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Abstract: In this work, preparation and spectroscopic characteristics of CdSe/CdS/CdSe1-xSx/CdS
core/shell 1/well/shell 2 structure were presented. The obtained quantum dot - quantum well
(QDQW) samples exhibited two emission peaks at 1.97 and 2.2 eV. Excitation power dependent
photoluminescence (PL) of the QDQWs indicated that the integrated emission intensities of these
peaks increase linearly with excitation power densities up to 1.3x102 mW/cm?. The temperature
dependence of the bandgap energies of the QDQW’s core and well layer was well described using
the Varshni expression. Evidence of the existence of “local wells” in the QDQW’s well layer that
leads to a more significant change in the maximum position and full width at half maximum of the
well’s emission peak compared to the core’s counterpart was discovered. Annealing samples
resulted in the considerable increase of the well layer’s emission efficiency.
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1. Introduction

Dual-color emission semiconductor nanocrystals (NCs) have attracted much attention for many
different applications [1-3]. As known, the intensity ratio of the emission bands has been demonstrated
to be dependent on factors of the surrounding media such as the pH [4-6], gas pressure [7], and solvent
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temperature [8, 9]. Moreover, dual-color emission NCs with enhanced brightness are highly
prospective for imaging applications [10]. Previous publications have shown that dual-color emission
can be obtained from core/shell/shell nanostructures with the combination of I-type/l-type
(CdSe/ZnS/CdSe, PbS/CdS/CdSe [11-15]), quasi-1-type/ll-type (CdSe/CdS/ZnSe [16]), and 1I-type/ll-
type (PbS/zb-CdSe/wz-CdSe/CdS, PbS/zb-CdS/wz-CdS [17, 18]) carrier trapping modes with zb and
wz standing for zinc blende and wurtzite crystal phases respectively, or from transition metal doped
NCs (Mn-doped ZnSe/ZnCdSe, Mn-doped CdSSe/ZnS, Mn-doped ZnSe/ZnS/CdS/ZnS, Mn-doped
ZnCdSe, Cu- and Mn- co-doped ZnInS [19-23].

In dual-color emission core/shell-type nanoheterostructures, the significant difference in the used
materials’ lattice constants may result in lattice defects, decreasing their quantum yield. With a small
mismatch in the lattice constants of CdSe and CdS (smaller than 3.9% [24]), core/shell-type
nanostructures prepared from the two materials are of a way to overcome this disadvantage. In this
study, dual-color emissive quantum dot - quantum wells (QDQWSs) with core/shell 1/well/shell 2
structure were prepared using one-pot method. The presence of the CdSe core and CdSe1.xSx alloy well
layer with different bandgaps is expected to create two photon types having different energies. The
morphology, crystalline structure, vibrational properties, as well as spectroscopic characteristics such
as UV-Vis absorption, photoluminescence (PL), and excitation power-dependent and temperature-
dependent PL were investigated.

2. Experimental
2.1. Quantum Dot - Quantum well Design

In order to obtain dual-color emission, the QDQWSs were designed with a core/shell 1/well/shell 2
structure as described in Figure 1, in which the core and well layers act as emissive domains. The
bandgap energy of the well (Ew), shell 1, and shell 2 layers must be larger than that of the core (Ec) to
ensure that there is transmission of photons created by radiative recombination inside the core from

the nanostructure.
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Figure 1. Schematic illustration of the QDQW and energy band diagrams of the nanostructure.
Ec and Ew denote the bandgap energies of the core and well, respectively.

The QDQW structure is expected to obtain not only the dual-color emission by radiative
recombination in the CdSe core and the CdSe;xSx well layer, but also the reduction in Auger
recombination, as well as the nanostructure’s strain caused by the difference in the lattice constants of
CdSe and CdS materials [25-27].

A previous study [28] has shown that the position of the emission peaks and their relative
intensities depend not only on the sizes of the core and well layers, but also on the thickness of the
shell 1 due to the electronic coupling between the QDQW’s 0D and 2D quantum systems. Based on
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these results, the dual-color emissive QDQWSs have been prepared with shell 1, well layer, and shell 2
thicknesses of 6, 5, and 6 monolayers (MLs), respectively.

2.2. Materials

Initial chemicals including cadmium oxide (CdO, 99.99%), selenium powder (Se, 99.999%), sulfur
powder (S, 99.98%), oleic acid (OA, 90%), trioctylphosphine (TOP, 97%), and octadecene (ODE,
90%) were purchased from Sigma Aldrich and used as received, without any further purification.

2.3. Synthesis of the Quantum Dot - quantum Wells

The Se precursor was created by dissolving Se powder in TOP and ODE at 50 °C, meanwhile the S
stock solution was prepared by heating a mixture of S powder and ODE at 80 °C. The Cd precursor
were obtained by dissolving CdO in OA and ODE mixture at 200 °C. Preparation of the precursor
solutions was performed in pure nitrogen gas.

