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Abstract: As an essential candidate for environment-friendly luminescent quantum dots (QDs), CulnS-based QDs
have attracted more attention in recent years. However, severa drawbacks still hamper their industrial applications,
such as lower photoluminescence quantum yield (PLQY), complex synthetic pathways, uncontrollable emission
spectra, and insufficient photostability. In this study, CulnZnS@ZnS core/shell QDs was prepared via a
one-pot/three-step synthetic scheme with accurate and tunable control of PL spectra. Then their ensemble
spectroscopic properties during nucleation formation, aloying, and ZnS shell growth processes were systematically
investigated. PL peaks of these QDs can be precisely manipulated from 530 to 850 nm by controlling the
stoichiometric ratio of Cu/ln, Zn*" doping and ZnS shell growth. In particular, CulnZnS@ZnS QDs possess a
significantly long emission lifetime (up to 750 ns), high PLQY (up to 85%), and excellent crystallinity. Their
spectroscopic evolution is well validated by Cu-deficient related intragap emission model. By controlling the
stoichiometric ratio of Cu/ln, two distinct Cu-deficient related emission pathways are established based on the
differing oxidation states of Cu defects. Therefore, this work provides deeper insights for fabricating high luminescent

ternary or quaternary-alloyed QDs.
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Colloidal semiconductor QDs have recently attracted
broad attention for wide applications in biological
analysis*™, solar concentrators!®®, solar cellsl”®,
photocatalysis'®, and information display!*®* because of
their size-dependent and unique optical properties. In the
past three decades, more attention has been devoted to
[1-V] compounds such as CdSe, CdTe, and CdS QDs,
including their synthesis methodologies and
characterizations***®, However, Cd- or Pb-based QDs
have a doubtful future because of their high toxicity. In
contrast, 111-V compounds (especially InP QDs) are
generaly referred to as environmental QDs because the
constituting elements are more friendly than Cd, Pb, and
Hg. Significant progress has been made to improve the
optical properties of InP QDs during the past decades.
However, the expensive and highly flammable organic

phosphorus sources (such as tris(trimethylsilyl)phosphine)
greatly limit their large-scale preparation and application.
Recently, more researchers have tuned attention to
ternary nontoxic I-111-VI compounds such as CulnS and
CulnSe QDs'®?Y. One of the most studied I-111-VI
nanocrystals is CulnS QDs, which features a size-tunable
photoluminescence in the range of visible to near-
infrared light. Previous studies have proved that the size,
elemental stoichiometry, morphology, and crysta
symmetry are known to influence the optical properties
of CulnS QDd'® 224 Therefore, it is of great interest to
further explore a simpler and more efficient synthetic
route to achieve control of these vital parameters and
obtain high quality QDs. This study aims to develop an
efficient approach toward fabricating high [uminescent
CulnS-based QDs, systematically explore nonstoichiometry
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effects of cationic precursors on ensemble spectroscopic
evolution of CulnZnS@zZnS QDs, and develop a
universal method for obtaining Cd-free QDs with high
PLQY, excellent crystallinity, and photostability.

1 Experimental

Experimental section is shown in the Supporting
Materials.

2 Resultsand discussion

2.1 Optical properties of CulnS QDs, CulnZnS
QDs, and CulnZnS@zZnS QDs

CulnZnS@ZnS core/shell QDs were prepared via a
one-pot/three-steps strategy (Fig. 1(a))®. CulnS QDs
were performed through thermal decomposition of the
mixture of copper (1) iodide, indium (I11) acetate, and
1-dodecanethiol (DDT) at 215 °C (Fig. Sl1). Herein,
CulnS QDs with four stoichiometric ratios of Cu:In (1:1,
1:2,1:4,and 1: 6) were synthesized by controlling the
amount of In(Ac); with a fixed dosage of DDT (10 mL)
and Cul (0.1 mmol). Without purification step of the
CulnS QDs, zinc stearate was directly added into the
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CulnS QDs crude solution and kept at 200 ‘C for further
fabricating CulnzZnS alloyed QDs. At last, ZnS shell
growth was implemented by the continuous injection of
both shell precursor solutions into the CulnZnS QDs
solution by a syringe pump for obtaining the
CulnZnS@ZnS QDs (detailed information is available in
Supporting Materials).

During the growth of CulnS QDs, aliquots were taken
from the reaction solution to monitor the reaction process
of core QDs, and representative digital photographs for
the temporal evolution of CulnS QDs under daylight and
UV light were demonstrated (Fig. S2). During the
synthesis process, a progressive color change in the
reaction solution was observed from yellow to orange,
red, and finally crimson, indicating subsegquent nucleation
growth of CulnS QDs. Meanwhile, octanethiol (OT) was
also used as a sulfur source for fabricating CulnS QDs, and
these QDs showed brighter photoluminescence than those
with DDT for growth of 30 min (Fig. S3), which proves
short-chain OT has higher reaction reactivity than DDT.

