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aracterization of CdSxSe1�x alloy
quantum dots with composition-dependent band
gaps and paramagnetic properties

Yueh-Chi Chung,a Chien-Hsin Yang,a Hao-Wen Zheng,a Ping-Szu Tsaib

and Tzong-Liu Wang *a

Ternary CdSxSe1�x alloy quantum dots (QDs) and CdSxSe1�x/ZnS core/shell nanocrystals exhibiting

composition dependent band gaps have been successfully synthesized. The ZnS shell was doped with

0.1% and 5% of paramagnetic manganese ions so as to be used as a fluorescent/paramagnetic bi-

functional probe. Energy-dispersive X-ray spectroscopy (EDS) measurements confirmed the presence of

Cd, S, and Se in CdSxSe1�x nanocrystals with the atomic ratios of Cd, S, and Se which are well consistent

with our synthetic ratios. Wide angle X-ray diffraction (WAXD) indicated that the crystal structures of the

CdSxSe1�x core QDs and CdSxSe1�x/ZnS core/shell QDs were zinc blende phases. Both dynamic light

scattering (DLS) and transmission electron microscopy (TEM) revealed that the as-synthesized

nanocrystals had a narrow size distribution and high crystallinity. The band gaps of CdSxSe1�x

nanocrystals were adjustable by varying the ratio of S:Se in the CdSxSe1�x core and were in the range of

1.96 eV to 2.32 eV. Hence, when composition x was changed from 0 to 1, the fluorescence color of the

nanocrystals varied from red to green. After shell coverage, the ternary alloy QDs exhibited a superior

photoluminescence (PL) quantum yield up to 57%. In comparison with the alloy core QDs, the PL

emission peaks of the CdSxSe1�x/ZnS core/shell QDs displayed a small redshift. Electron paramagnetic

resonance (EPR) measurements for manganese-doped CdSxSe1�x/ZnS nanocrystals revealed

paramagnetic properties for both low and high Mn2+ doping levels.
1. Introduction

Nowadays, the rapid advances in science and technology have
made daily necessities become much more sophisticated and
miniaturized. Because the size of semiconductor nanocrystals is
very small, the special quantum connement effect occurs when
the size of three dimensions is reduced to the nanoscale.
Semiconductor nanocrystals are nanomaterials and are also
known as quantum dots (QDs) which show a signicant change
of the electronic and optical properties from their correspond-
ing bulk properties. In recent decades, semiconductor quantum
dots have drawn considerable attention in the elds of opto-
electronics and biomedical imaging due to their size and shape
dependent properties.1–5 The optoelectronic properties of
semiconductor nanocrystals are dimension dependent, which
leads to an increase in the band gap of the material with
a decreasing crystallite size.
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Over the past two decades, the synthesis and identication of
nanomaterials have developed as an emerging eld of study.
Most of their physical properties are relevant to particle size, so
these materials are considered important. Many scholars are
even more interested in the research of nano-sized semi-
conductor particles,6,7 and the unique optical properties of
semiconductor materials play a signicant role in their studies.8

There is a close correlation between photoelectric properties
and the size for the nanoscale system,8–12 so the particle growth
and chemical control of these properties are important.

Among various II–VI semiconductor quantum dots, CdS/
CdSe nanocrystals are specically promising for potential
application in nanophotonic devices operating in the visible
spectral range.13–16 The ternary CdSxSe1�x nanocrystals have
attracted more research interest because the high absorption
and tunable band gap of the ternary CdSSe render the alloy QDs
applicable in optical devices such as light emitting diodes
(LEDs) or solar cells. Their optical emission energy can be
continuously tuned from 1.74 (for bulk CdSe) to 2.42 (for bulk
CdS) eV by varying the composition x of the sulfur element.17–22

Thus, through the adjustment in the mole ratio of S : Se, the
energy gap of CdSxSe1�x (0 < x < 1) can change from 1.74 eV to
2.42 eV, which implies that their uorescent color can vary from
red (713 nm) to green (512 nm).
This journal is © The Royal Society of Chemistry 2018
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Quantum dots (QDs) are mostly used in core structures or
core/shell structures. The core–shell structures are designed for
passivating the surface by coating the outer periphery of the
core material with a shell. There are many unpaired electrons
on the core surface, and aer the shell is coated, they will be in
contact with the shell so that the inner layer region becomes
stable. The outer shell is oen a wide band gap material used to
protect, passivate the core, prevent the core leaching, and
improve the quantum yield (QY) of the quantum dots.23–27 It has
been indicated that ZnS is the main coating material of CdSe
and CdS nanocrystals, since ZnS has a low lattice mismatch
with both of them, and the large band offset of ZnS can provide
strong connement.28–36

