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ABSTRACT

CdSe-derived quantum dots (QDs) materials are highly luminescent and have been promisingly implementing a
wide range of applications. However, CdSe-derived QDs with controllable emission wavelength and composition
always require a highly complicated synthetic process, which badly hinders its mass production. Here, we
present a simple one-step hot injection method to synthesize the versatile Cd,Zn;.,S,Se;., (x = 0.12, 0.17, 0.23,
0.33,y = 0, 0.64, 1) QDs with controllable composition and large-span emission wavelengths. Only by varying
the molar ratios of Cd to Zn and Se to S, the emission wavelength span of the as-obtained gradient alloyed
Cd,Zn;_,S,Se,., QDs is widely closed to 200 nm (445-643 nm), and the narrow full width at half-maximum
surprisingly emerges down to 14nm, evidently revealing that excellent self-regulating ability and superior
monochromaticity. Using these different coloured QDs, we fabricate the typical red, yellow and blue light
emitting diode (LED) lamps integrated with the ultraviolet chip (365 nm), showing steady and bright emission.
The above results afford an efficient method to control the optical properties of QDs and ensure their proces-

sibility for further purposes in variable optoelectronics.

1. Introduction

Colloidal semiconductor nanocrystals with shape-, size-, and com-
position-dependent properties have been widely sought for broad ap-
plications, in the fields of solar cells, light-emitting diodes (LED) and
biological labels [1-6]. Over the past decade, II-IV semiconductor na-
nocrystal, CdSe quantum dot (QD), which has been known to localize
due to its narrow size distribution and distinct quantum confinement
effect, joined the family of semiconductor QDs used for light-emitting
diodes, as a very promising candidate [7,8]. However, considering the
increased surface to volume ratio of QDs, the destruction by defects and
surface-trap states are still significant threatens to the luminescence
efficiency and stability of CdSe QDs [9]. Due to the much stronger
damage, a surface-passivation strategy is needed to mitigate this pro-
blem by enclosing CdSe QDs with suitable organic or inorganic shell
[10]. Although this method can reduce the nonradiative recombination
centers, the organic capping materials may be more prone to chemical
degradation or photooxidation, and the lattice mismatch between core
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and inorganic shell interface will form defects like interfacial misfit
dislocation, which dramatically decrease the quantum efficiency of QDs
[2,11,12]. Therefore, an alternative strategy for producing alloyed QDs
is explored to synthesize composition-dependent and luminescent tun-
able QDs without sacrificing the chemical stability.

An appealing aspect of alloyed semiconductor QDs is that tailored
optical properties can be obtained only by controlling the proportion of
different reaction precursors. Zhong and co-workers reported high-
quality ternary Zn,Cd;..Se alloy nanocrystals with emission efficiency
ranging from 70% to 85%j; it is of great importance to find temperatures
(alloying point) for the incorporation of Zn and Se into pre-prepared
CdSe nanocrystals [13]. Successively, this research group also synthe-
sized ternary Zn,Cd;,S alloy nanocrystals with extremely narrow
emission spectral widths at high temperature by adjusting the Zn/Cd
molar ratios of the reaction precursors via one-pot process [14]. Sub-
hendu and co-workers demonstrated gradated alloyed CdZnSe QDs with
quasi core/shell structure, tunable emission wavelengths at the range
500-650nm were achieved by extending the alloying time for the
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Fig. 1. Synthetic scheme of alloyed Cd,Zn;_,S,Se;.y QDs (CdxZn;.4S,Se;., QDs changed from core-shell structure to alloy compounds). (a) only Se, Cd,Zn;Se; (b)

mixed S and Se, Cd,Zn;.,S,Se;_y; (c) only S, Cd,Zn,_,S.
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Fig. 2. XRD patterns for composition tunable Cd,Zn;,S,Se;., QDs (x = 0.12,
0.17, 0.23, 0.33, y = 0, 0.64, 1).

formation of gradated chemical composition [15]. In addition, homo-
geneous quaternary ZnCdSSe QDs were synthesized with tunable
emission wavelength (516-550nm) by using a one-pot synthesis
method with the assistance of increasing the reaction time [16]. Despite
the works mentioned above showed a color-tunable emission of the
ternary and quaternary alloyed QDs, the simple and reproducible one-
step process of synthesizing alloyed QDs with controllable composition
and large-span emission wavelengths remain a challenge to date
[17-23].

