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Studies on the Structural and Optical Properties
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ABSTRACT

Zinc telluride (ZnTe) quantum dots (QDs) prepared via a facile one-pot synthetic route is hereby reported. Zinc acetate, I-cysteine and potassium telluride
were utilized as the starting materials for synthesis under low growth temperature (900C) in open air conditions. The optical and structural properties of
the ZnTe QDs were investigated using various analytical equipment of analysis. ZnTe photoluminescence (PL) spectra displayed a re-shift in the emission
wavelength as the reaction time progressed to longer durations of growth. An increase in the emission peak intensity was observed up to 30 min of growth
where a decline was observed. Ultra-visible spectroscopy analysis confirmed the red shift of the absorption edges as the reaction time increases. The optical
band gap of ZnTe QDs was observed to have an inverse relation with the growth time. Structural and morphological properties were studied using X-ray
diffractometer and scanning electron microscope and high resolution scanning microscope. The results were used to estimate the particle sizes which
confirmed to be in the nano-range at QD levels.

Corresponding author
Sharon Kiprotich, Department of Physical and Biological Sciences, Muranga University of Technology, PO BOX 75-10200, Murang’a, Kenya.

Received: August 31, 2023; Accepted: September 06, 2023; Published: September 25, 2023

Keywords: Quantum Dots, Synthesis time, Zinc telluride,
Structural Properties, Photoluminescence

Introduction

Semiconductor at nanoscale, otherwise referred to as quantum
dots (QDs) are nanocrystals that display unusual size-dependent
structural, morphological, optical and electronic properties, due
to the quantum confinement of the charge carriers [1-3]. Due to
the aforementioned peculiar characteristics of these materials,
QDs remain to be the best promising substitutes for photoactive
molecular species which are extensively being investigated for
various applications that include but not limited to bio-imaging,
chemo- and biosensing, opto-electronic devices, medical therapy
and solar cells [4-12]. As compared to the organic chromophores,
QDs have proven to posses tunable photoluminescence (PL) spectra
which are dependent on the QD sizes with broad excitation spectra
and narrow emission bandwidths which allow the excitation of
QDs of varying colors by using a single-wavelength laser source.
Moreover, it is of great importance to note that QDs possess high
photo-bleaching value that permits them to be endlessly utilized
for longer period of time in monitoring of biological processes.
Owing to the flexibilty of the QD’s surface characteristics, the
same surface coating approach can be employed to conjugate QDs
of any color to the desired bio-recognition molecules for in vitro
and in vivo targeted delivery [13-15]. These novel characteristics
of QDs make them very striking nanoprobes for a variety of
biomedical applications [16-23]. Zinc telluride (ZnTe) is a group
II-VI semiconductor with a room temperature direct band gap
of 2.4 eV, low allnity (3.53 eV) and an exciton bohr radius of

~7nm. There has been increased distress over the toxicity of
cadmium and cadmium-based chalcogenides which have resulted
in many research groups exploring other various alternative
metals and/or compounds that are less toxic, large band gape,
size tunable, high quantum yield, good optical properties such as
zinc chalcogenides, especially ZnTe [24-26]. There are several
reported synthesis methods for preparing ZnTe quantum dots,
and these methods can be broadly categorized into two main
approaches: colloidal synthesis and chemical vapor deposition
(CVD). The colloidal synthesis method include injection method,
hydrothermal synthesis, solvothermal among others while the
the CVD methods include several approaches like metalorganic,
laser ablation, electrochemical, biosynthesis just to mention a
few [27, 28]. ZnTe QDs were synthesized using a simple one-
pot synthesis technique where all the synthesis parameters were
carefully controlled. This method was settled upon after series of
considerations because synthesis method chosen affect features
like the QD size, shape, surface properties that determine the
application of the ZnTe QDs. Simple one-pot synthesis method
has various advantages like its simplicity of synthesis, inexpensive
nature and ability to produce monodispersed ZnTe QDs which
opens its candidature to various applications like bioimaging,
biolabelling, drug delivery and for possible solar cell applications
as well [11,27,29].

In the recent past, synthesis of size-tunable ZnTe QDs was
prepared by tailoring the band gap of alloyed QDs without altering
the particle size [30,31]. However, this ability has only been used
to mitigate the problem associated with extremely small (<2 nm)
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QD nanocrystals, which are unstable in device applications [32].
To mitigate the stability issue, various stabilizing agents have been
proposed for use as capping/stabilizing agents during synthesis.
These include L-cyteine, thioglycolic acid, mercaptocarboxylic
acids, poly (acrylic acid) etc [30]. L-cysteine was chosen for
synthesis since it is readily available, cheap, soluble in water
and can easily be absorbed into human body since it is part of the
amino groups in proteins.

