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Abstract: Core-shell semiconductor quantum dots materials are being investigated due to their special
performance in repairing surface defects for the single quantum dots and greatly improving the optical per-
formance of quantum dots. Instead of a traditional small flask as a reaction vessel to prepare NaHTe, the
preparation of the CdTe core using a three-necked flask was achieved. 10 CdTe/CdS and CdTe/ZnS core-shell
semiconductor quantum dots with different core sizes, shell thicknesses and shell materials were synthesized. The
UV-visible absorption and fluorescence spectrum of 10 kinds of core-shell semiconductor quantum dots materials
were measured and analyzed. The absorption spectrum of quantum dots in the UV-visible band shows that with
the increase of quantum dots size, the absorption peak is red-shifted. The CdTe/CdS quantum dots differ in
fluorescence lifetime and intensity due to the conversion of different core and shell sizes of quantum dots between
types I and II. When the shell thickness of CdTe/ZnS increases, the shell thickness of ZnS reduces the number of
dangling bonds and defect states on the core surface, which increases the probability of electron-hole pairs
recombination and causes the fluorescence peak red-shift.
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0 Introduction

Quantum dots belong to quasi-zero-dimensional
structure, and their dimensions are all within the range of
1-20 nm. Due to the quantum surface effect, the pro-
portion of atoms on the surface is large, leading to the
absence of other atoms in the periphery of some surface
atoms'"), And forming part of dangling bonds makes the
properties of quantum dots unstable, vulnerable to
environmental factors, and reduces the photophysical
properties””. Based on these drawbacks, the core-shell
quantum qots, which is a new structure formed by capping
or encapsulating for another organic-inorganic semicon-
ductor materials on the quantum dots of the single
material®®. It can eliminate the surface dangling bond of
single-material quantum dots, repair the surface defects of
the core, improve the luminescent performance, and
change the characteristics of functional groups, so that
some physical or chemical properties of the core-shell
quantum dots can be changed with these new features™!.

Typical materials, CdTe quantum dots synthesized
by the hydrothermal method have special nonlinear
optical and ultrafast dynamics characteristics such as
narrow laser emission spectrum, continuous distribution
of excitation wavelength, and high photochemical stabi-
lity”]. Core-shell structure, relative to the single-core
quantum dots, can passivate the surface defects of cores
improve the luminescence efficiency and increase the
photochemical stability of quantum dots!®., So the core-
shell semiconductor quantum dots have multiple applica-
tions in several areas such as in the optoelectronic compon-
ents”’, biological labeling™®, photo-catalysts®™ and solar
panels!"’. In the Synthesis of the CdTe quantum dots, the
traditional preparation method of NaHTe has low effici-
ency and speed, and it is easy to cause the oxidation of
product during the preparation process, which affects the
quality of CdTe core. In this work, the preparation method
of the NaHTe is improved based on the Wang Q group!'",
which effectively improves the quality and speed, and
greatly avoids the product to be oxidized.

In order to further research the preparation and

fluorescence characteristics, in this work, the 10 kinds of

CdTe/CdS and CdTe/ZnS core-shell semiconductor quan-
tum dots with different core sizes and shell thicknesses
were synthesized by the TGA passivation surface method.
The influences of PH value on reaction speed and time on
the shell thickness during the preparation of CdTe/CdS
and CdTe/ZnS quantum dots were compared and
analyzed. The effects of the shell thickness and the core
size on the absorption spectrum and the fluorescence
properties were investigated, which provided a theoretical
basis for the preparation of core-shell structure and the

study of photophysical properties.
1 Experiment

1.1 Preparation of the NaHTe

A three-necked, round-bottomed flask was used as
the reaction vessel. A glass tube at the first flask-mouth to
inject high-purity N, into the reaction liquid, and the
pressure in the three-necked flask was increased at the
beginning of the reaction to prevent air entering. The gas
was exhausted during the second flask-mouth. The glass
tube was connected to the rubber tube and inserted into
another beaker filled with silicone oil, to prevent the air
from being sucked into the reaction flask while ex-
hausting. It was equipped with a rubber plug and a glass
tube for adding drugs at the last flask-mouth. The rubber
plug was used to seal the glass tube after adding, and the
NaHTe solution was extracted after completion of the
reaction in the syringe. The specific operation was
described as follows: first, connected the device and
injected N,; second, added 30 ml deionized water and
injected N, into the water after 5 minutes; third, magnetic
stirring for 10 minutes, the three-necked flask was in an
oxygen-free environment; then added 2.5 g Te powder
and 1.8 g NaBH, through the stopper of the glass tube,
and sealed the glass tube with a rubber plug quickly. To
prevent air entering, a syringe was used and a long needle
was inserted into a rubber plug at the third opening of the
flask in the process of extracting the NaHTe solution after
the reaction.

