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Abstract: Recently, quantum-dot-based core/shell structures have gained significance due to their
optical, optoelectronic, and magnetic attributes. Controlling the fluorescence lifetime of QDs shells is
imperative for various applications, including light-emitting diodes and single-photon sources. In this
work, novel Cu-doped CdS/ZnS shell structures were developed to enhance the photoluminescence
properties. The objective was to materialize the Cu-doped CdS/ZnS shells by the adaptation of a
two-stage high-temperature doping technique. The developed nanostructures were examined with
relevant characterization techniques such as transmission electron microscopy (TEM) and ultraviolet–
visible (UV–vis) emission/absorption spectroscopy. Studying fluorescence, we witnessed a sharp
emission peak at a wavelength of 440 nm and another emission peak at a wavelength of 620 nm,
related to the fabricated Cu-doped CdS/ZnS core/shell QDs. Our experimental results revealed that
Cu-doped ZnS shells adopted the crystal structure of CdS due to its larger bandgap. Consequently,
this minimized lattice mismatch and offered better passivation to any surface defects, resulting in
increased photoluminescence. Our developed core/shells are highly appropriate for the development
of efficient light-emitting diodes.

Keywords: quantum dots (QDs); nanocrystals; copper doping; cadmium sulfide; zinc sulfide; optical
properties; photoluminescence

1. Introduction

Quantum dots (QDs) are pint-sized materials [1] that exhibit unique and exceptional
optical and electronic properties compared with those of bulk materials. QDs are often
referred to as zero-dimension crystal structures due to their extremely small size. Generally,
the diameter of QDs stays in the range of 2–10 nm, which is smaller or closer to the dimen-
sion of the Bohr exciton radius [2]. QDs are considered a replacement for traditional organic
dyes or fluorescent proteins [3] as they suffer less from photo-bleaching in comparison
with their entrants. The optoelectronic properties of QDs show interesting phenomena,
such as size-dependent narrow peak emission, broad excitation range, strong absorption,
high chemical stability, and a limited number of electrons compared with organic dyes or
fluorescent proteins [4]. Because of these properties, QDs are prime candidates for various
professional and commercial applications including solar cells, bio-labeling, electronics,
optical detection of biomolecules, and, more recently, QD lasers [5–15].

The photoluminescence properties of QDs can be tuned accurately with sharp emis-
sion depending on their composition and size [16–30]. Furthermore, single QDs have a
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high surface-to-volume ratio catering to a significant number of surface trap states, which
then act as de-excitation (non-radiative) centers for photo-generated charge carriers. The
trap states play a pivotal role in optoelectronic devices because such devices rely on the
relaxation time of charge carriers. The trap states result in the reduction in the fluorescence
efficiency of the quantum dots due to the Auger recombination. To recover the photo-
luminescence of QDs, a shell of suitable thickness is grown on the surface of the QDs.
The core/shell QDs are more robust against environmental changes, surface chemistry,
and photo-oxidation [31,32]. The core/shell structures are typically classified as type-I or
type-II based on the alignment of the energy bandgaps between valence and conduction
bands [33]. In type-I materials, the shell, having a larger bandgap than the core, provides
a physical barrier to the charge carriers and helps in surface passivation and carrier con-
finement within the core. Typically, core/shell structures are composed of II-VI, IV-VI, and
III-V group semiconductors with suitable combinations such as CdS/ZnS, CdSe/CdS, and
InAs/CdSe [34]. Group II-VI semiconductor QDs are very attractive materials because
of their wider range of optical, optoelectronic, and magnetic properties. These materials
exhibit metastable crystal structures, such as zinc blende and wurtzite [35,36], providing
strong exciton–photon interaction with a wider range of transition energies.

Moreover, controlling the fluorescence lifetime of QDs is particularly important as it
is a prerequisite to various applications, including light-emitting diodes, single-photon
sources for quantum information, fluorescence resonance energy transfer (FRET), and
enhancement in nearby fluorophores, to mention but a few. A prudent way of achieving
a reasonably longer fluorescence lifetime is by introducing stable energy states in the
bandgap of host materials. Numerous studies have been carried out to introduce transition
metals into the host core/shell structures. The location of incorporated metal ions was
found to exert a prominent effect on the properties of the crystals. The most effective
region is the interface between the core and the shell of QDs, as energy remains at a
minimal level at the interface. In the present study, we chose a type-I CdS/ZnS core/shell
system and Cu as a dopant material. ZnS has a larger bandgap than the CdS core, and the
crystalline structure of the ZnS shell adopts the crystal structure of the CdS core to minimize
lattice mismatch, along with offering better passivation to surface defects, resulting in an
increased photoluminescence efficiency. CdS/ZnS core/shell QDs are suitable for high
luminescence intensity and chemical stability [37]. CdS and ZnS have direct bandgap
energies of 2.9 and 4.8 eV, respectively, at room temperature [38]. Moreover, Cd+2 and Zn+2

have the same ionic charge and not too dissimilar radii. They can substitute each other in
lattices, such as a sulfide crystal lattice (CdS and ZnS), without altering the crystal structure
of the host material.

