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Abstract

Ternary ZnTeixSx (0 < x < 1) semiconductor quantum dots (QDs) with varying X
composition were successfully fabricated by a wet chemical method in ODE solvent. Their
crystal structure, oscillation characteristics, and optical properties were studied through
X-ray diffraction patterns (XRD), Raman (RS), absorption spectra (Abs), and
photoluminescence (PL). The results showed that ternary ZnTeixSx QDs have the zinc-
blende (ZB) structure when x changes. When changing X composition, the emission
wavelength of ternary ZnTei1xSx QDs can change from 408 nm to 526 nm. Evidence of
ternary ZnTei1xSx QDs with uniform Se and S compositions was studied and proven
through XRD patterns and RS scattering spectra.
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1. Introduction

Quantum dots (QDs) are nanoscale semiconductor particles that exhibit unique
optical and electronic properties due to quantum confinement effects [1]-[3]. These
properties include size-dependent photoluminescence, high quantum yield, and tunable
bandgap energies [2], [4]. As a result, QDs have been widely explored for applications in
optoelectronics, photovoltaics, bio-imaging, and sensing. Traditional binary QDs such as
CdS, CdSe, CdTe, ZnS, ZnSe,... have been extensively studied [5]-[8]. However, ternary
QDs have emerged as an attractive alternative due to their enhanced flexibility in tailoring
electronic and optical properties [3], [5], [6]. Ternary semiconductor QDs, including
CdTeSe, CdTeS, CdSSe, ZnCdS, and ZnCdSe consist of three different atomic elements,
enabling more precise control over bandgap engineering [9]-[12]. The incorporation of a
third component allows for fine-tuning of emission wavelengths, increased stability, and
improved quantum efficiency compared to binary counterparts [9], [11]. Ternary QDs
exhibit unique structural and optical properties due to the interplay between different
constituent elements. The introduction of an additional component enables bandgap
engineering, allowing for continuous tuning of emission wavelengths across the visible
and near-infrared spectrum [10]. These QDs offer intermediate bandgaps and enhanced
carrier mobility, making them ideal candidates for various applications [10]-[12].
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Despite the many advantages, the fabrication of ternary QDs still faces some
difficulties and challenges such as: (i) photo-oxidation and thermal degradation affect
the long-term performance of QDs, (ii) the presence of cadmium raises environmental
and biological concerns, requiring the study of environmentally friendly alternatives,
and (iii) large-scale synthesis with uniform quality remains a challenge for commercial
applications. Therefore, this study focuses on the development of cadmium-free
materials and enhancement of the quantum yield of ternary QDs. In this study, the
author fabricated ternary ZnTe1xSx (0 < x < 1) QDs by wet chemical method in non-
bonding solvent ODE. The size and crystal structure of the QDs were investigated by an
UV-Vis and XRD. The results showed that the ternary ZnTe1xSx (0 < x < 1) QDs have
size of about 3 nm and ZB structure when x changes. By fixing the size and only
changing the x ratio, the PL spectral peak of the ternary ZnTe:1xSx (0 < x < 1) QDs
changes in a wide range from 408 nm to 526 nm. The formation of ternary QDs with
uniform composition distribution is demonstrated by Raman scattering spectrum and
linear change of crystal lattice constant with x ratio.

2. Experiment
2.1. Chemical

Aldrich chemicals for the preparation of ternary ZnTei1xSx QDs include: ZnO
powder (99.99%), Te powder (99.99%), S powder (99.98%), 1-octadecene (ODE, 90%),
oleic acid (OA, 90%). Chemicals used for centrifugation to clean and disperse the QDs
is ethanol, isopropanol and toluene purchased from Chinese companies.
2.2. Fabrication of ZnTe1xSx quantum dots

The mixture of ZnO, ODE, and OA was stirred at 400 rpm at 210°C for 1 hour.
Once the solution turned lemon yellow, indicating Zn?* ion formation, it was kept as
solution 1. In parallel, Te and S powders were dissolved in ODE at 200°C for 3 hours
with continuous stirring at 400 rpm, yielding solution 2. The injection of solution 2 into
solution 1 was performed rapidly (within ~5 seconds) at 280°C under a nitrogen
atmosphere to induce instantaneous nucleation. The reaction was maintained for
90 minutes at this temperature. Afterward, the system was allowed cool to room
temperature. Rapid injection helps control nucleation and size uniformity, while the
controlled cooling process reduces thermal strain on the QDs. The ZnTe1xSx QDs are
centrifuged to remove ligands and unreacted Zn?*, Te* and S% precursors for
subsequent characterization measurements.

