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Low temperature aqueous phase synthesis and optical
property study of ZnSe/ZnS core/shell quantum dots
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High-quality ZnSe/ZnS core/shell nanocrystals were synthesized by a convenient aqueous phase method, achieving
epitaxial growth at a very low temperature of 90°C The nature of the ZnS shells grown on the surfaces of ZnSe core
nanocrystals (average size, 4~5 nm) was determined by X-ray diffraction (XRD), UV-Vis spectrophotometry,
photoluminescence (PL) measurements, high-resolution transmission electron microscopy (HR-TEM), and Fourier transform
infrared spectroscopy (FT-IR). The PL intensity of ZnSe/ZnS quantum dots (QDs) first increased and then decreased with
increasing pH value. The strongest PL intensity occurs at the pH value of ~10.5. The strongest PL peak was centered at 400

nm (FWHM ~22 nm). The mechanism of the observed optical properties is discussed.
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1. Introduction

Quantum dots, each composed of a small number of
atoms, are quasi-zero-dimensional nanomaterials, the
size of which is between bulk materials and molecule
materials. The quantum confinement effect in quantum
dots is especially significant because internal electronic
motion is limited in all directions. Quantum dots have
been employed as a new class of fluorescent probes in
many biological and biomedical applications, such as
cellular imaging, solar cells and medical diagnostics
[1-4], because of their size-dependent optical properties.
At present, CdSe, CdS, CdTe quantum dots and so on
have been widely studied [5-11] and exhibit very high
luminous efficiency. However, the application of these
qguantum dots has been restricted by the toxicity of
cadmium. To avoid the use of these toxic compounds,
ZnSe has been proposed. It is an attractive semiconductor
material with a band gap of 2.68 eV in the violet and blue
region of the electromagnetic spectrum, and much less
toxic than cadmium compounds, so it can be a useful
material in several applications, such as blue
light-emitting diodes [12], buffer layers for infrared
detectors [13], or the first unit in a tandem solar cell [14].

As is well known, quantum dots nanocrystals
synthesized by pyrolyzing organo-metallic reagents in
hot organic solvents [15, 16] showed poor stability and
low photoluminescence in earlier studies. Furthermore,
organo-metallic compounds are toxic, expensive, and
harmful to the environment, and their synthesis requires

high temperatures (up to 380°C) [17-19]. Aqueous phase
synthesis is considered very important because it
involves no toxins, uses cheap agents, and it is simple in
operation, environment-friendly, low-temperature and
easy to scale up to industrial production [20, 21].
Moreover, water resources are comparatively abundant in
nature and the low-temperature synthesis process
requires little energy. In order to improve quantum dots’
stability and PL emission efficiency, the higher band gap
inorganic shell ZnS (3.6 eV) has been epitaxially grown
around the lower band gap core ZnSe (2.68 eV)
nanocrystals. Through this method, high quality so-called
type-I core/shell systems [22-24] have been obtained.

In the present work, high-quality ZnSe/ZnS
core/shell nanocrystals were obtained through convenient
aqueous phase synthesis using the epitaxial growth
method at an uncommonly low temperature of 90°C.
Luminescence performance has been optimized by
varying reaction parameters. The luminescence
performance, which is influenced by the ZnS shell and
the pH value of the reaction solution of the ZnSe/ZnS
guantum dots, is discussed in detail.

2. Experiment
2.1 Chemicals

All chemicals were analytical grade or the highest
purity available. All solutions were prepared with
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deionized water. Reagents — selenium power (~100 mesh)
99.9% trace and basis, NaBH, (96.0%, AR),
Zn(AC),-2H,0 (99%, AR), 3-mercaptopropionic acid
(MPA, >99.0%) — were purchased from Sinopharm
Chemical Reagent Co., Ltd (China).

