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Abstract: This study focuses on the investigation of a CdTe quantum dots (QDs) formation from a
cadmium-carboxylate precursor, such as cadmium isostearate (Cd(ISA)2), to produce CdTe QDs with
tunable photoluminescent (PL) properties. The CdTe QDs are obtained by the thermal decomposition
of precursors directly in the polymer matrix (in situ method) or in solution and then encapsulated in
the polymer matrix (ex situ method). In both approaches, the time course of the CdTe QDs formation
is followed by means of optical absorption and PL spectroscopies focusing on viable emission in the
spectral interval between 520 and 630 nm. In the polymeric matrix, the QDs formation is slower than
in solution and the PL bands have a higher full width at half maximum (FWHM). These results can
be explained on the basis of the limited mobility of atoms and QDs in a solid matrix with respect
to the solution, inducing an inhomogeneous growth and the presence of surface defects. These
achievements open the way to the exploitation of Cd(ISA)2 as suitable precursor for direct laser
patterning (DPL) for the manufacturing of optoelectronic devices.

Keywords: CdTe; quantum dots; cadmium isostearate; tri-n-octylphosphine telluride; polymer;
optical spectroscopy

1. Introduction

The interest in the semiconductor quantum dots (QDs) stems from their unique optical
and electronic properties compared to bulk materials [1]. Indeed, as a consequence of the
quantum confinement effect, the band gap of semiconductor QDs can be tuned with the
size and shape of the particles [2]. The intensive studies on these materials showed also the
possibility to reach photoluminescence quantum yields (PLQY) above 70%, color saturation
related to narrow photoluminescence (PL) linewidth (full width at half maximum, FWHM,
between 20 and 40 nm), and precisely tunable emission wavelengths based on the control of
composition and size [3–5]. All these developments were possible, because during the last
decades the synthetic strategies of semiconductor QDs allowed the precise control of size,
size distribution shape and composition. In general, the semiconductor QDs are formed
with IV, II-VI, I-III-VI, I-II-IV-VI grouped material and among them the II-VI cadmium-
chalcogenide compounds show excellent optical properties and can be incorporated into
polymer matrices [6].

The possibility to incorporate the cadmium-chalcogenide QDs within the polymeric
matrices further stimulate the interest toward industrial photonics application such as
for solar concentrators [7], waveguides [8], biological labels [9] and light emitting diodes
(LED) [10,11]. In general, the nanocomposite can be obtained by mixing the preformed
QDs and polymer (ex situ methodology) or inducing the growth of the QDs within the pre-
formed polymer (in situ methodology). In this last case the semiconductor QDs formation is
achieved by the transformation of a suitable precursor induced by a chemical reaction [12]
or by an energy variation (temperature or radiation) [13–16].
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The formation of the cadmium-chalcogenide QDs when activated by an external
source of energy in the form of heat or radiation is of particular interest, because it can be
localized allowing the patterning of the semiconductor QDs. Recently this basic idea has
been shown possible by several authors and it is the basis of the direct laser patterning
approach, i.e., the process in which the laser source modifies a material to obtain the
desired effect (QDs formation) [17] only in specific area of the sample (patterning) [18,19].
To date, the work showed in these papers is focused mainly on the formation of CdS QDs
from the cadmium bis(benzythiolate) precursor [20] and only recently of the CdSe QDs
from cadmium 2-(N,N-dimethylamino)ethylselenolate [21,22]. In all these cases, the PL
emission obtained with the laser process is broad (from 400 to 600 nm) and the possibility
of modulating the PL emission tuning the laser parameters it is not well defined.

To overcome this limitation, in this study the synthesis of a new type of precursor
generating the CdTe QDs by thermal treatment within a polymer is reported together with
the possibility to produce CdTe QDs with a PL band from green to red. The selection of this
cadmium chalcogenide compound is due to its band-gap properties. Indeed, CdTe QDs
have has a narrow band-gap of 1.5 eV [23], which is suitable for producing QDs absorbing
and emitting at visible-near infrared (NIR) wavelengths by modulating the nanometric size
of the particles within a small range (2–5 nm) [2,24]. Regarding the possibility of having
a precursor with a PL emission ranging from green to red, changing the annealing time
would be the preliminary step to test this precursor for laser patterning of the QDs.

Several precursors are reported to prepare II-VI QDs [25], and in recent literature,
some of the most used precursors of CdS and CdSe QDs in solid state are mainly single
source precursors like cadmium thiolates [26,27], cadmium xanthates [13,28] and cadmium
selenolate [29]. These compounds show three main characteristics: (i) high solubility in
organic solvent (ii) a decomposition temperature below 300 ◦C degrees and (iii) a relatively
simple way of synthesis [30].

