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Herein, environmentally benign Cu':Zn-In-Se/ZnSe core/shell luminescent inorganic nanocrystals (NCs)
were synthesized via a phosphine-free one-pot, two-step organometallic approach with good colloidal
quality. Firstly, Cu' ion-doped Zn-In-Se colloidal NCs were synthesized via a one-pot heating chemical
method using phosphine-free, highly reactive alkylammonium selenide as a Se source. The resulting Cu'-
doped Zn-In-Se colloidal NCs exhibited a doping concentration-dependent colour tunable emission in the
range of 450-800 nm with a poor emission intensity. Consequently, in the second, to improve the stability
and emission intensity of the doped colloidal NCs, a ZnSe shell was grown over their core via a hot-
injection chemical route. The shell growth, performed at a relatively high temperature of ~240 °C with zinc
precursor injection, initially leads to the diffusion of Zn'' ions into the core lattice, followed by the partial
'"ions close to the surface of NCs and formation of a shell layer over the core.
In addition, a continuous blue shift with an increase in the intensity of the emission peak of core Cu":Zn-

substitution with Cu' and In

In-Se NCs, caused by partial cation exchange, was observed after sequential Zn precursor injections at
specified intervals. The prolonged radiative lifetime of the NCs was observed with the successive injection
of the shell precursor, reaching the highest value of 348.7 ns. Subsequently, the potential application of
these Cu':Zn-In-Se/ZnSe core-shell NCs in flexible electronics and live-cell imaging was tested. Flexible
Received 15th April 2024, nanocomposite films of polymer-NCs were prepared via the solution drop-casting technique. The
Accepted 28th July 2024 composite films showed a good level of optical transmission in the visible region and good PL emission
intensity. Moreover, cytotoxicity and optical live-cell imaging studies were carried out and the results
revealed that the 11-mercaptoundecanoic acid-capped Cu"Zn-In-Se/ZnSe core-shell NCs are

rsc.li/RSCApplinter biocompatible with the potential for use in the bio-imaging application as a luminescent agent.
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Se) ternary semiconductor compounds have been widely
investigated and continuously proven to be promising
alternative luminescent materials to toxic binary NCs.'®'
Besides, eco-friendly Zn-based II-III-VI ternary alloy NCs have
attracted significant attention recently. Unfortunately, unlike
traditional Cd/Pb- and ternary/quaternary I-III-VI,-based NCs,
Zn-based ternary semiconductor NCs do not possess size- and
composition-tunable  photoluminescence  covering the
complete visible range. Early studies have demonstrated that
the incorporation of transition metal elements into the host
lattice of II-III-VI ternary NCs is a promising method for
altering their energy transfer processes, thus yielding a
tunable emission over a wide spectral range with a large
Stokes shift and, consequently, reduced self-absorption.">™*
Further, ternary chalcogenide semiconductor materials can
act as promising hosts for dopant ions because of their
composition-dependent optical and electronic properties. For
instance, doping Cu’ ions in Zn-In-Se alloy NCs yielded a
broad tunable photon-emission in the range of 565 to 710 nm
by varying the molar ratio of Zn to In."’> Ag'-doped Zn-In-S
NCs synthesized via a one-pot heating method showed a
tunable emission in the range of 392-543 nm by varying the
dopant Ag'-ion concentration."® In another study, doped
ternary alloy NCs of Ag":Zn-In-Se were synthesized in
aqueous solution with a tunable emission in the range of 504
nm to 585 nm by altering the molar ratio of In/Zn in the
host."® In the spectrum of the doped NCs, their absorption
and photon emission regions were well separated compared
to the wundoped NCs with particle-size dependent
emissions.'®'” This large Stokes shift is a significant feature
for fluorescence-based applications, given that it suppresses
self-luminescence quenching due to the reabsorption and/or
fluorescence resonance energy transfer between the NCs.

In colloidal NCs, the organic capping ligand molecules
mainly stabilize the colloidal dispersion of NCs in various
solvents by steric hindrance. However, they are too labile to
shield the surface of NCs against continuous photo and
chemical degradation. Accordingly, a straightforward strategy
to overcome these issues in NCs is the deposition of a
protective shell of a second inorganic semiconductor material
around their crystalline core, i.e., the construction of NCs with
a core/shell (C/S) geometry."®*>' This approach significantly
improves the stability and optoelectronic properties of the NC
core, with an alloyed core or graded interfacial layer providing
the greatest enhancement. Furthermore, due to their wide
direct bandgap and stability, the eco-friendly II-VI
chalcogenides ZnS (E, = 3.6 eV) and ZnSe (E, = 2.7 eV) have
been used as shell materials on different core materials to
improve their emission characteristics.'***%*

Transition metal ion-doped II-III-VI material systems
such as Ag:Zn-In-S, Cu:Zn-In-S, Cu,Mn:Zn-In-S, Ag,Mn:Zn-
In-S, Cu:Zn-In-Se and Ag:Zn-In-Se have been developed for
various applications,'>'*1>22:2428  Recently, our group
developed C/S NCs of Ag-doped Zn-In-S/ZnS with tunable
emission and fabricated flexible polymer composite films by
incorporating Ag-doped NCs in the polymer matrix for
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lighting applications.'® In the literature, Ag,Mn co-doped Zn-
In-S/ZnS C/S NCs were as a ratiometric temperature sensor
with dual emission®® and Ag-doped Zn-In-$/ZnS NCs with a
QY of 28% and fluorescence lifetime of 309 ns were used to
fabricate a white light-emitting diode with a color rendering
index of 90.3.%*

However, despite the numerous reports in this field,
studies on transition metal-doped Zn-In-Se NCs are scarce in
the literature. Therefore, it is important to develop eco-
friendly transition metal-doped Zn-In-Se NCs and
understand their optoelectronic properties to realize their
potential application. Motivated by this, in the present study,
we report the synthesis of pristine and Cu'-doped Zn-In-Se
alloy core NCs as well as Cu":Zn-In-Se/ZnSe C/S NCs via the
colloidal chemical route with improved emission
characteristics for use in optical applications. Here, the Cu'
ion was chosen as the primary luminescent centre and
introduced in the lattice of the mother alloy Zn-In-Se to
modulate the electronic energy levels of the NCs to yield a
tunable emission down to 800 nm with a large Stokes shift to
avoid self-absorption. Subsequently, to improve the stability
of the NCs and their optoelectronic properties, a ZnSe shell
was grown over the Cu'-doped Zn-In-Se alloy core NCs. The
prerequisite characteristics of these NCs for optoelectronic
and biological applications were studied to scrutinize their
potential in these applications. Furthermore, polymer-core/
shell NC mixed nanocomposite films were prepared by
dispersing the hydrophobic Cu':Zn-In-Se/ZnSe C/S NCs into
a highly transparent organic thermoelectric polymer,
polymethyl methacrylate. These nanocomposite films
exhibited good emission characteristics, transparency, and
mechanical flexibility. Further, to explore their potential for
biological applications, the hydrophobic ligand of Cu":zn-In-
Se/ZnSe NCs was replaced with the hydrophilic ligand of 11-
mercaptoundecanoic acid and applied in live cell imaging
(in vitro) as fluorescent agents. The results demonstrated that
these NCs are promising for application in optoelectronics
and live-cell imaging.

2. Experimental
2.1. Chemicals and reagents

All chemicals used in this work were analytical grade
reagents and procured from commercial suppliers with
following purity: zinc acetate dihydrate (Zn(OAc),-2H,0, 98%,
HiMedia), indium(m) chloride (InCl;, 98%, HiMedia),
selenium powder (Se, 100 mesh, 99%, Sigma-Aldrich),
copper(u) acetate monohydrate (Cu(OAc),-H,0, 98%, Merck),
oleylamine (OLA, 70%, Sigma-Aldrich), 1-docecanethiol
(1-DDT, >98%, Sigma-Aldrich), 1-octadecene (1-ODE, >91%,
Merck), polymethyl methacrylate (PMMA, molecular weight-
120000, Sigma-Aldrich), 11-mercaptoundecanoic acid (11-
MUA, 95%, Sigma-Aldrich), tetramethyl ammonium
hydroxide pentahydrate (TMAHP, 97%, HiMedia), chloroform
(CHCl;, =99%, Merck), acetone (C3HgO, >99%, Merck) and
methyl alcohol (CH;0H, =99%, Merck).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2. Synthesis procedures

Initially, colloidal hydrophobic Cu':Zn-In-Se core-only NCs
were synthesized via a one-pot heating method, followed by
the deposition of ZnSe shell layers over the core NCs via the
hot-injection route.> The five representative Cu':Zn-In-Se/
ZnSe C/S NCs with different Cu ion dopant concentrations
(0.00, 0.01, 0.02, 0.04, and 0.08 mmol copper precursor
concentration) were synthesized by varying the amount of
Cu(OAc),-H,0 precursor and keeping the concentration of
the other elements (Zn>*, In*', and Se®") constant. The
synthesis procedure is briefly described below.