Fig. $4 shows the time evolution of PL emission
spectra of CulnS QDs synthesized with varying molar
stoichiometric ratios of Cu:In (the temperature is
200 C). Under the experimenta conditions, CulnS QDs
(the stoichiometric ratios of Cu:ln are 1:2, 1:4, and
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Fig. 1 Optical and morphology characterization of the CulnS-based QDs
(a) Synthetic route of the CulnS-based QDs; (b) Photograph of the CulnZnS@zZnS QDs with shell growth of 20h (Cu:In:Znisl1:2:3)
under 365 nm showing brilliant luminescence; (c) Transient PL decays of the CulnZnS@ZnS QDs with different shell growth time
(Cu:ln:Znis1:2:3); (d) TEM images of the CulnZnS/ZnSQDs (Cu : In:Znis1:2: 3) with shell growth of 20 h.
Colorful figures are available on website
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1:6) had PL peaks in the range of 620-650 nm.
Meanwhile, CulnS QDs synthesized with less In
precursors (the stoichiometric ratio of Cu:ln is 1:1)
exhibited longer wavelength of PL peak (over 700 nm)
with prolonged reaction time. These results illustrated
that the reaction temperature and growth time
significantly influenced the growth process of CulnS
QDs due to the decomposition rate of alkylthiols.
Typically, these QDs showed PL emission in the
near-infrared reflection from 500 to 850 nm. Their
PLQYs were in range of 1%—-22%, depending on the
stoichiometric ratio of cationic precursors (Table S1).
Without specifically pointing out, the reaction
temperature of 215 °C and reaction time of 30 min for
CulnS QDs growth were chosen in the subsequent
experiments, and the corresponding PL peaks located at
710, 633, 625, and 618 nm, respectively (Table S1).

Compared with CulnS QDs, the PLQY of CulnZnS
alloyed QDs increased, usualy in range of 13%—-37%
(Table S2). The final PL peaks of these alloyed QDs
respectively moved to 675, 596, 590, and 581 nm (Teble S2).
All these CulnZnS alloyed QDs exhibited a specific blue
shift of 3040 nm compared with their origina CulnS
QDs. The blue shift phenomenon of the PL and UV-Vis
absorption spectra of all CulnZnS aloyed QDs versus
CulnS QDs was attributed to the surface etching of core
QDs, and then the formation of an aloyed CulnZnS
interfacial structure®> %28 |n this experiment, the
annealing temperature (200 C) for the cation exchange
process was lower than the nucleation formation temperature
of CulnS QDs (215 “C) and reported reaction temperature
(usually over 230 “C)?*% % Therefore, the decomposition
velocity of DDT significantly decreased, and the cationic
exchange process may play a dominant role in this
growth stage. Thus, cationic exchange of Cu* and In®
ions with Zn*" in the formation of CulnZnS QDs aso
seems a pretty convincing reason for the decrease of
adequate size of CulnS QDs (the ionic radii of Cu, In®
and Zn*" are 0.096, 0.08, and 0.074 nm, respectively)?%,
This experimental data are consistent with a conversion
of CulnS QDs into quaternary structured CulnZnS QDs
upon their cation exchange reaction with Zn?". These results
documented that CulnZnS QDs had an alloyed structure.

Fig. S5 shows the PL spectra of the CulnS QDs,
CulnZnS QDs, and all CulnZnS@zZnS QDs with shell
growth time of 20 h. Their corresponding UV-Vis
absorption (Fig. S6) profiles display a broad shoulder
rather than a sharp excitonic peak, which is attributed to
the compositional off-stoichiometry and inhomogeneity
at an ensemble level in case of ternary nanocrystal. The
final PL emission peaks of these CulnZnS@ZnS QDs

were in the range of 610-620 nm (the stoichiometric
ratio of Cu:ln is 1:1) and 530-550 nm (the
stoichiometric ratios of Cu:Ilnarel1:2,1:4, and 1:6).
Finally, al these QDs exhibited a blue shift of 100-110 nm
compared with their original CulnS QDs. Interestingly,
the PL spectra and UV-Vis absorption of all
CulnZnS@ZzZnS QDs demonstrate a continuous blue shift
with shell growth (Fig. S7). Three situations can account
for this noticeable and continuous blue shift phenomenon
during shell growth. Firstly, a certain amount of zinc ion
may still diffuse into the CulnZnS aloyed structure at
high temperature, which enlarges the band gap of QDs
and thus results in the blue-shifted PL spectra of QD% %,
Recently, our group found a continuous element content
decrease of In: Cu in the (Zn)CulnS/ZnS QDs*!, which
also can support this ion diffusion phenomenon.
Secondly, In ions, especially those at the surface of
CulnznS alloyed QDs, may be partly substituted by Zn
ions during the shell growth, leading to a bit of shrinkage
of the CulnznS alloyed QDs and a gradual blue shift of
the PL spectra®. Thirdly, the compressive lattice strain
applied to CulnZnS QDs arises from the formation of
inorganic shell layer with smaller lattice parameters as
well as size/shape uniformity.

The fina solution of CulnZnS@ZzZnS QDs with growth
time of 20 h was uniform and transparent and showed
bright luminescence under UV lamp (Fig. 1(b)). Fig. S8
demonstrates that the CulnZnS@zZnS QDs with 1:2
stoichiometric ratio of Cu:In show a higher PLQY of
about 85% with shell growth time of 9 and 10 h (PL peak
at about 550 nm), but PLQY of 60%-70% was more
routinely achieved when growth time was over 5 h.
Normally, the photostability and PLQY of binary or
ternary NCs could be greatly improved by covering
higher band-gap materials. CulnS and ZnS have a small
lattice mismatch of only about 2%, much less than the
CdSe/CdS and CulnSe/ZnS system (the lattice mismatch
is about 4% and 7%)"Y, which minimizes the lattice
strain between core and shell during the formation of
core/shell heterostructure™® 33 with prolonged reflux
time, the generated defects in the ZnS shell may be the
source of new nonradiative recombination sites, which
caused the decline of PL emission quality with thicker
ZnS shell. Similarly, variations of PLQY were found in
the other different stoichiometric ratios of Cu:In (the
stoichiometric ratiosof Cu:lnarel:1,1:4,and 1: 6).

