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Abstract—The qualitative and quantitative diversity of 
existing methods for the synthesis of chalcogenide 
nanomaterials is constantly being updated. Attempts to 
improve an already functioning synthesis scheme may lead to 
the emergence of a new promising directions. It turned out that 
the ability of substituted thio- and selenoureas to form stable 
complexes with metal carboxylates can allow one-pot and hot-
injection methods to be combined in the ZnSeS quantum dots 
(QDs) synthesis. After the formation of zinc linoleate 
complexes with various substituted thio- and selenoureas in a 
single reaction system at relatively low temperatures (80 °C), 
we introduced them into a medium heated to the desired 
temperature. The complexes decomposing at different rates led 
to the formation of ZnSeS QDs of various shapes and sizes. 
Despite these differences, the nanocrystals grew in the same 
cubic phase at different nucleation and growth temperatures. 
It was demonstrated that even ZnSe0.1S0.9 and ZnSe0.3S0.7 QDs 
prepared at such low, for the growth of chalcogenide 
semiconductors, temperatures (160 °C and 180 °C) have a 
narrow size distribution and a good quantum yield (PL QY up 
to 24 %). In general, the optical characteristics of the 
synthesized nanomaterials enable further development of this 
synthesis method and transfer of it to other compositions. 

Keywords— ZnSeS quantum dots, methodology, substituted 
thioureas, substituted selenoureas, photoluminescence 

I. INTRODUCTION  
The progress of science is always determined by the level 

of demand for the properties of materials, each of which is 
preceded by multivektor fundamental research. Nowadays, 
chalcogenide quantum dots (QDs) can be synthesized by an 
impressive number of methods, determining their structure 
and properties in advance, thereby ensuring their application 
in the creation of biological labels [1], LEDs [2, 3], displays 
[4], solar cells [5], photodetectors [6], proton, gamma, or 
neutron scintillators [7 - 9], etc. 

 The synthesis of QDs in an organic medium 
provides many opportunities for creating binary and multi-
component compositions. The nature of the solvent 
determines the coordination of molecules or does not affect it 
at all [10]. The reactivity of the reagents makes it possible to 
control the growth kinetics of QDs [11] and, consequently, 

determines their size and the gradient of the atoms’ 
distribution in the nanocrystal. Additional multitasking 
components, acting in parallel as both a solvent and as a 
building material for the formation of a protective ligand 
shell, can also be used in various combinations. The size, 
shape, and, as a result, properties can also be determined by 
the method of supplying the initial components to the growth 
medium. The advantages of the one-pot method are clear: all 
components are in the growth medium and allow the control 
of the medium saturation with molecules of the initial 
components. Introducing one or more components into a 
heated medium (hot-injection method) provides instant 
nucleation and stable growth of a nanocrystal in the shortest 
time intervals [12]. However, combining these separate 
methods can lead to unexpected results. 

In this study, we combine these two methods by a “transit 
stop” - the possibility to create an intermediate complex that 
precedes the introduction of molecular zinc sulfides and 
selenides into the nucleation and nanocrystal growth 
medium. Combining various substituted thio- and 
selenoureas in a complex with zinc linoleate in a wide 
temperature range (160 - 280 °С), ZnSe0.1S0.9 and ZnSe0.3S0.7 
QDs differing in shape and size have been prepared. The 
blue shift of the photoluminescence (PL) signals indicates 
different decomposition rates of the complexes, thereby 
providing an uneven anion distribution gradient 
(heterogeneous alloys) and increasing the percentage of zinc 
sulfide in the direction from the core to the surface of the 
nanocrystal. 

II. EXPERIMENT 

A. Chemicals  
Selenium (Se, 99.9 %), phenyl isothiocyanate (PhNCS, 

98 %), morpholine (99 %), benzylamine (99 %), allyl 
isothiocyanate (99 %), zinc oxide (ZnO, 99 %), 1-octadecene 
(ODE, technical grade, 90 %), linoleic acid (LA, technical 
grade 60-74 %), oleylamine (OAm, technical grade, 90 %), 
Solvents were purchased from Fisher Scientific and used 
without further purification. (Z)-N-(octadec-9-en-1-
yl)morpholine-4-carboselenoamide (SU1), 1-allyl-3-
butylthiourea (TU1), (Z)-1-benzyl-3-(octadec-9-en-1-
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Fig. 1. The schematic illustration of ZnSeS QDs synthesis. 

yl)selenourea (SU2) and N-phenylmorpholine-4-
carbothioamide (TU2) were synthesized in our laboratory 
according to previously published methods [13].  Syntheses 
of QDs were carried out using standard Schlenk techniques 
under an argon atmosphere. 