2.2 Synthesis of ZnSe/ZnS core/shell quantum dots

In this typical synthesis, Zn(AC),-2H,0 (1.3199)
and deionized water (50 ml) were put into a three-necked
flask and vigorously stirred for 30 minutes. Then
mercaptopropionic acid was put into the above solution
and the pH value was set from 8.5 to 13.5 by using 0.1
mol/L NaOH, so as to obtain zinc stock solutions.
Meanwhile, selenium power, NaBH, and deionized water
were mixed in an ice bath under the protection of argon
atmosphere for 30 minutes, stirring in the process; thus
we obtained transparent NaHSe solution. Selenium stock
solution was quickly injected into the three-necked flask
vessel, stirring for 50 minutes at 90°C in a water bath,
yielding the ZnSe quantum dots solution.

Another batch of zinc stock solution was prepared
using the same method. Hydrogen sulfide gas was
prepared from ferrous sulfide and sulfuric acid (30%)
under argon atmosphere, and then the argon gas carried
the hydrogen sulfide into a mixed solution prepared from
the zinc stock solution and the ZnSe quantum dots
solution, after which the product was stirred for 70
minutes at 90°C in water bath. In this procedure the zinc
ions and sulfide ions form a monolayer shell ZnS on the
surface of ZnSe quantum dots. Flocculent precipitate was
yielded when glycol was put into ZnSe/ZnS colloidal
solution, then centrifuged, and dried in vacuum oven at
60°C, the purpose of which was to test the infrared
spectrum and X-ray diffraction.

2.3 Characterization methods

The X-ray diffraction (XRD) was investigated with a
diffractometer (Dandong Fangyuan Instrument LLC,
DX-2500) using Cu Ka radiation (A = 1.5405 A). High
resolution transmission electron microscopy (HR-TEM)
micrographs were investigated by using a field emission
scanning electron microscope (JEOL, JSM-7500F).
Optical absorption was measured in the 200-600 nm
range using a UV/Vis spectrometer (Perkin Elmer Inc.,
Lambda-950).  Photoluminescence  spectra  were
performed with a spectrofluorophotometer (SHIMADZU,
RF-5301PC), the excitation wavelength was 300 nm. All
optical measurements were performed at room
temperature under ambient conditions.

3. Results and discussion
ZnSe/ZnS quantum dots were prepared by aqueous

phase synthesis at a low temperature of 90°C In
spectrofluorophotometry, the surface microenvironment

of the nanoparticles is indicated by the intensity of the
fluorescent signal — using different wavelengths of light
can excite quantum dots to fluoresce. Fig. 1 shows
photoluminescence spectra of ZnSe (a) and ZnSe/ZnS (b)
guantum dots; the excitation wavelength is 300 nm.
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Fig. 1. Photoluminescence spectra of ZnSe (a) and ZnSe/ZnS
(b) quantum dots. The excitation wavelength is 300nm.

It can be seen when a ZnS shell has been enwrapped
around the surface of a ZnSe core, the
photoluminescence intensity of the particle increases
significantly. There are two fluorescent peaks, the peak at
410 nm is intrinsic excitation luminescence; another peak
470 nm is due to the surface states emitting light
generated by surface defects trapping carriers [25].
Surface defects of ZnSe are reduced owing to surface
ZnS coating, which passivates the ZnSe surface defects.
The carriers of ZnSe are kept inside the core because the
band gap of ZnS is higher than that of ZnSe [26].
Consequently, the intensity of the excitonic luminescence
spectra increases hugely after ZnS shell coated as shown
in Fig. 1 (b).
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Fig. 2. XRD patterns of ZnSe (a) and ZnSe/ZnS (b,c,d) quantum
dots with different pH values, (a,c) 10.5, (b) 8.5, (d) 13.5.

Fig. 2 shows XRD patterns of the uncoated ZnSe
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particle and the ZnSe/ZnS quantum dots, respectively.
All the samples grew preferentially along the (111) peak,
accompanied by (220) and (311) crystal orientations,
which indicates that those quantum dots consist of the
characteristic cubic zinc blende [27]. The diffractive
peaks of ZnSe are located at 27.8°, 46.4°, and 53.9°. The
diffractive peaks of ZnSe/ZnS quantum dots shift to
larger angles, located between the cubic ZnSe and ZnS
phases. This is our initial evidence that the ZnS shell has
enwrapped the ZnSe core successfully, rather than
forming a simpler combination of ZnS and ZnSe. From
the XRD patterns it can be seen the diffractive peaks are
broadened due to the finite crystal size. According to
Debye-Scherrer formula, the grain size of ZnSe and
ZnSe/ZnSe quantum dots are about 3 nm and 4~5 nm
respectively. Table 1 shows the detailed structural
parameters of ZnS and ZnSe/ZnS quantum dots (20 =
27.8°), further proof that the ZnS shell has enwrapped the
ZnSe core successfully.