Although all this work has been done using CdS and CdSe precursors, little is reported
regarding the synthesis of CdTe nanocrystals from single source precursors in thin films.
A well identified and studied CdTe QDs single source precursor is the cadmium ligand
of the ditelluride(imidodiphosphinate) as reported in ref [31]. However, the synthesis of
such a compound requests several steps and many of them need to be followed under
controlled atmosphere and request careful sample handling and specific analysis. In this
case a simpler chemical approach may guarantee the QDs synthesis and also the industrial
application of the process.

The complex chemical path pushed the research toward a simpler strategy of nano-
composite synthesis involving the dual source precursors [32–34] in which the sources of
cadmium and of tellurium are located in two different molecules that are finally mixed
with the polymer.

In this context, the novelty of this work is to find the suitable precursors and the
physical conditions for the formation of CdTe QDs within a polymer to promote their
in situ growth with photoluminescent (PL) emission ranging from green to red of the
visible spectrum. The majority of the literature reported the ex situ formation of the CdTe
nanocomposites [35], and only few references reported the in situ generation of CdTe QDs
but not in film [33]. In this work, the CdTe QDs are formed in the solid state, i.e., in a
polymer/precursor film that is annealed after its deposition.

For this purpose, the film chemical composition and the CdTe QDs growth conditions
have to be carefully studied. In particular a key step is the choice of cadmium and
chalcogenide precursors that should have a relatively low decomposition temperature and
high solubility in hydrophobic polymers to be applied on devices [10]. Then it is important
to investigate the conditions of QDs growth, such as temperature and reaction time, suitable
to produce CdTe QDs with PL emission ranging from green to red. In this perspective,
a carboxylate complex of cadmium, namely the cadmium isostearate (Cd(ISA)2) and the
tri-n-octyl phosphine telluride (TOP-Te), were selected as metal and chalcogenide sources
for CdTe QDs.
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The CdTe QDs obtained directly in the polymer matrix (in situ method) through the
thermal decomposition of the precursors were analyzed by means of UV-Vis absorption
and PL spectroscopies, transmission electron microscopy (TEM), and scanning transmis-
sion electron microscopy (STEM). A further study of the nanocomposite film was made
by forming the CdTe nanocomposite film through mixing the polymer with CdTe QDs
prepared in solution (ex situ methodology).

2. Materials and Methods
2.1. Chemicals

Cadmium oxide (CdO, 99.5%), tellurium (Te, 99.8%), trioctylphosphine (TOP), poly
(methyl methacrylate) (PMMA), isostearic acid (ISA, technical grade, 90%), octadecene
(ODE technical grade, 90%), and chloroform (≥99.8%) were purchased from Sigma-Aldrich
(Milano, Italy) and used without further purification.

2.2. Synthesis of Cadmium Isostearate (Cd(ISA)2)

The synthesis of cadmium isostearate (Cd(ISA)2) is carried out according to the
procedure reported in literature with minor modifications for the cadmium carboxylate
compounds [35].

In a 25 mL three-bottom flask, 2.6 mL of ISA (8 mmol), 7.5 mL of ODE (23.4 mmol),
and 385 mg (3 mmol) of CdO are mixed. The mixture is degassed at 100 ◦C for 20 min
and exposed under nitrogen for 15 min. After that, the temperature is raised at 280 ◦C
to better dissolve the CdO under nitrogen gas. The system is kept at 280 ◦C for a further
30 min to allow for the formation of Cd(ISA)2, obtaining a final colorless homogeneous
solution. After this period, the system is cooled down at room temperature, and the crude
of reaction is washed by adding acetone to eliminate the excess of ISA to give compound
Cd(ISA)2 (4.8 g, 7 mmol, 87.5%).

In order to confirm the structure of Cd(ISA)2 compound, a high-resolution 1H-NMR-
spectra is acquired by using a Bruker AM-400 instrument. The chemical shifts of the
analyzed structure are referenced to the residual peaks of the deuterated solvent: chloro-
form (7.26 ppm). The results of the analysis are reported below.

The 1H-NMR spectrum of Cd(ISA)2 (400 MHz, 20 ◦C, CDCl3, m = multiplet and br, m =
broad multiplet), δ (ppm): 2.4–2.36 (m, 4H,-CH2-CO2-), 1.32–1.15 (m, 58H,
2x -CH-(CH2)14-), 0.95–0.89 (br, m, 12H, 4x -CH3) ppm, confirms the identity of chemical
compound.

2.3. Synthesis of CdTe QDs Films via In Situ Route

The hybrid polymeric films containing cadmium and tellurium precursors are pre-
pared as following.

First of all, polymer solution is prepared dissolving the PMMA into chloroform to
achieve final concentrations of 200 mg/mL. In a vial, 1 mL of the polymeric solution and
40 mg (0.059 mmol) of Cd(ISA)2 are mixed. The mixture is left under stirring for 1 h at
T = 35–40 ◦C until Cd(ISA)2 is completely dissolved. Within the Glove Box (ITECO G50),
16.5 µL of trioctylphosphine telluride (TOP-Te) solution 0.9 M [36] are added to the prepara-
tion, respecting the mol ratio of Cd and Te to 4:1 [34]. The mixture is taken out of the Glove
Box and left again stirring for 1 h at T = 35–40 ◦C to achieve a completely homogeneous
solution.

