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Université Cheikh Anta Diop de Dakar (UCA
eInstitute of Materials Science, Vietnam Acad

Quoc Viet Road, Cau Giay Dist., Hanoi, Vie
fInstitute of Fundamental and Frontier Scie

Technology of China, Chengdu 610054, Peo

† Electronic supplementary informa
10.1039/c7ra06500k

Cite this: RSC Adv., 2017, 7, 47966

Received 10th June 2017
Accepted 7th October 2017

DOI: 10.1039/c7ra06500k

rsc.li/rsc-advances

47966 | RSC Adv., 2017, 7, 47966–4797
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Nguyen Thi Thuc Hien,a Nguyen Quang Liem,e Laurent Coolenc
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The synthesis of ternary core/shell zinc-blende CdTeSe/ZnSe quantum dots with optimal synthesis

parameters is analyzed. For the synthesis of the ternary-alloy CdTeSe core, a temperature around 260 �C
is shown to allow a good reaction of both the Te and Se reagents, while for lower temperatures mostly-

CdTe quantum dots are synthesized. At this temperature, by changing the ratio of the Te and Se

reagents, the composition can be tuned from Te-rich to Se-rich while keeping a constant quantum dot

size. The photoluminescence wavelength expands up to 860 nm for the core CdTeSe and 900 nm for

the CdTeSe/ZnSe samples, a near-infrared bandgap with potential applications in photovoltaics. The use

of Raman spectroscopy is proved especially useful to analyze the composition of the alloy quantum

dots, with the presence of two longitudinal-optical phonon lines corresponding respectively to CdTe

and CdSe vibrations. For single core/shell CdTeSe/ZnSe quantum dots, perfect single-photon emission is

demonstrated with good stability and low blinking, and a long decay time of 110 ns suggesting high

luminescence quantum yield.
Introduction

Colloidal quantum dots (QDs) are the subject of intense
research programs and innovations to be used in different elds
such as solar cells, photocatalysis, light-emitting diodes or
biosensors.1–6 Numerous studies on types of QDs that can
absorb strongly in the near-infrared (NIR) range (700–900 nm)
are currently being conducted, since these QDs can be used as
an absorber of solar radiation.7–11 Alloy QDs have attracted great
attention due to the enhanced chemical stability resulting from
a hardened lattice structure, higher crystallinity, decreased
inter diffusion processes and higher photoluminescence
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quantum yields.12 The optoelectronic properties of alloyed QDs
can be tuned by their composition without changing the
particle size.13 Besides, ternary alloy cadmium selenide telluride
(CdTexSe1�x) QDs can absorb at lower energies when compared
with their parent binary CdSe and CdTe QDs, so that, alloyed
ternary QDs have many signicant advantages compared to
their parent binary semiconductors. The possibility to tune
both their size and composition, possibly including composi-
tion gradients in the material, offers additional degrees of
freedom. In particular, due to the optical bowing effect, the
absorption and emission wavelengths of the ternary alloy can be
redshied further than for its parent binary semiconductors.
For instance, for CdTeSe QDs, expansion of the absorption
range up to �900 nm has been reported.3,4 CdTexSe1�x alloyed
QDs with water-soluble mercaptopropionic acid (MPA) ligand
were investigated in 2013 by Pan et al.11,13 applied in a liquid
junction QD sensitized solar cell. In11 CdTexSe1�x alloyed QDs
were used for the rst time in solid state organic solar cells.

Many fabrication methods have been studied and improved
to synthesize CdTeSe QDs with core/shell structure,14–19 and
different kinds of shells such as ZnSe or ZnTe have been re-
ported lately.20 Due to the reactivity difference between Te and
Se, a CdTe-rich core and CdSe-rich shell have been formed in
the CdTeSe alloy with the formation of a gradient type II.21 This
study was carried out with the aim to understand more thor-
oughly the conditions to fabricate CdTeSe QDs that only
This journal is © The Royal Society of Chemistry 2017
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crystallize in the zinc-blende single crystalline phase, by using
a simple modied fabrication method described in.13,17,22–25

CdTeSe/CdS had been used in quantum-dot-sensitized solar
cells with power conversion efficiency achieving over 9%.7

Recently, Poplawsky et al. showed the role of the CdTeSe layer as
a NIR photoactive layer in CdTe-based solar cells26 and for using
them in quantum-dot-sensitized solar cells (QDSC), we have
conducted detailed studies on this material.

