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ABSTRACT

In order to search for new structures and compositions of quantum dots, suppress the
blinking photoluminescence (random changes between high emission state (on) and low
emission status (off) under continuous photo- excitation) and serve the application purposes in
bio- medical and in optoelectronic devices , we have studied the fabrication of new alloy
quantum dots (QDs). In this paper, we present new results on alloy core / shell quantum dots,
with changed alloy shell composition, that was CdZnSe/ZnSe,S;x a ML with x (x =0, 0.2, 0.4,
0.5, 0.6, 0.8) and the shell thickness in monolayer (ML) (a=2, 4, 6) . The emission spectra and
the intensity change according to the composition of the alloy shell. The full width a half
maximum (FWHM) of the emission spectra of quantum dots CdZnSe is 25.5 nm. Covered with a
shell layer, the emission intensity of the CdZnSe core increases along with the shell thickness.
For comparison purpose, two different shell materials have been used, which are ZnS and ZnSeS
alloy. With the same shell thickness, the emission wavelengths and intensity of the QDs change
when the shell’s composition changes. The photoluminescence (PL) decay and the PL blinking
of the alloy QDs was studied. It was shown that the alloy QDs spent by the nanocrystal in the
ON state ranged typically between 20 and 40 %, and was dependent on the core composition.
Detailed discussions on the experiment results are presented.

Keywords: alloy quantum dots, synthesis, nanocrystal, core/shell structure, photoluminescence,
CdZnSe/ZnSeS.

1. INTRODUCTION

Colloidal semiconductor quantum dots (QDs) such as binary CdSe and CdTe, whose band
gaps are continuously tuned by changing sizes, offer a new powerful tool for use in multicolor
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bio-imaging, bio-sensing, light-emitting diodes, photovoltaic devices, lasers, and quantum
computing devices [1 - 8]. In order to demonstrate short wavelength-emitting QDs, the QDs
would have to be small enough to induce a strong quantum confinement effect. However, such
small-size QDs are often highly unstable, inefficient, spectrally broad, and lacking in narrow-
size distribution [9 - 12]. Instead of controlling the size of QDs, the formation of alloy (solid
solution) QDs can be an alternative approach to tune their energy band gaps, typically using
ternary or quaternary compositions such as Zn,Cd,—Se [9 - 15], Zn,Cd,S [16 - 18], CdSe
1xTex [19] and Zn,Cd,Se,S,-, [20]. In these multi-compositional QDs, the band gap energy of
the QDs is determined by the combination of their chemical stoichiometry and particle size.
Alloy QDs have been achieved by (i) heating core/shell-structure QDs to an appropriate
temperature, thus replacing the cation of pre-prepared binary QDs [9 - 11] or changing the
constituent cation/anion precursor amounts of the QDs [12, 17, 18]. Recently, several groups
have demonstrated that alloy QDs have many advantages over binary QDs. For example,
Bawendi and co-workers [21] fabricated LEDs using ZnCdSe ternary-alloyed QDs, which
enabled easier charge injection than in CdSe/ZnS QDs. Krauss et al.[22] described “non-
blinking” CdZnSe/ZnSe QDs that have an alloy composition. Furthermore, the nature of the
blinking phenomenon was discussed in refs. [23, 24]. These findings indicate that alloy QDs
may represent a new route to achieve the next generation of QDs [2, 25]. The widely tunable
emissions of Zn,Cd;—Se alloy quantum dots (QDs), which emit green to red wavelengths from
534 to 620 nm, are reported [1]. The compositions of alloy QDs were estimated based on their
sizes and band gap energy.

Among all the steps required to synthesize quantum dots, the generation of the outer
inorganic layer is the most critical one for producing highly emissive materials. The best
materials contain a “shell” of wide band gap material that wraps around the “core” quantum dot;
among other functions, this layer ensures that the materials possess the exceedingly high and
stable quantum yields which are pivotal for their many applications. The importance of shell
layers was first identified by Hines et a/ in 1996 who demonstrated an improvement in the
quantum yield and stability of CdSe nanocrystals after coating with ZnS [26, 27]. Thanks to that
effort, virtually all types of quantum dots have been prepared with appropriate shells and core—
shell systems, which are now the default structures for quantum dots. Shell thickness could be
manipulated by changing the reaction temperature and time or through a more conventional
strategy of multiple precursor injection.