The CdSe/CdS/CdSe;xSx/CdS QDQW structure was prepared using one-pot method in pure
nitrogen gas. The bare-core NCs of a known size were synthesized by quickly injecting the Se
precursor solution into the Cd precursor solution flask at 260 °C, which is then quickly decreased to
220 °C and maintained for 10 mins for growing the core. It should be noted that the amount of Cd
precursor in the reaction flask was calculated for preparing the entire QDQWSs. The growth of CdS
shell 1 layer on the surfaces of the bare CdSe core was then performed by slowly injecting the S
precursor solution into the flask at 220 °C for 15 min. For the growth of the well and outer shell 2
layers, the Se and S precursor solution mixture and the S precursor solution were added to the reaction
flask respectively in the same manner as for the shell 1 layer.

In this work, the bare CdSe core and CdSe/CdS/CdSe;1xSx/CdS QDQW have been taken for the
investigation samples. They were isolated from crude solutions by mixing the solutions with
isopropanol at a volume ratio of 1:3 and centrifuging with the speed of 14000 rpm for 5 min. The
purification process was repeated three times, then the purified NCs were dispersed in toluene.

2.4. Sample Characterization

Transmission electron microscopy (TEM) images of the bare core and QDQW samples were
recorded on JEM 1010 microscope (Jeol). Powder X-ray diffraction (XRD) measurements were
conducted with the D5005 X-ray diffractometer (Siemens) with Cu-K, radiation wavelength of
0.15406 nm. UV-Vis absorption spectra were recorded on Varian Cary-5000 spectrometer. To
minimize reabsorption, the samples with small amounts of NCs in toluene were used. Raman and
photoluminescence (PL) spectra were obtained employing the XploRa Plus spectrometer (Horiba)
with laser wavelength of 532 nm. The excitation-power dependent PL measurements were performed
for the NCs dispersed in toluene, while the dried NC samples were used for recording temperature-
dependent PL spectra. By using Linkam-600 apparatus, the temperature of the samples was varied
from 80 K to 300 K. To prevent the laser radiation from heating up the samples, a low excitation
power density was used.

3. Results and Discussion

The TEM images of bare core and QDQW samples are shown in Figure 2. The NCs are relatively
homogeneous in shape and size. The average size of bare core NCs’ is approximately 4.1 nm. As
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expected, the formation of the shell 1, well, and shell 2 layers outside the CdSe core has enlarged the
QDQWs, reaching an average size of approximately 11 nm.

Figure 2. TEM images of the (a) bare core and (b) QDQW samples.

Figure 3a shows the XRD patterns of the bare core and QDQW samples. Their zb structure was
confirmed by the existence of diffraction peaks corresponding to Miller indices (111), (220), and
(311). In comparison with the bare core’s diffraction peaks at 25.4°, 41.9°, and 50°, the positions of the
QDQW’s peaks are slightly shifted towards larger 20 angles, namely, at 25.5°, 42.5°, and 50.2°. Since
the lattice constant of CdS structure is smaller than that of CdSe, the diffraction peak shift of the
QDQW sample is attributed to the superposition of XRD patterns of the core and its surrounding
outer layers.
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Figure 3. XRD patterns (a) and Raman spectra of the bare core and QDQW (b) samples.

The formation of the CdS/CdSei1.xSy/CdS domain surrounding the CdSe core in the QDQW
nanostructure can be more clearly identified by comparing the bare core and QDQW samples’ Raman
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spectra. As seen in Figure 3b, the bare core’s Raman spectrum is characterized by Raman peaks
centered at 208 and 413 cm™, which are attributed to the CdSe NC’s first - order (LOcase) and second -
order (2LOcgse) Raman scattering. The formation of shell 1, well, and shell 2 layers surrounding the
CdsSe core leads to the appearance of a low-intensity LOcgse-like Raman peak at approximately 230 cm™
(vibrational mode of the CdSe1xSx alloy well layer) and a relatively broad Raman peak at 276 cm™
caused by the superposition of the well’s LOcus.iike and the two shells’ LOcqgs Vibrational modes [29].

Figure 4 is the UV-Vis absorption and PL spectra of the bare core and QDQW samples. The
absorption peak’s structure can be clearly seen due to the NCs’ narrow size distribution. The formation
of the CdS/CdSe1xSy/CdS domain surrounding the CdSe core causes the red-shift of the first
absorption peak from 2.13 to 1.99 eV, and the broadening of the absorption peak at high energy. The
bare core sample’s PL spectrum includes a near band edge emission peak (Pc) at 2.1 eV and a broad
emission band at the lower energy centered at 1.61 eV related to surface states. Similar to the UV-Vis
absorption spectrum, the surrounding of the CdSe core by three outer layers caused a red-shift of Pc
peak from 2.1 to 1.97 eV, and significantly decreases the low energy side broad emission band.
Notably, a new peak at 2.2 eV appears in the QDQW sample’s PL spectrum, which is attributed to the
radiative recombination in the CdSe1«Sx well layer (marked as Pw).
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Figure 4. UV-Vis absorption and PL spectra of the bare core and QDQW samples.