B. Synthesis of ZnSe0.1S0.9 QDs 
Zinc oxide (ZnO, 7.34 g, 0.09 mol), linoleic acid (LA, 

101 g, 0.36 mol) and 180 ml ODE were placed in a reaction 
flask (500 ml). The mixture was degassed for 1 hour at room 
temperature with intense stirring, then for 1 hour at 150 °C to 
remove the water released during the formation of linoleate. 
A homogeneous 0.3 M solution of zinc linoleate was further 
stored under an argon atmosphere and it was periodically 
taken as a zinc precursor. 

 Schlenk flask (50 ml) was loaded with 15 ml of 
0.3M solution of zinc linoleate (0.0045 mol), (Z)-N-(octadec-
9-en-1-yl)morpholine-4-carboselenoamide (SU1, 0.13 g, 
0.0003 mol), previously dissolved in a mixture of 0.5 ml 
OAm and 1 ml ODE, and 1-allyl-3-butylthiourea (TU1, 0.47 
g, 0.0027 mol), previously dissolved in the solution of 0.5 ml 
OAm and 1 ml ODE. The reaction mixture was degassed for 
10 min at room temperature, then it was heated to 80 °С and 
stirred for 30 min in an Ar atmosphere. Further, the reaction 
mixture was placed in the Wood's metal bath preheated to the 
selected temperature and stirred for 30 minutes. Throughout 
the whole process, samples were taken to monitor the 
progress of nucleation and growth. Then the mixture was 
allowed to cool and transferred to an equal volume of CHCl3, 
and finally, QDs were precipitated with acetone. Next, 
precipitates separated by centrifugation were dissolved in a 
minimum amount of CHCl3 and precipitated again with 
acetone. This purification process was repeated two more 
times to remove solvent and by-products. Finally, purified 
QDs were dried in a vacuum for 2 hours. The mass of 
ZnSe0.1S0.9 QDs was 0.71 – 0.93 g. The excess in the mass of 
the product was due to the protective ligand (zinc linoleate) 
shell. 

C. Synthesis of ZnSe0.3S0.7 QDs  
The preparation method of ZnSe0.3S0.7 QDs was similar 

to that described above with the following ratios of 
components: 15 ml of 0.3M solution of zinc linoleate 
(0.0045 mol), (Z)-1-benzyl-3-(octadec-9-en-1-yl)selenourea 
(SU2, 0.42 g, 0.0009 mol in a mixture of 1 ml OAm and 0.5 
ml ODE) and N-phenylmorpholine-4-carbothioamide (TU2, 
0.47, 0.0021 mol in a mixture of 1 ml OAm and 0.5 ml 
ODE). The mass of ZnSe0.3S0.7 QDs was 0.78 – 1.02 g. 

III. RESULTS AND DISCUSSIONS 

A. Synthesis and crystalline structure of ZnSe0.1S0.9 and 
ZnSe0.3S0.7 QDs 
The structure of substituted thio- and selenoureas plays a 

key role in this method of ZnSeS QDs synthesis. Thiourea 
and selenourea functional group -C=S(Se) forms stable in 
time bidentate complexes, allowing the control of the process 
of their decomposition into molecular sulfides and selenides 
at a given temperature. Although this study is only at the 
beginning, it can already be stated that the crucial role in the 
kinetics of the decomposition of such complexes is assigned 
to the structure of substituents. Using thio- and selenoureas 
with different substituent structures, we observed an 
ambiguous formation of ZnSeS QDs (Fig. 1).  

It was found that when a pair of thio-selenoureas is 
retained, the temperature affects non-linearly the 
decomposition of the complexes. For example, with an 
increase in the ZnSe0.1S0.9 QDs synthesis temperature from 
160 °С to 220 °С, the average size of QDs noticeably 
increases from 2.52 nm to 4.04 nm, then the growth slows 
down, and the size of QDs reaches 4.15 nm at 280 °С. At the 
same time, the crystal structure (Fig. 2a), as well as the 
pyramidal shape (Fig. 2b-i) of the nanocrystal, remain 
unchanged.  

X-Ray diffraction patterns (XRD) were registered using 
PANalytical EMPYREAN powder X-Ray diffractometer 
(ALMELO, Netherlands) with Cu-Kα radiation (λ = 1.5418 

Å). The ZnSe0.1S0.9 and ZnSe0.3S0.7 nanopowders (Fig. 2a and 



 

Fig. 2. XRD patterns of ZnSe0.1S0.9 QDs (a); STEM images of ZnSe0.1S0.9 QDs prepared at 160 °C (b), 180 °C (c), 200 °C (d), 220 °C (e), 240 °C (f), 
250 °C (g), 265 °C (h), 280 °C (i). 