Table 1. Structural parameters of ZnSe and ZnSe/ZnS quantum
dots with different pH values, obtained from the XRD patterns

in Fig. 2.
pH (111) d/nm FWHM/rad D/nm
a: 105 0.3252 0.0524 2.958
b: 85 0.3234 0.0440 3.523
c: 105 0.3229 0.0351 4.416
d: 135 0.3234 0.0409 3.790

Fig. 3. SEM images of ZnSe/ZnS quantum dots with
different pH values, (b) 8.5, (c) 10.5, (d) 13.5.

In addition, the pH value of the solution has a great

influence on the ZnSe/ZnS quantum dots. An appropriate
alkaline environment favors the formation of the
quantum dots, as evidenced by the XRD results. The
diffraction peaks of ZnSe/ZnS quantum dots are the
strongest, indicating that the ZnS shell has enwrapped the
ZnSe core, forming the core/shell quantum dots. Fig. 3
shows SEM images of ZnSe/ZnS quantum dots with
different pH values. It can be seen that the nanoparticles
have formed with mild agglomeration. The
agglomeration phenomenon becomes more prominent
with increasing pH value, indicating once again that pH
value is a very important parameter in the preparation of
ZnSe/ZnS quantum dots.

HRTEM micrographs of ZnSe/ZnS quantum dots are
given in Fig. 4, clearly confirming the formation of a
ZnS shell around the ZnSe core. The average diameter of
these ZnSe/ZnS core/shell quantum-dot colloidal
nanoparticles is about 4~5 nm.

Fig. 4. HRTEM micrographs of ZnSe/ZnS quantum dots.
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Fig. 5. FT-IR spectra of ZnSe (a) and ZnSe/ZnS (b,c,d) quantum
dots with different pH values, (a,c) 10.5, (b) 8.5, (d) 13.5.

FT-IR spectra of ZnSe (a) and ZnSe/ZnS (b,c,d)
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quantum dots with different pH values are displayed in
Fig. 5. The vibration peak at 1573 cm™ is assigned to the
vas C=0 stretching, whereas the band at 1384 cm™ is due
to the symmetric stretching v, C=0. The vibration peak at
3414 cm™ and 899 cm™ are due to the O-H stretching.
Meanwhile, in comparison with the spectrum of MPA
[26], the prominent characteristic peaks at 2923 cm™
(C-H) and in the region from 2573 cm™ to 2666 cm™
(S-H) have practically disappeared, which suggests that
MPA molecules attach to quantum dots though chemical
bonding between thiols and dangling Zn atoms of the
ZnSe layer [28]. S-H is adsorbed from MPA onto the
ZnSe particles’ surface in the form of a close-packed
monolayer. Currently, the most exciting application of
these particles is in treating dye-bearing wastewater. The
interaction of cationic dye molecules and the negatively
charged quantum dots promotes degradation of the dyes,
mediated by OH radicals or a redox reaction on the
quantum dots’ surface, so ZnSe/ZnS quantum dots can
exist stably in water solution.
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Fig. 6. Absorption spectra of ZnSe/ZnS quantum dots

synthesized under different pH values, (b) 8.5, (c) 10.5,

(d) 135, Inset shows the curve of (ahv)? vs hv  for
ZnSe/ZnS quantum dots.