This research study hereby describes the size-controlled synthesis
and characterization of ZnTe QDs. Various parameters such as
growth time, pH, and molar ratio of the precursor solutions among
others affect the core of the ZnTe hence its properties are also
affected. The ability to engineer the material properties of ZnTe
QDs opens a wide window of research in determining the best
QD candidate for bioimaging applications. Detailed study on
the morphological, structural, optical and photoluminescence
properties of ZnTe QDs at varying refluxing growth time is hereby
reported.

Experimental Procedure

Anhydrous Zinc acetate, potassium tellurite, L-cysteine and
sodium borohydride were all of analytical grade and therefore
used without any further purification in this experiment. ZnTe
QDs were prepared using a procedure in ref [33,34] with a few
modifications as follows: 0.5 mmol of Zn(CH,COO),.2H,0 was
dissolved into 80 ml of deionized water in a round bottom flask.
This was then followed by the addition of 0.06 g of L-cysteine
with modification of pH of the solution to 11 by dropwise addition
of 1M NaOH solution. After mixing for about 10 min, 0.1 mmol
of K, TeO, dissolved in 80 ml of deionized water and was added
to the precursor solution containing zinc and L-cysteine. Upon
stirring for another 5 min, 200 mg of NaBH4 was then added into
the new precursor solution. The solution turned from colorless to
light grey on addition of NaBH4. The reaction was left for about
5 min under stirring after which the solution was transferred
to a three-necked flask attached to a condenser under heat and
the nanocrystals were allowed to grow at 90° C under open air
condition. The reflux reaction was monitored via aliquots taken at
different time intervals of 15, 30, 60, 180, 300 and 420 minutes.
These aliquots were analyzed by recording the UV/Vis absorption
and PL spectra for each aliquot. As the growth time progressed
from 15 to 420 min, the color of the QDs were observed to change
from light grey to dark grey and finally to black.

The hot samples were then cooled down to room temperature
before cleaning them several times using methanol or acetone
to precipitate and centrifuged before he solvent was discarded to
obtain the solid nanocrystals. The cleaned QDs were then dried
in an oven at 37°C for further analysis.

The as-prepared ZnTe QDs were carefully analyzed using various
analytical equipment like high resolution transmission electron
microscopy (HRTEM), energy-dispersive spectroscopy (EDS), and
X-ray powder diffraction (XRD) for structural and composition
analysis while UV—Vis reflection and photoluminescence (PL)
spectra for the ZnTe solution were measured at room temperature
with a Nicolet evolution 100 UV-Vis spectrophotometer and a
Nanolog Horiba JOBYN YVOWN spectrometer, respectively.

Results and Discussion

Morphological Analysis

High resolution transmission electron microscope (HRTEM) was
used to analyze the surface morphology and the structure of the
ZnTe QDs. Figure 1 shows HRTEM images for the ZnTe QDs

grown at various reaction times. Various images were analyzed
for each sample with at least 50 representative particles used to
estimate their particle size and size distribution. L-cyteine was
used during the synthesis to act as a capping agent. This will
ensure that more stable and monodisperse ZnTe QDs are produced
with little or no agglomeration. This is evident from the HRTEM
results (Figure 1) where the surface morphology presents ZnTe
quantum dots that are well distributed over the surface. HRTEM
images (Figure 1(i)) display rod-like ZnTe QDs. ZnTe QDs formed
gradually increased in size with increase in growth time. The
obtained average size of the QDs estimates closely to the average
value of the crystallite size calculated from the XRD pattern. The
images (ii) and (iv) in Figure 1 show clear lattice fringes of the
as prepared ZnTe QDs therefore indicating that the QDs formed
are highly crystalline.
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Figure 1: Representative HRTEM images for the ZnTe QDs
Synthesized Various Refluxing growth time (i) & (ii) — 15 min
and (iii) & (iv)- 30 min for different Magnification.
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Figure 2: Histogram graphs of HRTEM images for ZnTe QDs at
(a) 15 min and (b) 30 min Refluxing growth time.

Figure 2 displays the histogram graph showing the estimated
particle size of the as prepared ZnTe QDs at 15 and 30 minutes
of refluxing growth time. It was noted that the particle size
estimates at 4.06 nm and 4.62 for samples refluxed at 15 and
30 min respectively. An increase in the particle diameter and
length of the QDs were noted as the reaction time increased.
This is evident in the HRTEM images displayed in Figure 1. The
elemental composition of the ZnTe QDs carried out using EDS
displayed a non-stoichiometric ratio where the expected elements
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were present in the sample as shown in Figure 3. Other elements
like C, Cu, O and S were from the sample holder or precursor
solution which could not be eliminated completely during the
cleaning process.
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Figure 3: Representative EDS Spectrum Pattern for ZnTe QDs
Prepared at 30 min of Refluxing growth time.

