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a b s t r a c t

This paper reports the experiment and theory simulation results of silver substituting cadmium in CdS
quantum dots (QDs). The experiment results show that the average particle size of as-prepared samples
is about 6.0 nm, and the phase structure is hexagonal wurtzite. Compared with that of pure CdS QDs, the
peak of photoluminescence spectrum of CdS QDs the cadmium of which are substituted by silver are red
shift from 533 nm to 567 nm, which leads to the luminous colours change from green to yellow. The
theoretical simulation results show that the optical property changes of CdS QDs are due to the silver
substituting cadmium changing the energy level spacing, the conductivity and the way of electronic
transition of CdS crystals.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Quantum dots (QDs) show unique physical properties that make
them a widely studied material for applications in several fields
such as photonics, optoelectronics, and biotechnology [1e4]. CdS
based QDs have been the workhorse for these applications in the
past decade due to their excellent physical and chemical properties
[5e7]. Recently, attention has been paid on the synthesis of colour-
tunable CdS QDs emitters with high extinction coefficients. For
example, Schneider and his coworkers synthesized CdS QDs with
different colours by capped route [8], Chen and his coworkers
constructed highly luminescent CdTe/CdS @ ZnS�SiO2 QDs by
surface adsorption routes [9]. However, element substitution re-
action is rarely adopted to change the physical properties of CdS
QDs due to it is hard to find a proper method, and it also seems a
difficult work to achieve under the dimension of the QDs. There-
fore, we transplanted microemulsion-mediated hydrothermal
route which is a simple method often used in the preparation of
quantum dots [10,11] to synthesize CdS QDs of silver substituting
cadmium, the purpose of which is to give an example of doping
materials with a new method.
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Furthermore, in order to study the optical properties change
mechanism of CdS QDs the cadmium of which is substituted by
silver, theoretical simulation calculation is adopted to support the
experiment results. The first principle calculation, which starts
from the specific requirements, is a very powerful tool to investi-
gate the microscopic property of a semiconductor [12e14]. It is an
approximation algorithm of direct solving Schrodinger equation by
using the density functional theory (DFT) of quantum mechanics
according to the principle of atomic nuclei and electrons interaction
with each other and the basic law of motion. Usually, researchers
adopt the local density approximation (LDA) or generalized
gradient approximation (GGA) functional to simulate the band
structure of a semiconductor [15,16], but the results are often
underestimated, and the simulated band gap of CdS is about 1.0 eV
[17,18], which is often doubted by the researchers of experiments.
This underestimation of band gap is mainly related to the inherent
lack of derivative discontinuity and delocalization error in the
exchange-correlation functional derivative [19,20]. The hybrid
B3LYP functional which means Becke three-parameter, Lee-Yang-
Parr, can generally give more accurate band gap values and more
precise description of electronic structures of semiconductors, and
it provides a perfect way to simulate the band structure to reveal
the property change mechanism of a semiconductor [21e23].

Therefore, in this paper, silver is chosen as the substitution
element in CdS QDs and B3LYP is chosen as the functional to
simulate the band structure and density of state of that, the purpose
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of which is to offer mechanism explanations for the experiment
results.

2. Experiments and computational details

2.1. Experiments

Firstly, cadmium acetate (Cd(OAc)2$2H2O, 0.005 M) was dis-
solved in deionized water with magnetic stirring; secondly, the
aqueous solution of thioacetamide (CH3CSNH2, 0.005 M) and a
small amount of silver nitrate (AgNO3, 3.9 � 10�5 M) was also
prepared by the same process. Then, two types of reverse micro-
emulsion (M-Cd and M-S-Ag) with aqueous phases were prepared.
Both M-Cd and M-S-Ag contained three common components: a
surfactant of cetyltrimethylammonium bromide (C19H42BrN), a co-
surfactant of n-butyl alcohol (CH3CH2CH2CH2OH) and a continuous
oil phase of n-hexane (C6H14), the volume ratio of which is 3:5:20.
After mixing together with continuous stirring at room tempera-
ture for 30 min, they were transferred into a 50 mL Teflon-lined
autoclave with hydrothermal treatment at 100 �C for 6 h, fol-
lowed by cooling to room temperature naturally. The orange pre-
cipitates were separated from the reaction media by centrifugation,
washed with anhydrous ethanol and deionized water several times
and then dried at 70 �C. Finally, CdS QDs of silver substituting
cadmium were obtained.

2.2. Characterization

The crystal structure was characterized by a Bruker D8 Advance
X-ray diffractometer with Cu Ka radiation. The morphology was
analyzed with a transmission electronmicroscope (TEM, TECNAI G2

TF20). The particle size was analyzed by Mastersizer 3000 laser
particle size analyzer. The optical properties of the as-prepared
samples were characterized by the UV-4100 spectrophotometer
and F 97 fluorospectrometer.

