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ABSTRACT: Cd-free nanocrystals, such as CuCrS,/ZnS (CCS/ZnS) quantum
dots (QDs), have been highlighted as potential blue-emitting probes. However, the
relatively irregular and less uniform morphological structure of QDs synthesized by
conventional methods indicated low optical performance with a photo-
luminescence quantum yield (PLQY) of ~0.0S. Herein, we modified the synthetic
method for CCS/ZnS QDs based on the hard and soft acids and bases (HSAB)
theory. By using the HSAB-based precursors and appropriate ligand moieties, we
synthesized QDs with a uniform morphology and enhanced PLQY of ~0.16. The
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core—shell formation of the CCS/ZnS QDs was confirmed using X-ray
spectroscopic methods. Consequently, a QD-incorporated polymer matrix as a
color filter for a white-light-emitting diode (LED) by hybridizing Cd-free blue-emitting CCS/ZnS QDs and yellow-emitting CulnS,/
ZnS/ZnS QDs in poly(methyl methacrylate) was fabricated. Their optical properties were systematically controlled by modifying the
ratio of the two QDs, resulting in (CIE,, CIE, = 0.254-0.34, 0.245—0.299) of color coordinates and 21914.48 to 5071.39 K of
correlated color temperature. This study demonstrates the potential of the environmentally friendly QD-based display technology.

KEYWORDS: CuCrS,, quantum dots, nanocrystals, blue emission, white-light-converting film, cadmium-free

B INTRODUCTION

Colloidal semiconductor nanocrystals, known as quantum dots
(QDs), have been considered a tremendously interesting class
of materials for the past three decades owing to their unique
physical and chemical properties.”> Among these, the
cadmium (Cd)-based QDs are the most studied materials
because of their full-color tunability over the entire visible
region, high photoluminescence quantum yield (PLQY), and
photostability.” However, Cd-containing products pose
challenges during manufacturing and disposal, as environ-
mental regulations restrict their usage due to the inherent
toxicity in Cd.* Therefore, in order to circumvent environ-
mental regulations and utilize QDs in diverse applications, it is
imperative to develop a substitute for Cd.

To ensure the utilization and integration of QDs in the fields
of optoelectronics, biology, and biomedicine, it is vital to
consider the environmental-friendly attributes of QDs as well
as its top-notch performance, including elevated quantum
efficiency (QE) and robust environmental stability.” In this
regard, CulnS, (CIS), a typical copper-based ternary
composite, has attracted attention because its PLQY can be
increased to as high as ~0.8 with a ZnS shell overcoating onto
its surface. The emission color of CIS QDs can be tuned from
green to the near-infrared (NIR) spectral region by simply
controlling the Cu/In molar ratio and size with lower toxicity
than Cd-based QDs.°”® However, the absence of blue-region
emission, which requires a much larger band gap, in CIS QDs
has prompted further efforts to find blue-emissive probes
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suitable for optoelectronic applications. Meanwhile, as the Cd-
free QD-based light-emitting diode (LED) systems’~'" have
been developed in these research fields, white-light-emitting
diodes (LEDs) are considered a next-generation light source.
They are fabricated by combining blue LEDs with fluorescent
materials such as fluorophores, and QDs."”~"* When green and
red fluorescent materials were incorporated into blue LED
chips, a white LED with a high color rendering index (CRJ, R,)
was fabricated. However, multicomponent luminescent layers
in LED systems might result in low luminescence efficiency
owing to the reabsorption of the emission color.'*'°

Thus, CuCrS, has excellent potential as an alternative blue-
emitting source exhibiting p-type semiconducting properties
with an optical band gap of ~2.48 eV. CuCrS, consists of a
Cu-based ternary system with a less toxic composition than
Cd- and Pb-based QDs."” According to the US Agency for
Toxic Substances and Disease Registry (ATSDR) 2022
substance priority list, Cd and Pb rank second and seventh,
respectively, whereas they rank 17th for Cr®*, 78th for Cr, and
120th for Cu on the list. Thus, CuCrS, is a rational
replacement for conventional QDs, overcoming environmental
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Figure 1. Schematic illustration of true blue-emissive CuCrS,/ZnS QDs synthesis via HSAB-based modification.

and safety issues. However, they have rarely been studied at the
nanoscale or as a type of QD with fluorescence (Table S1).
Park et al. previously reported blue-emitting CuCrS,/ZnS
(CCS/ZnS) QDs via a simple heating-up method with 1-
dodecanethiol (DDT) as the surface passivation ligand and
sulfur source, which indicated broad blue-cyan fluorescence.'®
Nevertheless, the morphological structure was less uniform
with a broad size distribution and the PLQY was limited,
restricting further applications. These features indicate the
need to improve the synthesis method of CCS/ZnS QDs to be
utilized in various applications, including optoelectronics.