Absorption spectra of ZnSe/ZnS synthesized under
different pH values are given in Fig. 6. A broad
absorption peak at about 330 nm can be observed; there
is an obvious regular modulation of optical absorption as
the pH value is increased. The optical energy band gap of
ZnSe nanoparticles is calculated using Tauc’s formula
[29]

o B(hv—E,)
hv

where the exponent n could have the values of 0.5, 1.5, 2
and 3 for four transitions — direct allowed, direct
forbidden, indirect allowed, and indirect forbidden -
depending on the type of electronic transition occurring

in k-space. For ZnSe, the transition is “direct allowed,”
so n = 0.5. The band gap is determined by extrapolating
the linear region of (ahv)? ~ hv plots, as showed in Fig. 6
(inset). The value of the band gap Eg for ZnSe is 3.3 eV,
larger than 2.7 eV for bulk ZnSe, which is characteristic
of the quantum confinement effect. The pH value has a
pronounced effect on the optical band gap, contrary to
the published findings of some former earlier research
[30]. The effect might be caused by the different
thickness of the ZnS layer grown on the surface of ZnSe
and the number of OH radicals (see Fig. 5).
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Fig. 7. Photoluminescence spectra of ZnSe/ZnS
quantum dots synthesized at different pH values. The
excitation wavelength is 300nm.
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Fig. 8. Energy band diagram of ZnSe/ZnS core/shell
nanocrystals.

We further investigated the stability of ZnSe/ZnS
guantum dots synthesized at different pH values in order
to determine the effects of aquatic conditions on the
synthesized particles. PL spectra of ZnSe/ZnS quantum
dots under different pH value are shown in Fig. 7; the
excitation wavelength is 300 nm. The PL intensity first
increases and then decreases with increasing pH value.
The maximum PL intensity corresponds to the pH value
of 10.5; the high emission peak is centered at 400 nm
(FWHM ~22nm), which is attributed to the ZnS shell
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packed onto the ZnSe core. Meanwhile, the peak
wavelength increases with the increase of pH value.
According to Derjagui-Landan and Verwey-Overbeek
theory [31, 32], the interaction balance between the van
der Waals attractive force and the electrostatic repulsive
force determines the stability of the quantum-dot
colloidal solution. When the pH value changes from 8.5
to 10.5, the dissociation reaction of thiol functional
groups plays a key role in the surface potential of
colloidal nanoparticles [33-35]. As the pH value
increases to 13.5, the thickness of ZnS and the number of
OH radicals play key roles in the surface properties of the
ZnSe/ZnS nanoparticles.

Fig. 8 shows the energy band of the ZnSe/zZnS
core/shell structure, which is a Type-I structure wherein
the shell possesses a higher conduction band and a lower
valence band than those of the core, so the
photo-generated carriers are mostly confined inside the
core [36]. In Type-I structured nanocrystals, excited
electrons cross from the valence band of the shell and
core to the conduction band of shell. In fact, the transfer
of an electron from the conduction band of the shell to
the conduction band of the core takes only several
picoseconds, much quicker than the few hundred
picoseconds required for an electron and a hole inside the
shell to recombine [37]. So almost all electrons in the
conduction band of zZnS transfer to the conduction band
of ZnSe very quickly (E2, in Fig. 2), and then combine
with holes in the valance band of ZnS and ZnSe (E3 and
E4). During the process of combination, the theoretical
energy released corresponds to peaks P1 and P2 in Fig.1,
and P2 corresponds to the band edge emission. This
process usually occurs in the interface between the ZnSe
core and the ZnS shell, indicating that the ZnS shell was
successfully grown on the ZnSe core.

4. Conclusions

In this paper, we reported the aqueous phase
synthesis of ZnSe/ZnS core/shell environment-friendly
nanocrystals using an epitaxial growth method at a very
low temperature. The structural and optical properties of
these quantum dots were found to be very dependent on
the pH value, stabilizing agent, and so on. The growth of
the ZnS shell on the surface of ZnSe core nanocrystals
was verified by XRD, HRTEM, PL, FT-IR and UV-Vis.
In view of these measurements, we determined that the
pH value 10.5 was the best condition for growing
ZnSe/ZnS core/shell quantum dots with an average
crystallite size of 4~5 nm. In addition, we tested the
quantum yield (QY) of the quantum dots — the maximum
QY was obtained when the pH value was 10.5.
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