For comparison purpose, in this work, two different shell materials have been used, which
are ZnS and ZnSeS alloy. We have synthesized monodisperse ZnS and ZnSeS shells on CdZnSe
alloy quantum dots at temperatures as 240 °C to form thicker shells, up to 6 monolayers (ML).
II-VI ternary composition-alloy QDs with core/thick shell structure in which band gaps can be
engineered over the entire visible spectrum have not been reported yet to date. Herein, we report
on the synthesis of good quality ternary alloy Cdg4Zng¢Se/ZnS aML and Cdg4Zng ¢ Se/ZnSe,S .
aML (withx =0, 0.2, 0.4, 0.5, 0.6, 0.8 and a= 0, 2, 4, 6 ML) QDs by replacing the cation of pre-
prepared binary QDs, and on the structural characterization and photoluminescence of these
ternary alloy quantum dots. When covered with one shell layer, the emission intensity of the
CdZnSe core increases along with the shell thickness. For alloy shell like ZnSe,S;., with the
same shell thickness, the intensity and emission wavelength of the QDs change when the shell’s
compositions change, the emission peak is shifted to red. By PL microscopy, the PL blinking of
the obtained alloy QDs was studied. Discussions on the experiment results are also presented.
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2. EXPERIMENTAL
2.1. Chemicals

The following reagents were used: cadmium acetate (Cd(AC),, 99.9 %), zinc acetate
(Zn(Ac),, 99.9 %), selenium powder (Se, 99.99 %), hexamethyl disilthiane (TMS),S,
trioctylphosphine oxide (TOPO, 99 %), trioctylphosphine (TOP, 90 %) and hexadecylamine
(HDA, 99 %) were purchased from Aldrich. For the purification step: methanol, toluene,
chloroform and hexane were purchased from Merck. All chemicals were used without further
purification.

2.2. Synthesis of Cdg4Zng¢Se/ZnS and Cdy4 Zny¢Se/ZnSe,S:« alloy nanocrystal core/shell
quantum dots

In this report, we will present the QDs that were synthesized with a constant precursor ratio
of 0.2 Cd/0.8Zn and we obtained the Cd39Zny¢1Se alloy nanocrystal QDs (or Cdg33ZngeSe) as
it would be accurately determined with the EDS element analytical method that we will present
in the next part. The first thing is the need to synthesis the alloy cores. The method for CdZnSe
quantum dots synthesis is slightly adapted from existing work for CdSe QDs [28]. All synthetic
routes are carried out using standard airless procedures. The reaction was run under ultra-pure
nitrogen flow.

For a typical synthesis of 0.5 mM Cdy4Zng¢Se alloy nanocrystal QDs, we use the molar
ratio of the used precursors in the reaction is: Cd / Zn / Se = 0.2 / 0.8 / 3.33; TOPO / HDA =
55/45. Alloy core fabrication process is performed through two steps:

Step 1: Preparation of precursor solutions

Dissolve 0.025 g of cadmium acetate in 0.54 mL TOP at the temperature of 80 °C in
nitrogen gas. When the Cd(Ac), salt is completely dissolved in the TOP, we obtain a transparent
solution, which is the TOP-Cd precursor solution that would be used for the reaction. After that,
dissolve 0.0875 g of Zn(Ac), in 1 ml TOP at the temperature of 140 °C, in nitrogen atmosphere.
When Zn(Ac), is dissolved in the TOP, we obtain a transparent solution, which is the TOP-Zn
precursor solution that would be used for the reaction. For Se precursor, dissolve 0.135 g Se in
1.665 ml of TOP at 120 °C in nitrogen gas to remove all air and oxygen. When Se powder is
completely dissolved in TOP, we obtain a colorless transparent liquid which is the TOP-Se
precursor.

Step 2: Synthesic of CdZnSe alloy QDs samples

Pour 3.325 g TOPO and 1.6625 g of HDA into the three-neck reaction flask. Use nitrogen
gas to remove water vapor and oxygen out of the reaction flask at room temperature for 30 min,
then at 120 ° C for one hour. Inject TOP-Se precursor into the flask under vigorous stirring and
heating at temperatures up to 100 °C in N, atmosphere. Continue to stir and heat the reactor up
to 190 °C, at this moment, inject TOP-Zn precursor solution into the reaction flask. Then
increase the temperature of the flask up to 270 °C, at which inject TOP-Cd precursor into the
reactor. As the temperature of the liquid in the reaction flask drops to ~ 260 °C, the nucleation of
CdZnSe alloy quantum dot nanocrystals starts shaping quickly. Grow CdZnSe alloy quantum
dots for 20 minutes or 28 min at a temperature of 280 °C — 290 °C, we obtain CdZnSe alloy QDs
core.
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2.2.1. Synthesis of a ZnSeS shell on the Cdy ZngsSe core quantum dots

The final step in the process was shelling of the CdZnSe ternary cores. The molar ratio of
the used precursors for growing the shell is: Zn / Se /S = 1.37 / 0.6 / 0.4. The shells are grown
following a modified version of the successive ion layer adsorption and reaction (SILAR)
procedure from [28 - 30], originally described by Peng and colleagues [31].