2.2.1. Synthesis of colloidal inorganic Cu'-doped Zn-In-Se
alloy core NCs. In the first step of the process for the
synthesis of the Cu':Zn-In-Se core NCs, the precursors 0.2
mmol Zn(OAc),-2H,0, 0.2 mmol InCl;, required amount of
Cu(OAc),-H,0 and 1.6 mmol elemental Se powder were mixed
with 6 mL of OLA and 4 mL of 1-DDT in a three-neck round-
bottom flask under vigorous stirring. The flask was equipped
with a reflux condenser and a thermometer, and the set-up
was placed on a silicone oil bath with a hot-stirring plate.
Subsequently, the reaction temperature was gradually
increased to 220 °C and maintained at this temperature for
30 min under argon bubbling with constant stirring. The
resulting colloidal solution was naturally cooled to room
temperature to complete the reaction. For the purification
process, the NC colloids were repetitively precipitated by an
addition of excess C;H¢O, centrifuged, decanted, and
redispersed in CHCl;. The purification process was repeated
at least three times by adding CHCI; to disperse the NCs and
C3H,O for their precipitation. Finally, the resultant solid NCs
were dispersed in CHCI; solvent and/or dried at 60 °C under
vacuum conditions.

2.2.2. Preparation of Zn stock solution for the shell
growth. The zinc precursor was prepared by dissolving 2.4
mmol of Zn(OAc),-2H,0 in a mixture of OLA and 1-ODE (v/v,
1:9, in 6 mL) at 140 °C under argon bubbling. This solution
was used as the Zn source for the shell growth during the
hot-injection method.

2.2.3. Deposition of ZnSe shell layer over the Cu'-doped
Zn-In-Se core NCs. Typically, after the reaction mixture of
the core NCs was maintained at 220 °C for 30 min (Section
2.2.1), the temperature of the solution was increased to 240
°C. Instantly, upon reaching this temperature (240 °C), 2 mL
of Zn precursor stock solution was quickly injected into the
reaction vessel containing the above-mentioned mixture. This
sequence was repeated three times with a waiting period of
15 min between each injection. During the reaction, aliquots
were collected from the reaction vessel before each
consecutive injection of the Zn precursor stock solution and
cooled in 3 mL of CHCI; to quench the growth of the NCs.
Once the final reaction was completed, the solution was
naturally cooled to room temperature. The purification
process was similar to the purification of the core NCs
described in Section 2.2.1. Finally, the purified C/S NCs were
re-dispersed in CHCI; and/or dried at 60 °C under vacuum.
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2.3. Material characterization techniques

For crystal structure analysis, the XRD patterns of the NCs were
acquired using a Rigaku Ultima-IV X-ray diffractometer using
Cu-K, radiation with a wavelength of 1.5406 A in the 6-20
Bragg-Brentano geometry. The specimen for microstructure
analysis by transmission electron microscopy (TEM) was
prepared by depositing the colloidal NCs, dispersed in
chloroform solvent, on a 300-mesh copper grid containing an
amorphous carbon support thin film, and then the solvent was
evaporated by drying at room temperature. The high-resolution
TEM micrographs were acquired using a Tecnai G2 F30 S-Twin
(FEI) TEM microscope operated at an accelerating voltage of
300 kV. UV-vis absorption spectra were recorded on a
Shimadzu, UV-3600 plus spectrometer in the wavelength range
of 250 to 800 nm with 1 nm resolution. A Horiba Jobin Yvon
(Fluorolog-FL3-11) spectrofluorometer containing a time-
correlated single-photon counting (TCSPC) system was used to
measure the room temperature steady-state emission spectra
and nanosecond transient time-resolved PL (TRPL) decay
curves. A xenon arc-lamp and a nanoLED source (290 and 460
nm) were utilized as the excitation sources for measuring the
steady-state fluorescence spectra and TRPL decay curves,
respectively. The relative quantum yield of the core and core/
shell NCs was measured using rhodamine B dye as a reference.
The UV-Vis absorbance spectra of the sample dispersed in
chloroform solvent and the dye were recorded first and the
absorbance at the excitation wavelength (430 nm in this case)
used was measured for both the sample and dye. Then, their
fluorescence spectrum was recorded and the integrated
fluorescence intensity was noted. Using eqn (1), the relative QY
was estimated, as follows:

2
Qvy = Q, XA fes ("—X) (1)

IsAx )VEXX ng

where subscripts S and X refer to the standard and the sample
under investigation, respectively, I represents the integrated
area of the PL spectrum, A is the optical density at the
excitation wavelength used for the PL measurement (optical
density was kept at ~0.05 for all the samples to avoid
reabsorption), A is the excitation and 7 is the refractive index
of the solvents (n = 1.4458 for chloroform and n = 1.329 for
methanol) (thodamine B dye in methanol, QY = 70%, emission
range: 560-590 nm). The surface chemical oxidation states of
the Cu:Zn-In-Se core NCs were investigated through the X-ray
photoelectron spectroscopy (XPS) technique (PHI 5000
VersaProbe III, ULVAC-PHI, USA) using Al-K, monochromatic
radiation. The XPS measurement of the Cu:Zn-In-Se/ZnSe C/S
NCs was performed using a Kratos AXIS Supra spectrometer
(SHIMADZU group, UK) with monochromatic Al-K, X-ray
radiation. The spectra were calibrated with reference to the
carbon C-1s peak at 284.8 eV.

2.4. Preparation of polymer-NC composite films

Optically transparent, flexible polymer-NC composite films
were prepared by drop-casting the composite solution on
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glass substrates.”> Four polymer-NC composite films were
prepared by mixing PMMA polymer with 0.01 mmol (ley, =
542 nm), 0.02 mmol (le, = 557 nm), 0.04 mmol (Ley, = 585
nm) and 0.08 mmol (ley, = 633 nm) of Cu'-Zn-In-Se/ZnSe C/S
NCs. In a typical process, 10 mg of the dried powder of C/S
NCs was dispersed in 5 mL chloroform to get a clear colloidal
solution. Simultaneously, 0.5 g of PMMA in pellet form (MW-
120000) was dispersed in 5 mL chloroform under constant
stirring at room temperature for 15 min or until the polymer
was completely dissolved in the solvent. Subsequently, the
clear colloidal NC solution was added to the PMMA solution
and left stirring at 40 °C for 30 min. Subsequently, 2 mL of
PMMA-NC blend solution was drop-casted on a Petri dish
and a glass slide, and finally, they were thermally cured at 50
°C for 2 h in a vacuum. After completion of the curing
process, the PMMA-NC thick films were peeled off from the
Petri dish, while the films coated on glass slides were used
for further measurements. For comparison, bare PMMA films
were also prepared via a similar method without the C/S NCs.
The optical transmittance of the films was assessed using a
UV-vis spectrometer (Shimadzu, UV-3600 plus) in the
wavelength range of 200 nm to 800 nm using air as the
reference. The fluorescence spectra of the films were
recorded using a Horiba Jobin Yvon (Fluorolog-FL3-11)
spectrofluorometer to study their emission properties.

2.5. Preparation of water-dispersible hydrophobic Cu":Zn-In-
Se/ZnSe C/S NCs by ligand-exchange method

The exchange of the native hydrophobic ligands on the
surface of the prepared C/S NCs by the 11-MUA hydrophilic
ligand was achieved as follows.>® In the first step of the ligand
exchange process, 100 mg of 11-MUA was dissolved in 1 mL of
CH;0H, and subsequently, the pH of the solution was
adjusted to ~12 by adding the organic base TMAHP. Next, 1
mg of purified C/S NCs, in powder form, was dispersed in 1
mL CHCI; to obtain a homogeneous colloidal solution. Then,
the NC solution was swiftly added to the 11-MUA-CH;OH
mixture solution and stirred vigorously for 30 min at room
temperature. Later, the reaction mixture was heated at 70 °C
for 20 min and allowed to cool to room temperature. Once
room temperature was achieved, 2 mL of deionized water was
added to the mixture and stirred for 10 min. The C/S NCs
switched their location from the bottom organic phase to the
aqueous phase at the top of the solution. The aqueous phase
containing 11-MUA-capped C/S NCs was collected and
purified with acetone. The resultant pellet was re-dispersed in
1 mL deionized water/phosphate-buffered saline (PBS, pH 7.4)
and stored in a refrigerator (4 °C) for further use.