In this paper, we present our studies on alloyed CdTeSe QDs
with NIR absorption and emission, with the aim of fabricating
single-phase zb-CdTeSe QDs with a process in a solution at
a suitable temperature (<300 �C). A systematic study is con-
ducted on the effects of temperature and reagent ratios on
structural and optical properties. A temperature of 260 �C is
found optimal for incorporation of both Te and Se into the QDs.
Raman spectra, X-ray analysis and optical spectroscopy consis-
tently show that the composition of the alloyed QDs can be
tuned through the Te and Se reagents concentration. The
growth of a ZnSe shell is also described and micro-
photoluminescence study at the single quantum dot level has
shown that the QDs emit single photons, with limited PL
blinking.

Experimental section
Synthesis method of CdTeSe and CdTeSe/ZnSe QDs

The fabrication method of CdTeSe ternary QDs has been
described in our recent publication20 and reported in.27–29 We
used the following reagents (from Aldrich) – cadmium acetate
dihydrate (Cd(Ac)2$2H2O, 99.9%) as a source of Cd, zinc acetate
(Zn(Ac)2, 99.9%) as a source of Zn, elemental selenium powder
(Se, 99.99%) as a source of Se, elemental tellurium powder (Te,
99.99%) as a source of Te, oleic acid (OA, 90%) and oleylamine
(OLA, 90%) as surface ligands, 1-octadecene (ODE, 90%) and
trioctylphosphine (TOP, 90%) as the reaction medium. All
chemicals were used without further purication.

We rst fabricated the precursor solutions by taking 1.33 g
(5 mmol) of cadmium acetate dihydrate and dissolved it in
1.59 ml (5 mmol) of OA and 75 ml of ODE. 5 ml of OLA
(15 mmol) are added to the mixture of OA and ODE to prepare
Cd precursor for QD samples of the rst series, following ref. 15
where the growth was at 230 �C. However for the second and
third series, grown at higher temperatures (260 �C), OLA is not
added as at high temperatures it would cause the QDs to quickly
change to brown and immediately deposit (see discussion ESI†).
The TOP-Se and TOP-Te precursors were fabricated by dissolv-
ing respectively 31.6 mg (0.4 mmol) of powder Se in 0.4 ml of
TOP and 76.6 mg (0.6 mmol) of Te metal in 1 ml of TOP, at 80–
100 �C, in N2 gas. Then, all amount of these precursors were
brought into a reaction ask. We quickly injected the mixed
precursors TOP-Se and TOP-Te into a three-neck ask contain-
ing the Cd precursor solution at 120 �C for 1 h, in N2 gas.

For a rst series of CdTeSe QD samples, we used a constant
Cd : Te : Se molar fraction 5 : 0.6 : 0.4 with the mass as
described above, but performed the growth reaction at different
temperatures: 180 �C, 200 �C, 220 �C, 240 �C, 260 �C or 280 �C.
We kept this temperature stable for a period of 10 min, while
This journal is © The Royal Society of Chemistry 2017
vigorously stirring the reacting solution, to create nanoparticle
seeds and grow them. Then we allowed the solution to cool
slowly while stirring with a magnetic stirrer. Finally, we ob-
tained �85.5 ml solution containing colloidal quantum dots,
corresponding to 1 mmol quantum dots.

In a second series of syntheses of CdTeSe QDs, we used
different Te fractions (Te/(Te + Se) ratio), x ¼ 0, 0.2, 0.4, 0.5, 0.6,
0.8 and 1, with the precursors fabricated in a similar way as
above – note that x is the fraction of Te reagent, not the fraction
of Te inside the CdTeSe QDs. The nanocrystals growth
temperature was then 260 �C for 10 min. We obtained 79.6 ml
solution containing colloidal quantum dots, corresponding to
1 mmol quantum dots.

A third series of samples of CdTeSe/ZnSe core/shell QDs was
synthesized from CdTeSe cores (T ¼ 260 �C, x ¼ 0.5) with
different ZnSe shell thicknesses. The process of preparing the
precursors for Zn and Se is completely identical to that of the
initial Cd precursor and Se-TOP. The masses of Zn and Se were
calculated for 1 monolayer (ML), 2 ML, 4 ML and 6 ML of ZnSe.
An ML thickness is based on the lattice constant a of ZnSe
crystals, depending on the type of shell. The molar ratio of
Zn : Se was 1 : 1. Aer cleaning out the ligands and unreacted
residue substances, we took 46.4 ml of the CdTeSe core QD
solution (�1.6 mmol) and poured it in to a three-necked ask,
and quickly raised the temperature to 230 �C. At this tempera-
ture, we quickly injected 2.8 ml of the Zn precursor solution
(corresponding to one monolayer of Zn ions) and stirred
vigorously for 15 min. Then, we quickly injected 1.3 ml of TOP-
Se and stirred vigorously for 15 min to grow the shell. Next, we
took out 25 ml of the solution containing QDs, which consti-
tuted a rst CdTeSe/ZnSe sample with 1 ML nominal shell
thickness. With the remaining volume, we continued to quickly
inject 1.4 ml of Zn precursor, stirred vigorously for 10 min, then
injected TOP-Se (0.7 ml), stirred vigorously to grow the ZnSe
particles' shell for 15 min. We obtained the CdTeSe/ZnSe QD
sample of nominal shell thickness 2 ML. We performed the
same operations when coating ZnSe for CdTeSe QD cores to
form CdTeSe/ZnSe with higher thickness such as 4 and 6 ML.