Use 0.25 mM (corresponding to 4 ml) of as-prepared crude CdZnSe alloy quantum dots put
into three-neck flask, then fill the flask with nitrogen gas. The crude liquid has the substances
such as TOPO and HDA in it. Then the mixture is evacuated for one hour at 50 °C. After
evacuation, raise the temperature to 240 °C and the shell growth is processed under nitrogen
flow. Several 10-minute delays between injection steps are necessary to produce multi-shell
QDs. A little amount of the sample is extracted after the growth of each shell for optical
measurements. The amount of precursors to be injected and expected shell thickness are
calculated as reported in [28, 30]. Carry out the creation process of the ZnSeS alloy shell on
CdZnSe QDs at a temperature of 240 °C as following:

Preparation of precursor solutions for shell growth: zinc acetate, TOP-Se and hexamethyl
disilthiane (TMS),S are used as zinc, selenium and sulfur source for ZnSeS (or ZnS) shell
growth on CdZnSe plain cores in this study. A TOP-Zn stock solution is prepared by mixing
0.165 g of Zn(Ac), and 1.88 ml of TOP, then heated to ~ 140 °C in N, atmosphere until a clear
solution is formed. The concentration of the mixture liquid is 0.4 M. For TOP-Se, dissolve 0.026
g Se in 0.33 ml TOP, at a temperature of ~ 120 °C in N, gas atmosphere. It is important that the
solution should stay clear after it is cooled to room temperature. For ZnSeS shell growth, TOP-
Se is mixed with (TMS),S (Se/S molar ratio = x/1-x; x=0.2, 0.4, 0.5, 0.6 and 0.8).

Mix TOP-Se with 0.046 ml (TMS),S. Inject TOP-Zn precursor drop-by-drop very slowly
(at a rate 1 to 2 drops/ second), under vigorous stirring of the liquid, then add the mixture of
(TMS),S and TOP-Se to the alloy QD core solution. After the end of each turn of TOP-Zn
precursors and (TOP-Se & S*) mixture's injection, keep the reaction temperature at 240 °C and
stir strongly in N, atmosphere for 15 minutes so that ions can have enough time to stick to the
outer layer of the alloy quantum dots CdZnSe shell, thus forming single-layers and giving best
reaction productivity. The time for alloy ZnSe,S, x shell growth is 15 minute. At the end of this
step we obtain the CdZnSe/ZnSeS quantum dots and the expected shell thickness is 4 ML. In
this experiment, the amount of chemicals for the shell calculated for the estimated cores size is
about 7 nm. After the core/shell alloy quantum dots reach the desired emission wavelength, the
heater is removed and the reaction mixture is cooled down to stop the reaction. When the
temperature of the reaction mixture cools to below 70 °C, the alloy nanocrystals are dispersed in
organic solvent (such as chloroform and toluene etc.).

2.2.2. Method of covering CdZnSe alloy quantum dots with ZnS shell

Similar to the method of covering alloy core with ZnSeS shell, but the temperature to grow
the ZnS shell is 220 °C (lower than ZnSeS alloy shell), the amount of S put into the reactor is
0.115 ml. The result is the obtain of CdZnSe/ ZnS quantum dots (the amount of Zn/S used has
ratio of 1.37/1) and the expected shell thickness is 2, 4, 6 ML depending on the amount of Zn
precursor and S solution added.
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2.3. Characterization of CdZnSe/ZnSeS alloy nanocrystal quantum dots