The solution is used to produce films by the spin-coating technique on quartz slides
(20 × 10 mm2) for optical characterization. The depositions are performed by using
a PoloSpin 150i/200i spin coater. The films are produced on substrates by dropping
80 µL of the solution and by spinning for 45 s at 1000 rpm with a max recipe speed of
1000 rpm. To generate the CdTe QDs within the polymeric matrix the films are annealed
under vacuum by means of a Buchi furnace B585. The temperature and the time of
annealing are investigated in the range between 120–180 ◦C and 5–120 min, respectively.
The samples are repeated three times to test the reproducibility of the procedure.
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2.4. Synthesis of CdTe QDs via Ex Situ Route

In a three-neck round-bottom flask, 20 mL of ODE are exposed to vacuum for 20 min
at 100 ◦C. After that, 200 mg (0.3 mmol) of Cd(ISA)2 are added to the solution and the
mixture is left stirring under nitrogen at 100 ◦C for 1 h to dissolve the Cd(ISA)2 completely.
Subsequently, the mixture is cooled down at room temperature, divided into rates of 2 mL,
and 8 µL of trioctylphosphine telluride (TOP-Te) solution 0.9 M are added in each solution
under inert condition within the Glove Box, respecting the mol ratio of Cd and Te to 4:1.

Each solution is taken out of the Glove Box and left again stirring at 150 ◦C for different
periods of time, 5, 10, 15, 20, 30, and 60 min respectively, to obtain CdTe nanocrystals with
different morphological and photophysical features. After each period, the tubes with the
solutions are removed from the hotplate and cooled down to room temperature in water.

To precipitate the CdTe QDs from ODE a volume of 2 mL from each tube is divided
into ten Eppendorf.tubes A volume of 1.5 mL of acetone is added to 200 µL of CdTe QDs
solution in the Eppendorf tube and centrifuged at 15,000 rpm for 10 min. Subsequently, the
supernatant is discarded and the precipitate is collected and dissolved in toluene.

In addition, in this case, the samples are repeated three times to test the reproducibility
of the methodology.

2.5. Synthesis of CdTe QDs Encapsulated in Polymeric Films via Ex Situ Route

In order to encapsulate the CdTe QDs produced by the ex-situ method in an appropri-
ate polymer matrix, 200 µL of a 200 mg/mL solution of PMMA are added to CdTe QDs
dried under nitrogen gas. The final solution is stirred at room temperature for 10 min and
used to produce films by the spin-coating technique on quartz slides (20 × 10 mm2) for
optical characterization. The depositions are performed by using a PoloSpin 150i/200i spin
coater. The films are produced on substrates by dropping 80 µL of the solution and by
spinning for 45 s at 1000 rpm with a max recipe speed of 1000 rpm.

2.6. Characterizations

The optical properties of the samples are investigated by UV-Vis absorption and PL
spectroscopies measurements.

Absorption spectra are recorded on a Jasco V750 spectrophotometer (Jasco Europe–
Cremella (Lc), Italy), in a spectral range of 200–800 nm, the integration time of 0.6 s, and
slit widths of 1.5 nm.

PL emission spectra are obtained by using a Fluoromax 4 Plus (Horiba Italia s.r.l. Roma
Italy) spectrofluorometer equipped with Origin program for data acquisition and analysis
in the spectral range from 450 to 690 nm. The excitation wavelength of 350 nm is used
with a spectral bandwidth of 1.5 nm for both the excitations and emission monochromators
and a cut off filter at 399 nm to characterize all the samples. The curves are automatically
corrected for the spectral response of the detector.

UV-Vis absorption and PL emission spectra of CdTe QDs obtained with solvothermal
synthesis are recorded using toluene as solvent.

The morphological and structural properties of the samples are investigated by TEM
and HAADF-STEM analyses (the microscope and all the TEM accessories listed below
are from Thermo Fisher Scientific-Milano). The TEM analyses are performed with a FEI
TECNAI F20 microscope operating at 200 keV. The instrument is also equipped with a
dispersion micro-analysis of energy (EDS) and the STEM accessory. The TEM images are
taken in the phase contrast mode (HREM).

The STEM pictures are recorded using a High Angle Annular Dark Field (HAADF)
detectors: in this imaging mode, the intensity I is proportional to Z1.7t, where Z is the mean
atomic number and t is the thickness of the specimen.

Before the TEM observation, the CdTe QDs films are dissolved in 500 µL chloroform
to obtain a final solution that is dropped over a TEM grid for the next observation.
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The TEM analysis of the CdTe QDs obtained with solvothermal synthesis was carried
out by diluting the prepared solution to obtain a monolayer of nanoparticles visible on the
TEM grid.

