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Abstract: Quantum-confined CdTe nanoplatelets (NPL) are synthesized in colloidal solutions. The
formation, growth, and transformation of 2D NPLs are monitored using UV-visible absorption PL
spectroscopy and transmission electron microscopy. The luminescence intensity of NPL dependences
on the temperature and injection of precursors is shown. It is found that the luminescence spectra
shift to the long-wavelength region with increasing temperature due to an increase in the thickness
of the NPL. The dependence of the band gap on the thickness of the NPL is shown. The band
gap is determined by the thickness and number of layers. The dependence of the concentration of
precursors in the reaction mass and the kinetics of NPL growth are shown. The excitation of defect
states luminescence depends on the coordinating oleic ligand. The crystal structure of the CdTe NPL
was analyzed via the electron diffraction pattern (ED), which allows a comparative conclusion about
the crystal structure of the obtained NPL samples.
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1. Introduction

Over the last few years, a new class of colloidal semiconductor quasi two-dimensional
nanostructures called nanoplatelets (NPLs) has emerged. Atomically thin and flat two-
dimensional CdSe nanoplatelets (NPLs) with a large lateral size have excited the research
community [1]. These quasi-two-dimensional semiconductor NPLs strongly confine carri-
ers. Since the thickness of NPLs can be controlled with atomic precision, these structures
possess extremely narrow tunable absorption and emission bands. Due to their anisotropic
shape, they exhibit a huge absorption cross section [2-5], increased energy transfer rates
and optical gain [2], strongly anisotropic light emission [4-7], a high exciton binding energy
level, and a high oscillator strength [1]. All these properties make semiconductor NPLs
a potential candidate for low-gain lasing. The optical amplification threshold in NPLs is
partially determined by the lifetime of several excitonic states [2]. Multiexcitons decay is
caused predominantly by Auger recombination, where an electron-hole pair recombines
without emission, exciting a third particle (electron or hole) to a higher energy level to
conserve energy and momentum. The Auger biexciton lifetime increases linearly with
an increasing lateral area of the NPL, but it strongly depends on the thickness. However,
the nature and origin of the narrow exciton emission band of the NPL remains underex-
plored [3-5].

Cadmium telluride, a direct band gap ATBV! semiconductor with a zinc blende struc-
ture, is expected to have an even larger absorption cross section. Its optical absorption
is mostly provided by the formation of free excitons [6]. The authors [7-9] studied the
structural properties of cadmium tellurium nanocrystals. All these studies give a general
idea about the relevance of the use of and research on cadmium telluride. Although there
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are some comprehensive studies on the colloidal synthesis of CdTe quantum dots and
nanorods [4,5,10-16], there are only a few reports on the synthesis of CdTe NPLs with
a controlled shape due to the limited choice of tellurium precursors [17]. The authors
of [18] studied the colloidal synthesis of wurtzite CdTe NPL using tributyl phosphine as
a telluride precursor. They reported the colloidal synthesis of zinc blende CdTe NPLs
using cadmium propionate or cadmium acetate as the cadmium precursor and TOP-Te
(trioctylphosphine-tellurium) as the tellurium precursor. In this work, CdTe NPLs were
synthesized at temperatures of 180 °C, 200 °C, and 250 °C, showing the possibility of
increasing the NPL size by increasing the temperature and concentration of the metal
precursor [4]. In [5], the authors studied spontaneous NPL folding by replacing oleic acid
ligands with short-chain ones. The authors of [4] discovered that the film also has good
photoconductivity properties.

The transverse size and shape of zincblende CdTe NPLs can be further controlled by
changing the injection temperature or the molar ratio of oleic acid to a cadmium precursor
with short-chain carboxylate groups. However, the mechanisms underlying the growth of
CdTe NPLs are not fully understood [5,18,19].

Colloidal self-assembly is a powerful tool for controlling the orientation of building
blocks in highly ordered functional materials [20-22].

The success of semiconductor QDs and NPLs is becoming increasingly important
due to the fact that they indicate the application of nanotechnology in the fields of lasers,
bioimaging, LEDs, and sensors [15]. The recombination processes and volt-ampere charac-
teristics have resulted in an increase in the output current, which is good compared to the
few voltages used, which give good results for generating light.