All the QD samples are diluted with chloroform or toluene. A methanol is used to
precipitate the nanocrystal quantum dots in toluene solution, which are isolated by centrifugation
and decantation. The excessive ligands and reaction precursors are removed by extensive
purification prior to transmission electron microscopy (TEM), powder x-ray diffraction (XRD)
and energy dispersive x-ray spectroscopy (EDS) measurements. The elemental analysis is
carried out using a scanning electron microscope (SEM) equipped with an energy dispersive x-
ray spectroscopy which revealed the presence of Zn, Cd, S, and Se in the sample composition.
TEM specimens are made by evaporating one drop of alloy QDs toluene solutions on carbon-
coated copper grids. The TEM micrographs are taken by JEOL JEM 1010 transmission electron
microscope operating at an accelerating voltage of 80 kV. The XRD patterns of the alloy QDs
are recorded by a Siemens D5005 x-ray powder diffractometer. The samples are prepared by
evaporating a highly concentrated solution of nanocrystals onto a Si wafer substrates. The
photoluminescence (PL) spectra are taken by using a Microspec 2300i spectrophotometer (USA)
This measuring system is equipped with a He-Cd laser, which emits two wavelengths at 442 nm
and 325 nm and used as the optical excitation source. The PL measurements were performed
also by photonic excitation at 380 nm, 400 nm or at 453 nm, which was obtained with a dye
laser (Laser Photonics LN102, Coumarine 420) pumped by a pulsed nitrogen laser (Laser
Photonics LN 1000, 0.15 mJ energy per pulse, pulse width 0.6 ns.

3. RESULTS AND DISCUSSION

In fabricating alloy quantum dots, it is crucial to use the method allowing the creation of
quantum dots with real alloy compositions. Therefore, the method used to determine the
crystalline phase and composition of elements is important. Based on the existing experience of
preparing thick and ultra-thick shelled CdSe/ZnS quantum dots, we have used a method similar
to that for producing the alloy quantum dot type Cdg4ZngcSe/ZnS. aML (series N4, N6, N7 and
N8) and Cdg4Zng¢Se/ZnSe5Sps. aML (a = 0, 2, 4, 6 ML) (series N9) [28]. These two sample
series have same alloy core composition, but over-coated with two different shell types, with the
same corresponding coating thickness. In addition, we also fabricate the sample system
Cdo4Zng¢Se/ZnSe,S,« 4ML (x = 0.2; 0.4; 0.5; 0.6 and 0.8) (series N12 and N13). The purpose
of the study of this sample series is to compare the luminescent properties of alloy core QDs
when coated with the same alloy shell thickness (4 ML), but changed alloy shell composition.
With this sample series, we have observed the emission color and also observed that
luminescence intensity varies with the change of shell composition. We will analyze the
structural characteristics of the sample series in succession.

3.1. Structural characterization

Figure 1 shows the powder X-rays diffraction (XRD) patterns of Cdy4Zng¢Se cores samples
(curves: 1-3) and core/shell structure, the shell being ZnS with different thickness:
Cdo4ZnySe/ZnS aML (a =2, 4, 6 ML) (curves: 4 - 6) together with the indexing of major peaks.
Three curves 1, 2 and 3 corresponding to the CdysZn¢Se core QD samples, with crystalline
growth time: for 28 minutes (curve 1) and 20 minutes (curve 2) at 280 °C. Curve 3 is the
CdZnSe core sample prepared at lower temperature (240 °C) for 18 min. The XRD patterns of
Cdo4ZnySe nanocrystal cores exhibit the characteristic peaks of zinc-blend (zb) II-VI
semiconductor compounds.The peak positions are in between the ones of the corresponding
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peaks of bulk zb CdSe (JCPDS 19-0191 data) and ZnSe (JCPDS 37-1463). In these samples, the
two components CdSe and ZnSe differ only in the cations. As the group II cations diffuse much
easier than the group VI anions in II-VI semiconductors, the Cd*" and Zn** can be intermixed to
form an alloy. As the Zn®" content increased, the diffraction peaks shifted toward the higher-
angle side compared with the pattern of pure CdSe. This shift is consistent with the ionic radius
of Cd*" (0.97 A) being larger than that of Zn>" (0.74 A). This also indicates that Zn>" entered into
the framework of CdSe and formed a solid solution. Broad XRD peaks are attributed to the
absence of long-range order in the materials and imply a small particle size. For the case of
overcoating with the ZnS shell, the diffraction peaks gradually shift toward larger angles (curves
4 - 6) and were characteristic peaks of zinc-blend ZnS (JCPDS 5-566).

From XRD patterns of core/shell samples, we can be seen that, when over-coated a ZnS
shell with thickness of 2 ML, we observed the ZnS cubic crystalline phase for QD samples. For
the thicker ZnS shell, the samples with ZnS 4ML and 6ML, we observe the ZnS cubic phase
clearer (curves 4,5). So it can be concluded that, when CdZnSe quantum dots are coated by ZnS
shell, 2 ML or more, up to 6 ML, we observed crystalline phase of the ZnS shell (curve 6).

