157), while XRD confirmed retention of the wurtzite (WZ)
crystal structure (Fig. S16T). These findings underscore the
pivotal role of ligands in directing nanostructure morphology,
particularly highlighting DDT's function as a robust coordi-
nating agent. The strong cation-ligand interactions (e.g., Cd/Cu-
DDT binding) critically govern anisotropic growth and interfa-
cial stability, as evidenced by the structural uniformity in
ligand-assisted syntheses. This mechanistic insight establishes
the foundation for precise morphological control in subsequent
QW nanostructure fabrication. Additionally, the presence of
a small amount of DDT ensures uniform spherical growth
under WZ crystal formation conditions.?> The formation
mechanism from the initial CdS QDs to CdS/CIS/CdS QW
nanostructures with tetrahedrons, hexagonal columns and rods
is illustrated in Scheme 2.

As another II-VI group semiconductor, ZnS has a similar
lattice to CIS. The band gap structure in ZnS can align with CIS
to form type-I heterostructures. The CIS-based QW structure
was extended to ZnS/CIS/ZnS QW nanostructures for Cd-free
structures. The starting ZnS QDs were produced with a spher-
ical dot shape (Fig. 5a and d) and a diameter of 2.7 nm (Fig.-
S17at), showing an absorption peak at around 305 nm and
a fluorescence emission peak at 360 nm (Fig. 6). The XRD
patterns in Fig. S187 (blue line) show diffraction peaks that are
consistent with the crystal structure of the cubic sphalerite ZnS
(ICSD number 97-060-1048). Then, the CIS layer was continued
to grow on ZnS QDs. After the growth of the CIS layer on ZnS

CIS Cds

Scheme 2 The formation process of quantum well structures.

Chem. Sci., 2025, 16, 10051-10060 | 10055
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Fig. 5

(a) TEM image and (d) HRTEM image of ZnS QDs, (b) TEM image and (e) HRTEM image of spherical dot-shaped ZnS/CIS nanostructures, (c)

TEM image and (f) HRTEM image of rod-shaped ZnS/CIS/ZnS QW nanostructures.

QDs, the size of ZnS/CIS nanostructures becomes 5.8 nm,
indicating a thickness of 1.55 nm for the CIS layer (Fig. 5b and
S17bt). The HRTEM image in Fig. 5e shows a single crystalline
structure for ZnS/CIS nanostructures. The measured lattice
spacing of 0.32 nm corresponds to WZ CIS. Coupling with the
deposition of the CIS layer on ZnS QDs, the diffraction peaks in
the XRD pattern shifted to a hexagonal WZ CIS structure, which
is consistent with the above part of the CdS/CIS QDs (Fig. S18t)
(pink line). The significant shift in the optical spectrum with the
absorption edge to around 910 nm and the fluorescence emis-
sion to 871 nm (Fig. 6) corresponds to the presence of the CIS
layer on ZnS QDs.

ZnS was further coated on ZnS/CIS nanostructures to obtain
ZnS/CIS/ZnS QW nanostructures. The produced ZnS/CIS/ZnS
QW nanostructures show the shape of a rod with a diameter

of 8.7 nm and a length of 57.8 nm (Fig. 5c and S17cf). The
measured lattice spacing of 0.32 nm corresponds to the (002)
plane in ZnS, indicating the elongated growth of ZnS along the
c-axis to form a rod (Fig. 5f). The crystal structure in ZnS/CIS/
ZnS QW nanorods is kept for WZ (Fig. S181). The sharp
diffraction peak at 28.18° corresponds to the anisotropic growth
of the (002) crystal plane of ZnS (green line in Fig. S181). The
element line scanning for Zn and Cu supported that the rod-
shaped ZnS/CIS/ZnS QW nanostructures were further
confirmed by the element line scan in STEM (Fig. S197). AC-
STEM-HADDF and STEM-EDS further confirmed the rod-sha-
ped QW structure (Fig. S20at). The element distribution at
different positions of the rod supports the formation of ZnS/
CIS/ZnS QW nanostructures, and the CIS layer is at the tip of the
rod. The slight blue shift of 100 nm in the emission peak was

° 2= o
- —_ , 870 nm
3 S ‘
© ’ (C
o >
: :
© [ =
£ ® | e
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2 4
< . o
300 500 700 900 1100 200 400 600 800 1000
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Fig. 6 Absorption and PL spectra of ZnS QDs (blue line), spherical dot-shaped ZnS/CIS nanostructures (pink line) and rod-shaped ZnS/CIS/ZnS

QW nanostructures (light green line, lateral growth).
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induced by the diffusion of Zn into the CIS layer during the
growth of ZnS (Fig. 6). This is also confirmed by the change in
the band gap in the Tauc plot (Fig. S217).