The PL decay curves of QDs were well-fitted by a
sum of two exponentials, and two time constants were
derived. The slow time component was associated with
an internal defect-related emission, and the fast time
component was probably correlated to primary nonra-
diative recombination associated with surface-related
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traps*” 221 For CulnS QDs, the PL lifetimes were 264
(65), 270 (71), 293 (86), and 299 (95) ns, respectively
(Table S1). This result demonstrated that the internal
defect-related emission process was highly promoted by
the large Cu deficiency, which was consistent with the
improved PL intensity and the formation of
defect-ordered structure by the large Cu deficiency in
CulnS QDs. Very interestingly, the quaternary CulnZnS
QDs had similar PL lifetimes, and the data were 277
(102), 284 (101), 284 (110), and 282 (112) ns, respe-
ctively (Fig. S9, Table S2). This data indicated that,
although the stoichiometric ratio of Cu: In had a strong
influence on the PLQY of the CulnZnS QDs, it had less
significant effect on the emission lifetimes of these
alloyed QDsin this work.

The CulnZnS@ZnS QDs exhibited size-dependent
fluorescence lifetime, which gradually increased with
shell growth (Fig. 1(c)). The fluorescence lifetime of
CulnZnS@ZnS QDs (the stoichiometric ratio of Cu: In
is 1:2) with shell growth time of 20 h was 755 (231) ns
(Table S3). Meanwhile, the PL lifetimes of CulnZnS@ZnS
QDs synthesized with Cu : In stoichiometric ratio of 1: 4
were over 500 ns with different growth times (Fig. S10,
Table $4). To the best of our knowledge, this was pro-
bably the longest lifetime in the Type-I structured CulnS/
ZnS QDs system in those reported literaturgt*’-8 21 2634,
Theorigin of long lifetime is different from quasi-Type |1
structured CulnS/CdS core/shell nanorod system since
electron is delocalized into CdS shell materials®. These
long lifetimes, which probably originate from relatively
slow but smooth ZnS shell growth and CulnZnS alloying
process, were well beneficial for time-resolution fluore-
scent analysis and imaging.

2.2 TEM characterization of QDs

Fig. S11 shows the resulting CulnS QDs (the stoichi-
ometric ratio of Cu:ln is 1:2) exhibited pyramidal
shapes, and the sizes were typically (2.0+£0.5) nm. Such a
size distribution was usually an inherent phenomenon in
the non-injection-based synthetic route and can be
partially attributed to a continuous and slow release of
the S ion from DDT throughout the reaction. Noti-
ceable improvements in the uniformity of size and shape
inhomogeneity of the CulnzZnS alloyed QDs were
obtained after zinc stearate etching, as confirmed by
HR-TEM (Fig. S12). These alloyed QDs appeared to be
nearly pyramidal in shape and fairly monodisperse,
exhibiting an average size of (1.7£0.5) nm for Cu:In
stoichiometric ratio of 1:2. Continuous lattice fringes
could be clearly observed, indicating the high
crystallinity of these QDs (Fig. S12). The average sizes
of the CulnZnS@2znS QDs with shell growth of 5and 20 h
were (2.9+0.5) nm and (6.8+0.6) nm (the stoichiometric

ratio of Cu:ln:Zn is 1:2:3), which showed a size
increase with the continuous introduction of shell
precursors (Fig. 1(d), Fig. S13, and Fig. S14). These QDs
also revealed a pyramidal shape and showed quite
monodisperse in sizee The HR-TEM image of the
corresponding QDs is shown in the inset of Fig. 1(d),
where the lattice fringe ¢=0.298 nm corresponds to the
(200) lattice place of zinc ZnS. The formation of
core/shell structure was further confirmed by XRD
patterns (Fig. S15). Such thick ZnS shell can be precisely
obtained with the fewest crystaline defects due to the
significantly closer lattice parameters of the two materids, by
comparison with the CdSe/ZnS system in which only a
few ZnS monolayers can be epitaxially grown!? 3132,

Usually, predictable control of size and shape requires
that the reaction temperature remains stable throughout
the entire precursor’s injection. According to our
experiment, the injection of precursor solutions was
performed slowly enough not to significantly perturb the
reaction temperature. The slow growth rate of QDs in
these experimental conditions (with a whole reaction
time of 20 h) was different from the rapid growth of
CdSe/CdS synthetic system™ **1, During the growth
process, the typical pyramidal shape is consistently
observed at all sizes. This further proved that the
one-pot/three-step synthetic scheme was beneficial for
obtaining high-quality I-111-VI QDs, and the slow growth
process enabled easy selection of a specified QD size.
2.3 Cu/lnratio and shell passivation effect on
PL properties

Fig. S7 and Fig. S8 show that as the Cu/ln ratio
gradually changes from 1:1 to 1:6, the amount of PL
blue-shift and the enhancement of PLQY from core-only
QDs to core/shell QDs are varied. The PL emission
mechanism of this phenomenon is well explained in the
recent report from Klimov er all*®¥ The observed
ensemble optical phenomenon in this systematic
spectroscopic study can be validated by the Cu-deficient
related intragap emission model they proposed with a bit
of modification, as shown in Fig. 2.