The composition of the QD samples is measured by energy dispersive X-ray (EDS) (Figure
2). It has to be noted that prior to these experiments, very careful purification of the samples is
necessary in order to remove any unreacted metal precursor. EDS analysis indicates that
subsequent incorporation of zinc into the crystal lattice takes place after reaction times (> 18
min) and formation of Cdj4ZngSe alloy nanocrystals is observed. Finally, a comparison of the
results of EDS analysis of a sample taken after 20 min reveals that the global composition
remains stable within the experimental precision throughout the reaction to the homogeneous
alloy. Elemental analysis of ensembles of QDs reveals the presence of Zn, Cd and Se for the
ZnCdSe core (Fig. 2, in top) and the presence of the three elements Zn, Se, and S in all four
samples for the core/shell samples (Fig. 2, in below). The small peaks at ~1.7 and 2.0 keV
correspond to Si (substrate) and P (surface ligands), which respectively still exist in the QDs
sample.
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Figure 1. XRD patterns of the alloy nanocrystals QD samples on Si wafer substrates, with different shell

thickness: from bottom to top: (1) Cdy4Zng¢Se (reaction time-28 min), (2) Cdy4Zng¢Se (reaction time-20

min), (3) CdZnSe (240 °C, 18 min), (4) Cdo4 ZnySe/ZnS 2ML, (5) Cdg4 ZngSe/ZnS 4ML,and (6) Cdg4
Zny ¢Se/ZnS 6ML.
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Figure 3. XRD patterns of the alloy nanocrystals QD samples, with the same shell thickness:
from bottom to top: (1) Cdy4ZngeSe core (2) Cdg4 ZngeSe/ZnSe;,Sy 5. 4ML
(3) Cd0‘4 ZHOA6SC/ZHSCOASSOA5. 4ML and (4) Cd0‘4 ZHOA6SG/ZHSCOA6SOA4.4ML.

We have carried out the analysis of important sample series whose results on crystalline
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phase (with XRD patterns) had been analyzed and presented as above (Fig. 1), and will be
presented in the following part (Fig. 3). The results on analyzing the elements in the samples, for
example series N8 and N12 with the EDS method give the composition: the cores sample N8-0-
12 have the composition Cdg39ZngeSe and the composition of cores sample N12-0-12 is
Cdo38Zng s:Se.

Figure 3 is the XRD patterns of the samples series of alloy core/alloy shell structure, that
was CdysZng¢Se/ZnSe,S;x. 4ML (x = 0.2, 0.5, 0.6). The shell thickness is 4 ML for all samples.
The curves 1 is the XRD pattern of Cdg3sZngs,Se alloy core sample, the diffraction peak
positions are in between the ones of the corresponding peaks of bulk CdSe (JCPDS 19-0191
data) and ZnSe (JCPDS 37-1463 data). It seems they exhibit the characteristic peaks of zinc-
blend closer with zb- CdSe. The curves 2-4 are XRD patterns of the core/alloy shell samples.
The diffraction peaks shift toward the higher-angle side compared with the pattern of pure zb-
ZnSe. Their position is between the ones of the corresponding peaks of bulk ZnSe (JCPDS 37-
1463 data) and the characteristic peaks of zinc-blend ZnS (JCPDS 5-566). This confirms that the
shell is alloy ZnSeS (curve 3 is the most obvious one).

TEM images of representative alloy QDs are shown in Figure 4 (a-b). The average sizes of
alloy QDs core grown for 20 min are measured to be about 7 nm.

@ (b)

Figure 4. TEM images of the alloy QDs samples of Cdy4ZngsSe cores.