2.7. Data Analysis

All the PL and UV-Vis spectra are elaborated with Origin Pro program.
The averaged particle size (d) is estimated from the UV-Vis spectra according to the

empirical equation (Equation (1)) derived as shown Equation (1)) derived as shown by
Kamal et al. [37]:

Eg(d) = 1.51 +
1

0.048d2 + 0.29d − 0.09
(1)

where Eg(d) is the band-gap energy of the QDs in eV that is determined from the wavelength
of the first exciton peak in the absorption spectrum and “d” is the QDs diameter expressed
in nm.

The PL spectra are normalized to 1 and deconvolved by using Gaussian functions to
determine the peak position, amplitude (FWHM) and integrated intensity of the bands.

The error bars are estimated in term of standard deviation over three set of experi-
ments.

3. Results and Discussion
3.1. CdTe QDs Films via In Situ Route

In order to form a homogeneous mixture of cadmium, tellurium, and PMMA that will
ensure a QDs uniform distribution, both precursors have to be soluble in organic solvents.
The cadmium atom becomes soluble in organic solvent when it is bound with a fatty acid
to form a cadmium carboxylate [38]. In the present case, the cadmium carboxylate has
been obtained by combining the cadmium oxide with isostearic acid in the presence of a
solvent (ODE) at relatively high temperature. On the other side the Te solubilization has
been obtained, dissolving the Te in TOP with a TOP/Te molar ratio slightly more than
2. The TOP-Te liquid is soluble in chloroform, so the PMMA can be readily added to the
solution. In such a way, the precursors and the polymer are ready to be mixed to form a
thin film. The film contains all the reagents that under thermal treatment can react to give
the expected product CdTe QDs following Scheme 1 [39].
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Scheme 1. Scheme of the synthesis of the cadmium isostearate, trioctylphosphine telluride and the
CdTe quantum dots (QDs).

In order to find the conditions of the CdTe QDs formation with an emission spanning
from green to red wavelengths, the effect of the annealing temperature and time is explored.
In particular, the goal of this first set of the experiment is to determine a relatively low
temperature (below 200 ◦C in order to preserve the polymer from decomposition) that
induces the CdTe QDs formation according to Scheme 1. Then, it is necessary to find an
appropriate time interval that allows the formation of QDs of variable size, i.e., optical
properties.
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3.1.1. Effects of the Annealing Temperature

In the first set of experiments, the reaction conditions to grow CdTe nanocrystals with
tunable emission properties are estimated by investigating the effects produced by the
temperature in the range from 120 to 180 ◦C and by the time for 5 and 20 min.

In Figure 1, the normalized PL spectra of the films prepared in different conditions
of time and temperature are reported. Figure 1a shows the PL emission spectra of three
films annealed at different temperatures (120, 150, and 180 ◦C) for 5 min. On the basis of a
previous studies [33,34] and by considering the reactivity of the CdTe QDs from Cd(ISA)2
and TOP-Te precursors, the PL signals can be reasonably ascribed to the formation of
CdTe nanocrystals. It is evident that an annealing process of 5 min at 120 ◦C does not
produce any PL emission (black line), suggesting the non-formation of luminescent CdTe
nanocrystals. In contrast, the increase of the temperature to 150 ◦C (blue line) produces
a PL emission centered at 525 nm with a shoulder at 570 nm, suggesting the presence of
two groups of CdTe nanocrystals. The further increase in temperature to 180 ◦C for 5 min
produces an emission band with a peak at 598 nm (purple line) and a shoulder at 560 nm,
pointing out that two populations of QDs still exist, but the main products are the red QDs.
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Figure 1b shows the PL emission spectra for three films annealed at different tempera-
ture (120, 150, and 180 ◦C) for a longer time of 20 min. As a general trend, one can see that
the increasing in the duration of the annealing process from 5 to 20 min produces a red
shift of the peak wavelength.

The PL emission spectrum of the film annealed at 120 ◦C for 20 min (black line) shows
a principal peak at 585 nm with a shoulder at 550 nm, indicating the presence of two
populations of CdTe nanocrystals. Considering that the annealing process at 120 ◦C for
5 min produced no luminescent films, one can rule out such a temperature condition for
the synthesis of CdTe QDs.

As regards the films processed at 150 and 180 ◦C for 20 min (blue and purple lines),
the spectra show similar shape and exhibit PL peaks at about 600 and 618 nm, respectively,
suggesting the formation of one population of CdTe nanocrystals.

The overall picture of the trend of photoluminescence maxima as a function of the
annealing temperature and time is shown in Table 1, and it is used to identify the best
conditions to study the growth process of CdTe QDs in the polymeric matrix. To obtain an
emission spanning from green to red wavelengths, the temperature of 150 ◦C is chosen for
further experiments on the basis of the greatest distance (∆PL) of the PL maxima at 5 and
20 min.

Table 1. Photoluminescent (PL) peak position as a function of annealing time and temperature.