All alloyed ternary quantum dots were puried by several
rounds of precipitation and centrifugation and were stored at
room temperature for later characterization and use.
Characterization of alloyed CdTeSe ternary quantum dots

The size of the CdTeSe QDs was determined by transmission
electron microscopy (TEM) with a JEOL Jem 1010 microscope
operating at 100 kV. Powder X-ray diffraction (XRD, Siemens
D5005) was used to conrm the wurtzite (w) or zinc-blende (zb)
crystalline structure.

The ultraviolet-visible (UV-Vis) absorption spectra of the QDs
in toluene were measured within the wavelength range of 200–
1000 nm using a Shimadzu (UV-1800) UV-Vis spectrophotom-
eter. All UV-Vis measurements were performed at 25 �C and
automatically corrected for the solvent medium.

The PL spectra measurement was carried out on a Fluorolog-
322 system (Jobin-Yvon) by using Xenon 450 W light with exci-
tation wavelength selected at 532 nm. The detector is
RSC Adv., 2017, 7, 47966–47974 | 47967
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Fig. 1 The emission spectra of QD samples grown at different
temperatures from 180 �C to 280 �C.

Fig. 2 The absorption spectra of QDs grown at different temperatures
from 180 �C to 280 �C.
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a photomultiplier, measuring range from 250–1000 nm. All PL
spectra were measured under the same conditions. The solution
concentrations were adjusted in order to all present an optical
density of 0.03 at 532 nm so that the emission intensities of the
different samples can be compared (although affected by the
measurement system spectral response).

For the PL decays ensemble measurements, a pulsed
nitrogen laser (337 nm, pulse width 0.6 ns, repetition rate of 10
Hz) was used as the excitation source. The PL from the samples
was collected by an optical ber on the same side as the exci-
tation light, then was analyzed by a Jobin-Yvon Spectrometer
HR460 and the PL decays were measured with a PM Hama-
matsu R5600U and a Tektronix TDS 784A scope with the time
resolution of 1 ns.

For individual QD measurements, the QDs were spin-coated
on a glass coverslip and then covered them by a 50 nm layer of
PMMA to protect them from the oxidation. The sample was
imaged with a microscope and a �60 oil-immersion objective
with 0.7 numerical aperture. A single QD was excited by
a 450 nm pulsed diode laser. Its emission was selected by
a pinhole located in the objective image plane, and detected by
two avalanche photodiodes in Hanbury-Brown and Twiss
conguration, connected to a Picoharp acquisition card. The
overall setup provided a 400 ps resolution.

The QD samples were analyzed by Micro Raman spectros-
copy (XploRA-Horiba) using 532 nm (25 mW) excitation line
from a diode-pumped, solid state laser to analyze the vibration
bonds and their Raman frequencies. The laser power was 100
mW. 10� objectives were used to focus the excitation laser light
on the right spot of the investigated samples. The spot size of
the laser beam was 1 mm. The spectral resolution was 2 cm�1.
The acquisition time ranged from 30 s to 120 s, but normally
was 30 s. The system uses a Charge Coupled Device (CCD)
receiver with four gratings 600, 1200, 1800 and 2400 g mm�1,
measuring from 100 to 4000 cm�1. For Raman and PL
measurements at low temperature (liquid nitrogen temperature
77 to 293 K) we combined the Raman XploRA Plus system with
the THMS 600 Linkam temperature control system. The whole
THMS6 00 system is controlled by the Lynksys-32 soware with
temperature adjustment of 0.1 K.

With powder X-ray diffraction (XRD) and Raman measure-
ments, the CdTeSe QD samples were used in solid form. These
samples were puried by washing thrice with isopropanol. The
sample that was used to measure TEM, absorption and uores-
cence spectra was in solution in toluene, aer being puried of
ligands and remaining excess substances aer QD fabrication.

Results and discussion
Effect of temperature on the growth of CdTeSe ternary
quantum dots

We rst consider the series of CdTeSe QDs fabricated with
constant Te : Se ratio (0.6 : 0.4), but different growth tempera-
tures from 180 �C to 280 �C.