Here, we introduce a modified synthesis procedure for
CCS/ZnS QDs using hard and soft acids and bases (HSAB).
Previous results implied that unbalanced reactivities between
two different metal precursors toward the thiol group in DDT,
led to a less uniform morphological structure and, eventually, a
low optical performance. To solve this problem, we controlled
the reactivity of Cu" ions because the Cu—S binding affinity is
much stronger than that of the Cr** ion, and employed a co-
ligand system with the incorporation of trioctylphosphine
oxide (TOPO) as another chelating ligand for Cr** ions to
suppress the Cr,S; side product (Figure 1). The CCS/ZnS
QDs synthesized using the modified method exhibited an
improved isotropic morphology, narrow size distribution, and
emission in the blue spectral region (~430 nm). In addition,
for white-light-emitting device applications, the modified
CCS/ZnS QDs were mixed with CIS/ZnS/ZnS QDs in a
PMMA polymeric matrix. Moreover, Cu-based ternary
composites exhibited a large Stokes shift,'” which reduces
multicomponent’s spectral overlaps and reabsorption, resulting
in an efficient LED or light-converting-system. Furthermore,
the dual-component system for light-converting applications
provides efficient controllability of the white-light properties by
a simple ratio modification of the two QDs. The fabricated film
exhibited a bright white-light emission under 365 nm light
irradiation. The color coordinates and correlated color
temperature (CCT) of the white light from the film were
controlled and displayed a broad range of white-light
temperatures.

B EXPERIMENTAL SECTION

Materials. Copper(I) iodide (Cul, 99.999% trace-metal basis),
chromium(III) nitrate nonahydrate (Cr(NO;);-9H,0, 99%), copper-
(1) acetate (Cu(OAc), 97%), indium acetate (In(OAc);, 99.99%),
zinc(II) acetate dihydrate (Zn(OAc),-2H,0, 99%), trioctylphosphine
oxide (TOPO, 90%), oleylamine (OAm, technical grade, 70%), 1-
dodecanethiol (DDT, 98%), octadecene (ODE, technical grade,
90%), poly(methyl methacrylate) (PMMA, containing ~5.0%
toluene), and chloroform anhydrous (99%) were purchased from
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Sigma-Aldrich. Toluene (99%), acetone (99%), and ethyl acetate
(99%) were purchased from Daejung Chemicals and Metals.
Tetrabutylammonium hexafluorophosphate (TBAPF,, > 98%) was
purchased from Tokyo Chemical Industry Corporation, and all of the
chemicals were used without further purification.

Characterization. A high-resolution X-ray photoelectron spectro-
scope (HR-XPS, Nexa, Thermo Fisher Scientific) and a high-
resolution X-ray diffractometer (HR-XRD, Smartlab, Rigaku) with
Al Ka X-ray and 3 kW Cu X-ray sources were employed for
identification of the chemical oxidation and binding states and crystal
structure of synthesized QDs, respectively. High-resolution trans-
mission electron microscope (HR-TEM, Tecnai, FEI) was employed
to characterize the morphology of the QDs at an accelerating voltage
of 300 kV and a resolution of 1.4 A, and an inductively coupled
plasma-optical emission spectrometer (ICP-OES, AVIOSSO, Perki-
nElmer) was used to assess the metal ratio of QDs. Ultraviolet/
visible/NIR (UV/vis/NIR) spectrophotometry (UV—vis, V-770,
Jasco) and a spectrofluorometer (PL, Nanolog, Horiba) were used
to characterize the optical properties of the QDs. In addition, to
identify the fluorescence lifetime decay, a time-resolved photo-
luminescence spectroscope (TRPL, Easylife, and PTI) was employed.

Cyclic Voltammetry Analysis for LUMO-HOMO Gap
Characterization. To confirm the lowest unoccupied molecular
orbital (LUMO) and highest occupied molecular orbital (HOMO)
band structures of QDs, cyclic voltammetry (CV) analysis was
conducted with a potentiostat (WIZEIS-1200 premium, WizMAC,
Inc.). The analysis was performed in 0.1 M TBAPF; electrolyte (in
acetonitrile) with a three-electrode system, Ag/AgCl electrode, and Pt
coil electrode, as reference and counter electrodes, respectively. The
working electrode was fabricated by simply drop-casting the QD
solution onto glassy carbon electrode (GCE). The scan rate was fixed
to 50 mV/s. The measured redox potentials were calibrated with
reference to the Fe*/Fc couple.