Annealing
Temperature (◦C)

PL Max (nm)
5 min

PL Max (nm)
20 min ∆PL (nm)

120 - 587 -
150 526 601 75
180 597 618 21

This temperature is relatively low to allow the formation of the QDs without destroy-
ing the polymer or for further application on electrooptical devices.

3.1.2. Effects of the Annealing Time

The second set of experiments is carried out to investigate the time course of the
absorption and PL properties, at 150 ◦C in the hybrid films. Figure 2 reports the images
taken under the UV lamp at 365 nm and the respective absorption and normalized PL
spectra of the samples annealed for 5, 10, 20, 30, 60, and 120 min under vacuum. It is evident
that the duration of the annealing process allows modulating the emission properties
(the size of the CdTe QDs) of the films from green to red wavelengths. The absorption
spectra of the samples show well distinct absorption maximum, which is reasonably due
to the first electronic transition of CdTe QDs. The main absorption peak shifts from 524 to
570 nm, as the duration of the annealing process increases, indicating that the annealing
time is crucial to modulate the optical properties of the CdTe nanocrystals grown within
the PMMA matrix.

The same trend is observed for the averaged peak position of the PL bands, which
move from 551 to 608 nm. Considering that the optical features of QDs are strongly
dependent on their size, the averaged dimension (d) of the nanocrystals produced within
the polymeric films is estimated from the absorption spectra according to Equation (1).

Table 2 summarizes the value of the QDs size as derived from PL spectral characteris-
tics of the nanocomposites as a function of time.
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(d) 30, (e) 60, and (f) 120 min under vacuum. Inset: photographs of the films acquired under UV
lamp at 365 nm.

Table 2. Calculated QDs size (d) and PL bands parameters as a function of the annealing time.

Growth Time (min) D (nm) Averaged PL Peak
Position (nm)

PL FWHM
(nm)

5 2.82 ± 0.08 551 * ± 3 80 ± 14
10 2.99 ± 0.11 573 * ± 14 60 ± 10
20 3.16 ± 0.12 598 ± 7 57 ± 3
30 3.21 ± 0.10 600 ± 5 56 ± 1
60 3.24 ± 0.08 601 ± 4 55 ± 1

120 3.37 ± 0.14 608 ± 10 54 ± 1
* The averaged PL peak position is calculated approximating the double emission peak as a single Gaussian
function.

The trend of the QDs size (d) as a function of the annealing time is reported in Figure 3.



Crystals 2021, 11, 253 9 of 18

Crystals 2021, 11, x FOR PEER REVIEW 10 of 20 
 

 

 
Figure 3. Estimated average size of the CdTe nanocrystals (d) as a function of the annealing time. 

The trend of the estimated average size of the CdTe QDs is described by an exponen-
tial growth function meaning that the formation of CdTe QDs occurs relatively fast during 
the first minutes of the annealing process, producing nanocrystals with a size around 2.82 
nm. Then the growth process becomes slower, and the averaged size approaches 3.37 nm. 
The trend of this curve can be reasonably explained on the basis of the processes occurring 
for the QDs growth in solution for the reactions between the cadmium carboxylates and 
phosphine chalcogenides [38,40,41]. 

As a matter of fact, the general consensus on the formation mechanism of CdE (E = 
S, Se, Te) QDs in solution is that the cadmium carboxylate and phosphine chalcogenide 
(TOP-E) starts to react forming a monomer, CdE, that subsequently undergoes crystalli-
zation by assembly into nanocrystals [38]. The CdE monomer is formed by the reaction of 
the cadmium carboxylate with the TOP-E precursor that involves a transition state formed 
by a Lewis acid-base complex in which the electron-rich telluride atom binds to Cd2+ site 
of the cadmium precursor [40,41]. The rapid increase in monomer concentration (super-
saturation) produces the formation of small QDs nuclei (“nucleation burst”), which is then 
followed by a slower growth of the QDs by monomer addition according to La Mer model 
[42].  

In this particular case, at the beginning of the annealing process, the decomposition 
of Cd(ISA)2 and TOP-Te precursors embedded in the polymeric matrix produces a super-
saturation of CdTe QDs monomer, which is followed by a burst of nucleation of nanocrys-
tals. This first stage happens during the first minutes of the annealing process, then the 
growth takes place, and the QDs size moves from 2.82 to 3.16 nm after annealing treat-
ments of 5 and 20 min, respectively. As soon as the precursors finish, the growth slows 
down and the size remains slightly constant. Further aggregation or particles ripening is 
prevented by the presence of the polymer which does not favor the displacement of the 
nanoparticles. 

The values of the FWHM of the PL bands reported in Table 2, are larger (55 nm–80 
nm) with respect to the ones obtained commonly in solution, which are within 30–40 nm. 
The broadening of the PL spectra is due to a not uniform QDs size distribution [43,44] and 
to the presence of QDs surface defects [36,45,46]. The inhomogeneity of the size distribu-
tion is determined by the inhomogeneous growth conditions. In this context, a key role is 

Figure 3. Estimated average size of the CdTe nanocrystals (d) as a function of the annealing time.