 

Fig. 3. XRD patterns of ZnSe0.3S0.7 QDs (a); STEM images of ZnSe0.3S0.7 QDs prepared at 160 °C (b), 180 °C (c), 200 °C (d), 220 °C (e), 240 °C (f), 260 
°C (g), 280 °C (h). 

Fig. 3a) possess a face-centered cubic structure like bulk ZnS 
(ICSD: 108733) and ZnSe (ICSD: 188389) with a space 
group F43m. As can be seen from Figure 2a, the XRD 
spectrum for ZnSe0.1S0.9 QDs consists of 3 broad peaks at 2θ 
values of 28.6⁰, 47.6⁰ and 56.3⁰ which are respectively 
attributed to (111), (022) and (113) crystallographic planes. 
Their position is almost identical to the position of the 
diffraction peaks of these planes in ZnS (ICSD: 108733). 
With a rise in the growth temperature of ZnSe0.3S0.7 QDs up 
to 220 °С, a significant increase in the average size from 2.87 
to 3.73 nm was observed (Table 1). Above 220 °С, the 
average size of QDs slightly decreases. Obviously, the 
supply of molecular sulfides and selenides into the growth 
medium occurs unequable at relatively low temperatures and 
stabilizes at growth temperatures above 220 °С. The position 

of the diffraction peaks of the ZnSe0.3S0.7 QDs (Figure 3a) 
shifts towards smaller angles (28.3⁰, 47.2⁰ and 55.8⁰) and 
brings them closer to the position of the diffraction peaks of 
ZnSе (ICSD: 108733) [13]. No other diffraction peaks were 
detected in the XRD patterns, which gives evidence of the 
successful formation of impurity-free Zn-Se-S alloyed QDs. 

The chemical compositions of the ZnSe0.1S0.9 and 
ZnSe0.3S0.7 nanopowders were determined by X-Ray 
photoelectron spectroscopy (XPS, ESCA 2SR, Scienta-
Omicron, Sweden) by monochromatic Al Kα source (1486.6 
eV). The QDs were pressed into C tape for the XPS 
measurements. The binding energy scale was referenced to 
adventitious carbon (284.8 eV). 



 

Fig. 4. XPS survey spectra (a), chemical state analysis of Zn 2p (b), S 2p (c), and Se 3d (d) of ZnSe0.1S0.9 QDs prepared at 240 °C. 

 

Fig. 5. Temporal evolution of the absorbance (a) and the PL emission spectra (b) of ZnSe0.3S0.7 QDs, prepared at 200 °C; comparison of ABS (solid 
lines) and PL emission (dashed lines) of ZnSe0.3S0.7 QDs, prepared at 160 °C (c), 180 °C (d), 200 °C (e), 220 °C (f), 240 °C (g), 260 °C (h), 280 °C (i); 
PL decay kinetic curves of ZnSe0.3S0.7 QDs, prepared at 160 - 280 °C. 

 Through the survey spectra, we identified the presence of 
C, O, Zn, S, and Se in all samples. As an example, the survey 
spectrum of ZnSe0.1S0.9 QDs synthesized at 240 °C is 
presented (Fig. 4a). Carbon and oxygen peaks correspond to 
the presence of organic ligands which serve as the QDs 
protective shell. Fig. 4b displays high resolution (HR) Zn 2p, 
where the corresponding spin-orbit Zn 2p3/2 / Zn 2p1/2 signals 
are centered at 1021.9 eV / 1044.9 eV. These binding 
energies (BEs) suggest the presence of Zn2+ [14]. As is 
depicted in Figure 4c, S 2p HR spectrum can be 
deconvoluted into two components corresponding to the 
spin-orbit splitting S 2p3/2 / S 2p1/2 centered at 161.5eV / 
162.7eV. Figure 4d demonstrates the HR spectrum of Se 3d, 
which can be also deconvoluted into two components where 
its spin-orbit Se 3d5/2 / Se 3d3/2 signals corresponding to Se2- 
species since they are located at 54.1 eV / 54.9 eV.  

B.  The optical properties of ZnSe0.1S0.9 and ZnSe0.3S0.7 QDs 
 The QDs UV-Vis absorbance (ABS) spectra in the 

spectral range 200 - 700 nm were measured using UV-3600 
(Shimadzu) spectrometer and PL spectra were measured on 
Fluorometer PTI QuantaMaster 400 (Horiba Scientific) in 
the spectral range 250 - 850 nm using xenon lamp (75 W) as 
the excitation source. 