2.6. In vitro biocompatibility assay

The in vitro biocompatibility of the hydrophilized Cu":Zn-In-Se/
ZnSe C/S NCs was assayed on two different cell lines, namely,
human embryonic kidney 293 cells (HEK293) and cervical cancer
cells (HeLa). These cells were procured from the National Centre
for Cell Science (NCCS, Pune), India. The respective cells were
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cultured separately in growth medium (Dulbecco's modified
Eagle's medium, DMEM, HiMedia), supplemented with 10%
fetal bovine serum (FBS, HiMedia) and 1% t-glutamine-
penicillin-streptomycin  solution (HiMedia) in a standard
incubator with a humidified atmosphere at 5% CO, and 37 °C.

The in vitro cytotoxicity test was performed using the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
calorimetric assay. In a typical procedure,” HEK293 or Hela
cells were seeded in a 96-well flat-bottom culture plate (at the
density of 1 x 10* cells per well) in DMEM culture medium and
allowed to adhere for 24 h. After adhesion, the cells were
treated with various concentrations of hydrophilized C/S NCs
ranging from 20 to 50, 100, and 200 pg mL™". As a control test,
the cells were treated with medium without the C/S NCs. As a
positive control, the drug MG132 (0.5 ug mL ") was included in
the MTT calorimetric assay, which is a potent proteosomal
inhibitor known to induce apoptosis.’® After 48 h of
incubation, the medium in each well was discarded and
replaced with fresh culture medium (90 pL) and sterile MTT
solution (10 uL of 5 mg mL™). Further, the plate was incubated
for 3 h at 37 °C until the emergence of purple formazan
crystals. Thereafter, the unreduced MTT solution was replaced
with 100 pL of dimethyl sulfoxide (DMSO, HiMedia) to
solubilize the purple formazan crystals. The absorbance of the
formazan  crystals at 570 nm  was  measured
spectrophotometrically using a microplate reader to determine
the optical density (OD) value. The assay was repeated three
times, and the results were averaged (+S.D) to get better
accuracy. The cytotoxicity effect is expressed as a percentage of
cell viability relative to the control cells and is defined as:

[OD of NCs treated cells]
[OD of control cells|

570 nm y 100 (2]
570 nm

Cytotoxicity (%) =

2.7. In vitro bioimaging

Based on the biocompatibility test results, the hydrophilized
Cu":Zn-In-Se/ZnS C/S NCs with 100 pug mL™ concentration
were used for the cellular uptake study. The specimen for this
study was prepared by following the reported procedure.*
Briefly, HEK293/HeLa cells were cultured in a cell-culture dish
with aseptic coverslips in a growth medium for 24 h.
Thereafter, the cells were treated with the hydrophilized C/S
NCs (100 pg mL™") and incubated for 6 h at 37 °C. The
coverslips containing cells were removed, rinsed with PBS three
times, fixed with formaldehyde (4%, HiMedia) for 10 min at
room temperature, and finally embedded using MOWIOL
solution (Sigma-Aldrich). The fluorescence imaging of the
adherent cells on the cover slips was performed using a laser
confocal microscope system (Carl Zeiss LSM 710, Germany)
equipped with a 20x immersion objective lens. A near UV diode
laser (4 = 405 nm) was used as the excitation source.

3. Results and discussion

In this study, we report the phosphine-free synthesis of an
inorganic Cu'-doped Zn-In-Se ternary alloy coated with a ZnSe

© 2024 The Author(s). Published by the Royal Society of Chemistry
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shell via a one-pot heating method followed by a hot-injection
organometallic technique. In the literature, Lewis bases such
as trioctylphosphine and tributylphosphine have been
extensively used to solubilize the chalcogenide components.
However, these phosphines are highly toxic, flammable, and
corrosive.”** Therefore, the preparation of materials without
phosphines is preferred and the focus of research. As an
alternative, to avoid these highly toxic phosphines, safe
solvents such as oleylamine and dodecanethiol were used in
this work. As reported in the literature, the soluble and highly
reactive alkylammonium selenide was generated through the
reduction of Se powder by an alkylthiol such as DDT in the
presence of OLA and alkylammonium selenide was used as a
precursor of Se for the synthesis of Se-based NCs.**** C/S NCs
without Cu (i.e., pristine Zn-In-Se/ZnSe) were also prepared as
a control sample. The transition metal ion Cu(i) was chosen as
the dopant to extend the emission of the Zn-In-Se ternary alloy
NCs to a wider wavelength range because copper ion species
offer a much wider tunability in the visible region depending
on the composition of the host.>**” The concentration of Cu
ions in the C/S NCs in this study is reported based on the
initial concentration (mmol) of the precursor employed in their
synthesis process. A series of five samples of C/S NCs with
varying Cu concentrations was synthesized. During the
preparation of the Cu-doped Zn-In-Se core NCs, the color of
the reaction solution turned from light-green to dark red upon
adjusting the Cu precursor concentration from 0 to 0.08 mmol.
For simple reference, the Cu":Zn-In-Se/ZnSe NC series with an
increasing Cu concentration in the core was named NCs@A
(pristine), NCs@B (0.01 mmol of Cu), NCs@C (0.02 mmol of
Cu), NCs@D (0.04 mmol of Cu) and NCs@E (0.08 mmol of Cu).
Similarly, the core/shell structures prepared with one, two, and
three consecutive shell precursor injections in the core NCs
were denoted as batch 1, batch 2, and batch 3, respectively.

3.1. Structural and microstructural studies

The crystallographic structure of the Cu":Zn-In-Se core and
Cu":Zn-In-Se/ZnSe C/S NCs was determined by X-ray
diffraction measurement. Fig. 1a presents the X-ray
diffraction patterns of the pristine and Cu'-doped Zn-In-Se
core NCs with various dopant concentrations. Given that the
host material contains Zn-In-Se, the acquired diffraction
patterns of the core NCs are compared with the tetragonal
phase of ZnIn,Se, (JCPDS card #39-0458). The XRD patterns
of all the core NCs contain three broad peaks, which match
well with the three major Bragg-reflections at 26 angles of
27.03°, 44.86°, and 53.2° in the standard diffraction pattern
of tetragonal ZnIn,Se, corresponding to the (112), (204) and
(312) crystal planes, respectively. The width of the diffraction
peaks is quite broad, reflecting the small crystallite size of
the core NCs.

Fig. 1b presents the diffraction patterns of the Cu':Zn-In-
Se/ZnSe C/S NCs (batch 3) containing different Cu ion dopant
concentrations in their core. Given that the shell contains
ZnSe, their diffraction peaks are compared with the cubic-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 X-ray diffraction patterns of (a) pristine (NCs@A) and Cu'-
doped Zn-In-Se (NCs@B to NCs@E) alloy core NCs and (b) pristine
Zn-In-Se/ZnSe (NCs@A) C/S NCs and Cu':Zn-In-Se/ZnSe C/S NCs
with various Cu dopant concentrations in the core (NCs@B to
NCs@E). Stick patterns at the bottom of both figures represent the
standard diffraction pattern of tetragonal-structured Znin,Se,
(JCPDS card #39-0458) and cubic-structured ZnSe (JCPDS card
#37-1463), respectively.

structured ZnSe (JCPDS card #37-1463). The XRD analysis
presented a challenge in distinguishing between the core and
shell, given that the major diffraction peaks of ZnIn,Se, and
ZnSe are located in nearly the same position. However, it can
be noted that after injecting 6 mL of Zn precursor solution
into the core NCs for the growth of the shell (Experimental
section 2.2.3), the Bragg diffraction peaks of the C/S NCs
became sharper and significantly shifted to a higher 26 angle
compared to that of the core NCs (Fig. S1 of ESIt). The shift
to a high angle in the XRD patterns was observed during the
growth of the ZnSe shell on the Cu":Zn-In-Se NCs,
corresponding to the formation of the ZnSe shell. The same
type of shift in the diffraction peaks was reported in the
literature for various metal ion-doped Zn-In-S NCs after
encapsulation with a ZnS shell.>*?” Clearly, the core NCs
were formed in one phase, which is tetragonal ZnIn,Se,.
When the (112) peak was observed, it has a less intense
minor peak to the right of it, and therefore it appears with a
shoulder and slightly broader. However, the (111) peak of the
cubic ZnSe phase was sharp and no shoulder appeared.
Thus, it was obvious that the ZnSe phase was formed in the
shell of the core-shell nanocrystals. Therefore, a phase
change from tetragonal ZnIn,Se, to cubic ZnSe phase was
observed when a shell was grown on the Cu-doped ZnInSe
core nanocrystals.