3.2. Photoluminescence measurement
3.2.1. Photoluminescence of Cdy 39 Zngs;Se/ZnS. aML quantum dots

The PL spectra of Cdg39Zng6;Se core, Cdg39Zngs;Se/ZnS aML (a =2, 4, 6 ML) is shown in
Fig. 6. In general, the emission spectrum of the alloy QDs samples is a wide band. When a ZnS
shell is coated on the core surface, the fluorescence intensity increased dramatically, and
increases with the thickness of the applied layer, the peak position and spectrum width change
not so much. They behave in the same manner, with a PL increase and redshift as the ZnS shell
is grown. This indicates that the ZnS shell improves the properties by protecting the CdZnSe
core from its environment. The emission spectra are however broader for these samples, which
may indicate the presence of more inhomogeneities in these samples. Current work is under way
in order to improve the synthesis of these materials. This is clearly observed even with the naked
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eye, and through the quantitative measurement of photoluminescence spectra (Fig. 5). The
emission peak is ~ 544 nm for the core sample to 549 nm for all samples QDs with the ZnS
shell. Their emission intensity measured in the quantitative comparison form. The sample coated
with ZnS shell as thick as the smaller concentrations than the original core samples. This allows
us quantitative comparison of fluorescent intensity between the samples in the same series. The
growth of the ZnS shell was accompanied by a significant increase in PL intensity (Fig. 5). This
increase is observed by M. Protiere and P. Reiss [32]. Due to the lower lattice mismatch in the
Cdo39 Zng1Se/ZnS core/shell nanocrystals, the increase of PL intensity is still occur at much
larger shell thicknesses up to 6 monolayers, as observed in the case of CdSe/ZnS thick shell QD
[28]. For instance, as reported by Nie and colleagues, lattice strain can induce significant
bandgap energy changes when a shell material is coherently grown on a small and compressible
nanocrystalline core [33].

Let us now consider the decay of the Cdg39Zngs Se /ZnS.aML nanocrystals at room
temperature (Fig. 6). The Cdo39 Zngs;Se core shows a decay time of typically 20 ns with a small
component of 150 ns. The core/shell samples show a decay time of typically 30 ns, with also a
slower time constant of 150 ns. The increase of the decay time from 20 to 30 ns with addition of a
ZnS shell may be attributed to a decrease of the non-radiative decay channels related to surface

states.
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Figure 5. The PL spectra of Cdy39Zny¢;Se core, Figure 6. Time-resolved PL decay curves of

CdZnSe/ZnS aML (a =2, 4, 6 ML) synthesized at Cdy39Zng4;Se/ZnS.aML (a= 0, 2, 4 and 6), at 300
280°C (inset upper shows the normalized PL, inset | K, analyzed at emission peak maximum, A = 402
below shows nanocrystals under UV light. From nm.
left to right: CdZnSe core, CdZnSe/ZnS 2ML, 4ML
_and6ML).

3.2.2. Photoluminescence of Cdy s Zngs:Se/ZnSe.S;...4ML quantum dots

The most interesting part of this study is that the results will be presented in the following
sections. Figure 7 presents the PL spectra of the CdZnSe/ZnSe,S,x 4ML, x = 0.4, 0.5, 0.6 and
0.8) synthesized at 280 °C (20 min). It is alloy core / alloy shell samples series, with the same
coating thickness of 4 ML. The FWHM of PL spectra of QDs sample series is quite narrow (~
26 nm), indicating a good quality of this sample series. The measured PL intensity quantitative
comparison is carried out, the samples have the same concentration of QDs. The measurement
conditions are kept the same.

With the same thickness of 4 ML, the strongest emission intensity for samples with shell
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layer has composition ZnSe; 4So 6, then the fluorescence intensity decreases. Add more of Se into
ZnS shell to form the anions alloy shell, change the effective band gap of the crust material and
observe the shell composition's impact on the optical properties of the core with same
composition. We have observed some interesting phenomenon, which is the significant increase
in PL intensity with the shell composition (up to ratio Se/S = 0.4/0.6), then the reduction in
emission intensity. Moreover, the emission color and peak was also shifted towards longer
wavelengths, from 559 nm to 602 nm, this shows that we can change the emission color from
green to orange-red simply by changing shell ingredients. The FWHM is also changed to follow
the x value: CdgssZngeSe core: the emission peak at 559 nm and FWHM is 25.5 nm,
Cdo38Zng:Se /ZnSep4So6: (x = 0.4) the peak at 602.2 nm, FWHM = 43.4 nm, x = 0.5: the peak
at 584.4 nm, FWHM = 36.3 nm, x = 0.6: the peak at 575 nm, FWHM = 29.3 nm, x = 0.8: the
peak at 575.7 nm, FWHM = 28 nm.

Explanation for the enhancement of fluorescence intensity of alloy QDs come to form a
certain composition of shell ZnSeS (example Se/S = 0.4/0.6), as well as change in fluorescent
colors, the red shifts with shell composition, which can be attributed to the more number of
quantum dots in ON states of this sample. Small spectral changes are also observed in type-1
QDs when a finite potential well of the shell allows tunneling of the electron and hole between
the core and the shell [33-35].