In the case of bare QD with Cu/ln ratio close to
stoichiometric, there are two trap bands associated with
surface defects shown in Fig. 2(a). One is near the
conduction band (CB) edge (T¢), and the other is near the
valence band (VB) edge (7,). After excitation, the hot
electron can recombine with the hole located at Cu”
intragap state radiatively, while the hot electron and hole
can also be trapped at surface defect sites. The
competition among the three channels significantly
decreased the PLQY. When Cu/In ratio decreases in
Cu-deficient QDs, the hole trap associated with surface
defects is diminished (T in Fig. 2(b) indicates aregion
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VB

Fig. 2 Schematic depictions of relaxation processes in stoichiometric CulnS QDs (a),
Cu-deficient CulnS QDs (b), and Cu-deficient CulnZnS@2ZnS core/shell QDs (c)
(a) Photon absorption is mainly due to the VB to CB transition. For the CulnS QDs with Cu/In ratio close to stoichiometric,
the PL emission was due to radiative recombination of the CB electron with the hole existing in the intragap Cu” state.
(b) For the Cu-deficient CulnS QDs, there are three main processes. Process (D: a hole existing in the ground state forms Cu®" defect,
and it can directly recombine with the CB electron. Process 2): the recombination process was slow with the lifetime lasting hundreds of

nanoseconds. To dominate the PL emission, another Cu vacancy trap (noted as V¢,) quickly captured the photogenerated hole from the VB state, and

formed a charge-compensated pair with the Cu?* defect. Process 3): the trapped hole at V¢, center radiatively recombined with the electron and
finished the whol e recombination process. (c) For the Cu-deficient core/shell QDs, the diffusion of Zn*" ions occupied and decreased the V¢, intragap

states, and the thick ZnS shell eliminated the electron trap bands associated with the CB. The recombination of hot electron at CB edge and hole

located at the intragap state (Cu®) dominated the PL decay process.

without defects), while two intragap states (Cu** and Cu
vacancy, V¢,) are formed. Since the effective mass of an
electron is much smaller than that of the hole, the
de-trapping rate of the electron isfaster and has a weaker
effect on the radiative rate compared to that of the hole.
The Cu-deficient QDs should potentially have higher
PLQY maxima. The data in Fig. S8 also shows the QDs
with Cu/ln of 1 : 6 have lower PLQY after growing a
shell compared to the ones with Cu/ln of 1 : 4. This is
probably associated with the complexities of Cu*/Cu®*
charge transfer and relative V¢, per QD volume, which
will not be explained here.

In order to improve QDs stability and PL performance,
the ZnS shell was deposited on CulnS cores acco-
mpanied by Zn/Cu exchange through Zn diffusion.
Fig. 2(c) shows that in Cu-deficient core/shell QDs, V¢,
at the intragap are filled by diffused Zn®* and electron
trap bands associated with CB are fully eliminated with
high-quality ZnS passivation. Therefore, the main
radiative PL decay channel is the recombination of hot
electrons at the CB edge and the hole located at the
intragap state (Cu®). This model explains well
single-exponential fitted PL decay curves and longer PL
decay times with thick shell growth (Table S3, shell
reaction time of 8-12 h). Noting that moderate shell
thickness is quite essential to obtain optimal PLQY since
the lattice strain significantly increases with thick shell
deposition, and the strain accumulated at the interface
will cause defects after exceeding certain threshold.
Similar cases can be found in the CdSe-based core/shell
QDs system!®**1,

3 Conclusions

In  summary, off-stoichiometric CulnZnS@zZnS
core/shell QDs with high PLQY (up to 85%), long PL
lifetime (up to 755 ns), and excellent crystallinity were
prepared via a one-pot/three-step approach. The prepared
CulnZnS@ZnS QDs show a continuous blue shift during
the growth of CulnZnS QDs and CulnZnS@ZnS QDs,
which is attributed to the continuous and ongoing cation
exchange (diffusion) process during their alloying and
shell growth processes. The QDs size firstly decreases
during the alloying process and then gradually increases
with the introduction of ZnS shell. The observed
phenomena are well explained by the Cu-deficient
related intragap emission model. Therefore, this work
provides deep insights concerning the spectroscopic
evolution for fabricating multi-component QDs and a
promising route for further synthesis of ternary or
quaternary-alloyed QDs.

Supporting Materials

Supporting Materials related to this article can be
found at https://doi.org/10.15541/jim20240426.

References:

[1] JAISWAL J K, MATTOUSSI H, MAURO J M, et al. Long-term
multiple color imaging of live cells using quantum dot bioco-
njugates. Nature Biotechnology, 2002, 21: 47.

[2] CHAN W C, NIE S. Quantum dot bioconjugates for ultrasensitive
nonisotopic detection. Science, 1998, 281(5385): 2016.



438

WL MR

i 9% 40 %

(3l

(4

(5]

(6]

(8

(9

(10

(1]

(12

(13]

(14]

(19]

(16]

(17]

(18]

(19]

(20]

(21]

(22

ZHANGY, LV Y, LI L S, et al. Aminophosphate precursors for the
synthesis of near-unity emitting InP quantum dots and their
gpplication in liver cancer diagnosis. Exploration, 2022, 2(4): 20220082
WU R, WANG T, WU M, et al. Synthesis of highly stable
CulnZnS/ZnS//ZnS quantum dots with thick shell and its appli-
cation to quantitative immunoassay. Chemical Engineering Journal,
2018, 348: 447.