During each synthesis, the nucleation and growth of QDs 
were monitored by taking aliquots from the reaction mixture 
(20 µl) in 2 ml CHCl3. The temporal evolution of the 
nucleation and growth ABS spectra of the ZnSe0.1S0.9 QDs at 

220 °C (Fig. 5a) represents the significant red shift. A similar 
shift was also observed in the growth of ZnSe0.3S0.7 QDs at 
200 °C (Fig. 6a), indicating instantaneous nucleation at the 
moment when the reaction mixture was placed into the 
Wood’s metal bath heated to a given temperature (curves 4 
Fig. 5a, b). A further red shift indicates the ongoing growth 
of nanocrystals. Similar changes in the growth pattern of 
QDs were also found in the PL spectra (Fig. 5b, 6b), 
confirming the formation of stable complexes of zinc 
linoleate with the corresponding thio- and selenoureas. 
According to curves 1 – 3 in Figures 5b and 6b, these 
complexes have their own emission spectra. With a sharp 
increase in temperature to 220 °C (Fig. 5b), the PL intensity 
increases and the maximum smooths out and shifts to the 
blue region, which confirms the decomposition of complexes 
with the release of molecular zinc sulfides and selenides, 
forming an environment for the nucleation of ZnSeS QDs.  

The absorbance and emission spectra of ZnSe0.1S0.9 QDs 
synthesized in the temperature range 160 – 280 °C are 
presented in Figures 5c-j. With a rise in nucleation and 
growth temperature of ZnSe0.1S0.9 QDs, a red shift of the 
absorbance edge was detected, which was caused by an 
increase in the size of QDs (Table 1). In this case, the PL 
maximum shifts to the blue region and PL QY increases 
from 9.8 to 24 %. The shift of the PL ZnSe0.1S0.9 QDs spectra 
to the high-energy region, in this case, is associated with the 
uneven distribution of sulfide and selenide components in 
 the nanocrystal, caused by different rates of entry of 



 

Fig. 6. Temporal evolution of the absorbance (a) and the PL emission spectra (b) of ZnSe0.1S0.9 QDs, prepared at 220 ⁰C; comparison of ABS (solid 
lines) and PL emission (dashed lines) of ZnSe0.1S0.9 QDs, prepared at 160 °C (c), 180 °C (d), 200 °C (e), 220 °C (f), 240 °C (g), 250 °C (h), 265 °C (i), 
280 °C (j). 

molecular building blocks into the growth medium. The 
higher reactivity of substituted selenourea provokes a 
relatively high level of introduction of molecular selenides 
into the nanocrystal growth medium even at low 
temperatures. This phenomenon ensures the formation of 
core/shell-like structured (heterogeneous alloys) ZnSe0.1S0.9 
QDs with a core enriched in selenides. As the temperature 
increases, the decomposition of thio-complexes accelerates 
and the amount of sulfides and selenides in the growth 
medium becomes equal, which is reflected by a blue shift in 
the PL spectra, since the band gap of ZnS (3.6 eV) is higher 
than the band gap of ZnSe (2.58 eV) [15].  

With an augmentation in the nucleation temperature, a 
red shift of the absorption edge and a blue shift of the PL 
maximum were revealed for ZnSe0.3S0.7 QDs synthesized in 
the temperature range of 160 – 260 °C (Fig. 6c-i). It should 
be noted that, unlike ZnSe0.1S0.9 QDs, the ZnSe0.3S0.7 QDs 
sizes almost did not change (Table 1). At the nucleation 
temperature of 200 °C, the rates of decomposition of thio- 
and seleno-complexes were equalized. It causes a significant 

blue shift of the PL spectra, which retains its position until 
the nucleation temperature of 260 °C is reached. A further 
increase in temperature to 280 °C leads to a red shift of the 
PL maximum (from 464 nm to 490 nm), which was probably 
caused by the relatively high release of selenide into the 
nanocrystal growth medium. 