Synthesis of CuCrS,/ZnS QDs. To synthesize the CuCrS, core,
our previous method was employed with some modifications. Briefly,
20 mL of ODE was placed in a three-neck round-bottom flask.
Further, 0.5 mmol of Cul, 0.5 mmol of Cr(NO,);-9H,0, 1 mmol of
TOPO, and 2.5 mL of OAm were added, and the flask was degassed
at 120 °C for 10 min. After 10 min, DDT (5 mL) was injected and
degassed for another 10 min. The degassed mixture was then heated
to 225 °C and kept for 90 min for monomer formation, nucleation,
and crystal growth of the CuCrS, core. After the core synthesis, the
mixture was quenched to ~25 °C to stop the reaction. It is worth
noting that during core preparation, several impurities were also
synthesized owing to the still unbalanced reactivities of the metal
cations or other factors. Therefore, before the simultaneous ZnS
shelling process, a one-time centrifugation with a small amount of
nonpolar solvent, for example, toluene and chloroform, was better for
the preparation of high-quality core/shell structures. After removing
impurities, 4 mmol of Zn(OAc),-2H,0 and OAm (S mL) were added
into the above core solution, and it was degassed at 120 °C for 30 min
to remove water molecules and additional nonpolar solvents. After
degassing, 1.5 mL of DDT was injected into the mixture followed by
heating up to 230 °C and it was kept for 30 min to overcoat the ZnS
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Figure 2. TEM analysis of CuCrS,/ZnS QDs synthesized by (a, b) previously reported method and (c, d) present modified method, respectively,
and their corresponding size distribution analysis results (interpolation).

shell onto the CCS core. After the preparation of the core/shell
structure, the resulting QDs were isolated by introducing an excess
volume of acetone followed by centrifugation. The isolated QDs were
purified using a precipitation/redispersion protocol similar to our
previous method. Briefly, the isolated QDs were redispersed in a small
amount of toluene and precipitated by adding excess ethyl acetate and
centrifuging. This step was repeated 3 times to remove the unreacted
ligands and residual solvent. Finally, the QDs were dried in a 60 °C
vacuum oven for over 24 h and ground for powder sample
preparation.

Synthesis of CulnS,/ZnS/ZnS QDs. Bright-yellow light-emitting
CIS/ZnS/ZnS core/shell/shell QDs were prepared by using a simple
heating method. The synthesis method was similar to that of our CCS
QDs preparation method. In a three-neck round-bottom flask, 20 mL
of ODE, 0.125 mmol of Cu(OAc), 0.5 mmol of In(OAc);, and 5 mL
of OAm were added, and the reaction flask was degassed at 120 °C for
10 min. After that, DDT (S mL) was injected into the above mixture,
and it was heated up to 225 °C and kept for 90 min to synthesize the
CIS core. After the core preparation, the reaction was quenched by
cooling the flask down to room temperature to stop the reaction.
Then, 4 mmol of Zn(OAc),2H,0 and S mL of OAm were
introduced into the CIS core solution, and they were degassed at 120
°C for 10 min. After that, DDT (1.5 mL) was introduced into the
flask, followed by heating up to 230 °C and maintained for 30 min to
passivate the CIS core surface by the first ZnS shell. After the first ZnS
shelling process, the second ZnS shell was coated onto the CIS/ZnS
core/shell using the same procedure as that used for the first shelling
process. The synthesized CIS/ZnS/ZnS QDs were isolated by using
excess acetone and centrifuged. For the purification step, the
precipitation/redispersion method was employed to prepare the
CIS/ZnS/ZnS QDs. Briefly, the isolated QDs were redispersed in a
small amount of toluene and precipitated by the addition of excess
ethyl acetate and centrifuging. This step was repeated 3 times to
remove unreacted ligands and excess solvent. Finally, the QDs were
dried in a 60 °C vacuum oven for over 24 h and ground for the
preparation of powder sample.

Fabrication and Characterization of White-Light-Convert-
ing Film. The white-light-converting film was fabricated by using
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simple mixing, casting, and drying processes. Briefly, the two QDs
were mixed in S mL of chloroform at various weight ratios (ccs/ciIs
QDs: 10.0, 20.0, and 40.0). After mixing, the PMMA was dissolved in
the QDs solution at a concentration of S wt %. The prepared stock
solution was cast onto a home-built Teflon-lined vessel (volume
capacity of 1 cm® in the case of water), and this was dried onto the 50
°C preheated hot plate for over 6 h.