Structural Analysis using XRD Measurements

X-ray diffractometer is used to study the crystal structure of the
ZnTe QDs and also to estimate the crystallte sizes as well as phase
identification. XRD pattern for the as-prepared ZnTe QDs samples
grown at various reaction time is shown in Figure 4.
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Figure 4: Representative XRD Pattern for ZnTe QDs Prepared
at Varying Refluxing growth times

The XRD pattern display wurtzite (hexagonal) crystal structures
for all the as-prepared samples refluxed at various reaction times.
The bars at the bottom represents the bulk wurtzite structure of
ZnTe as indicated in the standard card (JCPDS No. 82-2152). The
XRD peaks were observed to decrease in the size of the full width
at half maximum (FWHM) and shifted to lower 2thetha angles as
ZnTe QDs grew with increase in reaction time.

The crystallite sizes for ZnTe QDs were calculated using the
Scherrer’s formula (Eq.1) [35].

_ 09A
[ cosfpg
Where X, 0 and B are the X-ray wavelength (1.54056 A), Bragg’s

diffraction angle and average diffraction peak full width at half
maximum of the ZnTe QDs respectively. The estimated size of

the crystals of the ZnTe QDs increased from 15.69 to 23.07 nm
as the growth time progressed to longer durations of growth from
15 to 180 min. The discrepancy observed from the crystallite sizes
obtained from XRD and particle size could be due to the fact that
several particles could form a crystal. This could also be attributed
to agglomeration of QDs at longer growth time which affects the
size estimates of the ZnTe QDs. There was also an observation
of an inverse relation between the XRD peaks broadening with
refluxing growth time.
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Figure 5: Variation in the Crystallite Sizes and Peak Position of
ZnTe QDs for Various Refluxing growth times.

Figure 5 shows how the particle size of the ZnTe QDs progressively
increased with increase in reaction time as displayed by the narrow
peak width of the XRD spectra at longer reflux time. The diffraction
peak positions of the XRD spectra shift slightly to lower 26 angle
with increasing growth time; this is demonstrated by the dominant
peak shifting from 36.35 to 36.21 degrees for growth time 15 to
180 minutes respectively as shown in Figure 4. This phenomenon
is associated with the increase in the crystallite size of ZnTe QDs.
The peak intensity however increased slightly at 30 minutes
of refluxing growth time and decreased thereafter (Figure 6).
Maximum diffraction peak intensity was observed for growth time
30 minutes. This depicts a most crystalline and mono-disperse ZnTe
QD sample obtained at 30 min of growth. This is because as the
particle increases in size, the quality of the crystallite is enhanced to
a certain optimum time of growth where the preferred orientations of
the grains become well defined. FWHM decreased with increasing
growth time due to the increase in the average crystallite sizes of
the ZnTe QDs. It can also be attributed to Ostwald ripening where
smaller particles merge to form larger particles [36].
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Figure 6: A Graph of Changes in Peak Intensity and Linear fit of
ZnTe QDs as a Function of Refluxing growth time
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Photoluminescence Analysis
Figure 7 (a) display the emission spectra obtained from the PL
analysis of ZnTe QDs samples at varying reaction time.

Where A is the first absorption maximum wavelength of the as-
prepared ZnTe QDs. The results showed that the mean diameters
of the as prepared ZnTe QDs arel15.27 nm (15min), 15.39 nm
(30min), 15. 64 nm (60 min), 15.66 nm (180min) and15.96 nm
(300 min) corresponding with PL peaks of 799.9, 800.7, 802.4,
802.8 and 804.5nm which are in agreement with XRD observation.
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Figure 7: (a) Normalized and (b) as-Prepared PL Emission Spectra
of ZnTe QDs Synthesized at different Reaction times (15, 30,
60,180 and 300min).

The dependence of the emission peak of the QDs on the reaction
time was evident from the study. The absorption band was seen to
shift to longer wavelength for longer refluxing growth time. This
is believed to be due to enlargement of the QD sizes. In varying
the reaction time from 15-300 minutes the ZnTe QDs luminescent
emission peak was generally red shifted from approximately 799
nm to 804 nm. Figure 7 (b) however shows changes in the peak
intensity as growth time increased from 15 to 300 minutes. Highest
intensity was observed at 30 minutes of refluxing growth time.