Using the device, the reaction at room temperature

was achieved. The exhaust system was sufficient to
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handle hydrogen generated at the high speed, as well as
the N, provided cooling. In this paper, the new
preparation method has successfully reduced the tra-
ditional harsh conditions of reaction from 10 hours at 5 °C
to 1 hour at the room temperature and improved the
quality of the NaHTe solution. The preparation quality
and speed were increased, and Te source was the furthest
avoided from being polluted by oxidation to the greatest
extent.

1.2 Synthesis of the CdTe cores

The synthetic procedure was instructed according to
the method mentioned in Ref.[12] with minor modifi-
cation Typically, took 500 mL of deionized water and put
it into a 1000 mL three-necked flask, then added
0.4565 g of CdCl,*2.5 H,0, 0.310 ml of TGA, passed in
N,, and stirred. Adjusted the pH of the solution to 9 with
I mol/L NaOH. Took 0.612 ml of the NaHTe solution
which was prepared and added it into a three-necked
flask, adjusted the heating temperature to 100 °C,
condensed and refluxed for 2 hours to complete the
preparation of the CdTe core.

Repeated the above process twice and adjusted the
pH value to 10 and 11 respectively. The condensation
reflux was adjusted accordingly for 6 hours and 10 hours
to prepare the CdTe core. The sample was observed under
the 365 nm ultraviolet light and the color was shown in
Tab.1.

Tab.1 Ten kinds of the core-shell structure quan-

tum dots

Sample number Quantum dots Size/nm Core color Cladding time

S1 CdTe/CdS-1 32 Orange 30 min
S2 CdTe/CdS-2 33 Orange 1h
S3 CdTe/CdS-3 34 Orange 2h
S4 CdTe/CdS-4 3.0 Yellow 30 min
S5 CdTe/CdS-5 3.1 Yellow lh
S6 CdTe/CdS-6 2.6 Green 30 min
S7 CdTe/CdS-7 2.7 Green lh
S8 CdTe/CdS-8 2.8 Green 2h
S9 CdTe/ZnS-9 3.5 Orange 30 min
S10 CdTe/ZnS-10 3.6 Orange lh

1.3 Preparation of the CdTe/CdS core-shell quan-
tum dots

Took 100 mL CdTe solution and put it into 250 mL
three-necked flask, passed in the N, and stirred. Weighed
0.0122 g thiourea in a three-necked flask and recovered
the pH of the solution to 10 with 1 mol/L NaOH. Set the
temperature for 90 °C and started the timer when the
temperature reached 90 °C. The reflux time was 30 min,
1 h and 2 h, respectively. After the reaction, the three-
necked flask was cooled to room temperature quickly with
cold water.

The obtained the CdTe/CdS quantum dots solution
was put into the centrifuge tube, and the ratio of the
CdTe/CdS quantum dots to the ethanol in the solution was
1:2to 1 :4 (volume ratio), and centrifuged in a high-
speed centrifuge, with the rotation speed of 10000 r/min
and the time was set for 10 minutes. After repeated
centrifugation, the solids were dissolved in deionized
water for testing.

1.4 Preparation of the CdTe/ZnS core-shell quan-
tum dots

The CdTe/ZnS quantum dots were synthesized
and improved according to the method of Li’s
group!¥. To obtain these dots, a mixture of 80 ml CdTe
solution, 0.230 g ZnSO, and 0.148 ml TGA was loaded
slowly into 20 ml Na,S *9H,0 aqueous solution. Molar
ratio of Zn to S was 1 : 1, and the molar ratio of Cd to Zn
was 1 : 2. The reaction occurs when stirred and heated
to 80 °C. The size of the shell is controlled with the
reaction time. Then, the CdTe/ZnS quantum dots were
centrifuged and purified, finally re-dispersed into the
deionized water.