B RESULTS AND DISCUSSION

Synthesis of CuCrS,/ZnS QDs. In our previous work, we
synthesized CCS/ZnS QDs using Cu(I) acetate and Cr(III)
nitrate precursors in a high-boiling solvent, along with the
coordinating ligand, OAm, and co-ligand DDT as the sulfur
source. However, the synthesized QDs exhibited poor
uniformity and quality owing to the unbalanced reactivity of
metal cations toward sulfur precursor (thiol), resulting in a side
product, Cr,S; nanoflake.'® Based on these results, it is rational
that pairs of precursors and ligands in the synthetic system
should be modified to balance their reactivity. According to the
hard and soft acids and bases (HSAB) theory, Cu* is a typical
soft metal (acid), and thiol is a typical soft base, resulting in
preferable reactivity. However, Cr** (7 ~ 9.1 eV) is relatively
harder than Cu* (1 ~ 6.28 eV),”""** causing poor reactivity
with thiol functional group. Considering this, we assumed that
the reactivity of Cu* precursor toward thiol moiety has to be
suppressed. In contrast to Cu’, Cr’" should exist in a more
reactive state, but not excessively because the over-relaxed state
might cause a side product, for example, Cr,S;. Iodide ion, I”,
is a soft base anion,”>** and Cul precursor may provide the
suppressed reactivity of Cu' precursor. Conversely, because
Cr’* is a hard acid, the bond nature with thiol functional
groups may be more challenging than that of Cu’, resulting in
naturally slow reaction kinetics. Because TOPO is a highly
polar molecule owing to the dipolar P=O bond™ and this
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Figure 3. XPS analysis results of CuCrS,/ZnS QDs. (a) CuCrS,/ZnS QDs entire survey; (b) S 2p spectra and (c) Cr 2p spectra of CuCrS, core
prepared by previous method; (d) entire survey of CuCrS,/ZnS QDs; and (e) S 2p spectra and (f) Cr 2p spectra from CuCrS, core synthesized in
the current method, respectively.

high-polarity feature of TOPO may offer a more stable some Cr’* atoms might be extracted after washing.”"”’
coordination bond with Cr*, resulting in more suppressed Nevertheless, as shown in Figure S1b, we could not find any
Cr,S; formation owing to the steric hindrance effect. significant difference between the crystal system of CCS/ZnS
Potentially, this controlled system might offer a more QDs synthesized by the previously reported and current
controlled CuCrS, NCs formation condition, reducing the modified methods, with little amorphous phase, which is
possibility of side product formation. probably attributed to the incorporation of DDT into the

The TEM analysis of the CCS{ ZnS QDs in this St‘}dY system. It is worth noting that all peaks are not significantly but
showed that the QDs had an improved morphological slightly shifted toward smaller 26 value compared with bulk
structure with a spherical shape and a more uniform size CuCrS, XRD pattern (Card No.:01—079—7419). This
distr‘ibution than those in our previous work (Figure 2). I.n our phenomenon may be explained by the lattice parameter
previous work, CCS/ZnS QDS prepared by a previously difference between CuCrS, (a = 3.483 A) and ZnS (a = 5.345
reported method showed an irregular morphology and broad A), resulting in XRD peak shift toward smaller 26,>* a similar
size distribution with an average diameter of 12.8 + 1.9 nm result obtained from our previous work (Figure SIb)
(Figure 2a,2b). .I-IoweveF ) out prop osed synthetic modl.fiéatlon Furthermore, to assess an exact metal cation ratio, elemental
for the preparation of high-quality CCS/Zn$ QDs exhibited a analysis was investigated by using ICP-OES and XPS (Table

if hol ize distributi ith
fRore UILTornt Morp 10508y and narrower size distribu 1on, Wi S2). The Cu:Cr ratio was confirmed to be 1:3.97 in ICP-OES
an average size of 5.5 + 0.6 nm (Figure 2¢,2d). This result 1 1.1.02 in XPS analvsi el her dif i
indicates that our controlled system can ofter more precise QD an o mn aga VSIS, respectwely, r.at er di eregt rom
the ratio that we fed in the reactor. This might be explained by

synthesis with inhibited side-product formation. An XRD b 0t bi fih h the siecti e
analysis was conducted to determine the crystalline structures the Zn™ ion etching of the CuCrS, core with the ejection o

of the prepared CCS/ZnS QDs. The XRD peaks of the CCS Cu ions. Also, the molar ratio of Zn was much higher than the

core appeared at 35.48, 38.11, 49.45, and 52.68°, correspond- initial feed ratio because the Zn precursor was added after the
ing to the (104), (015), (018), and (110) phases, respectively purification step once the CuCrS, core had formed. Thus, the
(Figure Sla). After the ZnS shell overcoated the CCS core actual amounts of Cu and Cr would be much lower than the