MEINARDI F, COLOMBO A, VELIZHANIN K A, et al. Large-
area luminescent solar concentrators based on ‘Stokes-shift-
engineered’ nanocrystals in a mass-polymerized PMMA matrix.
Nature Photonics, 2014, 8(5): 392.

DONG H, RAN C, GAO W, et al. Meta halide perovskite for
next-generation optoelectronics. progresses and prospects. eLight,
2023, 3: 3.

YUAN M, LIU M, SARGENT E H. Colloidal quantum dot solids
for solution-processed solar cells. Nature Energy, 2016, 1(3): 16016.
SARGENT E H. Colloida quantum dot solar cells. Nature
Photonics, 2012, 6(3): 133.

CAOW, ZHANG W, DONGL, et al. Progress on quantum dot photocataysts
for biomass valorization. Exploration, 2023, 3(6): 20220169.

DAI X, ZHANG Z, JN Y, et al. Solution-processed, high-
performance light-emitting diodes based on quantum dots. Nature,
2014, 515(7525): 96.

SUN Q, WANG Y A, LI L S, et al. Bright, multicoloured light-
emitting diodes based on quantum dots. Nature Photonics, 2007,
1(12): 717.

DONG C, LIU H, ZHANG A, et al. Controllable blinking-to-
nonblinking behavior of aqueous CdTeS aloyed quantum dots.
Chemistry-A European Journal, 2014, 20(7): 1940.

ZHANG A, DONG C, LIU H, et al. Blinking behavior of
CdSe/CdS quantum dots controlled by akylthiols as surface trap
modifiers. The Journal of Physical Chemistry C, 2013, 117(46): 24592.
MCDONALD S A, KONSTANTATOS G ZHANG S, et al.
Solution-processed PbS quantum dot infrared photodetectors and
photovoltaics. Nature Materials, 2005, 4(2): 138.

HUANG P, SUN S, LEI H, ef al. Nonlocal interaction enhanced
biexciton emission in large CsPbBr; nanocrystas. eLight, 2023, 3: 10.
LIAN W, TU D, WENG X, et al. Near-Infrared nanophosphors
based on CulnSe, quantum dots with near-unity
photoluminescence quantum yield for micro-LEDs applications.
Advanced Materials, 2024, 36(9): 2311011.

DE TRIZIO L, PRATO M, GENOVESE A, et al. Strongly fluore-
scent quaternary Cu-In-Zn-S nanocrystals prepared from Cu,_InS,
nanocrystals by partial cation exchange. Chemistry of Materials,
2012, 24(12): 2400.

LI L, DAOU T J, TEXIER I, et al. Highly luminescent CulnS,/
ZnS core/shell nanocrystals: cadmium-free quantum dots for in
vivo imaging. Chemistry of Materials, 2009, 21(12): 2422.
ZHONG H, ZHOU Y, YE M, et al. Controlled synthesis and
optical properties of colloidal ternary chalcogenide CulnS,
nanocrystals. Chemistry of Materials, 2008, 20(20): 6434.
MCDANIEL H, FUKE N, PIETRYGA J M, et al. Engineered
CulnSe,S;., quantum dots for sensitized solar cells. The Journal of
Physical Chemistry Letters, 2013, 4(3): 355.

LI L, PANDEY A, WERDER D J, et al. Efficient synthesis of
highly luminescent copper indium sulfide-based core/shell nano-
crystals with surprisingly long-lived emission. Journal of the
American Chemical Society, 2011, 133(5): 1176.

ZHONG H, LO S S, MIRKQVIC T, et al. Noninjection gram-scale
synthesis of monodisperse pyramidal CulnS; nanocrystals and their
size-dependent properties. ACS Nano, 2010, 4(9): 5253.

(23]

[24]

[29]

[26]

[27]

(28]

[29]

(30

(31]

(32

(33]

(34]

(39]

(36]

(37]

(38]

(39]

[40]

[41]

XIE R, RUTHERFORD M, PENG X. Formation of high-quality
1-111-V1 semiconductor nanocrystals by tuning relative reactivity of
cationic precursors. Journal of the American Chemical Society,
2009, 131(15): 5691.

CHUANG PH, LIN C C, LIU R S. Emission-tunable CulnS,/ZnS
guantum dots: structure, optical properties, and application in
white light-emitting diodes with high color rendering index. ACS
Applied Materials & Interfaces, 2014, 6(17): 15379.

ZHANG A, DONG C, LI L, et al. Non-blinking (Zn)CulnS/ZnS
quantum dots prepared by in situ interfacial aloying approach.
Scientific Reports, 2015, 5: 15227.

THUY U T D, REISS P, LIEM N Q. Luminescence properties of
In(Zn)P aloy core/ZnS shell quantum dots. Applied Physics
Letters, 2010, 97(19): 193104.

KIM Y K, AHN SH, CHUNG K, et al. The photoluminescence of
CulnS, nanocrystals: effect of non-stoichiometry and surface
modification. Journal of Materials Chemistry, 2012, 22(4): 1516.
PARK J, KIM SW. CulnS,/ZnS core/shell quantum dots by cation
exchange and their blue-shifted photoluminescence. Journal of
Materials Chemistry, 2011, 21(11): 3745.