2.3. Computational details

The first principle calculation of CdS QDs of silver substituting
cadmium was carried out with the Cambridge Serial Tatal Energy
Package module (CASTP) of material studio 6.0 version. The calcu-
lations adopted supercell of hexagonal wurtzite CdS, which consists
Fig. 1. Supercell of CdS of silver substituting cadmium.
8 atoms, including 4 cadmium atoms and 4 sulfur atoms as shown
in Fig.1. The core electrons were optimized by the norm-conserving
pseudopotentials and PBE functional. The B3LYP mode was chosen
for the functional of band gap calculation. The exchange-
correlation effects of valence electrons were described through
the B3LYP hybrid density functional and Perdew-Burke-Ernzerhof
(PBE). The Monkhorst-Pack scheme k-points grid sampling was
set as 4 � 4 � 2 for the irreducible Brillouin zone, and the energy
cutoff was set as 450 eV. The electronic configurations are 4d105s2

for cadmium, 4s24p64d105s1 for silver and 3s23p4 for sulfur.

3. Results and discussion

Fig. 2 shows the characterization results of CdS QDs of silver
substituting cadmium. Fig. 2a shows the TEM image of mono-
dispersed pure CdS QDs the size range of which is about 4e8 nm,
and it coincides with the result of the laser particle size analyzer
(Fig. 2c) which shows that the average diameter is 6 nm. From the
inset section (HRTEM image), it can be seen that the lattice fringes
with an interplanar distance of about 0.312 nm is the characteristic
fringe spacing of the hexagonal wurtzite CdS crystal phase in the
(101) plane. In contrast with that of CdS QDs, the morphology of
CdS QDs of silver substituting cadmium (Fig. 2b and d) synthesized
by the same route shows no difference with that of pure CdS QDs,
indicating that the introduction of silver atoms don't change the
crystal structure of hexagonal wurtzite CdS due to the ratio of silver
is very small and the atom radius of cadmium (1.71 Å) and silver
(1.75 Å) are similar which is also the reason why silver is chosen as
the substitution element.

Fig. 3a shows the XRD pattern of the as prepared pure CdS QDs.
The wide diffraction peaks indicate that the samples are nano-
crystals. All the diffraction peaks can be indexed as hexagonal
wurtzite CdS (The lattice constant of a ¼ b ¼ 4.136 Å and
c ¼ 6.713 Å), which are in good agreement with the value of JCPDS
Card (No. 77-2306). Compared with that of pure CdS QDs, the XRD
pattern of the as prepared CdS QDs of silver substituting cadmium
doesn't change significantly, which indicates that the small amount
of Ag doesn't cause any change of the crystal structure. Also, no
other peaks of impurities were detected, revealing high purity of
the as-prepared samples.

Fig. 4 shows the surface element scanning results of CdS QDs of
silver substituting cadmium through EDS characterization. Fig. 4a is
the STEM image of the as prepared CdS QDs of silver substituting
cadmium, which points out the scanning area. The element scan-
ning results are shown in Fig. 4bef, respectively. It can be seen that
the element distribution of Cd and S are in Fig. 4bed, respectively.
The well-distributed element scanning maps of Ag is shown in
Fig. 4e and f, respectively; because the electron penetration dis-
tance of EDS is about 1.0 mm, the results indicate that the CdS QDs of
silver substituting cadmium are well-distributed. Therefore, the
element analysis results show that the microemulsion-mediated
hydrothermal method can achieve well distributed silver doping
CdS QDs.

Fig. 5 shows the absorption spectrum of CdS QDs of silver
substituting cadmium. It can be seen from the absorption curves
that Fig. 5b has a distinct blue shift compared with that of Fig. 5a,
indicating that the introduction of Ag can lead to structural defects
of CdS QDs which cause the absorption curve blue shift.

Fig. 6 shows the photoluminescence emission spectrum of CdS
QDs of silver substituting cadmium. It can be seen that the emission
peak of CdS QDs (Fig. 6a) is at 533 nm, which means the emission
light is green. The emission peak of CdS QDs of silver substituting
cadmium (Fig. 6b) is at 567 nm, which means the emission light is
yellow. Therefore, the results show that the introduction of Ag in
CdS QDs leads to the emission peak red shifts for 34 nm.



Fig. 2. TEM images of CdS QDs (a) and CdS QDs of silver substituting cadmium (b). (c) and (d) are the corresponding size distribution histograms.