NCs, the (101), (012), (104), (018), and (110) peaks initial feed amounts. As a result, the Cu/Cr/Zn ratio was
appeared at 29.53, 30.86, 34.88, 49.13, and 52.24°, respectively 1:1:21 in XPS analysis. In the ICP-OES analysis, the Cr/Zn
(Figure S1b). The absence of the (101) and (012) phases at ratio was 1:22.7, similar to XPS’s, although Zn is 90 times

30.01 and 31.16° might be a result of the partial release of Cr** higher than Cu. The result of the elemental ratio determined
during the isolation and purification steps. TOPO is a well- by ICP-OES might have underestimated the Cu element in
known metal extraction agent, and because of this property, QDs due to undesired reactions.
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Figure 4. Optical property analysis results of CuCrS, QDs synthesized by the current method. (a) UV—vis absorption spectra comparison between
CuCrS, core and CuCrS,/ZnS QDs, with Tauc plot calculation comparison (interpolation); (b) PL spectra of CuCrS,/ZnS QDs with various
excitation wavelength; (c) corresponding PL mapping result; (d) PL lifetime decay analysis with biexponential decay function fitted result; (e)
photostability analysis result under 365 nm UV irradiation; and (f) UV—vis and PL properties comparison between the previous report and current
method.

To confirm the chemical oxidation states and binding coordination bond with the P=0O dipolar bond of TOPO.
features of the CCS/ZnS QDs synthesized in this study, XPS TOPO was removed from the system during the purification
analysis was conducted, and the results were compared with step, resulting in a Cr 2p chemical shift toward a lower binding
those from a previous report (Figure 3a,d). In the XPS survey energy, probably because of the surface defect sites on the
results of the CCS/ZnS QDs prepared in this study (Figure NCs. Moreover, TOPO is a well-known metal cation
3d), Cu 2p and Cr 2p peaks were observed in the spectra with extraction agent that might decrease Cr** peak intensity.”®”’
the presence of Zn 2p, indicating that the core—shell structure Analysis of other metal precursors (Figure S2) confirmed that
was well prepared via the present synthesis method. It was the modification did not cause significant side effects on the
confirmed that there was no significant difference between the chemical oxidation states or binding features of the metal
previous and current works on CCS/ZnS QDs. For a more cations. The Cu 2p spectra showed no significant difference
detailed comparison between previous and current studies, between previous and present reports, with peaks of Cu 2p;,,
HR-XPS analysis was conducted. Interestingly, when we and 2p, , at ~932 eV and ~951.5 eV,*"** respectively (Figure
compared the S 2p spectra with previous work (Figure S2a,b). This might imply that our modification did not cause
3b,3e), the intensity of the SO,>~ chemical state at ~167 eV>’ any unwanted states such as Cr(II), Cr(VI), and Cu(II) states.
decreased and the disulfide bonding character'® disappeared in The analysis results of ZnS shell-overcoated samples also
this work (Figure 3e). These results imply that the impurity indicated that the modified method did not affect the process,
may contain sulfate salts, which were removed during the as witnessed by the peaks of Zn 2p;,, and 2p,,, at ~1021 and
intermediate centrifugation step. The additional TOPO ligand ~1044 eV, and S 2p;/, and 2p,;, at ~161.5 and ~163 eV
formed a coordination bond with the Cr** ion, which (Figure S2c—f), respectively, with an area ratio of 2.0 implying
suppressed the stacking behavior of the S—Cr—S trigonal spin—orbit coupling state.””
layers, indicating that the proposed synthetic modification was To characterize the optical properties of the CCS/ZnS QDs,
effective for the synthesis of high-quality QDs. These UV—vis and PL spectrometry measurements were conducted
phenomena can be explained by comparing the Cr 2p XPS (Figure 4). It is worth noting that the CulnS, core QDs are
profiles (Figure 3c,3f). The peaks of Cr 2p;/, and 2p,/, were less- or nonfluorescent.’* Similar to our previous work, only
slightly shifted from 576.57 to 575.35 eV, and from 586.25 to CCS/ZnS QDs were analyzed by photoluminescence spec-
585.35 eV, respectively,”” with a decrease in the signal trometry for fluorescent property analysis because the CCS-
intensity. A previous study confirmed Cr,S; NFs as a core NCs exhibited a phenomenon analogous to that of the
byproduct during synthesis. To suppress byproduct formation, CIS core. However, in the absorption spectra, the specific