Furthermore, doped and undoped core/shell structures can be prepared through
various methods such as phase precipitation [39], micro-emulsion [2], microwave irradi-
ation [40], and two-step synthesis [41]. The two-step synthesis method is a convenient
method to fabricate the CdS/ZnS structure because it provides effective control over size
and size distributions [42]. The method has several advantages, such as easy handling,
inexpensive raw materials, producing high-purity samples, and less agglomeration than
is common in other methods [43]. Transition metals, such as Mn, Cu, Co, and Ni, are
frequently used to dope different materials because they provide further opportunities
to combine different optical and electronic properties into a single material, such as a
core/shell structure [44]. The ionic radius of these metals is larger than that of Cd+2 and
Zn+2. Therefore, they can easily displace Cd+2 and Zn+2 of the host lattice and occupy the
interstitial site of the host lattice. When these metal ions are doped into the CdS QDs, Cd
ions are replaced by Cu ions in the host lattice and, as a result, Cu deep centers are formed,
which can capture more electrons and holes to be excited, enhancing the de-excitation
processes [45–48]. We synthesized both undoped and Cu-doped core/shell QDs through
a two-step synthesis method and characterized their structural and optical properties us-
ing ultraviolet–visible (UV–Vis) spectroscopy, photoluminescence spectroscopy (PL), and
transmission electron microscopy (TEM).
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2. Materials and Methods

The chemicals used in this study were Oleylamine (Sigma-Aldrich, St. Louis, MO, USA),
sulfur powder (Sigma-Aldrich), 1-octadecence (Sigma-Aldrich), sodium diethyldithiocarba-
matetrihydrate (Sigma-Aldrich), and zinc stearate (Carl Roth GmbH & Co., Karlsruhe, Ger-
many), as well as Cu (II) acetate tetrahydrate (Thermo Fisher Company, Waltham, MA, USA).

2.1. Cadmium Sulfide (CdS) Core

Zinc blende CdS nanoparticles were prepared following previously published meth-
ods [48,49]. For this, 0.126 g CdO (0.98 mmol), 2.02 g oleic acid (7.1 mmol), and 12 mL ODE
were added into a three-neck flask. The mixture was degassed for 10 min in the presence of
N2 gas, and the temperature was raised to 300 ◦C. At this stage, 2 mL of S-ODE solution
(0.25 M) was swiftly added to the flask, and the temperature was adjusted to 250 ◦C. The
reaction was kept at this temperature for 5 min to allow for the growth of nanoparticles.
The reaction was stopped by removing the heating mantle, and the solution was left to cool
down at room temperature. Finally, the particles were washed by precipitating through
acetone and methanol and resuspended into chloroform. Figure 1 depicts the average
diameter of CdS nanoparticles taken with TEM (TEM 3010 JEOL Ltd., Tokyo, Japan) along
with variability.
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Figure 1. (Left) Absorption (black) and emission (blue) of CdS NPs. The sample was excited at a
wavelength of 380 nm. The excitonic peak was 405 nm, as shown in the absorbance profile. (Right)
TEM image of CdS NPs. The average diameter, shown by inset, of the CdS NP was 3.01 nm with
σ = 0.23 (3.01 ± 0.23 nm).

2.2. Copper-Doped Zinc Sulfide (ZnS) Shell

To incorporate Cu into the CdS core, CdS was dissolved in chloroform and added into
a mixture of ODE and OAm (8.0 mL, ODE:OAm(3:1)) in a three-neck flask. The chloroform
was removed from the solution under vacuum in the presence of N2 flow. The solution was
heated to 250 ◦C, and 0.22 mL of Cu precursor was prepared following the method used
in a previous study [50]. After, prepared precursor was added into the solution dropwise.
The solution was then stirred at 250 ◦C for 20 min [50], followed by ZnS shell growth.