BOLDT K, KIRKWOOD N, BEANE G A, et al. Synthesis of
highly luminescent and photo-stable, graded shell CdSe/Cd.Zn;,S
nanoparticles by in situ aloying. Chemistry of Materials, 2013,
25(23): 4731.

CHEN Y, LI S, HUANG L, et al. Green and facile synthesis of
water-soluble Cu-In-S/ZnS core/shell quantum dots. Inorganic
Chemistry, 2013, 52(14): 7819.

MAHLER B, SPINICELLI P, BUIL S, et al. Towards non-blinking
colloidal quantum dots. Nature Materials, 2008, 7(8): 659.
SPERANSKAYA E S, BELOGLAZOVA N V, ABE S, et al.
Hydrophilic, bright CulnS, quantum dots as Cd-free fluorescent
|abels in quantitative immunoassay. Langmuir, 2014, 30(25): 7567.
NAM D E, SONG W S, YANG H. Noninjection, one-pot synthesis
of Cu-deficient CulnS,/ZnS core/shell quantum dots and their
fluorescent properties. Journal of Colloid and Interface Science,
2011, 361(2): 491.

CHOI H S, KIM Y, PARK J C, et al. Highly luminescent,
off-stoichiometric Cu,In,S,/ZnS quantum dots for near-infrared
fluorescence bio-imaging. RSC Advances, 2015, 5(54): 43449.
PORTNIAGIN A S, NING J, WANG S, et al. Monodisperse CulnS,/CdS
and CulnZnS,/CdS core-shell nanorods with a strong near-infrared
emission. Advanced Optical Materials, 2022, 10(8): 2102590.

LI JJ, WANGY A, GUO W, et al. Large-scale synthesis of nearly
monodisperse CdSe/CdS core/shell nanocrystals using air-stable
reagents via successive ion layer adsorption and reaction. Journal
of the American Chemical Society, 2003, 125(41): 12567.

PENG Z A, PENG X. Formation of high-quality CdTe, CdSe, and
CdS nanocrystals using CdO as precursor. Journal of the American
Chemical Society, 2001, 123(1): 183.

FUHR A’ S, YUN H J, MAKAROV N S, et al. Light emission
mechanisms in CulnS, quantum dots evaluated by spectral
electrochemistry. ACS Photonics, 2017, 4(10): 2425.

GONG K, KELLEY D F. Lattice strain limit for uniform shell
deposition in zincblende CdSe/CdS quantum dots. The Journal of
Physical Chemistry Letters, 2015, 6(9): 1559.

GONG K, BEANE G, KELLEY D F. Strain release in metastable
CdSe/CdS quantum dots. Chemical Physics, 2016, 471: 18.

GONG K, KELLEY D F. A predictive model of shell morphology
in CdSe/CdS core/shell quantum dots. Journal of Chemical
Physics, 2014, 141(19): 194704.



%41 CHEN Zi, et al: High-brightness and Monodisperse Quaternary CulnZnS@ZnS Quantum Dotswith Tunable and... 439

BERFEMKEGEAXALZFNSEE.
B AEMIT CulnZnS@ZnS EF 5

1 s 1,2 > 2 s 1 3 4 2 oo 4
PROAES, RZaw Y, 2 3w, diERT, & RS, EFERT X B, B
(L BRI RFIEFR, TRAYLTRAAETELET, FEL 223003; 2. &7 N AR RO A TR
ANE), AW 211103; 3. A FWKF ARSI THFEARHARL TS, HFEE 5 FIEFR, 47 100871 4. A REL
¥ HHAHFEIRER, HRETHALSBHIEHTEERE, &K 210094)

B E: AN RROGE T 2 (QDs) 1 HE B & A B, CulnS 2E4% /5% & T sl 1 45K 52 BBk ER 2 ¥ G . 28T,
XTI BB S AR BES T e DAL A, BRI BUR R T A R (PLQY) s H AR MA RIS E

RIS 5 e Rl JefE AR R % . AR — 8 =257k A BURIE S Ih#il % T CulnZnS@ZnS #% /5% & T &1,
IEREM AL ROLR I OERE, REREH T T CUnZnS@ZnS & T M E R K &4 WA ZnS 7 ZE KT fE 1)
SESHCRERE . BT H] Culln TERLEHEE., Zn® B0k ZnS BEAK, SR T 8T A0t RS ETE
530~850 nm Ju [l A fIRE %2 . CulnZnS@ZnS - i BA U1 K 5200 K 7 i (K& 750 ns). & PLQY (Fyik
85%0) AL S I 45 fR o BT~ Cu Sk IAAE S I 40 T N 58 Sk RB 4 R SR A B B T B2 & M40 G S A . i 45461 Culin
TCRMETELL, I HEET Cu SEEMA FEAR, $HE TFRAER Cu SRIAHE SR TIEE . A TAENH%
RN ZoB &G T ARt T RN WAE.