This research aims to design and synthesize CdSxSe1�x/ZnS
multifunctional core/shell nanocrystals. In addition, the band
gap of all alloy QDs can be ne-tuned by varying the composi-
tion ratio of S and Se in the multifunctional CdSxSe1�x/ZnS
nanocrystals, so the light emission can change from green to
red. Since the quantum dots have a toxic effect on cells, coating
high energy gap ZnS to protect and passivate the core quantum
dots, as well as prevent the leaching of the core are needed. The
paramagnetic properties of core/shell nanocrystals in different
doping concentrations of transition metal, manganese ions, in
the zinc sulde (ZnS) shell are also explored in this study, and it
is found that they can be used as uorescent and paramagnetic
bifunctional probes at the same time.
2. Experimental
2.1 Synthesis of CdSxSe1�x core QDs

The synthesis of CdSxSe1�x alloy QDs was according to the
method reported in the literature.37 Two precursor complexes,
including TBP-Se and TBP-S, were prepared in advance. The
TBP-Se solution (2 M) was prepared by dissolving 3.16 g of
selenium in 20 ml of tri-n-butylphosphine (TBP). The TBP-S
solution was prepared in 2 M solution by dissolving 1.28 g of
sulfur powder in 20 ml of TBP. Both precursor solutions were
diluted to 0.75 M in octadecene (ODE). Next, 1 mmol of
cadmium oxide (CdO), 4 mmol of oleic acid (OA), and
6.25 mmol of octadecene (ODE) were loaded into a 100ml three-
neck round bottom ask, heating to 220 �C with argon protec-
tion. Aer a colorless Cd-oleate complex was formed, mixed
injection solutions of x ml of 0.75 M TBP-Se and (1 � x) ml of
0.75 M TBP-S were then injected into the ask. The reaction was
continued for 2 h and then cooled down to 80 �C. The CdSxSe1�x

alloy QDs were precipitated with a copious amount of methanol
and collected by centrifugation and decantation. Six different
compositions (x ¼ 0, 0.2, 0.4, 0.6, 0.8, 1) of CdSxSe1�x alloy QDs
were prepared.
2.2 Synthesis of CdSxSe1�x/ZnS and manganese-doped
CdSxSe1�x/ZnS core/shell QDs

In a three-neck round-bottom ask, 0.5 mmol of alloy QDs,
1.5 mmol of OA, and 3.15 mmol of ODE were put and heated
under argon up to 220 �C for 1 h. The precursor solution for ZnS
shell growth was prepared by dissolving zinc naphthenate and
This journal is © The Royal Society of Chemistry 2018
sulfur powder in ODE to form 0.1 M Zn precursor and 0.1 M S
precursor. Aer the alloy QDs solution was cooled down to
140 �C, 5 ml of Zn precursor and 5 ml of S precursor were
introduced and reacted for 1 h. Aer the reaction was cooled
down to 60 �C and 5 ml of toluene was added, the as-prepared
core/shell QDs were precipitated in 15 ml of methanol and
collected by centrifugation and decantation. Six different
compositions (x ¼ 0, 0.2, 0.4, 0.6, 0.8, 1) of CdSxSe1�x/ZnS core/
shell alloy QDs were prepared.

The precursor solution for deposition of the ZnS shell and
doped with Mn2+ ions was prepared in a similar manner as
mentioned above. Next, appropriate amounts of manganese(II)
acetate tetrahydrate were added to the solution. Two weight
ratios of Mn2+ ions, 0.1 wt% and 5 wt%, based on the weight
ratio of manganese(II) acetate to the alloy QDs, were used. Six
different compositions (x ¼ 0, 0.2, 0.4, 0.6, 0.8, 1) of CdSxSe1�x/
ZnS core/shell alloy QDs doped with 0.1 wt% and 5 wt% of Mn2+