Further to this, the ZnS shell was subsequently grown around the CdS core and
Cu-doped CdS monolayer by substituting zinc stearate and sulfur solution in ODE. The
sulfur precursor solution (40 mM) was prepared by dissolving the sulfur powder in ODE at
room temperature, while the zinc precursor solution (40 mM) was prepared by dissolving
zinc stearate in ODE at 130 ◦C until completely dissolved. The required quantity of
the precursor solution of shell materials (Zn and S) was found by using the volume of
the ZnS molecules [51]. The first monolayer, Zn, and S precursor solutions were added
sequentially via strings to the reaction flask enclosing the CdS cores at 220 ◦C, waiting
for 10 min after each addition. After the last Zn precursor injections, the temperature
was maintanied for 10 min and, finally, the reaction was stopped by removing the heating
mantle and allowing the solution to cool. The resulting QDs were further cleaned by
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three precipitation–redispersion steps using chloroform and methanol. Finally, Cu-doped
CdS/ZnS QDs were re-dispersed in toluene [52]. A schematic representation of the doping
process is shown in Figure 2.
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3. Results and Discussion

This section provides a comprehensive discussion on the results that were achieved.
Transmission electron micrographs of the undoped and doped CdS/ZnS core/shell nanopar-
ticles are shown in Figure 3a–c, corresponding to their size distribution. The particles were
found to be spherical, with an average diameter and narrow size distributions of 4.9 ± 0.3,
5.01 ± 0.26, and 5.01 ± 0.33.

UV–Vis spectroscopy (Beckman Coulter, Brea, CA, USA) was performed to investigate
the UV–Vis spectrum of the fabricated structures. UV–Vis absorption spectra belonged to
the undoped and doped CdS/ZnS core/shell QDs, with varying doping concentrations,
as depicted in Figure 4a. The edge of the absorption for doped CdS/ZnS core/shell QDs
peaked at 406 nm and shifted toward the red region at different doping concentrations
than those exhibited by the undoped CdS/ZnS QDs. This peak shift was an indication
of the appearance of metastable trap states in the bandgap of pure material. At higher
concentrations, the wavefunction of dopant electron orbitals started overlapping with the
wavefunction of electrons in the conduction band. This resulted in the shift in the bandgap
of the doped material. The bandgap of doped materials was calculated using the Tauc plot
and is shown in Figure 4b. An inverse relationship was witnessed between bandgap and
Cu concentrations that is there was decreased in bandgap and were noticed in association
with increased Cu concentration.
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Figure 4. (a) UV–Vis spectra of doped and undoped CdS/ZnS core/shell nanoparticles; (b) bandgap
calculation of all samples using Tauc plot; (c) Photoluminescence (PL) spectra of all samples (the pho-
toluminescence intensity was found to initially decrease and then gradually increase with increasing
concentration of Cu ions. The excitation peak was observed at a wavelength of 620 nm).

Furthermore, photoluminescence spectroscopy (Spectra Physics Tsunami, CA, USA)
was used to investigate the PL spectra of fabricated core/shell QDs. Figure 5 demonstrates
the PL spectra of undoped and doped CdS/ZnS core/shell QDs for various pre-considered
concentrations of doping. The emission peak of Cu-doped CdS/ZnS core/shell QDs was
initially red-shifted in comparison with the undoped CdS/ZnS QDs. However, as the Cu
concentration increased, the emission peak blue-shifted and exhibited increased intensity,
contrary to other reports [3]. Furthermore, with increasing Cu concentration, new peaks
were observed in PL spectra.

This may be attributed to the migration of Cu atoms into the ZnS shell due to the
preferential shelling of CdS to Zn compared with that of the CdS shell [3]. The time decay
curves for different PL bands are shown in Figure 5. The PL spectra were recorded over a
decay time between 10 and 30 ms. The decay spectra of the doped samples were divided
into two regions: (i) short-wavelength (445–465 nm) and (ii) long-wavelength (650–710 nm).
Furthermore, the overall transition states were divided into three regions: short- (10–20 ns),
medium- (20–50 ns), and long-lived (50–125 ns) states. The decay rate (τ) for all the samples
was approximately the same, which meant that the transition occurred between the same
energy states during 10–20 ns. However, the decay dynamics were slower (τ = 273 ns) for
Cu 0.78 (12-atoms) than for the Cu1.56 (24-atoms) and Cu3.12 (36-atoms) samples (τ = 27 ns)
in the short-wavelength region. For the transition events in the long-wavelength region, the
decay rates for the three samples were faster than the decay rates in the short-wavelength
region (τ = 7–8 ns) for short-lived states, while the decay rates were much slower in the
long-lived states (τ = 30 ms) for all the samples. The decay dynamics of the core/shell
systems were divided into different time regions. In this case, four different regions were
chosen (data not shown). In a time-domain between 10 and 30 ms, both short- and long-
lived PL signals were visible. In a time-domain between 10 and 20 ns, only short-lived PL
signals dominated the spectra. In the time domain between 20 and 50 ns, and between
50 and 125 ns, however, PL signals with a significantly slower decay time than the laser
were still visible. The decay curves were fitted mono- or biexponentially to calculate the
decay times of different curves.
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Figure 5. Decay of the higher energy PL (~460 nm) in Cu samples. Here (a) QD luminescence of
sample Cu1 at 455 nm slower than luminescence band of sample Cu2 and Cu3 around 465 nm,
(b) The broad luminescence around 465 nm, (c) The broad luminescence decay around 660 nm decay
and (d) The broad luminescence decay around 670 nm decay.