The trend of the estimated average size of the CdTe QDs is described by an exponential
growth function meaning that the formation of CdTe QDs occurs relatively fast during the
first minutes of the annealing process, producing nanocrystals with a size around 2.82 nm.
Then the growth process becomes slower, and the averaged size approaches 3.37 nm. The
trend of this curve can be reasonably explained on the basis of the processes occurring
for the QDs growth in solution for the reactions between the cadmium carboxylates and
phosphine chalcogenides [38,40,41].

As a matter of fact, the general consensus on the formation mechanism of CdE (E = S,
Se, Te) QDs in solution is that the cadmium carboxylate and phosphine chalcogenide (TOP-
E) starts to react forming a monomer, CdE, that subsequently undergoes crystallization
by assembly into nanocrystals [38]. The CdE monomer is formed by the reaction of the
cadmium carboxylate with the TOP-E precursor that involves a transition state formed by a
Lewis acid-base complex in which the electron-rich telluride atom binds to Cd2+ site of the
cadmium precursor [40,41]. The rapid increase in monomer concentration (supersaturation)
produces the formation of small QDs nuclei (“nucleation burst”), which is then followed
by a slower growth of the QDs by monomer addition according to La Mer model [42].

In this particular case, at the beginning of the annealing process, the decomposition of
Cd(ISA)2 and TOP-Te precursors embedded in the polymeric matrix produces a supersatu-
ration of CdTe QDs monomer, which is followed by a burst of nucleation of nanocrystals.
This first stage happens during the first minutes of the annealing process, then the growth
takes place, and the QDs size moves from 2.82 to 3.16 nm after annealing treatments of 5
and 20 min, respectively. As soon as the precursors finish, the growth slows down and the
size remains slightly constant. Further aggregation or particles ripening is prevented by
the presence of the polymer which does not favor the displacement of the nanoparticles.

The values of the FWHM of the PL bands reported in Table 2, are larger (55 nm–80 nm)
with respect to the ones obtained commonly in solution, which are within 30–40 nm. The
broadening of the PL spectra is due to a not uniform QDs size distribution [43,44] and to
the presence of QDs surface defects [36,45,46]. The inhomogeneity of the size distribution
is determined by the inhomogeneous growth conditions. In this context, a key role is
played by the reaction environment that is a solid phase (polymer). In this condition, with
reagents and growing particles with limited mobility, the nuclei formation and growth will
not be homogeneous. For the same reason, i.e., limited mobility of molecules in solid state,
the number of the surface defects increases, determining a further broadening of the PL
emission spectra. Indeed, it is well known that the surface vacancies regulate others energy
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levels between the semiconductor band gap so that they can trap the charge carriers giving
rise to nonradiative decay events [45]. In terms of photophysical properties this means
a decrease in PL efficiency and spectrum broadening. These defects can be fixed by the
presence of the organic ligands, however, if the ligand diffusion is limited, as in this case,
they can not reach the QD surface.

However, even if a greater size distribution of the particles is present, the value of the
PL maxima of the CdTe QDs in the film can be exploited to relate the PL properties to the
estimated QDs size [43]. The PL peak position as a function of the estimated size of the
CdTe nanocrystals is reported in Figure 4. For the samples produced after 5 and 10 min, the
value of the PL peak is derived from the average of the two PL signals, which is calculated
approximating the double emission peak as a single Gaussian function
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Figure 4. PL peak position as a function of CdTe QDs size grown in film (the first linear fit for the
growth of CdTe QDs from 5 to 20 min is reported as solid line and circles; the second linear fit for the
growth of CdTe QDs from 30 to 120 min is reported as solid line and spheres).

Two linear fits were adopted for the curve fitting in Figure 4 considering the two
growth rates of the curve shown in Figure 3. Indeed, during the first 20 min, the initial
growth is very fast, while from 30 to 120 min the particle size stabilizes. Within these
two linear fits, the PL peak position linearly shifts toward higher wavelengths as the
calculated d value increases, convincingly indicating that the PL emission properties of
the annealed films are related to the dimensions of the CdTe nanoparticles in the PMMA
matrix. Specifically, the shift of the PL peak position from 550 to 608 nm points out that the
employed method allows producing CdTe QDs with PL emission properties tunable from
the green to the red region of the visible spectrum as a function of the particle’s dimensions
and therefore of the annealing time. Annealing processes lasting for 120 min produce CdTe
QDs sized around 3.4 nm with a PL emission in the red zone of the visible spectrum. On the
other hands, processes lasting for 5 min allow the formation of smaller QDs emitting in the
green region of the visible spectrum, although the PL emission is given by the contribution
of two main populations.