ions, respectively, were prepared.
2.3 Characterization

SEM EDS mapping (JEOL 5610, Japan) were employed to obtain
the distributions of Cd, S, and Se atoms in the alloy materials.
Wide-angle X-ray diffractograms (WAXD) were carried out by
a Bruker D8 ADVANCE diffractometer, using CuKa radiation
with a step size of 0.05� and a scanning speed of 4� min�1.
Transmission electron microscopy (TEM) images were obtained
with a JEOL JEM-1230 transmission electron microscope.
Dynamic light scattering (DLS) measurements for character-
ization of the size of nanoparticles in solution were performed
on a Brookhaven Instruments 90PLUS instrument. Ultraviolet-
visible (UV-vis) spectroscopic analysis was performed in a Per-
kin-Elmer Lambda 35 UV-vis spectrophotometer. Photo-
luminescence (PL) spectra were taken on a Hitachi F-7000
uorescence spectrophotometer. Electron paramagnetic reso-
nance (EPR) spectra were recorded at room temperature on
a Bruker ELEXSYS E 580 X-Band spectrometer equipped with an
Oxford liquid helium cryostat.
3. Results and discussion
3.1 Structural characterization

The synthetic process used here was to prepare the core/shell
materials with a shell of ZnS to maximize the photo-
luminescence and provide the paramagnetic property of the
alloy materials by Mn2+ ions.

By means of energy-dispersive X-ray spectroscopy (EDS),
wide angle X-ray diffraction (WAXD), transmission electron
microscopy (TEM), dynamic light scattering (DLS), the compo-
sitions, crystal structures, nanocrystal sizes, and particle shapes
of the as-synthesized core/shell nanocrystals were investigated.

The EDS analysis was carried out to obtain the chemical
composition of the CdSxSe1�x alloy nanocrystals samples. As
shown in Table 1, EDS measurements indicate the presence of
Cd, S, and Se in CdSxSe1�x nanocrystals with the atomic ratios of
Cd, S, and Se which are approximately 1 : 0 : 1, 1 : 0.2 : 0.8,
1 : 0.4 : 0.6, 1 : 0.6 : 0.4, 1 : 0.8 : 0.2, and 1 : 1 : 0, respectively.
RSC Adv., 2018, 8, 30002–30011 | 30003
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Table 1 Atomic ratios of Cd, S, and Se for the QD cores from EDS
analysis

Ratio Sample

Cd S Se

wt% at% wt% at% wt% at%

x ¼ 0 CdSe 60.25 51.78 0 0 39.75 48.22
x ¼ 0.2 CdS0.2Se0.8 60.15 48.92 4.13 10.07 35.72 41.01
x ¼ 0.4 CdS0.4Se0.6 63.22 49.08 8.6 20.05 28.18 30.87
x ¼ 0.6 CdS0.6Se0.4 70.65 53.30 12.88 29.15 16.47 17.55
x ¼ 0.8 CdS0.8Se0.2 69.99 49.95 17.48 37.43 12.53 12.62
x ¼ 1 CdS 75.71 50.96 24.29 49.04 0 0
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The results illustrate that the atomic ratios of Cd, S, and Se of
the QD cores are close to our synthetic ratios. EDS measure-
ments conrm that the six alloy nanocrystals of CdSxSe1�x with
varied compositions have been successfully synthesized.

Wide angle X-ray diffraction (WAXD) was performed to
investigate the crystal structure of CdSxSe1�x core QDs and
CdSxSe1�x/ZnS core/shell QDs. As depicted in Fig. 1, broad and
intense peaks in X-ray diffraction (XRD) patterns demonstrate
the nanocrystalline nature of all of the alloyed materials. From
the upper XRD patterns with peaks from (111), (220), and (311)
planes, shown in Fig. 1(a) and (f), the crystal structures of the
core QDs can be indexed as the zinc blende cubic phases of
CdSe (JCPDS no. 19-0191) and CdS (JCPDS no. 80-0019),
respectively. We conclude that we had successfully synthesized
CdSe and CdS by varying the composition ratio. Furthermore,
the XRD patterns of CdSxSe1�x which x are 0.2, 0.4, 0.6, 0.8
Fig. 1 XRD patterns of CdSxSe1�x and CdSxSe1�x/ZnS QDs. (a) x ¼ 0, (b)