Nanomaterials 2022, 12, 2277 8 of 10

The narrow QD luminescence of sample Cu 0.78 µM (12-atoms) at 455 nm decayed
slower than the broader luminescence band of samples Cu1.56 µM (24 atoms) and Cu
3.12 µM (36 atoms), around 465 nm. A biexponential fit of the decay curve of the Cu
(0.78 µM) luminescence for the first 1000 ns resulted in a short lifetime of approximately
27 ns and a long lifetime of around 273 ns, as shown in Figure 5a. The broad luminescence
around 465 nm decayed similarly fast in samples two and three. A mono-exponential
fit led to a decay time of around 7–8 ns, as shown in Figure 5b. The broad PL around
660 nm decayed faster in samples Cu2 and Cu3 than in sample Cu1. It decayed similarly
in samples Cu2 and Cu3, but the PL was observed to be longer in sample Cu2 because
of the higher intensity. The broad PL around 670 nm in sample Cu1 was observed up to
several milliseconds. A mono-exponential fit suggested a long decay time of 2.3 ms, as
shown in Figure 5d.

4. Conclusions

In this study, we synthesized novel copper-doped CdS/ZnS QDs with the application
of a one-pot synthesis method. The copper-doped nanocrystals were further characterized
using photoluminescence (PL) spectroscopy, transmission electron microscopy (TEM), and
ultraviolet–visible (UV–Vis) spectroscopy. The Cu-doped CdS/ZnS QDs showed two peaks;
the sharp emission peak was due to CdS QDs at 450 nm, while the broad emission peak
(620 nm) was due to typical Cu ions, differing from the undoped CdS/ZnS nanocrystals.
The photoluminescence properties of our developed novel structures are remarkable for
use in the development of highly efficient LEDs. The PL signals of the Cu-doped CdS
QDs showed Forster resonance energy transfer (FRET) mediated from the QDs to Cu
ions. At this stage, the LED efficiency remains the result of a positively charged surface
due to the Cu doping. The existing literature substantiates the argument of correlating
fluorescent intensity with Cu doping as a function of charged surface [53,54]. However,
further investigation in this regard remains an attractive research pursuit.

Author Contributions: M.H.R. conceptualized, drafted, edited, and reviewed the manuscript. A.K.
and T.R. managed funding and resources. N.N., N.S. and A.R. supervised the project. N.S. and F.A.
performed the experiments. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Estonian Research Council through Research Projects
PRG620, PUT 1435, IUT 1911 and by the Horizon 2020 ERA-chair grant “Cognitive Electronics COEL
H2020-WIDESPREAD-2014-2” (agreement number 668995; project TTU code VFP15051).

Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.

Data Availability Statement: The study did not report any data.

Acknowledgments: The authors acknowledge Wolfgang J. Park for allowing us to use the labora-
tory facilities. We are thankful to Wolfram Heimbrodt and Mikko Wilhelm for their help in the
measurement of samples.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Vasudevan, D.; Gaddam, R.R.; Trinchi, A.; Cole, I. Core—Shell quantum dots: Properties and applications. J. Alloys Compds. 2015,

636, 395–404. [CrossRef]
2. Wang, X.; Yan, X.; Li, W.; Sun, K. Doped quantum dots for white-light-emitting diodes without reabsorption of multiphase

phosphors. Adv. Mater. 2012, 24, 2742–2747. [CrossRef] [PubMed]
3. Bera, D.; Qian, L.; Tseng, T.K.; Holloway, P.H. Quantum dots and their multimodal applications: A review. J. Mater. 2010, 3,

2260–2345. [CrossRef]
4. Zhang, H.; Yu, J.; Sun, C.; Xu, W.; Chen, J.; Sun, H.; Zong, C.; Liu, Z.; Tang, Y.; Zhao, D. An aqueous route synthesis of

transition-metal-ions-doped quantum dots by bimetallic cluster building blocks. J. Am. Chem. Soc. 2020, 142, 16177–16181.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.jallcom.2015.02.102
http://doi.org/10.1002/adma.201104861
http://www.ncbi.nlm.nih.gov/pubmed/22528857
http://doi.org/10.3390/ma3042260
http://doi.org/10.1021/jacs.0c07274
http://www.ncbi.nlm.nih.gov/pubmed/32914627