For the lifetime, unlike the case presented in Fig. 6, the decay curves of Cdjss
Zny s Se/ZnSe, S| nanocrystals at room temperature shows an opposite trend (Fig. 8). When a
shell with alloy composition changes, the decay curves become steeper than the decay of the
core CdZnSe, mean PL lifetime is shorter than in the CdZnSe/ZnSe,S;.x nanocrystal, compared to
the PL lifetime of CdZnSe core. We need more study to explain this.

Cdg 33Zng gaSe/ZnSe, Sy, 4ML (N12-12) ] N12-12 QDs
: — Cdy 32N g5
1.0 : —— Cdy 320y 5 SIZNS( gSey 5 4ML
T Shahaase P — Cdy 352N 6258/ZnSp gSeqg 4 AML
= Frgxc.= 405 nm T Cdudn,,SeiZnSe, S, ML 3 —— Cdy 552, ;581208 <Se, 5 4ML
w 0.8 —Cd,,2n,,Se/ZnSe, S AML | : E —— Cd, 42N, ¢, SeiZnS, ,Se, 5 ML
H | ——¢d, 2, Seiznse, 5, 4L | 1 g 0.1 e e e G
b= ——cd,,2Zn,, SeiZnse, S, ML | 1 £ o 36210625821, 2580 g
3 0.6 -Z'
s | ¥
® 0.4 E
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‘0' 0.2 B o
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0.0 ; — . ;
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Figure 7. The normalized PL spectra of Figure 8. Time-resolved PL decay curves of :
CdZnSe/ZnSe,S,4ML, x=0.4,0.5,0.6 and : Cdy38Zng 6:Se/ZnSe S x.4ML (x =0, 0.2,0.4,0.5, :

0.8) synthesized at 240°C. Aoy, = 405 nm. 0.6 and 0.8), at 300K, analyzed at emission peak
maximum, A =402 nm.

3.3. Blinking measurements

To check the quality of the alloy QDs samples, we measured the PL blinking of them. We
now use a microscope in order to study the properties of single nanocrystals, and specifically
their blinking statistics. A portion of the sample was illuminated at 430 nm by a mercury-vapor
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lamp. The sample was imaged by a CCD camera, with a pixel size of 6.3 pm corresponding to a
resolution of 63 nm. The CCD rate was of 10 frames per second. We recorded films of 311
frames (30 s duration).

For the sample Cdg39Zng ¢ Se/ZnS 4ML (N8-4-12), we plot in Fig. 9 (left). The intensity as
a function of time for 4 QDs: the blinking is quite similar to the CdSe/ZnS nanocrystals. We do
the same for 25 nanocrystals. For each nanocrystal, we define manually a threshold above which
we consider that the nanocrystal is in the ON state (indicated as a green line in the above figure).
For instance, for the four nanocrystals in fig. 10, we choose the thresholds : 5600, 3000, 1800,
5300. We then calculate the fraction of time spent by each nanocrystal in the ON state (above
the threshold). We plot a histogram of this fraction (Fig. 9, right). We calculate that, on average,
the nanocrystals spend 35 % in the ON time. More specifically, about one third of them are in
the ON state more than 50 % of the time, and about one third of them are in the ON state less

than 20 % of the time.
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Figure 9. Left: Intensity time traces of four different nanocrystals, measured by CCD camera with
a 100 ms resolution for sample Cdg39Zng;Se/ZnS 4ML (N8-4-12) (the threshold between ON and
OFF states is plotted in green). In right: Histogram of the fraction of time spent by each nanocrystal in

the ON state for the same sample.
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To carry out in a similar way, we measured the PL blinking of the other samples. Figures
10 and 11 present the results of PL blinking of the samples Cdy 35 ZngeSe (N12-0-12) and Cdg s
Zno,ﬁzse /Znseo_gSO_z. 4AML.

This was performed by considering 50 nanocrystals for each sample. We thus estimate that
the relative statistical error is roughly of the order of sqrt(50)/50 = 1/7 = 15 %. We choose a
threshold as explained before and calculate for each nanocrystal its fraction of time spent in the
ON state. We report here in the table 1, the results of 4 samples of the series N12 :

- The average of this fraction for all the nanocrystals

- The percentage of nanocrystals for which this fraction is above 50 %

- The percentage of nanocrystals for which this fraction is below 20 %

- Table 1. The result involves the calculation ON state of four nanocrystals.