CdS/CIS/CdS QW nanostructures with different morphol-
ogies were produced via the step-by-step deposition of a CIS
layer and CdS on the starting CdS QDs. These QW nano-
structures were also extended to Cd-free ZnS/CIS/ZnS QW
nanostructures. The synthetic method was also tried to obtain
heterostructures for the starting QDs and finally deposited
materials. As shown in Fig. 7a, CdS/CIS/ZnS QW nanostructures
were synthesized with starting with CdS QDs, followed by
growth of ZnS on the CIS layer. CdS/CIS/ZnS QW nanostructures
exhibit a rod shape with a diameter of 9.5 nm and a length of
95.5 nm (Fig. 7a and S221). Similar to CdS/CIS/CdS rod-shaped
QW nanostructures, CdS/CIS/ZnS QW nanostructures were
formed by the anisotropic growth of ZnS along the c-axis on
CdS/CIS nanostructures with a WZ crystal structure (Fig. S237).
The detailed growth procedure was investigated using XRD
patterns and optical spectra (Fig. S23-S267). The EDS element
line scanning and AC-STEM-HADDF and STEM-EDS mapping in
Fig. S20 and S271 support the formation ofCdS/CIS/ZnS QW
nanostructures.

ZnS/CIS/CdS QW nanostructures were also obtained starting
with ZnS QDs, followed by the growth of CdS on ZnS/CIS
nanostructures. Because of the WZ crystal structure of ZnS/
CIS nanostructures (Fig. S28t), hexagonal column-shaped
ZnS/CIS/CdS QW nanostructures were produced with ODE-S
as the sulfur precursor and rod-shaped ZnS/CIS/CdS QW
nanostructures were obtained with DDT as the sulfur precursor
(Fig. 7b and c). Column-shaped ZnS/CIS/CdS QW nano-
structures had a diameter of 13.0 nm (Fig. S29at), and the QW

View Article Online
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structure was demonstrated by element line scanning in STEM
by the distribution of Zn, Cu and Cd (Fig. S307). Rod-shaped
ZnS/CIS/CdS QW nanostructures were formed with the elon-
gated growth of CdS along the (002) direction (Fig. 7f), resulting
in a diameter of 8.7 nm and a length of 56.4 nm. The measured
lattice spacing of 0.34 nm in HRTEM images agrees with the
anisotropic growth of CdS along the c-axis. The Zn and Cu were
detected at the tip of the rod by EDS element line scanning,
supporting the QW structure for ZnS/CIS/CdS QW nano-
structures (Fig. S311). The growth procedure from ZnS QDs to
ZnS/CIS/CdS QW nanostructures was also monitored using
optical spectra, and the shift in absorption and fluorescence
emission peaks corresponds to the step-by-step growth of the
CIS layer and CdS (Fig. S327).

With CdS and ZnS, the CIS layer was formed in a few
colloidal nanostructures, such as CdS/CIS/CdS, ZnS/CIS/ZnS,
CdS/CIS/ZnS and ZnS/CIS/CdS QW nanostructures. Because of
the band alignment between CIS and CdS (ZnS), the wave-
function from excitons is confined in the CIS layer to form a QW
structure (Scheme 1). The optical properties of these QW
nanostructures were investigated (Fig. 8). Among these QW
nanostructures, tetrahedron-shaped CdS/CIS/CdS QW nano-
structures show a fluorescence emission peak at 762 nm with
a PLQY of 15% (black line in Fig. 8). The Cd-free ZnS based QW
nanostructures, specifically rod-shaped ZnS/CIS/ZnS QW
nanostructures, show a fluorescence emission peak at 852 nm
with a PLQY of 9% (blue line in Fig. 8). Compared to CdS-based
and ZnS-based QW nanostructures, the hetero-QW nano-
structures with CdS and ZnS together are advantageous in
improving the fluorescence emission from the CIS layer. CdS/
CIS/ZnS QW nanorods show fluorescence emission at 783 nm

Fig. 7

(a) TEM image and (d) HRTEM image of rod-shaped CdS/CIS/ZnS QW nanostructures; (b) TEM image and (e) HRTEM image of hexagonal

column-shaped ZnS/CIS/CdS QW nanostructures; (c) TEM image and (f) HRTEM image of rod-shaped ZnS/CIS/CdS QW nanostructures.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 PL emission spectra of CdS/CIS/CdS QW nanostructures
(tetrahedron-shaped) (black line), CdS/CIS/ZnS QW nanostructures
(rod-shaped) (red line), and ZnS/CIS/ZnS QW nanostructures (rod-
shaped) (blue line).

and a promoted PLQY of 37% (red line in Fig. 8). The enhanced
PLQY in CdS/CIS/ZnS QW nanorods may be induced by the
released strain in this un-asymmetric structure.