Nanomaterials 2022, 12, 2277 9 of 10

5. Aboulaich, A.; Billaud, D.; Abyan, M.; Balan, L.; Gaumet, J.-J.; Medjadhi, G.; Ghanbaja, J.; Schneider, R. One-Pot Noninjection
Route to CdS Quantum Dots via Hydrothermal Synthesis. ACS Appl. Mater. Interfaces 2012, 4, 2561–2569. [CrossRef]

6. Ping, Z.; Zhifeng, L.; Xinqiang, W.; Mu, Z.; Chenghua, H.; Zhou, Z.; Jinghe, W. First-principle study of phase stability, electronic
structure and thermodynamic properties of cadmium sulfide under high pressure. J. Phys. Chem. Solids 2014, 75, 662–669.
[CrossRef]

7. Jamieson, T.; Bakhshi, R.; Petrova, D.; Pocock, R.; Imani, M.; Seifalian, A.M. Biological applications of quantum dots. Biomaterials
2007, 28, 4717–4732. [CrossRef]

8. Medintz, I.L.; Mattoussi, H.; Clapp, A.R. Potential clinical applications of quantum dots. Int. J. Nanomed. 2008, 3, 151.
9. Kuang, H.; Zhao, Y.; Ma, W.; Xu, L.; Wang, L.; Xu, C. Recent developments in analytical applications of quantum dots. TrAC

Trends Anal. Chem. 2011, 30, 1620–1636. [CrossRef]
10. Esteve-Turrillas, F.A.; Abad-Fuentes, A. Applications of quantum dots as probes in immunosensing of small-sized analytes.

Biosens. Bioelectron. 2013, 15, 12–29. [CrossRef]
11. Cheki, M.; Moslehi, M.; Assadi, M. Marvelous applications of quantum dots. Eur. Rev. Med. Pharmacol. Sci. 2013, 17, 1141–1148.

[PubMed]
12. Huang, H.; Zhu, J.J. The electrochemical applications of quantum dots. Analyst 2013, 138, 5855–5865. [CrossRef] [PubMed]
13. Bajwa, N.; Mehra, N.K.; Jain, K.; Jain, N.K. Pharmaceutical and biomedical applications of quantum dots. Artif. Cells Nanomed.

Biotechnol. 2016, 44, 758–768. [CrossRef]
14. Cheng, Y.; Wan, H.; Liang, T.; Liu, C.; Wu, M.; Hong, H.; Liu, K.; Shen, H. Continuously graded quantum dots: Synthesis,

applications in quantum dot light-emitting diodes, and perspectives. J. Phys. Chem. Lett. 2021, 12, 5967–5978. [CrossRef]
[PubMed]

15. Schimpf, C.; Reindl, M.; Basso Basset, F.; Jöns, K.D.; Trotta, R.; Rastelli, A. Quantum dots as potential sources of strongly entangled
photons: Perspectives and challenges for applications in quantum networks. Appl. Phys. Lett. 2021, 118, 100502. [CrossRef]

16. Janbandhu, S.Y.; Suhaila, C.T.; Munishwar, S.R.; Jayaramaiah, J.R.; Gedam, R.S. Borosilicate glasses containing CdS/ZnS QDs: A
heterostructured composite with enhanced degradation of IC dye under visible-light. Chemosphere 2022, 286, 131672. [CrossRef]

17. Cho, H.; Jung, S.; Kim, M.; Kwon, H.; Bang, J. Effects of Zn impurity on the photoluminescence properties of InP quantum dots. J.
Lumin. 2022, 245, 118647. [CrossRef]

18. Alipour, A.; Lakouraj, M.M.; Tashakkorian, H. Study of the effect of band gap and photoluminescence on biological properties of
polyaniline/CdS QD nanocomposites based on natural polymer. Sci. Rep. 2021, 11, 1913. [CrossRef]

19. Rismaningsih, N.; Yamauchi, H.; Kameyama, T.; Yamamoto, T.; Morita, S.; Yukawa, H.; Uematsu, T.; Baba, Y.; Kuwabata, S.;
Torimoto, T. Photoluminescence properties of quinary Ag–(In, Ga)–(S, Se) quantum dots with a gradient alloy structure for
in vivo bioimaging. J. Mater. Chem. C. 2021, 9, 12791–12801. [CrossRef]

20. Yang, H.; Li, R.; Zhang, Y.; Yu, M.; Wang, Z.; Liu, X.; You, W.; Tu, D.; Sun, Z.; Zhang, R.; et al. Colloidal alloyed quantum dots
with enhanced photoluminescence quantum yield in the NIR-II window. J. Am. Chem. Soc. 2021, 143, 2601–2607. [CrossRef]