NI12-0-12 | N12-0.2-4-12 N12-0.5-4-12 N12-0.8-4-12
Sample Cdy38ZngSe | Cdg33ZngerSe Cd33Zng e2Se Cdo33Zng e2Se
/Zn860428048 /ZnSeo,5SO,5 /Znseo.gSO'z

Average fraction of ON 23 36 33 41
time (%)
% of nanocrystals which 8 22 20 34
are ON more than 50 %
of the time
% of nanocrystals which 46 16 28 10
are ON less than 20 %
of the time

We find that N12-0-12 (Cdy35sZng ¢ Se) is the least good sample, as expected probably from
its structure (no shell) whereas N12-0.8-4-12 (Cdg33ZngeSe/ZnSesSy,) is the best sample
(higher average fraction in ON state, more nanocrystals are ON more than half the time, few
nanocrystals are OFF more than 80 % of the time).
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4. CONCLUSIONS

The first result of the creation of alloy core/shell QDs are presented in this report, allowed
to confirm the alloy essence of the crystalline phase in the sample QDs as CdZnSe zinc blend
alloy, the presence of the component elements (Cd, Zn, Se) in the QDs and their size (~ 7 nm).
We could easily fabricate the QDs emitting green color with high accuracy and reproductible.
Quantitative measurements of PL intensity confirmed the coating more thick ZnS shell has
increased the intensity with a little changing the spectral peak position. The alloy shell layer with
the same thickness, but the composition changes made the emission peak of QDs shifted to red
and increasing the emission intensity. The QD PL decay was interpreted in relation with the
emitting state fine structure, and a reduction of the non-radiative decay channels by the ZnS
shell was also evidenced. By PL microscopy, the blinking of the QDs was studied. It was shown
that the QDs spent by the nanocrystal in the ON state ranged typically between 20 and 40 %, and
was dependent on the core composition.
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TOM TAT

TONG HOP VA SO SANH QUANG HUYNH QUANG CUA CAC CHAM LUQNG TU HQOP
KIM CdZnSe/ZnS VA CdZnSe/ZnSeS
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bé phuc vu viéc tim kiém cac cdu trac va thanh phﬁn méi cla cac chim luong tir, ngan
chin cac hién tuong nhip nhay (sy thay doi ngiu nhién giita cac trang thai phat xa cao (on) va
trang thai phat xa thép (off) dudi sy kich thich lién tuc cac dién tir) va phuc vu cac muc dich Gng
dung trong y-sinh hoc, céac thiét bi quang dién, chung t6i da nghién ciu ché tao cac chdm luong
tor hop kim (QDs). Trong bai bao nay, chung t6i trinh bay cac két qua méi vé hop kim chdm
lugng tir ¢ cau tric 161/v6 voi 16p vo la hop kim va c6 ham luong thanh phan thay d6i, d6 1a cac
chidm luong t hop kim CdZnSe/ZnSe,S,.x aML véi x (x = 0; 0,2; 0,4; 0,5; 0,6; 0,8) va 16p vo co
chidu day aML ( a = 2, 4, 6). Phd huynh quang va cudng d6 phat xa cua ching thay doi theo
thanh phan cta 16p vo. Do ban rong phd (FWHM) clia phd phat xa ciia cac chim lugng tir hop
kim 161 CdZnSe 1a 25,5 nm. Sau khi dugc boc vo thi cuong do cta 16i hop kim CdZnSe tang
theo chiéu day cua 16p vo. V&i muc dich so sanh tic dung cua hai loai vo khac nhau trén cing
mot loai chdm lugng tir hop kim 16i. Cac vt liéu vo 1a ZnS va ZnSeS da dugc sir dung trong bai
bao nay. Khi pht bén ngoai hop kim 16i mot 16p hop kim vo ZnSeS thi ciing v6i mot chiéu day
nhu nhau nhung cac budc séng va cudng do cua cac cham lugng tir hop kim ciling thay ddi khi
thay d6i ham luong thanh phin cua 16p vo. Két qua ciing chi ra rang cac chim luong tir hop kim
& trang thai bat “ON” cua tinh thé thuong dao dong vao khoang tir 20 dén 40 % va phu thudc
vao thanh phan ctia chidm luong tir hop kim 18i. Cac két qua thuc nghiém ciing duoc trinh bay
va thao luan mot cach chi tiét trong bai bao.

Tir khéa: cham lugng tir hop kim, téng hop, tinh thé nano, céu trac 18i/vo, phat xa huynh quang,
CdZnSe/ZnSeS.

372