Fig. 2 shows the microstructure results by HRTEM of Cu":
Zn-In-Se core NCs (0.04 mmol Cu, NCs@D) and their
corresponding C/S NCs (third batch). The colloidal Cu":Zn-
In-Se alloy core NCs exhibit a quasi-spherical shape, as
shown in Fig. 2a. The HRTEM micrograph of a single
nanoparticle chosen from Fig. 2a, as shown in Fig. 2b,
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corresponding C/S NCs. The histograms are fitted with the log-normal
distribution function.

further indicates the crystalline nature of the core NCs
through the well-resolved lattice fringe pattern obtained. The
intensity line profile, acquired through the selected lattice
fringes along the marked green line in Fig. 2b, is presented
in Fig. S2a of the ESL{ Between two peaks, the interplanar
distance, d, is measured from the x-axis scale. An evenly
spaced interplanar distance, d, of 3.26 A was obtained, which
is attributed to the same distance (d = 3.29 A) of the (112)
plane of the bulk tetragonal-ZnIn,Se,. The selected area
electron diffraction (SAED) pattern of the Cu":Zn-In-Se core
NCs, as shown in Fig. 2c, exhibits three distinct concentric
circular diffraction rings, with d-spacings of 3.27 A, 1.94 A,
and 1.66 A, corresponding to the (112), (204) and (312)
reflections (JCPDS card #39-0458), respectively, of tetragonal
ZnIn,Se,. The composition analysis by XEDS analysis of the
Cu":Zn-In-Se core NCs confirmed the presence of Zn, In, Se,
and Cu elements, and the typical XEDS spectrum is shown in
Fig. 2d. As illustrated in Fig. 2, the bright-field HRTEM
micrograph (Fig. 2e) and high-angle annular dark-field
micrographs (Fig. 2h-j) of Cu':Zn-In-Se/ZnSe C/S NCs
indicate that the NCs maintained their shape as nearly
spherical even after three sequential shell layers grown via Zn
precursor injection. The zoomed-in TEM image (Fig. 2f)
displays well-defined lattice fringes, which extend in a
straight line through the NCs, signifying the good
crystallinity of the NCs and the lattice-match with the shell
lattice, confirming the epitaxial growth of the ZnSe shell on
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the core NCs. Further, the intensity line profile analysis (Fig.
S2b of ESIY) of the lattice-resolved TEM image of the C/S NCs
revealed that the interplanar spacing of the (111) plane is
3.33 A. The d-spacings obtained from the SAED pattern of the
shell grown Cu':Zn-In-Se/ZnSe C/S NCs (Fig. 2g) can be
indexed to the crystal planes of cubic ZnSe.

The particle size histogram derived from the of the TEM
micrograph analysis of the Cu":Zn-In-Se core NCs and the
corresponding C/S NCs are presented in Fig. 2k and I,
respectively. These histograms were fitted with the log-
normal distribution function (orange line profile in
Fig. 2k and 1). It should be noted that the size distribution
for the C/S NCs was determined from their high-angle
annular dark-field (HAADF) images. Fig. 2k shows that the
doped alloy core NCs grew with a size distribution ranging
from 1.5 to 5 nm with an average size of 2.9 + 0.03 nm. After
three consecutive injections of Zn precursor for the growth of
the shell, the Cu":Zn-In-Se/ZnSe C/S NCs exhibited a larger
particle size of 4.2 + 0.08 nm, with a diameter 1.3 nm greater
than that of their mother core NCs.

3.2. XPS analysis

The chemical states of each element in the core and C/S with
0.08 mmol of Cu doping were analyzed by the XPS technique
and the results are compared in Fig. 3. The wide-scan
photoelectron spectra in Fig. 3a confirm the presence of Zn, In,
Cu, and Se chemical elements in both the core and C/S NCs.
Further, the signals from the region of the Cu-2p, In-3d, Zn-2p,
and Se-3d core-levels were spotted and measured, respectively,
as shown in Fig. 3b-e, respectively. In the Cu-2p core-level
spectrum (Fig. 3b), the doublet peak at 931.9 eV and 951.7 eV
corresponds to the photoelectron emission from the Cu-2pz,
and Cu-2py, orbitals, respectively.’® The Cu-2p peak was
analyzed (with 5-point averaging) to observe Cu(0), Cu(i), and
Cu(u), and the XPS spectra are presented in Fig. S3.f Cu(1) was
identified with a mild satellite peak at 945 eV, which is shown
in Fig. S31 and marked with a blue circle. The Cu(u) state will
give a strong satellite peak at 943 eV, which was absent in this
case. However, Cu(0) will appear without any satellite peak,
which was also not the case in the present situation. Therefore,
Cu existed in the Cu() state alone and the other possibilities
were ruled out. Although Cu(u) acetate was used as the starting
material for the synthesis, the core-level spectrum of Cu-2p
only shows the characteristics of Cu(i). The result signifies that
Cu(u) was reduced to Cu(i) by the fatty amines (OLA used in this
work) during the reaction carried out at a higher
temperature.’>*° As shown Fig. 3c-e, the chemical states of the
In, Zn and Se elements were determined to be +3 (In 3ds,,
444.5 €V; In 3dy), 452 €V),*! +2 (Zn 2p;), 1021.7 €V; Zn 2Py,
1044.7 eV)," and -2 (Se 3d, 53.9 eV),*® respectively. More
importantly, the photoemission intensity of the Cu-2p and In-
3d signals in the Cu":Zn-In-Se/ZnSe C/S NCs was weakened
compared to that of the parent Cu“:Zn-In-S core NCs,
suggesting that the inter-diffusion of Zn(u) ions in the core
lattice partially substituted the Cu(i) and In(u) ions during the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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high-resolution core-level XPS spectra for the (b) Cu 2p, (c) In 3d, (d) Zn 2p and (e) Se 3d elements.

growth process of the ZnSe shell. Although XPS presented hints
regarding the cation exchange, there may be a slight difficulty
in confirming it. This is because the intensity of the Cu-2p and
In-3d peaks can also be reduced due to the shielding effect of
the grown core layer. Therefore, this XPS intensity change is
not firmly considered as evidence for the cation exchange,
rather the cation exchange was strongly proven through the
absorption and PL analysis, as discussed in the respective
sections. Also, the In-3d and Se-3d signals show slight chemical
shifts of +0.7 eV and +0.49 eV, respectively, after three series of
Zn precursor injections into the core NCs, suggesting the
formation of a ZnSe shell, which can impact the electronic
environment in the NCs."* It should also be noted that the use
of DDT at the employed high temperatures during synthesis
can possibly cause the leaching of sulfur ions, which was
checked through the XPS spectra presented in Fig. S3 of the
ESLt The peak positions were marked and no peak related to S
(located at 162 eV) was found and no sulfur was observed.