21. du Fossé, I.; Boehme, S.C.; Infante, I.; Houtepen, A.J. Dynamic Formation of Metal-Based Traps in Photoexcited Colloidal
Quantum Dots and Their Relevance for Photoluminescence. Chem. Mater. 2021, 33, 3349–3358. [CrossRef] [PubMed]

22. Yonemoto, D.T.; Papa, C.M.; Sheykhi, S.; Castellano, F.N. Controlling thermally activated delayed photoluminescence in CdSe
quantum dots through triplet acceptor surface coverage. J. Phys.Chem. 2021, 12, 3718–3723. [CrossRef] [PubMed]

23. Yang, C.; Xiao, R.; Zhou, S.; Yang, Y.; Zhang, G.; Li, B.; Guo, W.; Han, X.; Wang, D.; Bai, X.; et al. Efficient, Stable, and
Photoluminescence Intermittency-Free CdSe-Based Quantum Dots in the Full-Color Range. ACS Photonics 2021, 8, 2538–2547.
[CrossRef]

24. Krishnamoorthy, A.; Sakthivel, P.; Devadoss, I.; Rajathi, V.M. Role of Bi3+ ions on structural, optical, photoluminescence and
electrical performance of Cd0.9-xZn0.1BixS QDs. SN Appl. Sci. 2021, 3, 694. [CrossRef]

25. Stroyuk, O.; Raievska, O.; Kupfer, C.; Solonenko, D.; Osvet, A.; Batentschuk, M.; Brabec, C.J.; Zahn, D.R. High-Throughput
Time-Resolved Photoluminescence Study of Composition-and Size-Selected Aqueous Ag–In–S Quantum Dots. J. Phys. J. Phys.
Chem. C 2021, 125, 12185–12197. [CrossRef]

26. Chen, X.; Ren, P.; Li, M.; Lyu, Q.; Zhang, L.; Zhu, J. Dynamic regulation of photoluminescence based on mechanochromic photonic
elastomers. Chem. Eng. J. 2021, 426, 131259. [CrossRef]

27. Al Masud, A.; Arefin, S.M.N.; Fairooz, F.; Fu, X.; Moonschi, F.; Srijanto, B.R.; Neupane, K.R.; Aryal, S.; Calabro, R.; Kim, D.-Y.;
et al. Photoluminescence Enhancement, Blinking Suppression, and Improved Biexciton Quantum Yield of Single Quantum Dots
in Zero Mode Waveguides. J. Phys. Chem. 2021, 12, 3303–3311. [CrossRef]

28. Takekuma, H.; Leng, J.; Tateishi, K.; Xu, Y.; Chan, Y.; Ryuzaki, S.; Wang, P.; Okamoto, K.; Tamada, K. Layer Number-Dependent
Enhanced Photoluminescence from a Quantum Dot Metamaterial Optical Resonator. ACS Appl. Electron. Mater. 2021, 3, 468–475.
[CrossRef]

29. Padgaonkar, S.; Eckdahl, C.T.; Sowa, J.K.; López-Arteaga, R.; Westmoreland, D.E.; Woods, E.F.; Irgen-Gioro, S.; Nagasing, B.;
Seideman, T.; Hersam, M.C.; et al. Light-Triggered Switching of Quantum Dot Photoluminescence through Excited-State Electron
Transfer to Surface-Bound Photochromic Molecules. Nano Lett. 2021, 21, 854–860. [CrossRef]

30. May, B.M.; Fakayode, O.J.; Bambo, M.F.; Sidwaba, U.; Nxumalo, E.N.; Mishra, A.K. Stable magneto-fluorescent gadolinium-doped
AgInS2 core quantum dots (QDs) with enhanced photoluminescence properties. Mater. Lett. 2021, 305, 130776. [CrossRef]

http://doi.org/10.1021/am300232z
http://doi.org/10.1016/j.jpcs.2014.01.021
http://doi.org/10.1016/j.biomaterials.2007.07.014
http://doi.org/10.1016/j.trac.2011.04.022
http://doi.org/10.1016/j.bios.2012.09.025
http://www.ncbi.nlm.nih.gov/pubmed/23690181
http://doi.org/10.1039/c3an01034a
http://www.ncbi.nlm.nih.gov/pubmed/23905161
http://doi.org/10.3109/21691401.2015.1052468
http://doi.org/10.1021/acs.jpclett.1c01554
http://www.ncbi.nlm.nih.gov/pubmed/34160222
http://doi.org/10.1063/5.0038729
http://doi.org/10.1016/j.chemosphere.2021.131672
http://doi.org/10.1016/j.jlumin.2021.118647
http://doi.org/10.1038/s41598-020-80038-1
http://doi.org/10.1039/D1TC02746H
http://doi.org/10.1021/jacs.0c13071
http://doi.org/10.1021/acs.chemmater.1c00561
http://www.ncbi.nlm.nih.gov/pubmed/34054218
http://doi.org/10.1021/acs.jpclett.1c00746
http://www.ncbi.nlm.nih.gov/pubmed/33835808
http://doi.org/10.1021/acsphotonics.1c00831
http://doi.org/10.1007/s42452-021-04681-7
http://doi.org/10.1021/acs.jpcc.1c02697
http://doi.org/10.1016/j.cej.2021.131259
http://doi.org/10.1021/acs.jpclett.1c00450
http://doi.org/10.1021/acsaelm.0c01011
http://doi.org/10.1021/acs.nanolett.0c04611
http://doi.org/10.1016/j.matlet.2021.130776