30004 | RSC Adv., 2018, 8, 30002–30011
(Fig. 1(b), (c), (d), and (e)) show peaks in between those of zinc
blende CdSe and zinc blende CdS, conrming that core QDs
with varied compositions in Se and S had been successfully
synthesized. As seen from Fig. 2(a), by comparing all of the XRD
patterns of the CdSxSe1�x alloy QDs, it seems that all of the core
QDs show mixed phase structures of zinc blende CdSe and CdS,
which are in well agreement with standard JCPDS data. Aer
coating the ZnS shell, it is worth noting that the WAXD patterns
of CdSxSe1�x/ZnS core/shell QDs show peaks similar to those of
CdSxSe1�x core QDs, as evident from Fig. 1(a)–(f) and 2(b).
Compared with the standard JCPDS no. of zinc blende CdSe and
CdS nanocrystals as indexed in Fig. 2(b), the little broadening
and small shi to higher 2q of the XRD peaks provide evidence
of the formation of core–shell structure. Since the shell thick-
ness is very small, all XRD patterns of the core/shell QDs are very
similar to the patterns of their corresponding core QDs.

Fig. 3 depicts the high resolution TEM (HRTEM) images of
CdSxSe1�x (x ¼ 0, 0.2, 0.4, 0.6, 0.8, 1) nanocrystals. As seen from
these images, the core QDs appear to be quasi-spherical and
monodispersed. The average size of them is 4.1, 4.4, 4.4, 5.1, 5.2,
and 5.3 nm, respectively, under high magnication (�500 K). It
seems that all of the CdSxSe1�x nanocrystals are very similar in
size. Variation of the composition has little effect on the particle
size. In addition, the HRTEM images also exhibit well-resolved
d-spacings of nanocrystals. Aer shell coverage, the HRTEM
images of CdSxSe1�x (x ¼ 0, 0.2, 0.4, 0.6, 0.8, 1)/ZnS core/shell
nanocrystals show that the average sizes are about 5.0, 5.1,
5.2, 5.9, 6.1, and 6.2 nm, respectively (Fig. 4). This conrms the
x ¼ 0.2, (c) x ¼ 0.4, (d) x ¼ 0.6, (e) x ¼ 0.8, (f) x ¼ 1.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 XRD patterns of (a) CdSxSe1�x core QDs, and (b) CdSxSe1�x/ZnS core/shell QDs.
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formation of very thin ZnS shells on the QD cores and demon-
strates why the XRD patterns of core/shell type quantum dots
are very similar to those of the core QDs.

Dynamic light scattering (DLS) measurements gave us
further conrmation of the particle sizes of CdSxSe1�x and
CdSxSe1�x/ZnS QDs. It is noteworthy that the average nano-
crystal sizes of CdSxSe1�x and CdSxSe1�x/ZnS QDs are very
similar to those estimated from HRTEM images, which can be
seen from Table 2.
Fig. 3 The HRTEM images (�500 K) of CdSxSe1�x core QDs. (a) x ¼ 0, (

This journal is © The Royal Society of Chemistry 2018
3.2 Optical properties

To demonstrate that the band gaps of the ternary CdSxSe1�x and
CdSxSe1�x/ZnS QDs can be well tuned by their compositions, we
measured the UV-vis spectra of the as-synthesized CdSxSe1�x

and CdSxSe1�x/ZnS samples.
Fig. 5(a) illustrates the UV/vis absorption spectra of CdSx-

Se1�x (x ¼ 0, 0.2, 0.4, 0.6, 0.8, 1) core QDs. Since the position of
the absorption edge of the UV-vis spectrum denotes the
b) x ¼ 0.2, (c) x ¼ 0.4, (d) x ¼ 0.6, (e) x ¼ 0.8, (f) x ¼ 1.

RSC Adv., 2018, 8, 30002–30011 | 30005
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Fig. 4 The HRTEM images (�500 K) of CdSxSe1�x/ZnS core/shell QDs. (a) x ¼ 0, (b) x ¼ 0.2, (c) x ¼ 0.4, (d) x ¼ 0.6, (e) x ¼ 0.8, (f) x ¼ 1.