To sum up, the parameters of the 10 water-soluble
core-shell quantum dots are shown in Tab.1
1.5 The UV-visible absorption and the fluoresc-

ence spectra

In order to explore the influence of shell thickness,
core size and shell material of the semiconductor quantum
dots on UV-VIS absorption spectrum, the eight kinds of
CdTe/CdS and two kinds of CdTe/ZnS semiconductor
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quantum dots were measured (UV-2500 UV-vis spectro-
meter from Shimadsu, Japan), as shown in Fig.1

and Fig.2 respectively.
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Fig.1 Absorption spectra of the CdTe/CdS quantum dots
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Fig.2 Absorption spectra of the CdTe/ZnS quantum dots

The fluorescence spectrum of the CdTe/CdS and the
CdTe/ZnS quantum dots under the excitation wavelength
of 400 nm were obtained using the LS55 fluorescence

spectrometer from Perkin Elmer, as shown in Fig.3.
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Fig.3 Fluorescence spectrum of the CdTe/CdS and CdTe/ZnS quantum

dots

2 Results and discussion

2.1 The influence of pH value, cladding time and
material on the sample

In Tab.1, the core color was observed by sampling
the CdTe at the wavelength of 365 nm (the ultraviolet
light) before cladding. In the same reaction temperature,
the pH value of the reaction system was changed to 9.0,
10.0, 11.0, which is corresponding to the change of the
time of the reflux condensation to 2 hours, 6 hours, and
10 hours. The preparation of the CdTe core was observed
under the ultraviolet light at the wavelength of 365 nm,
presenting green, yellow, and orange colors. The different
luminescent colors indicate the different core sizes. Tab.1
shows that the core sizes increased gradually from the
colors of green, yellow to orange. The overall sizes of the
quantum dots in Tab.l were estimated according to the
luminescent colors.

Eight samples were the water-soluble TGA-CdTe/
CdS colloidal quantum dots. The core of S1-S3 radiated
orange color under the ultraviolet irradiation, the cladding
time was 30 min, 1 h, and 2 h respectively. The core of S4-
S5 radiated yellow color under the ultraviolet irradiation,
the cladding time was 30 min and 1 h respectively. The
core of S6-S8 radiated green color under the ultraviolet
irradiation, the cladding time was 30 min, 1 h and 2 h
respectively. Other two samples were the water-soluble
TGA-CdTe/ZnS colloidal quantum dots. The core of S9-
S10 radiated orange color under the ultraviolet irradiation,
the cladding time was 30 min, 1 h respectively.

To be specific, it is found that the experimental
results of the S6-S8 samples indicate that different
cladding time causes the change of the overall size of
quantum dots under the same color of the core. The
overall size of quantum dots increases with the increase of
the cladding time, such as the CdTe/CdS and the CdTe/
ZnS core-shell quantum dots under the same core colors
of orange. And the cladding time is different for 30 min
and 1 h. For example, comparing the experimental results

of S9 and S10 to those of S1 and S2, it is shown that the
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size of the CdTe/ZnS quantum dots is larger than the

corresponding of the CdTe/CdS sample.

2.2 The influence of the cladding and production time
of the core on the UV-vis absorption spectrum
Figure 1 illustrates the first absorption peak of

position for the CdTe/CdS quantum dots. Obviously,
taking the derivative of a curve, the position with the
highest slope is the absorption peak. The first absorption
peaks of S1-S8 were 550 nm, 555 nm, 560 nm, 540 nm,
545 nm, 510 nm, 515 nm, and 525 nm, respectively.
Figure 1 shows that the quantum dots size is increased and
the absorption peak is redshifts by the increase of the
cladding time under the same case of the core. Similarly,
in the case of the same cladding time, the size of quantum
dots is increased and the absorption peak is redshifts by
the increase of the core fabrication time. It is observed
that the first absorption peak of S9-S10 samples is 570 nm
and 580 nm in Fig.2. With the increase of the cladding
time, the size of the quantum dots increases, and the
absorption peak of the CdTe/ZnS quantum dots are also
redshifts.

Yu’s team!¥

summarized the relationship between
the size of quantum dots and the first excitonic absorption
peak, which can be expressed by Eq.(1). The size of S1-
S10 samples is calculated, which is about 3.2 nm,
33 nm, 3.4 nm, 3 nm, 3.1 nm, 2.6 nm, 2.7 nm, 2.8 nm,

3.5 nm and 3.6 nm.

D=(9.8127x107)2°=(1.714 7x10°)2* +1.006 41— 194.84
(M

where, D(nm) is the size of quantum dots, and A(nm) is
the wavelength of the first excitonic absorption peak of
the corresponding sample.

The properties of the core-shell quantum dots make
them different from the bulk materials or atoms and
molecules. As the size of the quantum dots decreases, the
quantum confinement effect is enhanced. The bandgap of
the semiconductor follows Eq.(2)!"".
hznz( 1 1 )_ 1.786¢>

E(r):Eg(r=<>o)+2R2 —+—

—0.248E3,
(2

m, m, >

where, E(r) is the absorption bandgap of the material, £,
is the bandgap of the material, R is the particle radius, the
second term is the quantum confined energy (blue shift),
the third term is the Coulomb potential energy of the
electron-hole pair (red shift), and the fourth term is the
effective Rydberg energy.