Nanomaterials 2022, 12, 2277 10 of 10

31. Zhang, Z.; Lin, Y.; Liu, F. Preparation and characterization of CdS/ZnS core-shell nanoparticles. J. Dispers Sci. Technol. 2020, 41, 725–732.
[CrossRef]

32. Bukowski, T.J.; Simmons, J.H. Quantum dot research current state and future prospects. Crit. Rev. Solid State Mater. Sci. 2002, 27, 119–142.
[CrossRef]

33. Farkhani, S.M.; Valizadeh, A. Three synthesis methods of CdX (X= Se, S or Te) quantum dots. IET Nanobiotechnol. 2014, 8, 59–76.
[CrossRef] [PubMed]

34. Saavedra-Rodriguez, G.; Pal, U.; Sánchez-Zeferino, R.; Álvarez-Ramos, M.E. Tunable white-light emission of Co2+ and Mn2+

co-doped ZnS nanoparticles by energy transfer between dopant ions. J. Phys. Chem. C 2020, 124, 3857–3866. [CrossRef]
35. Zhang, K.; Ling, J.; Yuncan, Y.; Kechun, G.; Fang, H. Novel method of constructing CdS/ZnS heterojunction for high performance

and stable photocatalytic activity. J. Photochem. Photobiol A Chem. 2019, 380, 111859. [CrossRef]
36. Reddy, N.L.; Vempuluru, N.R.; Murikinati, N.K.; Marappan, S.; Shankar, M.V. Development of high quantum efficiency CdS/ZnS

core/shell structured photocatalyst for the enhanced solar hydrogen evolution. Int. J. Hydrogy Energy 2018, 43, 22315–22328.
[CrossRef]

37. Reddy, C.; Shim, J.; Cho, M. Synthesis, structural, optical and photocatalytic properties of CdS/ZnS core/shell nanoparticles. J.
Phys. Chem. Solids 2017, 103, 209–217. [CrossRef]

38. Murugadoss, G.; Kumar, M.R. Optical and structural characterization of CdS/ZnS and CdS: Cu2+/ZnS core–shell nanoparticles.
Luminescence 2014, 29, 663–668. [CrossRef]

39. Soltani, N.; Saion, E.; Yunus, W.M.M.; Erfani, M.; Navasery, M.; Bahmanrokh, G.; Rezaee, K. Enhancement of visible light
photocatalytic activity of ZnS and CdS nanoparticles based on organic and inorganic coating. Appl. Surf. Sci. 2014, 290, 663–668.
[CrossRef]

40. Kanagasubbulakshmi, S.; Gowtham, I.; Kadirvelu, K.; Archana, K. Biocompatible methionine-capped CdS/ZnS quantum dots for
live cell nucleus imaging. MRS Commun. 2019, 9, 344–351. [CrossRef]

41. Hofman, E.; Robinson, R.J.; Li, Z.; Dzikovski, B.; Zheng, W. Controlled dopant migration in CdS/ZnS core/shell quantum dots. J.
Am. Chem. Soc. 2017, 139, 8878–8885. [CrossRef] [PubMed]

42. Lee, Y.L.; Lo, Y.S. Highly efficient quantum-dot-sensitized solar cell based on co-sensitization of CdS/CdSe. Adv. Func. Mater.
2009, 19, 604–609. [CrossRef]

43. Tian, X.; Cao, L.; Liu, W.; Su, G.; Dong, B. Synthesis and characterisation of ZnS:Cu and ZnS:Cu/CdS core/shell nanocrystals via
a water-soluble route. Micro Nano Lett. 2012, 7, 604–607. [CrossRef]

44. Thambidurai, M.; Muthukumarasamy, N.; Velauthapillai, D.; Agilan, S.; Balasundaraprabhu, R. Structural, Optical, and Electrical
Properties of Cobalt-Doped CdS Quantum Dots. J. Electron. Mater. 2012, 41, 665–672. [CrossRef]