The PL spectra of QDQWSs dispersed in toluene were measured at room temperature with
excitation power densities in the range of (0.013 - 13)x10> mW/cm? (Figure 5a). As the excitation
power density increases, the position and full width at half maximum (FWHM) of the Pc and Pw peaks
are insignificantly changed; however, their PL intensities increase. As seen in Figure 5b, the integrated
PL intensities of the two peaks (marked as Ic and lw) as a function of excitation power density show a
linear increase in the low power density region up to 1.3 x 10> mW/cm?. Using the relation of | ~
Power” [30], the obtained value of y is approximately 1 for both the Pc and Pw peaks, reflecting the
QDQW’s emission generated by exciton recombination in the core and well layers. At higher power
densities, the integrated PL intensities continue to rise with the power, but the linearity is no longer
maintained. Since the QDQWSs are dispersed in toluene, thermal effect can be ruled out in the
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measurement. When the integrated PL intensity and lifetime measurements are combined, Peng et al.
have pointed out that the linear dependence of integrated PL intensity on excitation power is
determined by the excitation intensity, as well as the QDQW’s radiative lifetime [31].
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Figure 5. Excitation-power dependent PL spectra of the QDQW sample (a) and Integrated PL
intensities of the Pc and Py peaks as a function of excitation power density (b).
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Figure 6. Temperature-dependent PL spectra of the QDQW sample (a) and Energy positions and
FWHMs of the Pc and Pw peaks as a function of temperature (b).

The temperature-dependent of PL spectra of QDQW in a temperature range of 80 - 300 K are
shown in Figure 6a. As temperature increases, the PL peak is shifted towards lower energy. The
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temperature-dependent shift of the Pc and Pw peaks can be attributed to the lattice dilation and
electron-phonon interaction as described in the Varshni expression [32, 33]:

E(T)=E(0)-aT2/(4+T)

where E(0) is the bandgap energy at 0 K, « is the temperature coefficient, and £ is expected to be
comparable with the material’s Debye temperature.

As shown in Figure 6b, the emission energies are well fitted with the Varshni expression. The
E(0), a, and B parameters obtained from fitting of the energy positions of emission peaks are
respectively 2.048 eV, 4.9 x 10 eV/K, and 357 K for Pc peak, and 2.289 eV, 2.8 x 102 eV/K, and
3448 K for Py peak. Figure 6b indicates that the peaks” FWHMs change differently as the temperature
increases. The FWHM of Pc peak changes from 76 to 84 meV, while that of Py peak changes
significantly from 65 to 135 meV when the temperature increases from 80 to 300 K.

Observation of the change of the Py peak by temperature in detail reveals the appearance of a hnew
emission peak at approximately 2.18 eV whose intensity increases with temperature (Figure 7),
causing a strong shift and a broadening of the Py peak towards the lower energy. This explains why
the relatively larger o, g fitting parameter values and the more rapid increase of FWHM with
temperature for the Pw peak were obtained in comparison with those for the Pc peak. As known, “local
wells” with different depths can be created in the QDQW’s well layer by the random distribution of
chemical elements in ternary and quarternary semiconductor compounds [34] and/or the rough
well/shell interface caused by the Stranski-Krastanov growth mechanism [35]. The rise in temperature
increasing the number of free carriers in the well layer’s “local wells” causes the emission peak at 2.18
eV appeared.
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Figure 7. Change of the Pw peak vs Figure 8. Comparison of PL spectra of
temperature. non-annealed and annealed QDQW

samples (shown in dotted and solid lines
respectively).
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As shown in Figure 4, the relative intensity of the Pw peak is lower than that of the Pc peak (Iw/lc
~ 8 %). Annealing QDQW samples in the reaction solution for 45 min made the Iw/Ic ratio increase up
to 85 % (Figure 8). This indicates how important role the interface quality in the QDQW structure
plays in its emission efficiency.

4. Conclusion

In summary, CdSe/CdS/CdSe1.xSx/CdS QDQW structure was prepared by the colloidal method
and its spectroscopic characteristics were investigated. The QDQW:s have a zinc blende structure with
an average diameter of 11 nm. The creation of the CdSe/CdS/CdSe1.xSx/CdS structures was confirmed
by Raman spectroscopy. PL spectra, as a function of excitation power, show a linear relationship at
low excitation intensity and a nonlinear behavior as the excitation intensity increases. The temperature
dependence of the bandgap energies of the CdSe core and CdSe;xSx well has been analyzed with the
Varshni relation. The relatively larger values of the a temperature coefficient, f Debye temperature,
and the rapid increase of FWHM with temperature for the Pw peak in comparison with those for the Pc
peak were explained due to the existence of the “local wells” in the well layer of the QDQW structure.
The emission efficiency of the well layers was significantly increased by the samples annealing.
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