In this work, we demonstrate a more facile and highly reproducible
one-step hot injection synthesis (OHIS) technology, which enables
controllable phase component and large-span luminescence wavelength
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regulation of high-quality Cd,Zn;.S,Se;.; QDs. The surprisingly large
span (about 200 nm) from red to purple emitting (643-445nm) QDs
with nearly monodispersed particle sizes can be obtained only by
varying the Cd to Zn and S to Se molar ratios, much wider than that
(about 34 nm) of the other one-step synthesis. The effects of the atomic
ratios on the phase component and optical properties of series QDs were
investigated in detail. Furthermore, the typical red, yellow and blue
LED prototypes are further fabricated by employing the as-prepared
CdyZn;4xSySe1y QDs as color conversion materials. This simple OHIS
method provides a vast opportunity to realize the large-span lumines-
cent wavelength and large-scale production of the high-quality QDs.

2. Experimental section
2.1. Preparation of Cd,Zn;.,S,Se;., QDs

Cadmium oxide (CdO, purity 99.99%), zinc acetate (Zn(Ac),, purity
99.9%), sulfur powder (S, purity 99.99%), selenium powder (Se, purity
99.99%), octadecene (ODE, purity 90%), trioctylphosphine (TOP,
purity 90%) and oleic acid (OA, purity 99.99%) were purchased from
Sigma-Aldrich. All reagents were used as received without further ex-
perimental purification.

The colloidal alloyed Cd,Zn;.4S,Se;., QDs were synthesized as fol-
lowing. For a typical synthesis of green QDs (x = 0.17, y = 0.36), the
TOPSSe solution was prepared at first by mixing Se powder (2.7 mmol),
S powder (1.5mmol) and TOP (2.5mL) into 5mL vial and stirring to
obtain a clear solution at room temperature. Next, the Cd-(oleate), and
Zn-(oleate), solution was prepared by adding CdO (0.98 mmol), Zn
(Ac), (3.22 mmol), OA (6 mL) and ODE (15 mL) into 100 mL three-neck
round bottom flask. The solution was drying under vacuum at 130 °C
for 30 min to remove the oxygen and water. Then the solution was
heated to 300 °C under a high-purity N, atmosphere. At this elevated
temperature, as-prepared TOPSSe solution (2.5 mL) was swiftly injected
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Fig. 3. The micromorphology of as-prepared QDs. (a-f) TEM and (g-1) HRTEM characterization for Cd,Zn; SySe;., QDs with different composition. The insets are size

distribution histograms of CdxZn,..S,Se;.y, QDs.

into the Cd-(oleate), and Zn-(oleate), solution. The reaction tempera-
ture was maintained at 300 °C for 10 min then cooled to room tem-
perature naturally, and strong green emission was observed. Finally,
the product was purified several times by repeating the precipitation/
redispersion processes using methanol and toluene; the acquired pre-
cipitate was redispersed in toluene or collected as powder for char-
acterization.

Other CdyZn;,S,Se;., QDs with different colors were fabricated
with the variable values of x and y while maintaining the total powder
mixture of CdO and Zn(Ac), is 4.2 mmol, as well as the total 4.2 mmol
of Se and S powder. Other parameters such as the amount of solvent,
reaction temperature and reaction time remain the same. When the
addition amount of Se powder is 4.2mmol (y = 0), three types of
Cd,Zn; ,Se QDs were synthesized under similar condition except dif-
ferent addition amount of CdO and Zn(Ac),. As x values were 0.33, 0.17
and 0.12, the amounts of CdO were 1.4 mmol, 0.7 mmol and 0.5 mmol,
corresponding amounts of Zn(Ac), were 2.8 mmol, 3.5mmol and
3.7 mmol, red, orange and yellow CdyZn; xSe QDs can be obtained with
their corresponding CdO:Zn(Ac), M ratio of 1:2, 1:5 and 1:7.4. When
the addition amount of S powder is 4.2 mmol (y = 1), CdyZn; S QDs
with blue (x = 0.23) and purple (x = 0.17) emission were synthesized,
and the amounts of CdO and Zn(Ac), were (0.97 mmol, 0.7 mmol) and
(3.23 mmol, 3.5mmol), and their corresponding CdO:Zn(Ac), molar
ratios are 1:3.3 and 1:5.