2.3. Characterization
The crystal structure of the QDs was investigated by X-ray diffractometer
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(Siemens D-5005). Fluorescence and Raman scattering spectra were measured by
LabRam HR800 (Horriba, Jobin Yvon) with 325 nm excitation wavelength of He-Cd
laser. Optical absorption spectra were measured by Jasco 770 (Varian).
Photoluminescence was measured using an FLS1000 spectrophotometric system
equipped with a 450 W Xe lamp.

3. Results and discussion
The EDX spectrum was used to analyze the elemental composition of the ternary
ZnTe1xSx (0<x <1)QDs (x =0.3, 0.5, and 0.7) and is presented in Fig. 1.
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Fig. 1. The EDX spectra of nanocrystals: (a) ZnTeo.7So:3, (b) ZnTeosSos, and (€) ZnTeosSo.7.
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The elemental composition was determined in terms of atomic and weight
percentages. Distinct characteristic peaks corresponding to the elements C, O, Zn, Te,
and S were observed in the EDX spectrum. The results in Tab. 1 indicate that the actual
Te/S ratio involved in the reaction is higher than the theoretically calculated ratio,
demonstrating that Te exhibits higher chemical reactivity than S. This property is
crucial for the synthesis of ternary QDs containing both S and Te. The elemental
composition of all samples, as obtained from the EDX spectra, is summarized in Tab. 1.

Tab. 1. The composition of the atomic (%) of ternary ZnTe1Sx (x = 0.3, 0.5, 0.7) QDs

Atomic (%)

Sample
Zn Te S

ZnTeo7S03 48.12 38.69 13.19

ZnTeqsSos 46.54 29.96 235

ZnTeo.3So.7 45.09 19.77 35.14

To demonstrate the formation of ternary ZnTe1«Sx QDs, the author measured their
Raman (RS) scattering spectra, the results are observed in Fig. 2. The RS spectra of
ZnTe and ZnS QDs clearly observed the 1LO peaks at wavenumbers 208 and 347 cm™,
The 1LO peaks of these QDs were shifted to lower wavenumbers compared to the 1LO
peaks of bulk semiconductors ZnTe and ZnS [13], [14]. The observed shift of the 1LO
peaks to lower wavenumbers in ZnTe and ZnS QDs compared to their bulk counterparts
(210 cm™ for ZnTe and 350 cm™ for ZnS) is primarily due to quantum confinement,
phonon confinement, strain, and surface effects [15]. These factors collectively modify
the phonon dispersion and lead to the redshift observed in Raman spectroscopy [13],
[15]. The well-defined 2LO vibrational peaks of ZnTe and ZnS QDs observed at
wavenumbers 414 cm™ and 690 cm™, respectively, indicate the high crystalline quality
of these QDs. For ternary ZnTe1xSx QDs, the 1LO Raman peaks appeared at 324, 279,
and 248 cm™, corresponding to compositions of x = 0.7, 0.5, and 0.3, respectively.
These Raman peaks are located between those of ZnS QDs (347 cm™) and ZnTe QDs
(208 cm™), consistent with the bandgap of ternary ZnTe1xSx QDs lying between the
bandgaps of ZnTe and ZnS QDs. Furthermore, no 1LO peaks corresponding to pure
ZnTe or ZnS were detected in the Raman spectrum of ternary ZnTei;xSx QDs,
suggesting the absence of phase-separated ZnTe or ZnS QDs and ruling out the
formation of ZnTe/ZnS or ZnS/ZnTe core/shell structures in solution.
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Fig. 2. RS spectra of ternary ZnTe1.«Sx (0 <x < 1) ODs.

As x varies, the crystal structure of ternary ZnTe1xSx (0 < x < 1) QDs was
investigated using XRD, as observed in Fig. 3. The broad diffraction peaks in the
samples are attributed to the nanoscale size of the ZnTe1.xSx QDs and the strain induced
within the QDs. All samples exhibit a zinc blende (ZB) structure, confirmed by the
presence of three diffraction peaks corresponding to the (111), (220), and (311) lattice
planes [16]. For x = 0, the observed diffraction peaks for the NC ZnTe1.xSx match the
peak positions of ZnTe (JCPDS#01-0582), and for x = 1 they align with the peak
positions of ZnS (JCPDS#80-0020) [17], [18]. The crystallite size D of the QDs was
calculated using the Debye-Scherrer formula [16], [17]:

kA
~ Bcosé

where A = 0.154 nm is the X-ray wavelength, k = 0.9 is the Scherrer constant, g is the
full width at half maximum (FWHM) of the diffraction peak, and & is the diffraction
angle. The lattice constant a of the QDs was determined from XRD data using the
following equation [16], [17]:

1 h?+k*+I°

= 2
RS @

1)

where d is the interplanar spacing corresponding to the Miller indices (h, k, 1), and is
calculated using Bragg’s equation [16], [17]:
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nA=2d,,sinéd (3)

The diffraction peak positions gradually shift toward larger 6 values as X
increases. This shift is due to the greater substitution of S ions (small radius) for Te ions
(larger radius). The observed shift in the diffraction peaks of ternary ZnTe1xSx (0 <x <1)
QDs suggests the formation of a homogeneous alloy structure rather than a mere
physical mixture of NC ZnTe and ZnS. Lattice parameters and crystallite size of ternary
ZnTe1xSx QDs are observed in Tab. 2. In this study, the author use the parameters of the
diffraction peak (111), which is the peak with the largest intensity.

(111) (220)

(311)

Intensity (a.u.)

20 30 40 50 60 70
20(degree)

Fig. 3. XRD patterns of ternary ZnTeiSx (0 <x < 1) ODs.

Tab. 2. Lattice parameters and crystallite size of ternary ZnTe1xSx (0 <x < 1) ODs

Sample 20 (°) dhi (NmM) a (nm) B () D (nm)
ZnTe 25.76 0.352 0.610 3.02 2.69
ZnTeo7S03 26.51 0.345 0.597 2.98 2.73
ZnTeosSos 27.34 0.330 0.571 3.05 2.68
ZnTeo3So7 28.23 0.326 0.564 3.53 2.32
ZnS 29.43 0.315 0.545 3.21 2.56
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The optical absorption spectra of ZnTe, ZnS, and ZnTeS QDs were recorded
(Fig. 4) to investigate their electronic transitions and bandgap properties. The
absorption spectra of these QDs exhibit distinct features corresponding to their
quantum confinement effects and compositional variations. The absorption peak of
pure ZnTe QDs is observed at 481 nm, corresponding to a bandgap of approximately
2.57 eV. This is blue-shifted compared to the bulk ZnTe bandgap (~2.26 eV) due to
the quantum confinement effect [9], [16]. The absorption peak of pure ZnS QDs is
observed at 334 nm, corresponding to a bandgap of approximately 3.71 eV. For QDs,
when the particle size decreases below this exciton radius, the bandgap increases due
to electron-hole confinement. Using the Brus equation, the bandgap energy for a QDs
can be estimated as [16], [19]:

(1 1 1.8¢?
EQD = Ebulk +W[ i ]_ (4)

m, m, ) 4R

where Eqp is the band gap of the QD with radius R. Epui is the bulk band gap energy
(2.26 eV for ZnTe, 3.6 eV for ZnS). A is the reduced Planck'’s constant. me* is the effective
mass of the electron in ZnTe, ZnS (me*~ 0.12 m, for ZnTe, me*~ 0.24 m, for ZnS where
mq is the free electron mass). mn* is the effective mass of the hole in ZnTe, ZnS (Mh*= 0.6 M,
for ZnTe, my*= 0.86 my for ZnS). &o is the permittivity of free space. & is the relative
permittivity of ZnTe, ZnS (er = 10.2 for ZnTe, & = 8.3 for ZnS), e is the elementary
charge [16], [17]. The estimated sizes of ZnTe, ZnS QDs corresponding to a bandgap
energy of 2.57 eV and 3.71 are approximately 3.1 nm and 3.08 nm, respectively.
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Fig. 4. UV-vis absorption (Abs) of ternary ZnTe1,Sx (0 <x < 1) ODs.
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The Te/S ratio significantly influences the emission wavelength of the QDs. Fig. 5
presents the photoluminescence (PL) spectra of ternary ZnTe1xSx (0 < x < 1) QDs. The
PL spectrum of ZnS QDs exhibits an excitonic emission peak at 408 nm, which
originates from the recombination of conduction band electrons with valence band
holes [16], [19]. In addition to the excitonic emission peak, ZnS QDs also display
another emission peak around 556 nm. This secondary peak is attributed to impurity
states, lattice defects, and/or surface states [9], [19]. As the Te/S ratio increases from 0
to 1, the emission peaks shift toward the red region (from 408 nm to 526 nm), similar to
the absorption spectra. The Te/S ratio not only affects the emission wavelength of the
QDs but also influences their quantum yield (QY).
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Fig. 5. PL spectra of ternary ZnTe1xSx (0 <x < 1) ODs.