In this article, we present a comprehensive study of the photoluminescence properties
of CdTe NPLs in terms of their lateral size and thickness. It is shown that the luminescence
intensity of NPLs depends on the injection temperature of precursors. We also show that the
luminescence spectra shift to the long-wavelength region with an increasing temperature
due to an increase in the thickness of the NPL. The dependence of the band gap on the
thickness of the NPL is shown. The dependence of the concentration of precursors in the
reaction mass and the kinetics of NPL growth are shown. The crystal structure of CdTe
NPLs was determined using an electron diffraction (ED) pattern method, revealing their
cubic crystal structure. For the prospect of using them as an candidate for low-threshold
lasing diodes, the current—voltage characteristic of CdTe NPL was obtained.

2. Materials and Methods

Chemicals. Cadmium acetate dihydrate (Cd(OAc),-2(H0)), (>98%), 1-octadecene
(90% ODE)), tellurium powder (98% Te), oleic acid (90% OA), propionic acid (99%), tri-
octylphosphine (95% TOP), hexane (95%), ethanol (95%), acetone, and liquid azote were used.

All the chemicals used were of the highest purity and were purchased from Sigma-
Aldrich Chemie GmbH or Merck. They were used without further purification.

CdTe NPL samples were synthesized using the high-temperature method of pulsed
nucleation at 180 °C for 30 min in a high-boiling-temperature solvent according to the
modified procedure [4,5,19,23]. Here, Cadmium acetate dihydrate (Cd(OAc),-2(H,0)),
was used as the cationic precursor, and tellurium powder dissolved in trioctylphosphine
at a concentration of 1M (1M TOP-Te) was used as an anionic precursor. Briefly, a mix-
ture containing 0.5 mmol of cadmium precursor, 0.25 mmol of oleic acid, and 10 mL of
octadecene was heated to 180 °C under an argon flow. After that, 100 uL of 1 M solution of
tellurium in trioctylphosphine (1M TOP-Te) was injected rapidly, and the growth of the
NPLs continued for 30 min. Then, 1 mL of OA was injected, and the flask was cooled down
to room temperature. The NPLs were precipitated by the addition of an equal volume of
acetone, separated by centrifugation, and dissolved in 2 mL of hexane. After two to three
cycles of repeated precipitation and redispersion, the solutions of the CdTe NPLs in hexane
with minimum impurity content were obtained.
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Material characterization. The UV-Vis absorption, photoluminescence (PL), PL excita-
tion (PLE), and temperature dependence of luminescence were determined using a Jasco
V 770 (Tokyo, Japan) spectrophotometer and Solar CM 2203 (Minsk, Belarus) spectroflu-
orimeter. A UV —Vis spectrophotometer with 1 nm resolution in a quartz cell with 1 cm
path length was used. In situ PL was performed using an Ocean Optics QE 65 pro (Duiven,
Netherlands) with laser radiation with a wavelength of 400-450 nm. Low-resolution trans-
mission electron microscopy (TEM) images were acquired using a JEM 1400 Plus (Tokyo,
Japan) Jeol. High-resolution TEM (HRTEM), high-angle annular dark field-scanning trans-
mission electron microscopy (HAADF-STEM), and STEM-energy dispersive X-ray spec-
troscopy (STEM-EDX) were performed using an FEI Tenai Osiris transmission electron mi-
croscope operating at 200 kV. Ligand exchange was characterized using a Fourier-transform
infrared spectrometer (FI-IR Jasco 4700). The current—voltage characteristic using a 10 pm
Pedot-TiO; electrode was obtained on a PalmSens4 potentiostat.

3. Results and Discussion

The optical properties of the CdTe NPLs were observed from aliquots at 5 min and
at 30 min of synthesis. The aliquots were purified with acetone and ethanol in equal
proportions, centrifuged at 5000 rpm for 10 min, and redispersed in hexane. The purification
procedure was repeated three times. The size-selective precipitation methods did not
always succeed in removing the other nanoparticles from the solution, which can be
seen in the transmission electron microscopy (TEM) images. Therefore, there is some
difference between the absorption, excitation, and PL spectra of the aliquots and purified
NPL samples.