we employed a co-ligand system by introducing TOPO into absorption was blue-shifted from ~430 nm (CCS core NCs)
the synthetic process. We conclude that this phenomenon can to ~380 nm (CCS/ZnS QDs) (Figure 4a). This phenomenon
be attributed to TOPO. Cr** ions may form a relatively robust is similar to typical CIS/ZnS QDs formation, indicating a well-
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overcoated ZnS shell on the CCS core NCs. The optical band
gaps of the samples were calculated using the Tauc plot
equation

E = (ah)"?

where E is the optical energy band gap of sample, a is the
optical density of sample, h is Planck’s constant, and v is the
velocity of light.

The Tauc plot is a powerful method for calculating the
optical band gap of material because the entire ensemble of the
system determines it. However, some distortion might appear
because of absorbing impurities that cause absorption spectra
distortion, resulting in some perversion of the result.’
Nevertheless, the absorption spectra showed a blue shift with
an indistinctive entire spectral difference (Figure 4a) and Tauc
plot calculation indicated that optical band gaps of CCS NCs
and CCS/ZnS QDs are ~2.56 and 2.75 eV, respectively (inset
of Figure 4a). This could also be explained by the ZnS shell
overcoating the CCS core NCs. The PL emission properties of
the CCS/ZnS QDs were identified as PL maxima at ~430 nm
with a PLE maximum of ~365 nm (Figure 4b). The Stern—
Volmer equation was used to calculate the relative PLQY"®

_ Iff‘rnf2
LA,

where Q and I are the quantum yield and the integration of the
PL emission spectrum, respectively; A is the optical density of
the material; and n is the refractive index of the solvent at
emission wavelength. Subscripts r and f refer to the reference
material and sample, respectively. The calculated PLQY was
~0.16, indicating that the quality of the CCS/ZnS QDs was
improved by this controlled system (Figure 4b). The overall
fluorescence was expressed by the PL mapping analysis results,
as shown in Figure 4c. Lifetime decay is an important
parameter for QDs, and the average fluorescence lifetime of
CCS/ZnS QDs prepared in this experiment was confirmed to
be 4.08 ns, which is quite different from that of our previous
work, probably because of the enhanced passivation of surface
defects, resulting in a fast radiative recombination process
(Figure 4d). Also, the band structure analysis results of CCS/
ZnS QDs revealed that the PL emission mechanism of CCS/
ZnS QDs differs from the mechanism of traditional CIS QDs.
The redox potentials were calibrated with the below equation

Erumo: —€(Epegvsnme + 471) (eV)

Q

Epomo: —€(Evenme + 471) (eV)

ENHE: EAg/AgCl + 1.91

Typically, the PL mechanism of CIS QDs is the Cu-vacancy-
centered relaxation process, which was well characterized by
CV analysis (Figure S3a,b). It is well known that Cu vacancy
induces a trap state in the QD, resulting in much longer
fluorescence lifetime decay.’*™* However, the case of CCS/
ZnS showed no characteristic reduction peak, indicating that
the Cu vacancy was not present in the CCS/ZnS QDs (Figure
S3c,d). The other orbital states were well matched with UV—
vis optical band gap calculation (optical band gap of ~2.78 eV)
and PL emission spectra (PL max at ~430 nm). This vacancy-
free state might cause much faster fluorescence lifetime decay.
The photostability of QDs is another important parameter for
their utilization in various fields. To evaluate the photostability
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of CCS/ZnS QDs, the QD solution (10 mg/mL in
chloroform) containing a four-plane quartz cuvette was placed
in a home-built dark-room chamber, and a 365 nm UV lamp
(350 yW/cm*) was placed onto the chamber at a distance of
1S cm. The peak intensity of PL spectra of the solution was
measured with time intervals. The result showed prominent
photostability under 365 nm UV irradiation for several hours
under ambient conditions because of the overcoated ZnS shell
on the CCS core (Figure 4e). A comparison of the overall
optical properties between the previous report and this study is
shown in Figure 4f. With synthetic modification, the PL max
shifted from ~46S to 430 nm, closer to the blue spectral
region. Furthermore, PLQY was enhanced from ~0.0S to
~0.16, which means that the modified CCS/ZnS QD could be
a suitable material for blue-emissive probe in optoelectronic
applications.