45. Saeed, S.E.; Abdel-Mottaleb, M.M.S.; Abdel-Mottaleb, M.S.A. One-Step thermolysis synthesis of divalent transition metal ions
monodoped and tridopedCdS and ZnS luminescent nanomaterials. J. Nanomater. 2014, 2014, 873036. [CrossRef]

46. Kumar, V.; Kumar, K.; Jeon, H.C.; Kang, T.W.; Lee, D.; Kumar, S. Effect of Cu-doping on the photoluminescence and photoconduc-
tivity of template synthesized CdS nanowires. J. Phys. Chem. Solids 2019, 124, 1–6. [CrossRef]

47. Wojnicki, M.; Hessel, V. Quantum Materials Made in Microfluidics—Critical Review and Perspective. Chem. Eng. J. 2022, 438, 135616.
[CrossRef]

48. Yu, W.W.; Peng, X. Formation of High-Quality CdS and Other II-VI Semiconductor Nanocrystals in Noncoordinating SolventsTun-
able Reactivity of Monomers. Angew. Chem. Int. Ed. 2002, 41, 2368–2371.

49. Mullamuri, B.; Mosali, V.S.S.; Maseed, H.; Majety, S.S.; Chandu, B. Photocatalytic Activity of Heavy Metal Doped CdS Nanoparti-
cles Synthesized by Using Ocimum sanctum Leaf Extract. Biointerfaces Res. Appl. Chem. 2021, 11, 12547–12559.

50. Chen, O.; Shelby, D.E.; Yang, Y.; Zhuang, J.; Wang, T.; Niu, C.; Omenetto, N.; Cao, Y.C. Excitation-intensity-dependent color-
tunable dual emissions from manganese-doped CdS/ZnS core/shell nanocrystals. Angew. Chem. Int. Ed. 2010, 49, 10132–10135.
[CrossRef]

51. Liu, X.; Jiang, Y.; Lan, X.; Zhang, Y.; Li, S.; Li, J.; Han, T.; Wang, B.; Zhong, H. Highly luminescent blue emitting CdS/ZnS
core/shell quantum dots via a single-molecular precursor for shell growth. Mater. Chem. Phys. 2011, 130, 909–914. [CrossRef]

52. Dey, C.; Molla, A.R.; Goswami, M.; Kothiyal, G.P.; Karmakar, B. Synthesisandoptical properties of multifunctional CdS nanostruc-
tured dielectric nano-composites. JOSA B 2014, 31, 1761–1770. [CrossRef]

53. Liu, J.; Chen, Q.; Zhang, Z.; Wang, Z.; Gong, Z. Nitrogen and copper (II) co-doped carbon dots as multi-functional fluorescent
probes for Fe3+ ions and tetracycline. Microchem. J. 2022, 181, 107628. [CrossRef]

54. Kaiser, U.; Sabir, N.; Carrillo-Carrion, C.; Pino, P.; Bossi, M.; Heimbrodt, W.; Parak, W. Forster resonance energy transfer mediated
enhancement of the flouresence lifetime of organic flourophores to the millisecond range by coupling to Mn-doped Cds/ZnS
quantum dotd. Nanotechnology 2016, 5, 055101. [CrossRef]

http://doi.org/10.1080/01932691.2019.1611441
http://doi.org/10.1080/10408430208500496
http://doi.org/10.1049/iet-nbt.2012.0028
http://www.ncbi.nlm.nih.gov/pubmed/25014077
http://doi.org/10.1021/acs.jpcc.9b10890
http://doi.org/10.1016/j.jphotochem.2019.111859
http://doi.org/10.1016/j.ijhydene.2018.10.054
http://doi.org/10.1016/j.jpcs.2016.12.011
http://doi.org/10.1002/bio.2603
http://doi.org/10.1016/j.apsusc.2013.11.104
http://doi.org/10.1557/mrc.2018.238
http://doi.org/10.1021/jacs.7b02320
http://www.ncbi.nlm.nih.gov/pubmed/28595009
http://doi.org/10.1002/adfm.200800940
http://doi.org/10.1049/mnl.2012.0313
http://doi.org/10.1007/s11664-012-1900-5
http://doi.org/10.1155/2014/873036
http://doi.org/10.1016/j.jpcs.2018.08.031
http://doi.org/10.1016/j.cej.2022.135616
http://doi.org/10.1002/anie.201004926
http://doi.org/10.1016/j.matchemphys.2011.08.009
http://doi.org/10.1364/JOSAB.31.001761
http://doi.org/10.1016/j.microc.2022.107628
http://doi.org/10.1088/0957-4484/27/5/055101

	Introduction 
	Materials and Methods 
	Cadmium Sulfide (CdS) Core 
	Copper-Doped Zinc Sulfide (ZnS) Shell 

	Results and Discussion 
	Conclusions 
	References