To gain better information about the quantity of Cu in
each sample, XPS was carried out on all the core NCs
containing 0.01, 0.02, 0.04 and 0.08 mmol doped Cu ions,
and only the Cu-2p peaks of these samples are presented in
Fig. S4 of the ESI{ and the quantification of all four NCs are
presented in Table S1 of the ESIL.f The Cu content in at% was
found to increase with an increase in the Cu doping content
in the core NCs. Increasing the Cu content can also be
obvious by keen observation of the increasing intensity of the
Cu-2p XPS peak in Fig. S4.}

3.3. Optical properties

The optical properties such as absorption, emission, and
excited-state lifetime of the Cu":Zn-In-Se core and Cu':Zn-In-

© 2024 The Author(s). Published by the Royal Society of Chemistry

Se/ZnSe C/S NCs are deliberated here. Fig. 4(a-e) presents the
UV-vis absorption spectra of the C/S NCs together with their
mother core NCs. The excitonic absorption spectra of the
NCs (Fig. 4a-e) were not as clearly distinct as that in the
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Fig. 4 Normalized UV-vis absorption spectra of core and C/S NCs. (a)

Pristine Zn-In-Se/ZnSe (NCs@A) and (b-e) Cu":Zn-In-Se/ZnSe NCs with

different Cu ion doping concentrations in the core (NCs@B to NCs@E).
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binary NCs,>**** instead they look like more or less a
featureless profile with a tail elongated to a higher
wavelength. This characteristic profile is partially caused by
the irregular elemental distribution among the various NCs
in the ensemble, which is inconsistent with the properties of
these alloy NCs.'”*® Each graph in Fig. 4 compares the
absorption behavior of the core and C/S alloy NCs. In all
cases, the absorption onset wavelength of the C/S NCs shifted
to a lower wavelength compared to their mother core NCs.
The blue-shift in the absorption peak is the reverse trend of
the epitaxial growth of shell material over the initial core
NCs. Reasonably, it indicates cationic inter-diffusion/
exchange between the ZnSe shell layer and Cu":Zn-In-Se core
material during the formation of the shell, and consequently,
this causes the blue-shift in the onset of absorption.*®

The fluorescence emission spectra of all synthesized NCs
are presented in Fig. 5. The pristine Zn-In-Se core NCs when
excited at 320 nm show a blue emission with the wavelength
maximum at 467 nm (inset image in Fig. 5a). The emission
spectrum was deconvoluted using the Gaussian function by
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Fig. 5 Fluorescence emission spectra of the core and C/S NCs. (a)
Pristine Zn-In-Se/ZnSe (NCs@A), (b-e) Cu':Zn-In-Se/ZnSe NCs with
different Cu doping concentrations in the core (NCs@B to NCs@E).
The inset graph in (a) is the emission spectrum of pristine Zn-In-Se
core NCs excited at 320 nm. All the NCs were excited at 430 nm
wavelength for acquiring the emission spectra except for pristine Zn-
In-Se core NCs, for which the excitation wavelength was 320 nm.
Note that the numbers 1, 2, 3, and 4 in the spectra represent the core,
batch 1, batch 2, and batch 3 C/S NCs, respectively. (f) Photographs of
unexcited and excited (under UV) colloidal solutions of the pristine and
Cu'-doped Zn-In-Se/ZnSe C/S NCs.
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considering the types of possible radiative transitions in the
host NC. The Gaussian fit, as presented in Fig. S5 of the ESL}
provides three emission components with their wavelength
maxima at 464 nm, 489 nm, and 541 nm. With reference to
the previous reports, the radiation observed at 464 and 489
nm is related to the Zn interstitial (Zn;) defects and Zn
vacancy (Vz,), respectively.’® The emission at 541 nm is
ascribed to the indium-zinc antisite (Iny,) defect emission,
that is, indium atoms are substituted at the zinc site.>® Fig.
S6a of the ESI} shows the normalized fluorescence emission
spectra of the pristine and Cu'-doped Zn-In-Se alloy core
NCs. One can note that on moving from the pristine Zn-In-
Se NCs (NCs@A) to the heavily doped Cu':Zn-In-Se NCs
(NCs@E), the position of the emission peak is continuously
shifted to the red end of the electromagnetic spectrum from
467 to 780 nm. Notably, a very weak emission was observed
from all the core NCs irrespective of doping. As shown in Fig.
S6a,f the Cu ion content greatly influenced the emission
property of the doped colloidal core nanocrystals. The broad
photon emission of the Cu'-doped colloidal core NCs is
associated with multiple overlapping emissions by the
radiative transition from the donor states (Zn; and/or Ing,)
below the conduction band edge to the acceptor levels (Vy,
defects and/or Cu-T, state), which are located above the
valence band edge."*?”*” The red-shift in the emission peak
of the Cu':Zn-In-Se NCs as a function of the dopant
concentration is due to the shift in the conduction band edge
position by increasing the Cu ion concentration, thus tuning
the emission spectrum in the visible region.’” This shift
cannot be just due to the change in the particle size given
that the size change was small compared to the core
nanocrystals. The emission from the Cu-doped ZnInSe QDs
with varying Cu concentrations is indeed primarily due to the
donor and acceptor pair (DAP) recombination facilitated by
the Cu acceptor levels introduced in the QDs. This DAP
recombination mechanism leads to an emission that is
distinct from the band edge emission, with characteristics
that depend on the Cu concentration.

Fig. 5(a-f) shows the fluorescence spectra of the five sets of
Cu":Zn-In-Se/ZnSe C/S NCs with and without dopant in the core
NCs. It can be observed that the overgrowth of the ZnSe shell by
three batches of Zn(u) precursor injections on the surface of the
pristine Zn-In-Se (Fig. 5a) and Cu":Zn-In-Se (Fig. 5b to f) core
NCs resulted in a strong enhancement in the fluorescence
intensity. This is attributed to the reduced density of defects
and/or dangling bonds on the surface of the core NCs.
Moreover, with the overgrowth of the ZnSe shell around the core
NCs by the injection of the Zn(u) precursor, the emission band
positions of NCs were blue-shifted from the initial emission
wavelengths of 535, 557, 605, 650 and 780 nm to 528, 542, 557,
585 and 633 nm for the NCs@A, NCs@B, NCs@C, NCs@D and
NCs@E samples, respectively (Table 1). The observed blue-shift
in the emission spectra of C/S NCs upon the injection of the
Zn(u) precursor is due to the diffusion of the smaller-sized Zn"
foreign cations (0.74 A) into the already grown core NC lattice
structure, filling the vacancy sites and partially replacing the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Fluorescence characteristics of the hydrophobic Cu':Zn-In-Se/ZnSe C/S NCs with and without dopant in their core

Sample details

Given sample name

Dopant concentration in core NCs

Emission maximum (nm)

NCs@A Pristine Zn-In-Se
NCs@B Cu - 0.01 mmol
NCs@C Cu - 0.02 mmol
NCs@D Cu - 0.04 mmol
NCs@E Cu - 0.08 mmol

larger Cu' (0.96 A) and/or In"™ (0.81 A) native cations, which
yielded a graded ZnSe shell over the core NCs.***° Ultimately,
the cation exchange process contributed to the contraction of
the core NCs with an inhomogeneous elemental distribution,
which led to the widening of the optical bandgap energy (see
Fig. 4). The diffusion of the Zn" foreign cation towards the core
NCs leading to cation exchange is a thermodynamically driven
process. The cation exchange process, given that it exchanges
cations between the core and shell, may reduce the lattice strain
between them, which is normally caused by the lattice
mismatch, depending on if they are homoepitaxial or hetero-
epitaxially grown C/S NCs.>® Different mechanisms for the
diffusion of cations across the C/S boundary during cation
exchange have been reported in the literature. In the CsPbCls/
CsMnCl; C/S material system with a perovskite structure, the
Mn ion diffuses from the B-site of the shell material CsMnCl; to
the core material CsPbCl; to form the Mn-doped CsMnCl;
core.”’ This cation diffusion is tuned by various thermal
annealing of the C/S system, which led to high tunability in the
PL emission and environmental stability of the CsPbCly/
CsMnCl; C/S nanoparticles. The Mn doping in the core upon
cation exchange creates a pathway for energy transfer,
enhancing the photophysical properties of the perovskite
materials. DFT calculations proved that the initial doping site or
the environment is crucial for the efficient trapping of the
doping ions and their further migration.”> The role of the
doping ions in various sites of perovskite-structured materials
leading to changes in their optical properties is thoroughly
discussed in the literature.”® However, the dopant position and
migration can be highly influenced by the local composition.>*
The maximum observed blue-shifts in the emission band
of C/S NCs induced by cation exchange during the shelling
process are 7, 15, 48, 65, and 147 nm for the NCs@A,
NCs@B, NCs@C, NCs@D, and NCs@E samples, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Core 467
Batch 1 535
Batch 2 534
Batch 3 528
Core 557
Batch 1 553
Batch 2 543
Batch 3 542
Core 605
Batch 1 570
Batch 2 558
Batch 3 557
Core 650
Batch 1 608
Batch 2 587
Batch 3 585
Core 780
Batch 1 668
Batch 2 639
Batch 3 633