Synthesis of CulnS,/ZnS/ZnS QDs and Fabrication of
White-Light-Converting Film. To fabricate a UV light-
pumped white-light-converting film, yellow-emitting CIS QDs,
another spectral emitter, were prepared and conjugated to the
CCS QDs. However, multicomponent emitter systems usually
suffer from reabsorption among the fluorophores.">'****! To
avoid this situation, the CIS QDs were overcoated with a
double ZnS shell on their surface to provide yellow-emitting
properties and minimize the reabsorption of blue light from
the CCS QDs. In addition, to render a high PLQY and shorter
wavelength emission, an off-stoichiometric modification for the
CIS core synthesis was conducted with an In/Cu molar ratio of
4.0. The successful synthesis of the CIS/ZnS/ZnS QDs was
confirmed by TEM analysis (Figure S4a,b). As shown in Figure
S4b, the morphology of prepared CIS/ZnS/ZnS QDs were
quasi-spherical shape, and the average size of CIS/ZnS/ZnS
QDs was revealed to 4.5 + 1.0 nm, A relatively broad size
distribution was confirmed, which might be beneficial for
white-light conversion aPplications, resulting in a broad range
emitting phenomenon.”

The photoluminescence property of the CIS/ZnS/ZnS QDs
was identified to fabricate the white-light-converting layer, and
the result is shown in Figure S4c. The PL max of the CIS/
ZnS/ZnS QDs was ~580 nm, with a PLE max at 395 nm. The
relative PLQY of the CIS/ZnS/ZnS QDs was also calculated
using the Stern—Volmer equation and was confirmed to ~0.7.
For the white-light-converting layer consisting of two
fluorophores, blue and yellow, emissive probes are usually
employed for two-band spectral white-light emission.”"** The
CCS/ZnS QDs and CIS/ZnS/ZnS QDs (Figure S4d) were
satisfactory for these spectral windows. To fabricate white-
light-converting films, it should be noted that the multi-
fluorophore system may suffer from light reabsorption,
resulting in poor light-converting performance.ls’lé’40 To
avoid this, the CIS QDs were coated with a double ZnS
shell to modify the PLE spectral region, e.g., large Stokes
shift."” As shown in Figure 4c, the PLE of the CCS/ZnS QDs
ranges from 320 to ~400 nm for blue emission. The PLE range
of the CIS/ZnS/ZnS QDs was from 330 to ~420 nm (Figure
S4c), and after that range, the PLQY dramatically decreased.
These results imply that the dual ZnS shell may minimize blue
light reabsorption and that these two materials can be
implemented together in white-light-converting films with
high light conversion efliciency and better light temperature
controllability.

To fabricate a UV-light-pumped white-light-converting
composite, poly(methyl methacrylate) (PMMA) was chosen
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CIS/ZnS/ZnS QDs ratio in the PMMA matrix.

as the supporting matrix of the film. PMMA is a type of
thermoplastic polymer with advantages, such as low density
and easy processability, which show the properties of the sharp
memory effect,”’ resulting in its wide application in many
commercial applications.** It is well known that PMMA is an
optically inactive feature over the 300 nm spectral region,
which is beneficial for LED pumped light-converting
system.*>*® The light-converting composite was fabricated
using simple drop-casting and drying processes (Figure SS),
and the PMMA concentration was fixed at S wt % in
chloroform.

An overall system description of white LEDs (WLEDs)
operation is shown in Figure Sa. We assumed that two
independent probes in an optically inactive polymer matrix
generate white light under 365 nm UV light irradiation. It is
worth noting that the commercially available 365 nm UV-LED
system (Prime-100 series, Republic of Korea) with total optical
power density of ~4.5 W was employed, to readily confirm and
compare the performance of those composites. Before white
LED fabrication, CCS-only and CIS-only composites were
fabricated to confirm the light-converting properties of the
proposed composites. If the composites can convert UV light
to a specific wavelength, the CCS-only and CIS-only
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composites will display blue and yellow color emission,
respectively; the results are shown in Figures Sb and S6.
Based on our assumption, these composites clearly exhibited
blue and yellow PL spectra with a 365 nm excitation
wavelength (interpolated graphs in Figures Sb and $6).
Based on these results, the light-conversion performance was
confirmed via LED operation (below the interpolated
photographs in Figures Sb and S6). The corresponding
Commission Internationale de I’Eclairage (CIE) color
coordinates indicated that the QDs stably display their
intrinsic colors in the PMMA polymer matrix without any
interference of matrix matter at a wavelength of 365 nm. As a
result, the CIE color coordinates were (CIE,, CIE, = 0.169,
0.128) for the CCS-only composite and (CIE,, CIE, = 0.478,
0.498) for the CIS-only composite (Figures Sb and SS).