Fig. 3. XRD patterns of CdS QDs (a) and CdS QDs of silver substituting cadmium (b).
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In order to study the optical properties change mechanism of
Figs. 5 and 6, the first principle is adopted to simulate the band
structure of silver substituting cadmium CdS. The space group of
hexagonal wurtzite CdS of silver substituting cadmium adopted by
the simulation is P63mc. The lattice parameters of hexagonal
wurtzite CdS crystal are a¼ b¼ 4.121 Å, c¼ 6.682 Å, a¼ b¼ 90� and
g¼ 120�. In order to obtain a stable crystal structure, the optimized
calculation of lattice parameter is carried out using the parameter
above. The lattice parameters after optimized calculation are
a ¼ b ¼ 4.203 Å, c ¼ 6.691 Å, and the maximum deviation of the
optimized crystal lattice constants is 2.0%, showing that the accu-
racy of the built crystal cell is very high.

The simulated band structure of hexagonal wurtzite CdS along
the high symmetry direction in the Brillouin zone is based on the
hybrid B3LYP functional, and the results are shown in Fig. 7a. The
Fermi level indicated by red line is set to zero. Both the valence
band maximum and conduction band minimum of CdS are in the
same line (G line), indicating hexagonal wurtzite CdS is a direct
band gap semiconductor. The calculated band gap value (from
Fermi level to minimum of the conduction band) is 2.79 eV, which
is closed to the value of experiment (2.54 eV), and most of the
calculated value reported by the literature is 1.0 eV [15,16], indi-
cating the results calculated by us are more accurately. Therefore, it
concludes that the calculation method which chosen by us is
appropriate. Fig. 8a shows the density of states (DOS) of hexagonal
wurtzite CdS. It can be seen from the top of valence band (�4 to
0 eV) that the electron density mainly consists of the bonding state
of Cdes and Sep, and from the bottom of conduction band
(0e4 eV), it can be seen that the electron density mainly includes
the bonding state of Cdes and Ses. Therefore, it can be concluded
that the valence band maximum is mainly determined by the
bonding state of Cdes and Sep interaction and the conduction
band minimum is mainly determined by the bonding state of Cdes
and Ses interaction. Fig. 7b shows the band structure of hexagonal
wurtzite CdS of silver substituting cadmium. The introduction of Ag
element in CdS crystal can lead to the impurity levels of conduction
band, the reason of which is Ag (þ1) has a different chemical
valence with that of cadmium (þ2), and they have different
arrangement of extranuclear electrons. It can be seen that the band
gap is still 2.79 eV, and it doesn't changed, but the energy level
spacing changes obviously compared with that of pure CdS, and the
impurity level bends across the Fermi level, which shows the
conductivity characteristics, and it can enhance the electro-
conductivity of the sample. That can be also proved by Fig. 8b, from
which it can be seen that the total density has changed. And the
impurity levels are caused by the bonding state of Sep and Agep
interaction (0e4 eV), indicating that the doping of Ag can change
the valence band structure of CdS. This can change the way of
electronic transition from valence band to conduction band and
conductivity of CdS. The electron transition can be from impurity



Fig. 4. STEM image (a) and element analysis results (bef) of CdS QDs of silver substituting cadmium.

Fig. 5. Absorption spectra of CdS QDs (a) and CdS QDs of silver substituting cadmium
(b).

Fig. 6. Photoluminescence spectra of CdS QDs (a) and CdS QDs of silver substituting
cadmium (b).

J. Yin et al. / Journal of Alloys and Compounds 695 (2017) 1301e13061304
levels to conduction band which can close the distance of that.
Therefore, the simulated results show that absorption and photo-
luminescence spectra changes of the experiments are caused by the
changes of energy level spacing, the conductivity and the way of
electronic transition of CdS atom. The synthetic action of energy
level spacing, the way of electronic transition and the conductivity
changes may lead to the changes of photoluminescence colour and
intensity (Fig. 6). The way of electronic transition change results in
the blue shift of the absorption curves (Fig. 5).
4. Conclusions

In summary, silver is chosen as the substitution element of CdS
QDs to change the optical property. The experiment results show
that the average particle size of the as-prepared sample is about
6.0 nm, and they are hexagonal wurtzite phase. Compared with CdS
QDs, the photoluminescence emission peaks of CdS QDs are red
shift from 533 nm to 567 nm, which leads to the emission colours
change from green to yellow. The simulation results show that the
optical property change is caused by the synthetic action of the
energy level spacing, the conductivity and the way of electronic
transition changes of CdS crystals.



Fig. 7. The band structure maps of pure wurtzite CdS (a) and CdS QDs of silver substituting cadmium (b).

Fig. 8. Density of state maps of pure wurtzite CdS (a) and CdS QDs of silver substituting cadmium (b).
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