It can be observed that the shift in the wavelength (blue-shift)
is directly scaled with the relative concentration of Cu doping
in the core NCs. This further reveals that the Cu(i) ion has a
higher rate of cation exchange with the Zn(u) ion than with
the In(m) ion. Moreover, the extent of the blue-shift in the
Cu":Zn-In-Se/ZnSe C/S NCs as a function of batch of Zn(u)
precursor injection was reduced significantly, which almost
reached a balance with the enhanced emission peak
intensity. This signifies the formation of a binary ZnSe shell
layer over the graded interface between the core and shell. In
the present Cu":Zn-In-Se/ZnSe C/S NCs, partial cation
exchange and shelling primarily occurred over the core Cu":
Zn-In-Se NCs during the encapsulation of the ZnSe shell by
serial injection of the Zn(u) precursor at a higher reaction
temperature. The fluorescence spectra of the resulting C/S
NCs of Cu":Zn-In-Se/ZnSe with and without Cu ion in the
core are presented in Fig. S6b,f exhibiting a good tunable
emission (Fig. S6atf). The digital snapshot of the resulting
Cu":Zn-In-Se/ZnSe C/S NCs dissolved in chloroform solvent
under UV-light excitation (Fig. 5f) shows their color tunability
by emitting electromagnetic radiation in the visible region of
the spectrum from green to red color. Furthermore, the
relative quantum yield of NCs was measured using
rhodamine 6G dye as the standard reference. The PLQY of
the core NCs was determined to be 3.76%, 1.54%, 6.04%,
and 3.54% for NCs@B, NCs@C, NCs@D, and NCs@E,
respectively. After the ZnSe shell coating over the core NCs,
their PLQY increased. The PLQY of C/S NCs was 57.95%
(NCs@B), 17.5% (NCs@C), 54.1% (NCs@D), and 16.74%
(NCs@E). The quantum yield was found to be quite high,
and therefore this material can be effectively used in optical
applications such as bioimaging and LEDs.

Besides absorption and luminescence characteristics, the
trap states involved in the radiative transition of charge

RSC Appl. Interfaces, 2024,1,1317-1333 | 1325
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Fig. 6 Fluorescence decay curves of pristine and Cu'-doped Zn-In-
Se/ZnSe (core and C/S with three batches of Zn-precursor injection)
colloidal NCs with tri-exponential fit (white dotted lines). (a) NCs@A
(pristine) (b) NCs@B (0.01 mmol of Cu), (c) NCs@C (0.02 mmol of Cu)
and (d) NCs@D (0.04 mmol of Cu). The pie chart on the right side of
each graph presents the amplitude fraction of three decay
components (o4, @ and az) in the core and its respective final C/S NCs
(batch 3 of Zn-precursor injection).

carriers in the present NCs were studied by monitoring the
emission decay mechanism using a time-correlated single
photon counting (TCSPC) technique with excitation at 460
nm. Fig. 6 shows the fluorescence decay profiles of the
pristine and Cu'-doped Zn-In-Se/ZnSe core and C/S colloidal
NCs acquired at their respective emission wavelengths. All
the transient curves exhibit tri-exponential decay
characteristics, which include a short-live decay component,
7;, intermediate decay component, 7,, and long-live decay
component, z;. All the fluorescence lifetime parameters were
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obtained by fitting the curves using the tri-exponential
function (explained in eqn (S1), (S2), and (S3), respectively, of
the ESIt) and summarized in Table 2.

The tri-exponential decay kinetics 7, 7,, and 73 signify that
various charge carrier transition pathways exist in these NCs.
The faster relaxation process 7; with the decay lifetime lying
in the range of 1.12-37.80 ns (Table 2) results from the
charge carrier trapping at the surface defects, which usually
have a shorter lifetime in comparison with that of deep-trap
states.>>>® The trap states at the interface of the core and
shell are similar to the states at the surface of core NCs, and
thus the fast relaxation process z; in the case of C/S NCs is
ascribed to the interface-trapped states.”’ Alternatively, the
slow processes 7, and 73 are associated with the radiative
transition processes that occur through both the deep defect-
related donor-acceptor pair and conduction band-to-acceptor
Cu-T, state, which are the main contributors to the
emissions in the Cu':Zn-In-Se/ZnSe C/S NCs.>>”” The values
of the intermediate decay component 7, are in the range of
6.76-145.59 ns, while the long-live decay component z; has
values in the range of 60.19 ns to 396.61 ns.

According to Table 2, it can be inferred that the average
fluorescence lifetime (z,y,) of the pristine and Cu'-doped Zn-
In-Se core NCs is shorter than the decay times in their
respective C/S heterostructures and it progressively increases
as the batch of Zn-precursor injection increases from batch 1
to batch 3. This indicates that overcoating the core NCs with
a ZnSe shell can effectively reduce the contribution of the fast
decay channel by eliminating the surface defect states. The
prolonged average fluorescence lifetime (7, from the core
to shell differs for the samples. Specifically, the exciton
lifetime increased from 40.2 ns to 295.2 ns for NCs@A, from
63.3 ns to 348.7 ns for NCs@B, from 99.2 ns to 324.8 ns for
NCs@C, and 46.1 ns to 279.6 ns for NCs@D. Simultaneously,
the average exciton lifetime of the C/S NCs is prolonged by
increasing the batch number of Zn precursor injections from
batch 1 to batch 3. For instance, for a set of samples in

Table 2 The tri-exponential fit parameters and average decay lifetimes were obtained by fitting the fluorescence lifetime decay profile of the

colloidal NCs

Tri-exponential parameters

Cu":Zn-In-Se/ZnSe C/S NCs ry(ms) o (%) 7, (ns) a (%) 73 (ns) a (%) fi(%) (%) fi (%) (tay (nS)
NCs@A (pristine) Core 1.12 7417 6.76  22.84 76.49 2.99 17.82  33.12  49.06 40.0
Batch 1 2.36 62.11 7.56  30.10 91.09 7.79 13.53  20.99  65.48 61.5
Batch 2 4.68 19.51 58.59  29.92 292.75  50.58 0.55  10.53  88.92  266.5
Batch3  15.60 11.05 96.00  40.71 344.92  48.24 0.83  18.86  80.31  295.2
NCs@B (0.01 mmol Cu)  Core 5.49 67.82 25.22  22.01 103.76  10.17 18.78  28.00  53.22 63.3
Batch 1 6.28 10.36 70.74  37.22 279.04  52.42 0.38 1519  84.43  246.4
Batch2  10.67 2.05 116.89  33.29 373.76  64.66 0.08  13.86  86.06  337.9
Batch3  20.59 2.46 130.24  38.60 396.46  58.94 018  17.67  82.15  348.7
NCs@C (0.02 mmol Cu)  Core 5.37 53.09 26.45  32.25 141.85  14.66 8.86  26.51  64.63 99.2
Batch 1 9.39 8.43 80.77  40.69 271.81  50.88 0.46 1911  80.43  234.1
Batch2  13.16 2.20 121.76  38.80 355.62  59.01 011 1836  81.53  312.3
Batch3  37.80 5.32 145.59  48.34 396.61  46.34 0.79  27.47 7174  324.8
NCs@D (0.04 mmol Cu)  Core 1.65 48.10 10.78  33.00 60.19  18.90 5.05  22.62  72.33 46.1
Batch 1 8.35 9.41 68.57  40.18 225.49  50.41 0.55  19.40  80.05  193.8
Batch 2 8.12 2.01 108.53  40.51 315.73  57.48 0.07  19.49  80.44  275.1
Batch3  11.93 2.50 118.69  44.20 328.30  53.30 0.13  23.04  76.83  279.6
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NCs@B, the (7, was lengthened from 63.3 ns (core) to
246.4 ns when the first batch of Zn shell precursor was
injected and further increased to 337.9 ns for batch 2, and it
reaches to the higher value of 348.7 ns for batch 3. The Cu':
Zn-In-Se/ZnSe C/S NC sample with 0.01 mmol Cu
concentration in its core (batch 3 of NCs@B) possessed the
largest average lifetime (z,,5) of 348.7 ns.