Figure 1 shows the absorption and photoluminescence (PL) spectra of the CdTe NPL
at room temperature. The absorption spectra reveal two distinct exciton absorption peaks,
which can be attributed to the quasi-two-dimensional NPL structure of CdTe. The ab-
sorption peaks (black curve) correspond to the electron-light hole transition (384 nm and
445 nm) and the electron-heavy hole transition (426 nm and 494 nm), respectively [23].
The PL spectra show a sharp emission peak and a small Stokes shift (4 meV and 7 meV
for each peak group). Because CdTe NPLs are only a few nanometers thick, they are
much thinner than their side dimensions, NPLs have a very strong thickness dependent
quantum confinement effect. The full width at half maximum of the room temperature
(PL) photoluminescence spectra measured for the CdTe nanolayers are much narrower
than those for the quantum dots. Based on the emission wavelengths located at 428 nm
and 503 nm, the CdTe NPL thickness can be determined as 4 ML and 5 ML, respectively.
These data also correlate well with the data of other authors [23]. The full width at half
maximum (FWHM) is about 9.6 nm for the other samples of the same order, which im-
plies the good thickness uniformity of the CdTe NPL. For the CdTe NPL, the absorption
spectrum is shown, corresponding to the samples taken sequentially during CdTe NPL
synthesis (30 min in 180 °C). At the initial stages of synthesis, several NPL populations
with a thickness of 4-5 ML coexisted simultaneously (Figure 1). After 30 min of synthesis
and beyond, the population of 5 ML NPL became dominant. During the synthesis, NPL
populations were replaced by others. Probably, thin NPLs disappeared during the reaction,
with the gradual formation of thick NPLs [23]. However, it was not possible to obtain large
NPL samples at this temperature, so the synthesis temperature must be increased. The NPS
thickness depends on the synthesis temperature and precursor concentration.

The positions of the absorption peaks do not depend on the lateral dimensions of the
NPL [24]. The positions of the edges of the conduction bands (CB) and the valence band
(VB) NPL can be estimated from the energies of the exciton transitions [2].

Based on the principle that each NPL population corresponds to a certain PL, the
appearance and disappearance of emissions will indicate a successive change in the NPL
population during synthesis.
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Figure 1. Optical absorption and photoluminescence spectra of CdTe NPL at 180 °C. The 4-5 monolayers;
L and H—light and heavy holes, respectively.

As the thickness of the NPL increases, i.e., an increase in the number of mono layers
(MLs), the interplane distance between these plates increases. This leads to a shift of the
emission and excitation to the long- wavelength region (Figure 1, insert). Accordingly, the
band gap width also decreases.

To study the optical properties of CdTe NPL, the temperature dependence of the PL
was measured. Figure 2a shows the PL spectra of the aliquots NPL samples at 30 min
and 5 min. A Gaussian distribution was observed for the 5 min band (Figure 2a). All
the bands belonging to nanoplatelets (2.5 eV) and spherical nanoparticles (2.22 eV) are
clearly visible in the figure. Figure 2b shows the PL spectra of in situ synthesis NPL
samples. A Gaussian distribution was made for a 30 min band (Figure 2b, insert 1). All
bands belonging to the nanoplatelets (2.77 eV), tetrapods (2.39), and spherical nanoparticles
(2.04 eV) are clearly visible in Insert 1. The obtained data are consistent with the literature
data [1,4,5,25]. The Insert in Figure 2a and Insert 2 in Figure 2b show the PL spectra for the
short-wavelength and long-wavelength bands when heated from room temperature and
above. It is noted that with an increasing temperature, the intensity of the peak increases,
reaching a maximum value at 35-40 °C (Figure 2a) 33 °C, and 45 °C (Figure 2b), and then
gradually decreases. For the long-wavelength band, an increase in temperature results in
PL quenching. This behavior is typical for all the samples.
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Figure 2. PL spectra of CdTe NPL. (a) Aliquots at 5 (resolved into individual Gaussian components)
and 30 min of synthesis at 180 °C. Insert: spectra of temperature dependence of photoluminescence
of CdTe NPL samples for the short-wavelength emission band and long-wavelength emission band.
(b) In situ synthesis PL spectra of CdTe NPL at 170 °C. Insert (1) sample of 30 min resolved into
individual Gaussian components; Insert (2) spectra of temperature dependence of photoluminescence
of CdTe NPL samples for the short-wavelength emission band and long-wavelength emission band.
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It is known that, for semiconductors, the intensity of photoluminescence will decrease
with an increasing temperature due to the thermal release of carriers or thermal activation
of nonradiative recombination centers [2]. In Figure 2a,b, for the NPL samples in the
temperature range between 35 and 45 °C, there is a slight increase in emissions. According
to the authors of [2], this means that more carriers recombine radiatively near the band
edge. In the absence of external carriers, this observation can only be attributed to the
release of carriers in a localized state (LS) due to the elevated temperature. In addition, the
temperature dependence of PL for the long-wavelength band is measured. An increase in
temperature from 22 °C to 53 °C leads to emission quenching. This phenomenon can be
understood from the proposition that an increase in temperature leads to the disordering
of the NPL surface. There is an opinion that the long-wavelength band is related to the
features of the NPL surface. The same behavior of the long-wavelength region associated
with surface defects and vacancies is characteristic of QDs, for example, CdSe [25].