2.2. Construction of QDs-LED lamps

As the first step, Cd,Zn;S,Se;., QDs powder (15wt%) were dis-
persed in a small volume of silicone A (17 wt%) stirring for 2h to en-
sure fine dispersion of the individual QDs. The mixture was then added
to a large volume of silicone B (68 wt%) which acted as a curing agent
stirring for 1h to facilitate QDs dispersion. Then the mixture needed
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vacuum defoamation for 1h. A small drop of the homogeneous QDs/
silicone composite was casted onto the surface of an ultraviolet LED
chip (centered at 365nm) using a toothpick. Subsequently, the lamp
was dried at 60 °C for 40 min to mix the composite thoroughly. Finally,
the LED lamp was thermal-treated at 135 °C for 110 °C to cure the QDs/
silicone composite and improve the anti-fading effect. When the tem-
perature was cooled to room temperature, the monochromatic LED
lamp was obtained.

2.3. Characterization

Steady-state photoluminescence (PL) spectra were carried out using
FLS 980 (Edinburgh Instruments). Powder X-ray diffraction (XRD) data
was recorded using a Bruker D8 Advance X-ray diffractometer using Cu
Ka radiation (1.54 10\). Transmission electron microscopy (TEM) studies
were carried out using a JEOL JEM 2100F field emission transmission
electron microscope at 200kV. Steady-state absorption spectra were
recorded on a Shimadzu UV-2600  spectrophotometer.
Photoluminescence quantum yield (PLQY) was measured with an ab-
solute method using FLS980 and the integrating sphere.

3. Results and discussions

The proposed reaction mechanism for three typical cases is sche-
matically drawn in Fig. 1, only Se, only S and mixed S-Se chalcogenides.
Because the reactivity of Zn precursor is much lower than that of Cd
precursor, Zn-(oleate), is more thermostable than Cd-(oleate),. Simi-
larly, the reactivity of Se is more vivid than that of S, which will de-
termine the phase composition of the intermediate product [2,24,25].
Furthermore, the standard Gibbs free energy change for the formation
of CdSe, ZnSe, CdS and ZnS are gradually increasing, which promising
that CdSe would be formed by preferential reactivity once again [16].
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Fig. 4. The optical properties of as-prepared QDs. (a) The digital photographs of Cd,Zn;.,S,Se;., QDs under the irradiation of a UV lamp; (b) Absorption spectra for
CdyZn;_,S,Se; ., QDs; (c) PL spectra of composition tunable Cd,Zn;_,S,Se;., QDs; (d) The color coordinates of Cd,Zn; ,SySe;., QDs on CIE1931 chromaticity diagram.

Table 1
Emission peaks, full width at half-maximum (FWHM) and quantum yields of the
as-prepared Cd,Zn;.,S,Se;., QDs.

Sample Emission peak (nm) FWHM (nm) QY (%)
Cdo.33Zno 67Se 643 41 64
Cdo.23Zno.77Se 606 45 66.8
Cdo.17Zno g3Se 559 28 60
Cdo.17Zn0.8350.365€0.64 539 30 89
Cdo.23Zno.77S 468 19 56
Cdo.17Zno 35 445 14 38

For the S-Se mixed chalcogenide sample (Fig. 1b), CdSe core will be
formed at the early stage; if Se precursor is not consumed at all when Cd
has been depleted, the ZnSe shell will be formed around the CdSe core.
As the Se precursor runs out, another ZnS shell will be wrapped up. As a
result, a CdSe/ZnSe/ZnS core-shell structure will be formed firstly.
However, ion exchange occurs within the core-shell structure as the
reaction time prolongs at high temperature. In the alloying process,
ligands can form a molecular layer on the surface of QDs and prevent
aggregation. As the cations (Cd>*, Zn®*) diffuse much more comfor-
table than the anions (5%, Se%), the CdSe/ZnSe/ZnS core-shell can be
converted into alloyed CdZnSSe QDs [26,27]. So as the only S and Se
chalcogenide samples, the alloyed CdZnS and CdZnSe QDs are achieved
as illustrated in Fig. 1a and c, which demonstrates a simple route to
prepare composition tunable CdZnSe QDs.