X 8 R BT WM &4 &5E BE UL, Cu BBk

FESES: TQL74 XEFRER: A XEHRS: 1000-324X(2025)04-0433-07



' I e

40 %5

Supporting information:

High-brightness and M onodisper se Quater nary CulnZnS@ZnS Quantum
Dotswith Tunable and L ong-lived Emission

CHEN Zi', ZHANG Aidi*?, GONG K€?, LIU Haihua', YU Gang®, SHAN Qingsong®, LIU Yong?, ZENG Haibo*

(1. Key Laboratory for Palygorskite Science and Applied Technology of Jiangsu Province, Faculty of Chemical Engineering,
Huaiyin Institute of Technology, Huaian 223003, China; 2. Nanjing Bready Advanced Materials Technology Co., Ltd., Nanjing
211103, China; 3. Beijing National Laboratory for Molecular Sciences, College of Chemistry and Molecular Engineering,
Peking University, Beijing 100871, China; 4. MIIT Key Laboratory of Advanced Display Materials and Devices, School of
Materials Science and Engineering, Nanjing University of Science and Technology, Nanjing 210094, China)

S1 Experimental Section

S1.1 Materialsand reagents

The following chemicals were used as received.
Technical grade (90%) 1-octadecene (ODE), copper (1)
iodide (Cul, 99.999%), indium acetate (In(Ac)s, 99.99%),
zinc stearate (10%-12% Zn basis), oleic acid (90%),
trioctylphosphine (TOP, 90%, technical grade), and
1-dodecanethiol (DDT, = 98%) were purchased from
Sigma-Aldrich and used as-received. Nanocrystal growth
was carried out under argon using Schlenk Line techni-
ques. Air-sensitive reagents were prepared in a nitrogen-
filled glovebox.
S1.2 Synthesis of CulnS QDs

For atypical synthesis of CulnSQDs*?, 0.1 mmol Cul
powder, 0.4 mmol In(Ac)s;, and 10 mL 1-dodecanethiol
(DDT) were mixed in a 50 mL three-neck flask. The
round-bottom flask was first put under vacuum and
heated to 80 ‘C while stirring, backfilled with Ar. Under
argon flux, the temperature was heated to about 215 C.
Upon heating up, the reaction mixture became
transparent and colorless at around 160 C, and it started
to change color from 190 °C, turning from yellow, to red
and dark red at 215 “C, which indicated the nucleation
and growth of CulnS QDs. In order to synthesize CulnS
QDs with different stoichiometric ratios of cationic
precursors (that is, with aratio of copper to indium lower
than one), the amounts of Cul (0.1 mmol) and DDT
(10 mL) were held fixed, while the quantity of In
precursor was adjusted (0.1 mmol, 0.2 mmol, 0.4 mmol,
and 0.6 mmal).
S1.3 Synthesisof CulnZnSalloyed QDs

Without intermediate purification step of the CulnS
QDs, the CulnS QDs solution was degassed at 120 C
for 30 min. The zinc stearate solution (0.3 mmol zinc
stearate dissolved in 4 mL ODE and 1 mL TOP) was
dropwise added by a syringe pump within 30 min to the

CulnS QDs solution at 120 C. Then, the temperature
was heated to about 200 ‘C and maintained for 90 min
before cooling to 120 ‘C!*" 2,

S1.4 Synthesisof CulnZnS@ZnS core/shell QDs

The CulnZnS alloyed QDs solution was degassed at
120 C under vacuum for 60 min, and then the tempe-
rature was heated to 220 ‘C under argon flux, and a
solution of zinc and sulfur mixed precursors (20 mL of a
0.1 mol/L solution of zinc stearate in 5 mL oleic acid,
5mL DDT, and 10 mL ODE) were injected by a syringe
pump at arate of 2 mL/h. The aliquots were taken out at
a certain time for further measurements. The entire
growth process was monitored by ultraviolet-visible
(UV-Vis) and photoluminescence spectra. After the
injection of precursors, the reaction solution was stirred
for an additional 60 min of refluxing process at 220 C,
then the heating vessel was allowed to naturally cool to
room temperature.
S1.5 Materialscharacterization

UV-Vis absorption and PL emission spectra of
CulnS-based QDs were obtained by a UV/Vis-3501
spectrophotometer and an F-380 spectrometer (Tianjin
Gangdong SCI & Tech. Development Co., Ltd., China).
HRTEM images were recorded on a JEM-2100 (JEOL
Ltd., Japan) with an accelerating voltage of 200 kV.
Time-resolved fluorescence spectra were measured via
the time-correlated single-photon counting (TCSPC)
method using an FLS920 steady state and lifetime
fluorescence spectrometer (Edinburgh Instruments, UK).
The relatively PLQY of various QDs samples were
comparatively studied by taking Rhodamine 6G (R6G) as
a reference fluorescent dye with the known QY (95%)
and comparing the integrated fluorescence intensity of
the solutions, both recording exciting samples having the
same absorbance (< 0.1 au in order to minimize possible
reabsorption effects). The PLQY of the as-prepared QDs
were calculated using the following equation:

QY sample = QY rec X (Orélsampie/ Oradrec) X (Msampielfirec)-

Where grad stands for the gradient (slope) of the plot of
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the integrated fluorescence intensity vs absorbance, and n
stands for the refractive index of the solvent (1.36 for

ethanol, 1.37 for hexane, and 1.50 for toluene). The
excitation wavelength was set at 450 nm.