Besides, after shelling the core NCs with the ZnSe
semiconductor, the fractional amplitude (in percent) of the
short-lived component «; declined, and concurrently the
contribution of the intermediate component @, and the long-
lived component «; increased compared to their core NCs
(Table 2). In addition, the changes in the fractional
amplitude of the colloidal NCs before (core) and after
injection of the Zn precursor (C/S NCs, batch 3) are
represented as a pie chart on the right side of each graph in
Fig. 6. It can be seen that the fractional amplitude of z; for
the core NCs of the pristine and Cu'-doped Zn-In-Se with
various dopant concentrations is larger than the amplitudes
of 7, and 73 (@, and o3, respectively), and then it was
quenched significantly after shelling the core with ZnSe,
while the decay amplitude fractions of 7, and 7; increased.
This is a clear indication of the effective depopulation of the
surface defects by the growth of the ZnSe shell layer over the
core NCs. This signifies the increased rate of donor-acceptor
radiative transition with the suppressed surface or interface
defect states. The fractional intensities fi, f, and, f; (Table 2)
give the weights of each decay component (74, 7,, and 73) and
signify the proportion of the excited-state population that
radiatively decays through each pathway, respectively.’® It
was also noticed that the long-lived component z; is largely
responsible for the whole emission process in the pristine
and Cu'-doped Zn-In-Se/ZnSe C/S NCs. The optical studies
suggested that the dopant and shell precursor concentrations
greatly influence the optical properties of the resultant Cu':
Zn-In-Se/ZnSe C/S NCs with improved emission intensity
and prolonged fluorescence lifetime, which demonstrates the
suitability of using these NCs in different applications.

For any application, quantum dots are expected to have
better photostability with respect to irradiation and time.

View Article Online
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Therefore, a photostability test was conducted using the C/S
NCs containing the lowest and highest Cu content, that is
0.01 and 0.08 mmol, respectively. These C/S NCs were
irradiated continuously for 24 h at the excitation wavelength
of 365 nm and their PL emission spectra were acquired at
specific intervals, which are presented in Fig. 7a and b,
respectively. The other experimental conditions were
maintained as that in the regular PL measurements. It
should be noted that the PL intensity considerably decreased
in both samples when continuously irradiated and the
change in the relative PL intensity with respect to irradiation
time is presented in Fig. 7c. The emission intensity was very
stable up to the first three hours, and then subsequently
decreased. However, when we looked at the absolute intensity
of emission in both samples, the intensity was reduced from
3.9 x 10° to 1.6 x 10°, which was stable with the same order
of emission intensity maintained. The absolute intensity of
emission in the 0.08 Cu-doped C/S NC decreased from 1.8 x
10° to 0.9 x 10°. In this case, although a decrease in relative
intensity was observed in 24 h, the absolute emission
intensity remained quite high, which is sufficient for using
these C/S NCs for various photo-emission applications.

3.4. Optical studies of PMMA-Cu":Zn-In-Se/ZnSe NC
composite films

Optically transparent PMMA-Cu":Zn-In-Se/ZnSe NC composite
films with tunable emissions were prepared by mixing the
already prepared Cu“:Zn-In-Se/ZnSe C/S NCs (batch 3), with
various color-emissions at wavelengths such as 542 nm (full
width at half maximum, FWHM; 93.3 nm), 557 nm (FWHM,;
101.8 nm), 585 nm (FWHM; 111.7 nm) and 633 nm (FWHM,;
146 nm), with a PMMA-chloroform solution. A bare PMMA
film was also prepared and used as the control. Subsequently,
the bare PMMA and PMMA-NC composite films were subjected
to optical characterization. Fig. S7 in the ESI} displays the
photographs of the PMMA-NC composite films on a glass
substrate excited under ambient light and UV light and their
corresponding UV-visible measurement results for optical
transmittance. The top row of Fig. S7at shows that the PMMA-

2.0x10°
0.01 | of C
4.0x10° e —on 0.08mmol ot Cu 1.0 ——0.01mmol of Cu
—2h _1.6x10°+ —2 : —e— 0.08 mmol 0f Cu
——3h S - 0.8 -
< 3.0x10° —En s —z2hn |&
s —12h >1.2x10° —s3n |2
2 —24h B ——6h £ 0s6-
E 2.0x10° 1 § . —;i: é
£ 8.0x10° 1 — >
ﬁ =20K = 0.4
1.0x10° 4 &
4.0x10° 4 0.2
0.0 ; - (a) (b) - (c)
' 50 500 550 600 65 0.0 J==f . . . . i ——r————p—————
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UV irradiation time (h)

Fig. 7 PL emission spectral set for (a) 0.01 Cu- and (b) 0.08 Cu-containing C/S NCs acquired for the continuous irradiation of the NCs with 365
nm excitation wavelength for 24 h to understand the photostability of the NCs. (c) Variation in the relative intensity of the PL emission with respect

to UV light irradiation for 24 h.
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NC composite films are transparent and the bottom row
images show that these films are highly fluorescent, obviously
with the same emission color as the blended NCs. This implies
that NCs were well-dispersed in the PMMA polymer matrix.
According to the light transmittance curves shown in Fig. S7b}
it can be observed that the bare glass substrate and blank
PMMA film have a light transmittance of ~90% and ~80%,
respectively, in the visible spectral range. It is a well-known fact
that green light at the wavelength of about 555 nm is much
more sensitive to the human eyes. Accordingly, the optical
transmittance of ~73%, 79%, 62%, and 50% were obtained at
the wavelength 555 nm for the PMMA-NC composite films
containing C/S NCs with various photon-emissive wavelengths
such as 542, 557, 585, and 633 nm, respectively. It can be noted
from the optical transmission curves that the PMMA-NC
composite film with 557 nm emission showed better optical
transparency than that of the other composite films. Also, it
should be noted that the optical transparency of the films
decreased with an increase in the emission wavelength of the
NCs from 557 to 633 nm. The decrease in the visible light
transparency of the PMMA-NC composite films can be mainly
due to the light scattering by the aggregated particles in the
film. It is also interesting to note the transmittance of the
composite films was much lower than that of the bare PMMA
film in the ultraviolet region (Fig. S7b¥), which signifies that
the prepared composite films have the capability for UV-
shielding applications.
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Fig. 8 (a—d) Comparison of the fluorescence spectra of Cu':Zn-In-Se/
ZnSe C/S NCs before (colloidal solution) and after embedding in
PMMA matrix (composite film). (a) NCs@542 nm, (b) NCs@557 nm, (c)
NCs@585 nm and (d) NCs@633 nm. (e) Photograph of the color-
tunable PMMA-NC films under UV light excitation (365 nm
wavelength). Photographs of the PMMA-NC composite films showing
(f) optical transparency under ambient light excitation and (g)
mechanical stability and flexibility of the composite films under manual
pressure given by hands.
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Fig. 8a-d show a comparison of the fluorescence spectra of
the Cu":Zn-In-Se/ZnSe NC colloidal solutions and films of the
polymer-NC composite. It can be observed that the
fluorescence maximum was red-shifted from the colloidal
solution to the composite film and the degree of shift increased
with an increase in the emission wavelength of the NCs from
542 to 633 nm. The observed degree in red-shift for PMMA-NC
composite films with NCs@542 nm, NCs@557 nm, NCs@585
nm, and NCs@633 nm was 2 nm, 12 nm, 33 nm, and 70 nm,
respectively. The reason for the red-shift in the fluorescence
spectrum of the PMMA-NC composite films could be the
aggregation-induced energy transfer from the smaller to larger
NCs, as observed in the literature for nanocrystals.”® The
FWHM of the fluorescence emission peak of the NC colloidal
solutions and their polymer composite solid films were
compared and listed in Table S2.f It should be noted that the
fluorescence peaks of the solid films were found to be
broadened compared to their respective NC solutions. The
highest change in the FWHM was found to be 24.5 nm, from
146.0 nm to 170.5 nm in the case of NCs@633 nm, and that for
the other emission wavelength NCs is close to 4 nm.
Fig. 8(e and f) show the digital images of the free-standing bare
PMMA film, PMMA-NC composite films, and their emitting
state under UV light exposure at the wavelength of 365 nm.
Under the UV light excitation, the free-standing PMMA-NC
composite films (Fig. 8e) show emitted colors in the visible
region, varying from green to red. To acquire the images in
Fig. 8f, the free-standing composite films were placed on a
printed white paper, with the printed text “PMMA/NCs” and
the image acquired under ambient light from the top side to
check if the text below the film was visible. Fig. 8f shows that
the printed text is clearly visible, which shows the good optical
transparency of the PMMA-NC composite film in daylight.
Also, the film was bent by applying manual pressure through
the fingers, as shown in Fig. 8g, and it was very flexible.