The XRD patterns of as-synthesized composition tunable Cd,Zn;.
xSySe1y QDs are presented in Fig. 2 and compared with patterns from
standard JCPDS card of CdSe (NO.19-0191) and ZnS (NO.37-1463).
The results show that the diffraction peaks of CdyZn;..SySe;, QDs
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gradually shift to larger angles from the bottom to the top sample, and
all the diffraction peaks locate between the standard bulk CdSe and
ZnS.  Comparing  Cdoi7ZnossSe,  Cdo17ZnossSo.seS€oss  and
Cdo.17Zng g3S QDs, the larger Se atoms (1.98 A) were substituted by
smaller S atoms (1.84 A), leading to the shift of main diffraction peaks
toward higher angles [28]. The result is indicative of the decrease in
lattice parameter due to the smaller ionic radius of Zn relative to that of
Cd, which is consistent with Vegard's law. For CdyZn;_,Se QDs, the in-
crease of Zn constituent incorporated into alloyed QDs contributes to
shift of characteristic diffraction peak as x decreases from 0.33 to 0.12.
No other characteristic peaks belonged to CdS(e) and ZnS(e) could be
identified in XRD patterns, indicating a compositional homogeneity
phase of Cd,Zn;.S,Se;., rather than a mixture of CdS(e) and ZnS(e).
Also, it is worth noting that the uniformly continuous peak shifting
further proves that the product synthesized by the OHIS method is an
alloyed QDs. Furthermore,the apparent peak broadening was exhibited
owing to the small crystalline size of the prepared QDs; this deduction
can be verified in the following TEM test.

For the deep-going insight into as-prepared QDs, Fig. 3 depicts a
series of TEM and HRTM images of the composition dependent alloyed
Cd,Zn,.4SySe1.y QDs. All the nearly monodispersed QDs reveal uniform
spherical structure with well-resolved lattice fringes, clearly confirming
the high crystallinity of the alloyed QDs [5]. There is no evidence of the
presence of apparent core-shell interface in all QDs, and lattice fringes
penetrate the entire QD, suggesting epitaxial growth for the alloyed
QDs [29,30]. The size of gradient alloyed QDs are changed by the
atomic substitution between Cd and Zn or S and Se, and particle size
distribution histograms of QDs collected at different composition are
shown in the inset of Fig. 3. In view of the different precursor reactivity,
the size of the alloyed QDs under the same reaction condition is
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Fig. 5. The optical properties of three LED lamps. (a) The spectra characteristics of three typical as-prepared QDs based LED lamps operated at 3 V. The inset is the
photograph of LED lamps with different emission color under a dark condition. (b) The color coordinates of three LED samples on the CIE1931 chromaticity diagram.

different. For alloyed Cdy 17Zn¢ g3S0.645€0.36 QDs, the estimated particle
size is approximately 8.5 nm. Only when Se is present in alloyed QDs,
with increasing Zn content, the size of the Cdg33Znge;Se,
Cdg17Zng g3Se and Cdgq2ZngggSe QDs are about 17.5, 11.0 and
13.5 nm respectively. Similarly, when only S is present, the sizes are 6
and 4 nm for alloyed Cdg »3Zng 77S and Cdg 17Zng g3S QDs, respectively,
as the Zn content increases. The results obviously demonstrate that the
relatively higher reactive precursor (Cd-(oleate), and TOPSe) the larger
size (CdyZn;.4Se), while the lower reactivity (Zn-(oleate), and TOPS),
the smaller size (CdyZn;.,S).