The homogeneous NPL samples were sensitized. After the injection of precursors, the
PL spectra of the aliquots were measured (Figure 3). Analyzing the PL spectra, the depen-
dences of the spectral position of the emission on the number of introduced precursors
were plotted.
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Figure 3. The PL spectra of aliquot in (a) short-wavelength region and (b) long-wavelength region.

For the short-wavelength region, from the general considerations of the formation,
maturation, and growth of nanoparticles, considering the literature data [26], we can
assume that each injection of precursors caused the further growth of the NPLs. The
evidence of such growth is characterized by redshift; hence, there was a decrease in the
exciton transition energy.

It is assumed that the shift of the short-wavelength band to the right is associated
with an increase in the number of monolayers. As can be seen from Figure 3a, the addition
of precursors does not lead to the instantaneous growth of layers; there is a stabilization
plateau (steps). The movement of the absorption and emission bands to the right side was
synchronous, i.e., accompanied with the preservation of the Stokes shift. At the same time,
the long-wavelength band is characterized by a change in position immediately after the
injections (Figure 3b). This behavior is characteristic of the growth of CdTe QDs. Usually,
QD growth is accompanied by spontaneous growth during precursor injections.

But also, this dependence can be interpreted as the fact that stabilization plateaus
(steps) lie within the same structure, and the shift can be due to a small difference in
compositions across the layer (from Cd to Te), which is consistent with [26].

It is more difficult to determine the nature of a long-wavelength emission, since its
nature can be associated with defects, QD growth, and the lateral growth of nanoplates.
These processes can run in parallel and contribute to the emission. This is an interesting
area for future research.
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Further, it is assumed that with an increase in the synthesis time, the growth step will
broaden, i.e., with an increase in the length of the NPL, the step should increase under the
condition that the aliquots are taken at equal time intervals. For the best results, in situ
synthesis is necessary.

The TEM images in Figure 4 show a square-shaped NPL. The inserts shows the
particle size analysis results of the TEM image of the CdTe NPL samples of each of the
samples, respectively.
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Figure 4. TEM images of CdTe NPL: (a) 5 min aliquots; (b) 30 min aliquots of synthesis; (c) in situ
synthesis; inserts: size distribution of the CdTe NPL.

The growth of the NPL is observed on the histograms in the inserts. Sample 1 (5 min
aliquot) is dominated by NPLs with a size of 20-30 nm. For sample 2 (30 min aliquot),
the lateral growth and, presumably, a slight thickening of the NPL (40-60 nm) upon the
addition of precursors, is observed. The NPLs of a small size form large NPLs. Sample
3 (in situ synthesis) is dominated by NPLs with a size of 100-120 nm.

This difference is presumably due to the fact that when taking aliquots, the reaction
mass and, accordingly, the growth material decrease.

To further analyze the crystal structure of the as-prepared CdTe NPLs, the selected area
electron diffraction (ED) HRTEM pattern of CdTe NPLs shown in Figure 5a was resolved
by using the Image] tool. Figure 5b shows that the diffraction pattern indicates quasi-single
crystalline pattern from the CdTe NPLs. Figure 5c—e presents an HAADF-STEM image and
the corresponding STEM-EDX elemental maps of the CdTe NPLs. The element maps show
that the obtained NPLs contain both Cd and Te elements, with both elements being evenly
distributed throughout the CdTe NPLs. The most pronounced reflections closely match
those of cubic CdTe (JCPDS 01-075-2086, Table 1), revealing the zinc blende structure of the
NPLs. These results agree with the literature data [5].