To confirm the presence of CdTe QDs within the polymeric matrix and the distinct
size correlated with the different optical properties of green and red emitting QDs, further
morphological and structural investigations are carried out by TEM and HAADF-STEM
techniques.
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3.1.3. Structural and Morphological Characterization of CdTe QDs via In Situ Route

In Figure 5 reports the HAADF-STEM and phase contrast HRTEM for QDs produced
in films annealed for 5 (green QDs) and 120 min (red QDs), respectively.
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Figure 5. Images taken by (a) High Angle Annular Dark Field (HAADF)-STEM and (b) phase contrast
HRTEM for green and red QDs produced in films annealed for 5 and 120 min at 150 ◦C, respectively.
Distribution of the number of particles (N) as a function of the diameter of the particles for (c) green
and (d) red QDs.

As depicted in Figure 5a,c, the HAADF-STEM acquired for the QDs produced in films
annealed for 5 min shows crystalline particles with an average diameter estimated on
90 QDs with a confidence interval of 99% of d = 2.0 ± 0.4 nm.

Concerning the red QDs, the estimated average diameter is d = 6.0 ± 0.3 nm with a
confidence interval of 99% estimated on 130 NPs (Figure 5b,d).

At a first glance, these results confirm once again that the developed method allows
us to produce QDs with tunable size by modulating the annealing time directly within
a polymeric matrix. However, the TEM and optical methods measurements show also
some relatively small differences for the average size and size distribution determination.
These differences can be attributed to both optical and structural measurements carried
out in a thin film. Indeed, the optical methods are affected by the influence of the external
shell that modulates the band gap [2,45] and therefore the size calculations, while the TEM
measurement is affected by the observation of a limited amount of sample (not averaged on
thousands of QDs as the optical spectroscopy), by the sample preparation (dissolution and
dilution of the film and then its dropping over the TEM grid) and the technical difficulty to
determine exactly the particle edge considering their small size and the presence of a not
conductive matrix (polymer).

3.2. CdTe QDs via Ex Situ Route

To evaluate and compare the optical properties of the QDs grown directly in the
polymer matrix (in situ), with that of the CdTe QDs grown in solution, the latter were
incorporated into the polymer after their synthesis (ex situ).
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3.2.1. Optical Properties of CdTe QDs in Solution

Figure 6 reports the absorption and emission spectra of the CdTe QDs via an ex situ
route,which are synthesized in different reaction times of 5, 10, 15, 20 30 and 60 min,
showing that the absorption and emission encompass the entire visible range.
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Figure 6. Normalized absorption and PL emission spectra for CdTe QDs via ex situ route, synthesized
at different reaction times.

For each sample, the absorption spectra in Figure 6 show well distinct absorption
maximum of the first electronic transition that allows the calculation of the particle size as
reported in Table 3. The table also reportS the values of the PL maxima and their FWHM.

Table 3. Deconvolution derived parameters of size (d), PL peak position and full width at half
maximum (PL FWHM).

Growth Time (min) D (nm) Averaged PL Peak
Position (nm) PL FWHM (nm)

5 2.92 ± 0.03 539 ± 8 35 ± 4
10 3.05 ± 0.07 563 ± 3 34 ± 1
15 3.24 ± 0.07 575 ± 4 35 ± 2
20 3.42 ± 0.09 584 ± 1 36 ± 5
30 3.56 ± 0.12 602 ± 17 38 ± 3
60 3.77 ± 0.07 614 ± 1 40 ± 3

The comparison of the time course of the QDs grown both in solid state and in solution
is reported in Figure 7. Here it is possible to observe that the curves trend is different and,
in particular, the size of the QDs increases more rapidly in solution than in the film. Such a
finding is convincingly pointed out by the sizes’ asymptotic value, which is 3.8 and 3.3 nm
for CdTe QDs grown in solution and in solid state, respectively. This behavior confirms
that a limited mobility of the atoms within the film prevents the growth of the QDs and
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their ripening process. This is further witnessed by the FWHM values of the PL peaks
in film and solution (Tables 2 and 3). Indeed, in the film, the FWHM values range from
54 to 80 nm, while in the case of solution, the PL bands are narrower (34–40 nm). This
finding suggests that the formation of the CdTe nanocrystals in solution occurs by means
of a simultaneous and homogeneous burst of nucleation, which is succeeded by a uniform
growth of the nanoparticles (Ostwald ripening) [47,48].
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Figure 7. Calculated size of CdTe QDs versus time course both in solid state (red line same curve of
Figure 3) and in solution (black line).

Even in the case of the CdTe QDs grown in solution the PL peak position linearly
shifts toward higher wavelengths as the calculated d value increases (Figure 8), indicating
that the PL emission properties of the colloidal solutions depend only on the size of the
CdTe nanocrystals.
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3.2.2. Structural and Morphological Characterization of CdTe QDs via Ex Situ Route

An in-depth analysis of the HAADF-STEM and TEM images allowed for a better
estimation of the particles size grown in solution. The HAADF-STEM micrographs for
CdTe QDs synthesized using a time reaction of 5 min shows an average diameter of
2.2 nm with a standard deviation of 0.45 nm, which is estimated on a number of 104 NPs
(Figure 9a,c). Therefore, with a confidence interval of 99%, we assumed an average diameter
value of d = 2.2 ± 0.2 nm.
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Figure 9. Images obtained by (a) HAADF-STEM and (b) phase contrast HRTEM for green and red
QDs produced using as time of reaction of 4 and 30 min, respectively. Distribution of the number of
particles (N) as a function of the diameter of the particles for (c) green and (d) red QDs.