Table 2 The average nanocrystal sizes of CdSxSe1�x and CdSxSe1�x/
ZnS measured by dynamic light scattering

CdSxSe1�x

Nanocrystal
sizes (nm) CdSxSe1�x/ZnS

Nanocrystal
sizes (nm)

CdSe 3.9 CdSe/ZnS 5.1
CdS0.2Se0.8 4.3 CdS0.2Se0.8/ZnS 5.1
CdS0.4Se0.6 4.6 CdS0.4Se0.6/ZnS 5.2
CdS0.6Se0.4 5.3 CdS0.6Se0.4/ZnS 5.8
CdS0.8Se0.2 5.2 CdS0.8Se0.2/ZnS 6.0
CdS 5.4 CdS/ZnS 6.3
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minimum energy difference between the lowest energy of
conduction band and highest energy of valence band in mate-
rial, a comparison of the band gaps of CdSxSe1�x can be ob-
tained by means of the UV/vis spectra. As seen in the gure, the
position of the absorption edge continuously shis to the lower
wavelength with increasing sulfur content. To obtain more
accurate values of the band gaps, the absorption data of spectra
were converted through the Tauc relation, ahn ¼ B(hn � Eopt)

n.
The resulting energy gaps are 1.96, 2.08, 2.10, 2.17, 2.20, and
2.32 eV with an increase of the composition x in CdSxSe1�x, as
shown in Fig. 5(b) and Table 3. As compared to the bulk band
gap of 1.74 eV, the band gap of the CdSe QD shows a blueshi
due to the quantum size effect resulting in the interband tran-
sition shiing to a higher frequency. The quantum size effect is
most pronounced for semiconductor nanoparticles, which the
30006 | RSC Adv., 2018, 8, 30002–30011
band gap increases with a decreasing size. As expected, since S
has a higher electronegativity than that of Se, all the band gaps
of the CdSxSe1�x (x¼ 0.2, 0.4, 0.6, 0.8,1.0) alloy QDs that contain
the sulfur element are higher than that of the CdSe QD (Eg ¼
1.96 eV). Moreover, the band gap of the CdSxSe1�x alloy QDs
increases with an increase of the S content. Therefore, the band
gap of the CdSxSe1�x alloy QDs are tunable based on the
composition ratio of the chemical element in the alloy.

Aer the shell coverage with ZnS, it is obvious that the
absorption edge of the UV spectra of the CdSxSe1�x/ZnS core/
shell QDs also exhibits a phenomenon of blueshi with an
increasing sulfur content similar to that of QD cores, as shown
in Fig. 6(a). Due to the phenomenon of blueshi of the UV
spectra, the band gap of CdSxSe1�x/ZnS (x ¼ 0, 0.2, 0.4, 0.6, 0.8,
1) QDs displays an increase with an increasing S content as well
(Fig. 6(b)). In addition, as compared to the QD cores, the band
gaps of the core/shell QDs are smaller than those of their cor-
responding core QDs, which is attributed to partial leakage of
the excitons into the shell matrix.38 Aer converting the
absorption data of spectra with Tauc relation, the correspond-
ing energy gaps are 1.94, 2.04, 2.09, 2.15, 2.18 and 2.30 eV, as
shown in Fig. 6(b) and Table 4. For both CdSxSe1�x core QDs
and CdSxSe1�x/ZnS core/shell QDs, the rst exciton peak is very
sharp and clearly observed in the absorption spectra due to the
shape and size uniformity,39,40 as seen in Fig. 5(a) and 6(a).

Fig. 7 shows the photoluminescence (PL) spectra of CdSx-
Se1�x, CdSxSe1�x/ZnS, and CdSxSe1�x/ZnS–Mn2+ under 365 nm
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) UV/vis spectra of CdSxSe1�x (x ¼ 0, 0.2, 0.4, 0.6, 0.8, 1) core QDs, (b) plot of (ahn)2 vs. hn for the CdSxSe1�x nanocrystals.

Table 3 Comparison of the energy gap, wavelength of PL emission,
full width at half maximum, and quantum yield of CdSxSe1�x (x¼ 0, 0.2,
0.4, 0.6, 0.8, 1) core QDs

QD
Energy gap
(eV)

PL, lem
(nm) FWHM (nm) QY (%)

CdSe 1.96 648 31 22.7
CdS0.2Se0.8 2.08 626 42 15.4
CdS0.4Se0.6 2.10 616 34 18.2
CdS0.6Se0.4 2.17 592 32 12.0
CdS0.8Se0.2 2.20 576 33 36.3
CdS 2.32 532 35 20.3
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excitation light. The relevant data including full width at half
maximum (FWHM) and quantum yield (QY) are also given in
Tables 3 and 4 The narrow emission peaks for the core QDs and
core/shell QDs are ascribed to a nearly monodispersed
Fig. 6 (a) UV/vis spectra of CdSxSe1�x/ZnS core/shell QDs, (b) plot of (a