In white LED applications, CIE color coordinates and CCT
are important parameters for the characterization of LEDs or
light-converting applications,””*® and in our study, we
fabricated WLED films by simply mixing the two probes in
specific weight ratios. These parameters were controlled by
adjusting the ratios between CCS/ZnS QDs and CIS/ZnS/
ZnS QDs. The ratios of CCS/ZnS QDs and CIS/ZnS/ZnS
QDs were modified to 40.0, 20.0, and 10.0 (w/w); for
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convenience, these composites were denoted as B/Y40, B/Y20,
and B/Y10, respectively. The schematic illustration of the
light-conversion operation is shown in Figure 6a. The PL
spectra of each composite indicated a two-band spectral
fluorescence behavior with an excitation wavelength of 365 nm
(Figure 6b). With an increase in the number of CIS/ZnS/ZnS
QDs, the portion of the yellow spectral region gradually
increased without an insignificant effect on the blue spectral
window, indicating that blue light reabsorption by CIS/ZnS/
ZnS QDs was suppressed, as we assumed (Figure 6b). The
corresponding operation photographs are shown in Figure 6b
(inset of Figure 6b). These results clearly showed the LED
light controllability from bluish-white light to true white light
with an increase in the CIS/ZnS/ZnS QDs weight ratio. The
trend of the CIE coordinates and CCT transition could be
evidence of WLED property control (Figure 6¢). The (CIE,,
CIE,) coordinates and CCT were effectively moved from
(0.254, 0.245, and 21914.48 K) (B/Y40) to (0.302, 0.278, and
8217.77 K) (B/Y20), and eventually (0.34, 0.299, and 5071.39
K) (B/Y10), implying successful modification of the WLED
properties. Additionally, we investigated the photo- and
thermal stabilities of the WLED film (Figure S7). Our system
showed prominent photostability with mere CIE color shifting
for 12 h under UV-LED light at room temperature. Also, the
CIE color coordinates were steady under UV-LED light at 80
°C for 4 h, showing enough thermal stability.

B CONCLUSIONS

In our previous work, we synthesized CCS/ZnS QDs. Poor
quality of the synthesized QDs was observed owing to the
unbalanced metal cation reactivities toward the sulfur source
(thiol), resulting in the formation of ternary composite QDs
and separate metal sulfide Cr,S; NFs. In this study, the
successful synthesis of CuCrS,/ZnS (CCS/ZnS) QDs as blue-
emitting probes was confirmed via metal precursor mod-
ification and a co-ligand system. To enhance the quality of the
QDs, the reactivity of the monovalent cation, Cu', was
suppressed because the reactivity of Cu*-thiol is much higher
than that of Cr**-thiol, according to hard and soft acids and
bases (HSAB) theory. In addition, trioctylphosphine oxide
(TOPO), a highly polarizable ligand molecule, was incorpo-
rated into the system to suppress side-product formation,
Cr,S; NFs, via strong binding affinity toward Cr** and the
steric hindrance effect. The resulting CCS/ZnS QDs showed
improved morphological features, for example, uniform
morphology and narrow size distribution, with an average
diameter of 5.5 #+ 0.6 nm. The CCS/ZnS QDs exhibited blue-
shifted absorption spectra compared to the uncoated CCS
NCs. The introduction of the ZnS shell overcoating onto the
CCS NC:s resulted in fluorescence properties with PLE max
~430 nm under PLE max ~365 nm (PLQY ~ 0.16), owing to
the passivation of surface defects, enhancing the radiative
recombination of excitons. To confirm the possibility of their
application in the optoelectronic field, CCS/ZnS QDs were
incorporated with yellow-emitting CIS/ZnS/ZnS QDs in a
PMMA polymer matrix and the fabricated composite was
employed for white-light conversion under UV light (365 nm)
irradiation. The resulting properties were (CIE,, CIE, = 0.254,
0.245) and T. ~ 2191448 K, respectively, indicating cold-
temperature white-light emission. Color coordinates and T,
parameters were successfully modified to (CIE,, CIE, = 0.34,
0.299) and T, ~ 5071.49 K by the ratio control of CCS/ZnS
QDs and CIS/ZnS/ZnS QDs (from 40.0 to 10.0, w/w). Thus,
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these QDs have great potential to be building blocks for
optoelectronics away from environmental regulation.
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