As regards the red CdTe QDs synthesized using a reaction time of 30 min, the HRTEM
images exhibit a diameter of 4 nm with a standard deviation of 0.65 nm estimated on
a number of 144 QDs (Figure 9b,d). It is possible to assume an average diameter of
d = 4.0 ± 0.2 nm.

The QDs particle size determined with TEM is in good agreement with the one
calculated with the optical analysis, especially for larger particles.

In the case of TEM measurements of the particles grown in solution, the sizes and size
distribution are clearly more in agreement than the ones obtained in thin film, because the
effect of the polymer is avoided and the QDs preparation (synthesis in solution and TEM
grid preparation) allows a uniform QDs observation even if few QDs are observed.

3.2.3. Optical Properties of CdTe QDs Encapsulated in Polymer Matrix via Ex Situ Route

To evaluate the effect of the polymer on the QDs prepared by ex situ routes, the
absorption and PL properties of the films formed by the encapsulation of CdTe QDs in
the polymer are investigated. In particular, the hybrid films are produced by loading the
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PMMA matrix with the CdTe QDs grown for 5 and 30 min, emitting green and orange/red
light, respectively (Figure 10a–d).
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Figure 10. Normalized absorption spectra of the CdTe QDs prepared at 150 ◦C after 5 (a) and 30 (b)
minutes of annealing in solution (dashed line) and after encapsulation in the polymer (solid line).
Normalized PL spectra of the CdTe QDs prepared after 5 (c) and 30 (d) minutes of annealing in
solution (dashed line) and after encapsulation in the polymer (solid line). Inset: photographs of the
films acquired under the UV lamp at 365 nm.

It is important to highlight that the QDs prepared in solution are soluble after pre-
cipitation in organic solvents. This means that at the surface of the QDs, the isostearate
molecules present are probably bound at the metal free binding site. Their solubility allows
to mixing the CdTe QDs with PMMA.

The nanocomposites prepared by incorporating the green and red emitting CdTe
QDs in the PMMA matrix did not produce significant changes in the absorption and the
PL spectra of the nanocrystals after 5 and 30 min of the annealing process. The slight
lowering in the definition of the absorption peak of the nanocomposite films (solid lines
Figure 10a,b) with respect to that of the respective solutions (dashes lines Figure 10a,b)
can be likely due to the interaction between the polymer and the CdTe nanoparticles. In
particular, the broadening of the first electronic transition is probably due to the interaction
of QDs and polymer. Indeed, when the QDs are close packed the localized (in one isolated
QD) electronic transition is delocalized over a macroscopically large number of nanocrys-
tals [49]. On the other hands, the PL spectra of the films (solid lines Figure 10c,d) fairly
reproduce those of the solutions (dashed lines Figure 10c,d).

This means that the isostearate surrounding the QDs blocks all the surface defects
and the PL properties in terms of PL shift of the CdTe QDs still remain constant after the
encapsulation process. Given such considerations, the cadmium and tellurium precursors
employed in this study are valid candidates to produce CdTe QDs suitable for display
manufacturing applications.
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4. Conclusions

The synthesis of the CdTe QDs was obtained via a cadmium isostearate Cd(ISA)2
precursor decomposition carried out at relatively low decomposition temperature. The
reaction conditions both in polymer (PMMA) and is solution (ODE) requested the temper-
ature of 150 ◦C to produce CdTe QDs with PL emission properties tunable in a range of
about 70 nm (from green to red). This condition is particularly attractive for the possible
application of the nanocomposite for electro-optical device manufacturing, because the
polymer will be destroyed, and the device too can better withstand these conditions.

The time course analysis of the CdTe QDs formation showed the possibility obtaining
CdTe QDs with an optical PL emission from green to red. The analysis of the FWHM of the
QDs PL spectra, which is larger in the solid state than the one in solution, indicates that
in the solid state the QDs growth is less homogeneous than in solution. This evidence is
caused by the low mobility of the atoms in the solid state, which causes a non-uniform
nuclei growth with more surface defects.

The perspective opened by this work to obtain QDs of different size maintaining
constant the film chemical formulation over time is of great importance for the next
application of direct laser patterning of the CdTe QDs. Indeed, a suitable local temperature
increase can be reached by changing only the laser parameters allowing a selective QDs
growth. In the meantime, further work is in progress to characterize and improve the
photoluminescent quantum yield and the photostability of the in situ generated CdTe QDs.
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