This journal is © The Royal Society of Chemistry 2018
distribution of the nanocrystals, which are well consistent with
the observation by TEM. It should be emphasized that both
uorescence intensity and quantum yield of all nanocrystals
dramatically increase aer the CdSxSe1�x QD cores coated with
ZnS, as evident from Fig. 7 and Table 4. This phenomenon can
be interpreted as that ZnS has a low lattice mismatch with the
CdSSe alloy and ZnS can provide strong connement for the
CdSxSe1�x QD cores as well as modifying surface defects of the
CdSxSe1�x QDs. Pertaining to the PL QY of the CdSxSe1�x/ZnS
core/shell QDs, as shown in Table 4, it is apparent seen that the
QYs are much enhanced with the highest value up to 57.1%.
Notably, in comparison with the QD cores, the emission peaks
of CdSxSe1�x/ZnS core/shell QDs exhibit a redshi phenomenon
as seen in Fig. 7(a)–(f). This can be ascribed to the decrease in
the connement energy as a result of the tunnel penetration of
the charges into the shell. In addition, it can be found that the
hn)2 vs. hn for the CdSxSe1�x/ZnS nanocrystals.

RSC Adv., 2018, 8, 30002–30011 | 30007
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Table 4 Comparison of the energy gap, wavelength of PL emission,
full width at half maximum, and quantum yield of CdSxSe1�x (x¼ 0, 0.2,
0.4, 0.6, 0.8, 1)/ZnS core/shell QDs

QD
Energy gap
(eV)

PL, lem
(nm) FWHM (nm) QY (%)

CdSe/ZnS 1.94 663 33 37.8
CdS0.2Se0.8/ZnS 2.04 632 46 37.4
CdS0.4Se0.6/ZnS 2.09 633 26 43.6
CdS0.6Se0.4/ZnS 2.15 602 36 36.6
CdS0.8Se0.2/ZnS 2.18 590 36 54.4
CdS/ZnS 2.30 542 48 57.1
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PL spectrum of Mn2+-doped core/shell alloy QDs displays an
indiscernible redshi accompanied with the same emission
intensity. It seems that aer shell coverage with ZnS, the doping
of Mn2+ ions has almost no inuence on the quantum
connement energy.

The comparison of PL spectrum for all alloy core QDs and
core/shell QDs are shown in Fig. 8(a) and (b). All PL spectra of
the QD cores in Fig. 8(a) show a blueshi with an increase in the
content of S of the CdSSe alloy QDs. Upon shell coverage, all PL
spectra of core/shell QDs still exhibit a small blueshi with an
increase of composition x although an overlap occurs in
CdS0.2Se0.8/ZnS and CdS0.4Se0.6/ZnS, as seen in Fig. 8(b). This
fact may be due to the very small difference of band gaps of both
QD cores along with the small shell thickness. As noted previ-
ously, in comparison with the alloy core QDs, all PL spectra of
Fig. 7 Photoluminescence spectra of CdSxSe1�x, CdSxSe1�x/ZnS, and Cd
(c) x ¼ 0.4, (d) x ¼ 0.6, (e) x ¼ 0.8, (f) x ¼ 1.

30008 | RSC Adv., 2018, 8, 30002–30011
core/shell QDs exhibit a small redshi, as evident from Fig. 8
and Table 4.

All of the synthesized QDs emit the intense visible light
under UV irradiation. The multicolor emission light of CdSx-
Se1�x (x ¼ 0, 0.2, 0.4, 0.6, 0.8, 1) QDs is shown in Fig. 9. When x
was changed from 0 to 1, the emission color varied from red to
green. The colors of emission light for all QDs are well consis-
tent with the wavelengths calculated from the equation of E ¼
1240/l (E ¼ energy gap) by using Table 3.

3.3 Magnetic properties of Mn-doped core/shell QDs

To prepare the quantum dots with dual uorescent/
paramagnetic function, manganese ions were used as the
dopant in two different doping levels. Electron paramagnetic
resonance (EPR) measurements were carried out on
manganese-doped CdSxSe1�x/ZnS (CdSxSe1�x/ZnS–Mn2+) QDs
to characterize their magnetic properties and determine the
characteristics of the dopant's local environment.