QY is a crucial parameter for evaluating the luminescence efficiency of a material.
The PL QY of a sample is determined by comparison with an organic dye with a known
QY, and the calculation is performed using the following equation [19], [20]:

2
I [n 1-10 P
Qe = Qoye |NC( NCJ 1-10 P ®)

dye ndye

where | represents the integrated emission intensity of the PL spectrum, obtained by
fitting the PL spectrum using a combination of Gaussian and Lorentzian functions. The
parameter n denotes the refractive index, while OD represents the optical density of the
QDs or the dye sample. It is important to note that the organic dye used in this study is
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Rhodamine 6G, which has a QY of 95% when dissolved in ethanol [20]. The calculated
results indicate that as x increases from 0 to 1, the PLQY decreases from 34.65% to
19.43%. This result is also consistent with the PLQY of some other ternary
semiconductor compounds such as CdTeSe, CdzZnSe [9], [12], [20]. The observed
decrease in PLQY from 34.65% for ZnTe to 19.43% for ZnS as X increases can be
attributed to several physical and chemical factors. First, the higher ionic character of
ZnS compared to ZnTe leads to more surface defects and trap states, which act as non-
radiative recombination centers. Second, lattice mismatch between Te2"and S27ions
introduces strain and alloy disorder, creating localized states within the bandgap. Third,
stronger quantum confinement in S-rich QDs reduces electron-hole overlap, thus lowering
radiative recombination probability. Moreover, differences in surface passivation
efficiency between Te-rich and S-rich QDs may also contribute to the reduced QY. These
combined effects result in a decrease in QY of the ZnTe1.xSx QDs. The optical parameters
of the samples are observed in Tab. 3. The tunable fluorescence emission confirms the
alloying effect between ZnS and ZnTe. This characteristic makes these materials suitable
for optoelectronic applications such as LEDs, lasers, and bio-imaging.
Tab. 3. Optical parameters of ternary ZnTe1xSx (0 <x < 1) ODs

Sample Abs peak (nm) PL peak (nm) Eq(eV) QY (%)
ZnTe 481 526 2.57 34.65
ZnTeo7So3 441 487 2.81 28.12
ZnTeosSos 407 454 3.04 26.09
ZnTeosSo07 360 419 3.44 22.49
ZnS 334 408 3.71 19.43

4. Conclusion

The ternary ZnTe1xSx QDs with varying x ratios were successfully synthesized
via a wet-chemical method using a non-coordinating ODE solvent. The formation of a
homogeneous alloy structure with uniform composition distribution was confirmed
through RS spectroscopy and XRD analysis. The RS spectra revealed the presence of
the 1LO Raman peak of ZnTe1.xSx QDs in the wavenumber range of 208-347 cm™. The
results showed that the ternary ZnTei1.xSx QDs had zinc-blende (ZB) structure and
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particle size of about 3 nm as x varied. The PL emission peak of ternary ZnTe1xSx QDs
was tuned over a broad range from 408 nm to 526 nm. With the capability of tuning
emission wavelengths over such a wide range, ternary ZnTe1.xSx QDs hold significant
potential for applications in optoelectronic devices and bioimaging. These applications
benefit from stable emission in the visible range and compatibility with water-soluble
surface modifications.
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CHE TAO VA NGHIEN CUU TINH CHAT QUANG
CUA CHAM LUONG TU BAN DAN BA THANH PHAN ZnTes

Nguyén Thi Minh Thuy!

Khoa Vit ly, Truong Dai hoc Sw pham, Pai hoc Thai Nguyén

Tém tit: Cac cham lugng tir ban dan (QD) ba thanh phan ZnTe1Sx (0 < x < 1) ¢6 thanh

phan x thay d6i da duoc ché tao thanh cong bang phuong phap hoéa udt trong dung moi ODE.

Céu trac tinh thé, dic trung dao dong va tinh chat quang hoc ciia ching di duoc nghién ciru

thong qua cac phép do: Nhidu xa tia X (XRD), Raman (RS), phd hip thu (Abs) va phéat quang

(PL). Két qua nghién ctru cho thiy cac QD ba thanh phan ZnTe1«Sx déu c¢6 cau tric 1ap phuong

(ZB). Khi thanh phan x thay d6i, budc song phat xa ciia cac QD ba thanh phan ZnTe1xSx c6 thé

thay d6i tir 408 nm dén 526 nm. Bang chimg vé cac QD ba thanh phan ZnTe1+Sx ¢6 thanh phan

Te va S ddng nhat d3 duoc nghién ctru va chirng minh thong qua cac gian do nhiéu xa tia X va

pho tan xa RS.

Tir khod: Ba thanh phan; ban dan; cham leong tir; tinh chat quang; ZnTey,Sx.
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