The second term in the formula is much larger than
the third and fourth terms, so that the quantum dots
diameter (2R) increases and the FE(r) decreases, the
corresponding absorption and the luminescence spectra
generate redshift.

In summary, with the increase of quantum dots size,
the absorption peak is redshift; on the contrary, if the size
decreases, the absorption peak will be blue shift.

2.3 Fluorescence characteristics of CdTe/CdS and

CdTe/ZnS core-shell quantum dots

Figure 3 shows the fluorescence spectra are at the
same core (CdTe) when the shell thickness increases
to a certain degree (cladding time 30 min-1 h). The
fluorescence intensity increases to the peak. At this
time, if the shell thickness is continuously increased,
the fluorescence intensity will decrease (e.g. S6, S7,
S8). The fluorescence intensity also decreases when
the core size is increased (e.g. S6, S4, S1), and the
fluorescence spectrum is broadened. Some large cores
growth—the so-called Ostwald ripening, causing the
size distribution broadening and a wide emission line
width. Some types of gradient core-shell structures are
known for suppressing Auger recombination and
possess high PLI'. The considerable disparity in the
spatial distributions of the electron and hole wave
functions distorts the local charge neutrality of the
exciton state, which makes its energy highly sensitive
to the fluctuating electrostatic environment and leads
to fluctuations in the emission wavelength. Besides,
this increases the polar component of the exciton —
phonon coupling and results in a considerable single-dot
line broadening and complex emission spectra comprised
of multiple phonon replicas with fluctuating intensities

and spectral positions. The fluctuating local electric field

20200287-5



ISk A2

%54

www.irla.cn

% 50 A

also modulates the spatial distributions of the electron and
hole charge densities, which leads to changes in coupling
to polar vibrations, and thereby cor-related line broa-
dening!"”.

The broadening is due to the conversion of the
CdTe/CdS quantum dots from type I to type II'*., The
CdTe/CdS core of type I has both bound electrons and
holes, while the CdTe/CdS of type II has bound holes in
the core and electrons in the shell. In the CdTe/CdS core-
shell quantum dots of type II, the conduction band bottom
of the core is higher than the conduction band bottom of
the shell, and the excited electrons eventually transfer to
the conduction band bottom of the shell; the valence band
top of the core is higher than the valence band top of the
shell, and the holes transfer to the valence band top of the
core.

With the increase of the core size, the potential
energy at the conduction band bottom of the core
increases, while the potential energy at the conduction
band bottom of the shell is relatively low, and the
probability of electron distribution in the shell also
increases. At this time, the potential energy difference
between the conduction band bottom and the valence band
top is decreased, so the absorption and the luminescence

peaks have redshift accordingly!”.

The composite
probability of excitons is reduced due to space separation,
so the maximum fluorescence intensity is weakened and
the fluorescence lifetime is increased"”. For example, S1,
S4 and S6 show this situation. When the shell thickness of
the CdTe/ZnS increased, the fluorescence peak position
has red-shift. Now that the shell thickness of ZnS reduces
the number of the dangling bonds and the surface defect
states on the core surface, which increases the probability

of electron hole pairs recombination, thus increasing the

fluorescence peak™?.
3 Conclusion

Firstly, 10 kinds of CdTe/CdS and CdTe/ZnS core-
shell quantum dots with different core sizes and shell

thicknesses were synthesized by aqueous phase. In this

work, the production method of the CdTe core was
improved and the high quality of the NaHTe sample was
obtained. The experimental results show that the higher
the pH value, the faster the reaction speed; but the lower
the UV luminescence intensity.

The uv-vis absorption spectrum demonstrates that
the size of quantum dots is increased and the absorption
peak is redshift in the same core with the increase of the
cladding time; similarly, with the increase of the core
fabrication time, the absorption peak is also redshift in the
case of the same cladding time. In fluorescence spectrum
experiments, the CdTe/CdS quantum dots convert betw-
een type I and type II according to the different core and
shell sizes of quantum dots, resulting in the different
fluorescence lifetime and intensity. When the thickness of
the CdTe/ZnS shell increases, the fluorescence peak
appears redshift. This is because the shell thickness of
ZnS reduces the number of dangling bonds and surface
defect states on the core surface, which increases the
probability of electron hole pairs recombination, thus

increasing the fluorescence peak.
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