The representative EPR spectra (CdS0.6Se0.4/ZnS–Mn2+ in this
case) of CdSxSe1�x/ZnS–Mn2+ in two different doping levels of
Mn2+ are shown in Fig. 10. As seen in Fig. 10(a), the six-line
pattern is the characteristic of the electron–nuclear hyperne
coupling of Mn2+ (nuclear spin, I¼ 5/2) when the doping level of
Mn2+ in CdS0.6Se0.4/ZnS QDs was 0.1% and the measurement
were performed under 3200–3800 G magnetic eld. Hyperne
splitting can be observed when the nuclei have spin angular
momentum and the magnetic dipole produces a coupling effect
in the magnetic eld generated by the movement of electrons.
SxSe1�x/ZnS–Mn2+ under 365 nm excitation light. (a) x ¼ 0, (b) x ¼ 0.2,

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Photoluminescence spectra of (a) CdSxSe1�x core QDs and (b) CdSxSe1�x/ZnS core/shell QDs under 365 nm excitation light.
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Moreover, since it has been indicated that the sextet pattern
happens when Mn2+ ions are spatially isolated, we can deduce
that Mn2+ ions are homogeneously distributed within the thin
ZnS shell. In contrast, in the case of the doping concentration of
Mn2+ was 5%, hyperne splitting did not occur (Fig. 10(b)). As
Fig. 9 The multicolor emission light of CdSxSe1�x QDs under UV irradia

Fig. 10 Representative EPR spectra of CdSxSe1�x/ZnS–Mn2+ QDs (CdS0
level.

This journal is © The Royal Society of Chemistry 2018
indicated previously, the broad one-line spectrum is attributed
to clustered Mn2+ formed in the high doping concentration,
leading to the strong inuence one another through their
magnetic moments.41,42 It was noted that hyperne interaction
was much stronger than the Mn–Mn coupling in the low doping
tion. (a) x ¼ 0, (b) x ¼ 0.2, (c) x ¼ 0.4, (d) x ¼ 0.6, (e) x ¼ 0.8, (f) x ¼ 1.

.6Se0.4/ZnS–Mn2+ in this case) from (a) 0.1% and (b) 5% Mn2+ doping

RSC Adv., 2018, 8, 30002–30011 | 30009

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06007j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 2
/4

/2
02

6 
3:

11
:5

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
level of Mn2+. Conversely, at high doping concentrations of
Mn2+ (5%), the Mn–Mn interaction became much more domi-
nant. Hence, hyperne lines merged together to give a single
broad line.
4. Conclusions

In this study, synthesis of homogeneously alloyed, zinc-blende
CdSxSe1�x core QDs, CdSxSe1�x/ZnS core/shell QDs, and CdSx-
Se1�x/ZnS–Mn2+ QDs in six proportions have been reported. The
band gap of these nanocrystals can be tuned by composition,
enabling the selection of emission color for specic applica-
tions. XRD patterns demonstrated that CdSxSe1�x (x ¼ 0, 0.2,
0.4, 0.6, 0.8, 1) ternary alloy QDs and CdSxSe1�x/ZnS core/shell
nanocrystals had the zinc-blende (cubic) structure. In addi-
tion, HRTEM images revealed that both CdSxSe1�x core QDs
and CdSxSe1�x/ZnS core/shell QDs had a narrow size distribu-
tion and high crystallinity. Nanocrystal sizes measured by DLS
analyses were well consistent with those obtained from HRTEM
images with the size of core QDs intervened between 3.9–5.4 nm
and their corresponding core/shell QDs ranging in size from
5.1–6.3 nm. Aer coating the ZnS shell, the PL intensities of
CdSxSe1�x/ZnS core/shell QDs were much stronger than those of
uncoated quantum dots. In addition, the photoluminescence
quantum yield of the core/shell QDs were much enhanced,
resulting in a PL QY up to 57%. EPR spectra of CdSxSe1�x/ZnS–
Mn2+ QDs revealed a six-line hyperne splitting for 0.1% Mn2+

concentration, while a broad one-line spectrum was observed
for 5% Mn2+ concentration, which was ascribed to the Mn2+

cluster formation at higher Mn2+ concentration.
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