The Stokes shifts in different CIS QW structures were shown,
and the difference in the shifts may be induced by the degree of
the cation exchange reaction between Cu and Zn/Cd in various
barrier layers. This phenomenon has been reported in previous
studies for CIS/ZnS or CIS/CdS core/shell nanostructures.*® Due
to the inherent mobility of Cu and the disparity between soft
acids (Cu®, 7 = 6.3) and hard acids (Zn** or Cd**, 5 = 10.9 and
10.3, respectively), cation exchange is more likely to occur in the
presence of soft-base ligands such as DDT.** Elemental line-
scan data show slight overlap in the distribution of Cu and
Cd/Zn, particularly at the tips of tetrahedral structures, as
further validated by AC-STEM-EDS mapping (Fig. S4 and S207).
This effect appears ligand-dependent: a weakly basic ligand like
OLA (compared to DDT) may exacerbate Cu'-Cd>" exchange.
Furthermore, comparative analysis of different systems (e.g.,
CdS/CIS/CdS, ZnS/CIS/ZnS, and CdS/CIS/ZnS) reveals that Zn-
Cu exchange is more pronounced than Cd-Cu exchange. This
aligns with Hard-Soft Acid-Base (HSAB) theory, as Zn>" exhibits
stronger acidity than Cd**, creating a greater disparity with the
“soft” Cu" and thus facilitating exchange. While these effects
are subtle, they could influence interfacial band structures.
Combined with the data changes of PL spectra, it is also
confirmed that the cation exchange occurs during multi-shell
growth, and the blue shift degree of the tetrahedral cone is
the largest, which also corresponds to the shift in the band gap
caused by the deep degree of cation exchange.

To further elucidate the recombination mechanism in
colloidal quantum wells, we selected the CdS/CIS/ZnS QW as an
example to measure the PL lifetime under different excitation
energies. As shown in Fig. S33,T the PL decay curve of the sample
is well fitted using a double exponential function, and the average
lifetime is calculated as: I(f) = A; exp(—t/t4) + A, exp(—t/t,). The PL
spectra for different excitation energies are shown in Fig. S34.7 As
described in the study, the CIS-based materials have been
confirmed to exhibit donor-acceptor (D-A) pair recombination
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due to their large Stokes shift, broad emission linewidth, and long
PL lifetime.” The recombination probability between closer D-A
pairs is significantly higher than that between distant D-A pairs.
Consequently, the PL decay at higher excitation energy (350 nm) is
faster than that at lower excitation (450 nm) energy, which aligns
well with the characteristic features of D-A pair recombination.
The PL decay behavior depends on the combined contributions of
recombination from both proximal and distal D-A pairs, where
the recombination of distant D-A pairs follows a slower pathway.
This is consistent with the fitting results (Table S1t), showing that
under high-energy excitation at 350 nm, long-range D-A pair
recombination becomes more prominent, leading to a higher
proportion of long-lived components and an extended average
lifetime. Furthermore, the overall prolonged PL lifetime corre-
sponds to the inherent properties of D-A pair recombination.

Conclusions

In summary, colloidal synthesis with CdS seeds was employed
to construct QW nanostructures incorporating CulnS, as an
intermediate quantum layer. Precise control over the synthesis
of tetrahedral, hexagonal, and rod-shaped CdS/CIS/CdS QW
nanostructures was achieved by modulating the effects of OLA
and OA coordination solvents and through careful addition of
DDT-S and ODE-S to the sulfur precursor. The growth of CIS on
CdS seeds plays a pivotal role in determining the crystal struc-
ture shape, which is strongly dependent on the selection of
ligands OLA and OA. Furthermore, Cd-free ZnS/CIS/ZnS QW
rod-shaped nanostructures were successfully synthesized. This
growth methodology was extended to explore similar CdS/CIS/
ZnS and ZnS/CIS/CdS QW nanostructures. These QW nano-
structures exhibit fluorescence emission in the NIR range, with
a maximum PLQY of 37% at 783 nm, attributed to the
confinement of exciton wave functions within the CIS layer.
This renders these QW nanostructures promising candidates
for emitters and photodetectors operating in the NIR regime. In
this study, the CIS QW layer was integrated within colloidal
nano-QW structures, providing a novel research paradigm for
both QW nanostructures and colloidal chemistry.
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