Cul Nanocrystal growth
In(Ac); S
215 °C, 30 min
1-dodecanethiol
CulnS QD solution

Fig. S1 Synthetic equipment of the CulnS-based QDs
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Fig. S2 Digital photographs of CulnS QDs in a typical
nucleation growth process under daylight lamp and UV lamp

(365 nm)

DDT was chosen as the sulfur source, surface ligand, and solvent. The
reaction temperature was 200 C
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Fig. S3 Digital photographs of CulnS QDs in a typica
nucleation growth process under daylight lamp and UV lamp
(320 nm)

Octanethiol was chosen as the sulfur source, surface ligand, and
solvent. The reaction temperature was 200 ‘C
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Fig. 4 Tempora evolution of PL emission spectra of CulnS QDs synthesized with different molar
stoichiometric ratios of Cu : In precursors

(ad)standfor1:1,1:2,1:4,and1: 6. DDT was chosen as the sulfur source. The aliquots of QDs samples for
the PL intensity test were fixed. PL spectra were recorded with excitation at 450 nm
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Fig. S5 Tempora evolution of PL spectra of CulnS QDs, CulnZnS QDs, and CulnZnS@ZnS QDs with different growth time
(a-d) stand for the stoichiometric ratioof Cu:Inat1:1,1:2,1:4,and 1: 6. PL spectrawere recorded with excitation at 450 nm
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Fig. S6 Temporal evolution of UV-Vis absorption spectra of CulnS QDs, CulnZnS QDs, CulnZnS@ZnS QDs synthesized
with different molar stoichiometric ratios of Cu : In precursors

(a-d) stand for the stoichiometric ratioof Cu:Ilnat1:1,1:2,1:4,and 1: 6. The absorption shoulder/onset is more
blue-shifted with less Cu/In ratio
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Fig. S7 Tempora evolution of PL central emission peaks for
CulnZnS@znS QDs with different shell growth time
The stoichiometric ratiosof Cu: lnare1:1,1:2,1:4,and1:6
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Fig. S9 Representative transient PL decays for CulnZnS QDs
The stoichiometric ratiosof Cu: lnare1:1,1:2,1:4,and1:6
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Fig. S8 Tempora evolution of PLQY for CulnZnS@ZnS
QDs with different shell growth time
The stoichiometric ratiosof Cu: lnare1:1,1:2,1:4,and1:6
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Fig. S10 Representative transient PL decays of CulnZnS@
ZnS QDs with different ZnS shell growth time
The stoichiometric ratioof Cu: Inis1:4

Fig. S11 TEM image of CulnS QDs (the Fig. S12 TEM image of CulnZnS QDs Fig. S13 TEM images of CulnZnS@ZnS
stoichiometric ratio of Cu:lIn a 1:2) (the stoichiometric ratio of Cu:In:Zna QDs (the stoichioetric ratio of Cu:In:Zn at

with reaction time of 30 min

1:2: 3) with Zn etching time of 90 min

1:2:3) with ZnS shell growth time of 5 h
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Fig. S14 Size distribution histograms for CulnZnS/ZnS QDs

(Cuiln:Znat1:2:3)with shell growth of 20 h
To build the histograms, over 100 particles were measured
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Fig. S15 XRD patterns of CulnS QDs (Cu : In stoichiometric
ratio at 1:2) and (Zn)CulnS/ZnS QDs (Cu : In: Zn stoichio-
etricratioat 1:2: 3)
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Table S1 Relevant parametersfor CulnS QDs synthesized
with different molar stoichiometricratiosof Cu : In. A¢y, at
the PL central emission peak from the QDs solution when
excited at 450 nm. The amounts of DDT (10 mL) and Cul
(0.1 mmol) were held fixed

Cu : In precursor Jem/NM PLQY/%  PL decay/ns
1:1 710 3.3 264 (65)
1:2 633 8.8 270 (71)
1:4 625 18.9 293 (86)
1:6 618 21.0 299 (95)

Table S2 Relevant parametersfor CulnZnS alloyed QDs
synthesized with differnt molar stoichiometric ratios of
Cu = In. A¢m isthe PL central emission peak from the QDs
solution when excited at 450 nm. The amounts of DDT
(10 mL) and Cul (0.1 mmol) were held fixed

Cu : In precursor Jem/nm  PLQY/%  PL decay/ns
1:1 675 14.7 277 (102)
1:2 596 16.8 284 (101)
1:4 590 24.8 284 (110)
1:6 581 36.3 282 (112)

The crystal structure of the CulnS QDs (Cu:lIn
stoichiometric ratio of 1:2) and CulnZnS@ZnS QDs
(Cuiln:Zn stoichiometric ratio of 1:2:3) were
characterized by XRD (Fig. S15). The peaks of the
CulnS QDs at 20 of 27.5° (112), 47.0° (204) and 54.8°
((312)/(116)) basically match with the characteristic
peaks of chalcopyrite structure (JCPDS file 32-0339).

For the CulnZnS@zZnS QDs, their diffraction peaks
match well with the typical zinc blende structure of cubic
ZnS (JCPDS file 02-0564), implying the formation of the
(Zn)CulnS/ZnS core/shell structure.

Table S3 PL lifetime of CulnZnS@ZnS QDs with the
stoichiometricratioof Cu: Inat 1: 2 after excited at

450 nm.
Shell reaction time/h PL decay/ns
3 588 (204)
5 647 (208)
8 714 (214)
10 724 (211)
12 729 (219)
15 751 (222)
20 755 (231)

Table S4 Relevant parametersfor CulnZnS@znS QDs
with the stoichiometricratioof Cu: Inat 1: 4, synthesized
with different ZnS shell growth time. 44, isthe PL central

emission peak from the QDs solution when excited at
450 nm. The amounts of DDT (10 mL) and
Cul (0.1 mmol) were held fixed.

e e
5 546 57 509 (171)
10 536 50 530 (177)
15 531 53 558 (174)
20 530 58 549 (165)