Table 1. Lattice spacings of CdTe NPLs fitted by using Image] tools.

Fitted Lattice Standard Lattice Spacings d

k (nm~1) Spacings d (&) Miller Indices (hkl) (A) (JCPDS 01-075-2086) 2Theta (Deg) I (%)
2.54 3.93 (111) 3.70 24.027 0.3
3.06 3.26 (200) 3.20 27.814 100
420 2.37 (220) 2.26 39.741 67.7
5.02 1.98 (311) 1.93 46.977 0.1
5.55 1.79 (222) 1.85 49.201 21.8
6.08 1.64 (400) 1.60 57.460 9.3
6.67 1.49 (331) 1.47 63.177 0.1
722 1.38 (422) 1.30 72.132 15.5

8.93 111 (440) 1.13 85.655 4.1
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labeled Miller indices.

Semiconductor NPLs with lateral dimensions are potentially interesting nanoparticles
for the construction of devices such as Light-Emitting Diodes, photovoltaic cells, or even
photodetectors. This material does not shown any measurable conductance as long as the
NPLs are caped with an initial oleic acid ligand. On the other hand, after changing the
ligand to a shorter TGA ligand, which is also hydrophilic, we can observe a conduction
signal. We measured the photoresponse of these CdTe NPL films (Figure 6).
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Figure 6. I-V curves under illumination of a film of CdTe NPLs, with an exciton peak at 500 nm.

Figure 6 shows the I-V characteristics of CdTe NPL obtained using the Pedot/TiO;
electrode. The I-V appearances of the hybrid Pedot/CdTe/TiO; device indicate an ex-
ponential increase in the current. In a forward bias, the conduction band barrier will
shrink due to the exponential distribution of electrons and holes in the conduction and va-
lence bands, and thus, the diffusion current running through the hybrid junction increases
exponentially with an increasing forward bias.
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4. Conclusions

We have carried out a series of experiments on the synthesis and acquisition of the
optical-luminescent characteristics of synthesized CdTe nanoplates at room temperature
and under heating.

We assume that the presence of several groups of thicknesses in the absorption spectra
indicates that the thickness directly depends on the temperature of the introduction of
the precursor anion. The initial temperature was the injection temperature, 160 °C, which
was increased to 180 °C for 3-5 min. This is due to four and five monolayer NPLs were
formed, respectively.

Our observations of the temperature effect on the NPL dimension showed that the
synthesis temperature of 180 °C is insufficient to obtain large NPL samples.

For the first time, the photoluminescence spectrum during the synthesis and growth
of NPLs was obtained and studied. The influence of temperature and the concentration of
precursors on the thickness of the NPL were assessed.

According to the photoluminescence spectra obtained using two methods, it was
found that with the in situ method, NPLs can be obtained in larger sizes, since the reaction
mass was taken using the method of selecting aliquots, which reduces the concentration
and, accordingly, the size of the NPLs.

We have found that an increase in temperature leads to the disordering of the CdTe
NPL surface. According to the PL spectra, the high-energy band should be associated with
exciton transitions, while the low-energy band should be assigned to the CdTe NPL surface
states, as in semiconductor quantum dots.

The transmission electron microscope (TEM) half-images show various sizes of CdTe
NPLs, which supports the theory of the lateral growth of nano wafers. According to the
electron diffraction data obtained using a high-resolution transmission electron microscope
(HRTEM), the cubic crystal structure of the NPLs was analyzed and revealed.

We have obtained the I-V characteristics of the CdTe NPL, which shows an exponential
increase in the current. These results are promising for the future study of NPLs as a
candidate for low-threshold-generating diodes.

Comparing the obtained results with the literature data, we can confirm that the thick-
ness depends on the temperature, while the lateral dimensions depend on the concentration
and time of synthesis. To obtain large NPLs, it is necessary to increase the temperature and
increase the concentration of precursors in the reaction mixture.
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