All the samples prepared possessed well-resolved absorption
maxima related to the first electronic transition. This observation
indicates the satisfactorily narrow size distribution of the QDs.
This observed absorption maxima shift to the higher wavelength
as the size of the QDs enlarged due to the effects of quantum
confinement. These observations were confirmed in Figure 8 by
the shift and the colour of emission as the QDs grow even at longer
durations of growth. The constricted emission spectra observed
from the as-prepared ZnTe QDs points to nearly monodisperse
and homogeneous state of the QDs. Yu et.al 2003 [37], discussed
a method of calculating the particle sizes of the QDs using the
first absorption peak using the following empirical formula eqn. 2;

D =(0.8127x107 ¥ —(1.7147x107 % + (1.0064)1-194.84  (2)
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Figure 8: A CIE Image for the As-Prepared ZnTe QDs obtained
from the PL Emission Spectra
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Figure 9: PL Graph Showing Changes in Peak Position and
Intensity of ZnTe QDs with Increase in Refluxing growth time
of Synthesis from 15 to 300 min

Figure 9 displays how peak position and intensity of as synthesized
ZnTe QDs are affected by the refluxing growth time. Peaks shift
to longer wavelength from approximately 799 to 804 nm for
reaction time between 15min and 300 min indicating growth
of the particle sizes. From the graph, the intensity rises rapidly
at 30 min, drops and rises again gradually as the reaction time
progresses. The general increase in the intensities with increase
in refluxing growth time shows an increase in the crystallinity of
the ZnTe QDs [38-40].
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Figure 10: A Linear fit of PL Bandwidth at different Reaction
times (15, 30, 180 and 300 min) of ZnTe QDs.

Figure 10 demonstrates how the bandwidth of PL spectra increases
linearly as the growth time increases. This could be due to
increase in ZnTe quantum dots as reaction progresses. The PL
bandwidth is observed to increases gradually as larger ZnTe NPs
are formed. The bandwidth is mostly presided over by the non-
uniform enlargement from the size distribution of the sample. This
occurrence is regular with the Ostwald ripening process where the
QDs that are larger in size emit light at longer wavelength. Full
width at half maximum of the PL spectra is observed to broaden
as the reaction progresses.
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Optical Properties

Difference in slope and absorption edges is observed for as
synthesized ZnTe QDs. As displayed by Figure 11, the inception
of band edge absorption was established to be red shifted with
increasing particle size confirming the sized dependent absorption
properties of ZnTe NPs. The energy band gap of ZnTe was
projected by means of Kubelka-Munk emission equation [33,
41], for direct evolutions. It was observed that the energy band gap
reduced from 2.27 t0 2.01 eV as the growth of the QDs progressed
for longer durations of growth as shown in Figure 12
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Figure 11: The Absorbance Spectra of ZnTe QDs Grown at
Various Reflux Time

Absorption spectra red-shifts upon increase in refluxing growth
time of ZnTe QDs samples. The size distribution becomes narrower
after synthesizing at various reaction times compared to the bulk
ZnTe. The absorption edges of ZnTe samples were in the range of
825 - 836 nm. The approximated band gap is; however, smaller
than that of the bulk ZnTe (2.26 eV). The observed reduction in
the energy band gap could be attributed to the surface defects
density of undoped ZnTe [24, 42].The slope of the different
samples prepared varied due to the non-uniformity in particle
sizes as confirmed by HRTEM analysis.The E values for the ZnTe
nanoparticles were calculated by extrapolating the linear portion
of the (khv) 2 verses hv curves to the hv axis (Figure 12). The E
values for ZnTe prepared at 15, 30, 60, 180, 300 and 420 minutes
were 2.27,2.20,2.19,2.17,2.16 and 2.01 eV respectively.

ZnTe 15 min
6 ZnTe 30 min
ZnTe 60 min
5 ZnTe 180 min
ZnTe 300 min
ZnTe 420 min

(Khvy (eVy

Figure 12: Graphical Plot Showing Variation in The Band Gap
Energy of the As-Prepared Znte Quantum Dots At Different Reflux
Time.

Conclusion

ZnTe QDs were successfully synthesized using a single apparatus
to produce QDs with a range of morphologies and sizes. Powerful
near-infrared emissions were observed from the ZnTe QDs
synthesized at 300 minutes which could be attributed by the
increased size of the ZnTe QDs. PL analysis showed a red shift
(799-804nm) in the emission band followed by a continuous
increase in the intensity as reaction progresses from 15 to 300
minutes. It also displayed a narrow size distribution of the
nanoparticles as indicated by PL bandwidth of 13.58 to 14.77
nm for various reflux time. Spherical ZnTe QDs with fairly
good mono-dispersion and average diameters increasing as
refluxing growth time increases were observed. The XRD pattern
for different refluxing growth time was found to be wurtzite
(hexagonal) with predominant (002) peak. It was realized that
the calculated sizes of the crystallites using the Scherrer equation
enlarged from 15.69 to 23.07 nm with increase in refluxing growth
time from 15 to 180 min. This could be observed and realized
through the narrowing of the X-ray diffraction peaks at extended
refluxing growth time. The as prepared ZnTe QDs at 180 minutes
synthesis time was found to be more crystalline than that at 15
minutes. The electronic properties obtained from the UV-Visible
radiation analysis displayed reduction in the band gap from 2.27
to 2.01 eV with increasing refluxing growth time. The obtained
properties of ZnTe QDs make them good candidates for biological
applications.
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