3.5. Emission characteristics of hydrophilized colloidal NCs

In the optical bioimaging study, three types of Cu":Zn-In-Se/
ZnSe C/S NCs with different emission wavelengths such as
NCs@542 nm (Batch 3 of NCs@B), NCs@557 nm (batch 3 of
NCs@C) and NCs@633 nm (batch 3 of NCs@E) were selected
and subjected to ligand-exchange with hydrophilic 11-MUA
ligands following the procedure described in Section 2.5.
Previously, the prepared C/S NCs (OLA-coated NCs) were only
well dispersed in organic solvents, and therefore converting
them into water-dispersible NCs is important before their use
for bioimaging. The ligand-exchange was accomplished at pH
~12, yielding a high concentration of deprotonated thiolate
groups (-S7) of 11-MUA, which exchanged the native ligands
OLA on the surface of NCs, thereby making them water-
dispersible. The emission property of the water-dispersible 11-
MUA ligand-capped NCs is significant for their application in
optical imaging, and therefore fluorescence spectroscopy
measurement was carried out. Fig. S8 in the ESIt displays the
fluorescence emission spectra of the Cu":Zn-In-Se/ZnSe C/S

© 2024 The Author(s). Published by the Royal Society of Chemistry
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NCs with various dopant contents before and after ligand-
exchange with 11-MUA and their emission profiles were
compared. As seen from the fluorescence emission spectra, the
peak profiles of the C/S NCs remained intact even after ligand-
exchange with 11-MUA, but underwent a slight peak shift. The
fluorescence peak was shifted by about 7 nm (red-shift) for
NCs@542 nm, 3 nm (red-shift) for NCs@557 nm, and 3 nm
(blue-shift) for NCs@633 nm, which is quite small. The digital
photographs presented below each fluorescence spectrum of
the NCs in Fig. S8 show three representative colloidal NCs
such as NCs@542 nm, NCs@557 nm and NCs@633 nm under
UV light exposure. In chloroform, the NCs remained at the
bottom of the container, whereas they moved to the top surface
of the solution after ligand exchange and become water
dispersible. The digital pictures demonstrate that the emission
colour of the NCs in both organic solvent (hydrophobic) and
water phase (hydrophilic) are nearly identical.

3.6. In vitro fluorescence imaging and cytotoxicity studies

To further verify the application prospect of the
hydrophilized Cu':Zn-In-Se/ZnSe C/S NCs in biological
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imaging, an in vitro cell imaging study was assessed on
human HEK293 and HeLa cells, which were separately co-
incubated with hydrophilized NCs of NCs@542 nm,
NCs@557 nm and NCs@633 nm (procedure is presented in
Section 2.7). To validate the effective cellular uptake of the
hydrophilized NCs, the treated cell lines were scanned by a
laser scanning confocal microscope excited with a 405 nm
laser. Fig. 9a and b show the confocal images of the NC-
treated HEK293 and HelLa cells, acquired with a 20x objective
lens, respectively. In both figures, the left row shows the
bright field image, the middle row shows the fluorescence
image acquired under 405 nm laser excitation, and the right
row presents the overlay image of the bright field and
fluorescence images. The morphological characteristics of
the tested cells were observed clearly in the bright-field
optical images. As seen in the fluorescence images, the NC-
treated cells were brightened with various colors because of
the luminescence from the NCs under the excitation of the
405 nm laser and exhibited green (top image), yellow (middle
image), and red (bottom image) fluorescence corresponding
to the NCs@542 nm, NCs@557 nm, and NCs@633 nm
samples, respectively. When the fluorescence images of both

HelLa

verla \

I Control [l 20pg/mL N 50ug/mL
I 100p:g/mL N 200pg/mL

HelLa Cell Viability [%

NCs@542 NCs@557 NCs@633 MG-132

Fig. 9 Laser scanning confocal microscopy images of (a) HEK293 and (b) HelLa cells treated with hydrophilized Cu':Zn-In-Se/ZnSe C/S NCs. In
both (a) and (b), the left column shows the bright-field images, the centre column shows the luminescence images acquired with an excitation
wavelength of 405 nm and the right column is the overlay images produced by overlapping the bright-field and luminescence images. The
concentration used for the bioimaging study is 100 pg mL™ and the incubation time is 6 h. The cytotoxicity study, as evaluated by the reduction in
metabolic activity (survival rate), of the hydrophilized Cu':Zn-In-Se/ZnSe C/S NC-treated (c) HEK293 and (d) HeLa cells relative to the control
(PBS). The incubation time was 48 h. All the data are shown as average *SD (n = 3).
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cells were merged with their corresponding bright-field
images, that is, overlay image, as shown in Fig. 9a and b, it
became evident that the observed luminescence signals
originated from within the cells. This implies the uptake of
the hydrophilized NCs by the tested HEK293 and HeLa cells.
The acquired optical images demonstrated that the tested
cells could efficiently be probed with the eco-friendly C/S NCs
synthesized in this work through visible light-prompted
luminescence imaging.

Further, the cytotoxicity of the hydrophilized NCs@542 nm,
NCs@557 nm, and NCs@633 nm samples against HEK293 and
HeLa cells was evaluated by measuring the cellular metabolic
activity through the MTT assay. The in vitro cell viability was
measured after 48 h of incubation with each NC at various
concentrations ranging from 0 to 200 pg mL'. The
quantification of the formazan crystals by spectroscopy (optical
density, OD) corresponds to the survival rate of the NC-treated
HEK293 and HeLa cells, as shown in Fig. 9c and d, respectively.
The results demonstrate that the survival rate of the tested cells
remained at a high level of above 93% and no obvious
reduction was observed over the entire tested concentration
ranges of the three various hydrophilized samples during 48 h
incubation time. The hydrophilized NCs@542 nm, NCs@557
nm, and NCs@633 nm sample-treated cells exhibited a relative
survival rate of over 96.7%, 96.8%, and 96.1%, respectively,
towards the HEK293 cells with respect to the control at a
dosage of 100 ug mL™ NCs. Alternatively, the survival rate of
HeLa cells at 100 ug mL™ concentration of NCs decreased by
0.2%, 2%, and 0.5% (overall cell viability was above 97%) for
the NCs@542 nm, NCs@557 nm, and NCs@633 nm samples,
respectively. It should be mentioned that this specific
concentration, that is, 100 pug mL™, of the hydrophilized
samples was used as a fluorescent agent in the optical
bioimaging study, which was discussed in the previous section.
Thus, the cytotoxicity study proved the biocompatibility of the
designed hydrophilized Cu':Zn-In-Se/ZnSe C/S NCs.

4. Conclusions

The eco-friendly blue-to-red tunable color emissive core/shell
NCs of Cu":Zn-In-Se/ZnSe were synthesized via a one-pot
organometallic colloidal method, in which the phosphine-
free, highly reactive alkylammonium selenide was used as
the Se precursor. The fluorescence emission results
demonstrated that the content of the dopant ion Cu played
the main role in tuning the emission wavelength of the Cu'-
doped Zn-In-Se alloy core NCs in the wavelength range of
467 to 780 nm. As shelling progressed with the ZnSe
chalcogenide, the emissions of the resulting colloidal NCs
were strongly enhanced, accompanied by blue-shifts in the
wavelength position caused by the cation exchange. Also, the
ZnSe shelling process further extended the fluorescence
lifetimes of the NCs, and the average fluorescence lifetime of
the Cu":Zn-In-Se/ZnSe C/S NC system was in the range of 250
ns to 350 ns. Also, green, yellow, orange, and red color
PMMA-NC composite flexible films

emissive were
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successfully prepared via the drop-casting method. The
developed composite films showed good transparency in the
visible range, appreciable mechanical flexibility and good
emission characteristics. Also, the results encouragingly
suggested that the Cu':Zn-In-Se/ZnSe NCs incorporated in
the PMMA matrix have potential to be employed as emissive
materials in flexible optoelectronic applications. Moreover,
the hydrophilized 11-mercaptoundecanoic acid-coated Cu':
Zn-In-Se/ZnSe C/S NCs prepared by the ligand exchange
method were applied as a luminescent agent for optical live-
cell imaging in HEK-293 and HeLa cells. Both cells showed
the uptake of these NCs. The cytotoxicity study revealed the
minimum suppression of cell viability under the tested NC
concentrations of up to 200 pg mL™'. In summary, the
findings of this research suggest that the prepared eco-
friendly C/S NCs of Cu':Zn-In-Se/ZnSe featuring tunable
visible light emission by dopant concentration have potential
application in various fields as a luminescent material,
especially in flexible electronics and bioimaging.
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