A similar phenomenon was also observed in the 
quenching kinetics of ZnSe0.3S0.7 QDs, which were nucleated 
at different temperatures (Fig. 6j). The PL lifetime 
measurements were performed using TCSPC accessories for 
Fluorometer PTI QuantaMaster 400 with 361 nm light pulse 
excitation and the pulse half-width 0.8 ns produced by 
NanoLED 360 (Horiba Scientific). PL decay kinetics curves 
were analyzed by PTI Felix GX software. ZnSe0.3S0.7 QDs 
synthesized at 160 – 200 °C demonstrated fast quenching 
kinetics (τ avg ≈  1.6 ns). An increase in the nucleation 
temperature to 220 °C brings a sharp jump in τavg up to 
4.13 ns due to a change in the intensity of the long 
component (Fig. 6j), which is associated with an increase in 
the number of surface-traps defects. 

TABLE I.  AVERAGE CRYSTALLINE SIZE, CHALCOGEN RATIO AND OPTICAL PROPERTIES OF ZNSE0.1S0.9 AND ZNSE0.3S0.7. PEAK MAXIMUM IN THE ABS 
SPECTRA (ΛABS), EXCITATION WAVELENGTH (ΛEXC), PEAK MAXIMUM IN THE PL SPECTRA (ΛEM), STOKES SHIFT, PL QY AND AVERAGE PL LIFETIME (ΤAVG). 

Composition / Temperature / Se : S Ratio Size, nm 
Optical parameters 

λABS,  
nm 

λexc, 
 nm  

λem,  
nm 

Stokes 
 shift, nm 

PL QY, % τavg, ns 

ZnSe0.1S0.9 / 160 °C / 9.9 : 90.1 2.52 356 360 478 122 9.8 - 
ZnSe0.1S0.9 / 180 °C / 8.8 : 91.2  2.80 357 360 469 112 10.1 - 
ZnSe0.1S0.9 / 200 °C / 9.0 : 91.0 3.35 370 360 453 83 9.9 - 
ZnSe0.1S0.9 / 220 °C / 9.2 : 90.8  4.04 369 360 451 82 15.6 - 
ZnSe0.1S0.9 / 240 °C / 10.2 : 89.8  4.05 371 342 452 81 19.6 - 
ZnSe0.1S0.9 / 250 °C / 10.1 : 89.9 4.10 383 360 455 72 24.0 - 
ZnSe0.1S0.9 / 265 °C / 10.0 : 90.0   4.15 388 360 452 64 18.4 - 
ZnSe0.1S0.9 / 280 °C / 9.5 : 90.5  4.15 391 360 452 61 18.2 - 
ZnSe0.3S0.7 / 160 °C / 29.3 : 70.7 2.87 326 380 480 154 10.1 1.69 
ZnSe0.3S0.7 / 180 °C / 31.0 : 69.0  3.05 325 376 480 155 11.9 1.62 
ZnSe0.3S0.7 / 200 °C / 28.5 : 71.5  3.37 325 375 463 138 10.4 1.67 
ZnSe0.3S0.7 / 220 °C / 28.4 : 71.6  3.73 330 365 464 134 9.8 4.13 
ZnSe0.3S0.7 / 240 °C / 27.9 : 72.1  3.67 340 362 464 124 15.8 5.95 
ZnSe0.3S0.7 / 260 °C / 27.6 : 72.4  3.52 341 364 464 123 16.1 - 



ZnSe0.3S0.7 / 280 °C / 27.2 : 72.8  3.55 350 375 490 140 15.2 8.32 
 

Energy dispersion X-Ray microanalysis of all 
synthesized QDs (EDS) was carried out using scanning 
electron microscope LYRA 3 (Tescan, Czech Republic) 
equipped with EDS analyzer Aztec X-Max 20 (Oxford 
Instruments) at acceleration voltage 20 kV. The elemental 
analysis data (Zn, Se, S) of the synthesized QDs are close to 
the nominal composition. In addition, carbon and traces of 
oxygen and nitrogen were found in the EDS spectra, 
corresponding to zinc linoleate and OAm that build up the 
protective shell of QDs. 

IV. CONCLUSIONS 
In this study, a new approach to the synthesis of ZnSeS 

QDs was presented, combining one-pot and hot-injection 
methods with the formation of stable intermediate complexes 
of zinc linoleate with substituted thio- and selenoureas. The 
thio- and seleno-complexes coexisting in the QDs nucleation 
and growth medium decompose into molecular sulfides and 
selenides at different rates, which can be influenced by 
operating the N-substituents. This phenomenon ensures the 
formation of crystals with different distribution of elements 
from homogeneous to core/shell-like structured alloys. 
Temperature-resistant crystal structure, uniformity in shape 
and size, and bright PL feature the ZnSe0.1S0.9 and 
ZnSe0.3S0.7 QDs synthesized by this method, thereby opening 
pathways for an extension to other compositions of 
multicomponent chalcogenides. 
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