The luminescent properties of gradient alloyed CdyZn;S,Se;., QDs
were investigated and displayed in Fig. 4, demonstrating that the
simple OHIS method successfully prepared composition tunable CdyZn;.
xSySey.y QDs with wide emission wavelengths. By changing the ratios of
Cd to Zn and S to Se, six typical samples were obtained which emitted
six different color (red, orange, yellow, green, blue and purple) shown
in Fig. 4a. The color change observed upon varying the precursor
composition is quantified by PL emission (Fig. 4c) and UV —vis ab-
sorption spectra (Fig. 4b). The PL emission can be tuned to cover the
visible spectral range (from 445 to 643 nm) by adjusting the composi-
tion of alloyed Cd,Zn;.,S,Se;., QDs. The UV —vis absorption spectra
show single absorption peaks, and the emission spectra exhibit Stokes
shift with respect to their absorption spectra. The continuous shift of
the absorption and PL spectra of the alloyed CdyZn;.,S,Se;., QDs with
different compositions further confirms the alloying process. For
CdyZn; 4 Se QDs, the emission wavelengths gradually blue-shift as the x
increases from 0.12 to 0.33, clearly meaning that the more Zn in-
corporation will achieve the shorter emission wavelength. Similarly,
compared with CdyZn;_,Se QDs, CdyZn; 1S and CdyZn;_,S,Se;.y, QDs also
blue shift with the increase of S content. The PL peaks demonstrate the
remarkable blue shift from 643 to 445 nm upon the different Cd to Zn
and S to Se ratios; this systematic change will cause the variation in the
optical gap of the gradient alloyed QDs which contribute to versatile
emission colors [31]. These observations clearly provide conclusive
evidence for the formation of the alloyed Cd«Zn;.,S,Se;., QDs, rather
than intermixing the binary II-VI QDs contents, CdS(e) and ZnS(e). In
Fig. 4c, there is also no corresponding PL peaks of CdS(e) and ZnS(e)
QDs, which is in good agreement with the results of XRD measure-
ments. The controllability of QDs composition via this convenient
method is further confirming by regulated color coordinates shown in
Fig. 4d, the varied color coordinates of six samples from purple to red
QDs are (0.1572, 0.0188), (0.1231, 0.0686), (0.2628, 0.7157), (0.366,
0.6186), (0.6444, 0.3552) and (0.7104, 0.2895) respectively. Further-
more, Table 1 lists the emission of full width at half-maximum (FWHM)
of the composition-dependent Cd4Zn;S,Se;., QDs, ranging from 48 to
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14nm for six emitting samples. In order to accurately evaluate the
quality of the alloyed Cd,Zn;.,S,Se;., QDs, the absolute quantum yields
of the as-synthesized QDs were calculated and are shown in Table 1.
Moreover, the green Cd,Zn;,S,Se;, QDs containing mixed S and Se
exhibit high PLQY near 89%, whereas the purple Cdg17Zngg3S QDs
indicate considerably low PLQY of only 38%.

Based on these as-grown QDs, we successfully constructed three
typical monochromatic LED lamps using Cdg.17Zng g3Se, Cdg.12Zn¢ ggSe
and Cdo.»3Zng 77S QDs with commercially available 365 nm ultraviolet
LED chips. As shown in the inset of Fig. 5a, three LED lamps show pure
and bright emission at 3 V under a dark condition. The narrow emission
spectra of the three LED lamps strongly confirmed the excellent
monochromaticity of red, yellow and blue LED lamps in Fig. 5a.
Commission International de I’Eclairage (CIE) 1931 X -y chromaticity
diagram of three typical monochromatic LED lamps are presented in
Fig. 5b, and the corresponding CIE chromaticity coordinates for these
LED lamps were located at A (0.6775, 0.3223), B (0.5069, 0.4913) and
C (0.0630, 0.2654). Moreover, the device can effectively work well
even after the QDs thermal-treated at 135 °C, certainly indicating the
as-prepared QDs have promising application in the optoelectronics field
against the harsh environment. These high performance LEDs lamps
based on as-prepared QDs unambiguously demonstrate this simple and
scalable OHIS technology should be a promising method to effectively
exploit the novel similar QDs for the wide applications of LEDs and next
generation display techniques as well as other photoelectronics devices.

4. Conclusion

In summary, a simple one-step hot injection method was employed
to synthesize the gradient alloy Cd«Zn;.,S,Se;., QDs with enhanced
luminescent self-regulating ability. The as-obtained alloyed CdyZn;.
xSySeq.y QDs surprisingly present the widely tunable emission wave-
length from 445 to 643 nm, and the corresponding narrow full width at
half-maximum is down to 14 nm due to excellent self-regulating ability
and superior monochromaticity. The as-grown QDs were applied to
successfully encapsulate the typical red, yellow and blue QDs-LED
lamps with the ultraviolet chip (365 nm). These QDs-LED lamps show
excellent stability and high emission performance. Therefore, we be-
lieve that the simple one-step hot injection technology will provide a
promising solution to enhance the expanded emission wavelength
controllability and highly luminescent performance of QDs and effec-
tively to lower the production cost for the promotion of QDs-LED
commercialization process as well as variable optoelectronics.
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