Optical properties. Fig. 1 shows the emission spectra of the
different CdTeSe QD samples. The maximum peak of the
emission band shis from �716 nm for the sample grown at
47968 | RSC Adv., 2017, 7, 47966–47974
180 �C to 860 nm for QD samples grown at 280 �C. So, there is
a shi in the emission spectrum of approximately 144 nm
towards longer wavelengths when the nanocrystal growth
temperature is increased. The reason behind this shimight be
an increase in the nanocrystals' size or a change in the QDs'
composition depending on the growth temperature, as will be
further analyzed below. The PL intensity is shown to decrease
sharply above 220 �C growth temperature.

The absorption spectra of this sample series show that there
is a change in absorption intensity and edge when nanocrystal
growth temperature is increased (Fig. 2). The absorption edge is
shied towards longer wavelengths for higher growth temper-
ature, in agreement with the PL spectra. Thus, the absorption
capability of QDs fabricated at 240 �C to 260 �C increases
notably in the NIR region. The absorption and emission wave-
lengths are in the same range as values previously reported by
Bailey et al.,4 but redshied with respect to other samples
described in.13,15,22 The photoluminescence decay curves (see
ESI, Fig. SI-1†) present two characteristic times, one of 10–40 ns
corresponding to the exciton radiative recombination, and the
other of the order of a few nanoseconds which can be attributed
to the presence of non-radiative decay channels.
This journal is © The Royal Society of Chemistry 2017
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In order to analyze the reasons for the spectral shi between
these different samples, we have recorded the micro-Raman
spectra, XRD patterns and TEM images of all samples to
obtain more information on QDs composition, shape and size.

Raman scattering spectra. The Raman scattering spectrum
of II–VI ternary alloyed QDs is known to display different
vibrational characteristics, depending on the atomic masses of
the alloy constituents.30–32 The Raman and IR spectra of
CdTexSe1�x crystals suggested the possibility of two-phonon-
mode behaviour.33–35 An unexpected phonon feature in
CdTe1�xSex was interpreted33 as a tendency of the alloy to form
small clusters either CdTe-rich or CdSe-rich. This was believed
to act on the optical phonon properties as they depend strongly
on the Cd–Se, Cd–Te nearest-neighbor bond lengths/force
constants.31 so that eventually optical phonon frequencies
close to the bulk CdTe or CdSe frequencies are found.32

Fig. 3 displays the Raman spectra of the CdTeSe QDs
samples series fabricated at different temperatures from
180 �C to 280 �C. In the frequency range of 125 and 225 cm�1,
the Raman spectra have revealed CdTe-like and CdSe-like
longitudinal optical (LO) phonons, labeled LO1 and LO2

respectively.
For the growth at 180 �C, only one vibration band appears at

159 cm�1 – characteristic of the CdTe-like LO mode,27,30,36 and
a shoulder with lower intensity at 188 cm�1 (CdSe-like LO
mode).36,37 As the growth temperature is increased, the second
peak at 188 cm�1 now appears distinctly. It increases gradually
and becomes equal to the peak at 159 cm�1 for 260 �C, and quite
higher at 280 �C. We can conclude that the QDs synthesized at
lower temperatures are CdTe-rich, due to the stronger Te reac-
tivity, and the incorporation of Se into the QDs increases with
temperature. As it was shown in ref. 38 for CdSeS quantum dots
that the ratio between Raman peaks is close to the ratio between
concentrations we can estimate that similar amounts of Te and
Se are included in the QDs around 260 �C. Given that similar
amounts of Te and Se were introduced, we interpret this as
a sign that, at 260 �C, the Te and Se are incorporated into the
QDs with similar efficiencies. This temperature is thus optimal
in order to achieve various compositions of the CdTeSe alloy by
Fig. 3 Raman spectra of CdTeSe QDs prepared at different temper-
atures, from 180 �C to 280 �C.

This journal is © The Royal Society of Chemistry 2017
choosing different ratios of the Se and Te reagents, as will be
demonstrated in the next section.

X rays diffraction. The crystalline phases of these different
CdTeSe QD samples have been analyzed by XRD (see ESI, Fig. SI-
4†). The major diffraction peaks of the (111), (220) and (311)
planes were observed, corresponding to a typical cubic zinc
blend (zb) structure. These peaks are located between the cor-
responding tabulated lines of bulk zb CdSe and CdTe. There-
fore, we can conclude that the CdTeSe fabricated are all
crystalline single phase zb-CdTeSe. A slight shi of these peaks
towards higher angles was observed with increased growth
temperature, in agreement with the increase of Se concentra-
tion demonstrated by Raman scattering. However XRD
appeared a much less powerful tool than Raman spectroscopy
for the analysis of CdTeSe alloying effects.

TEM images. From the obtained TEM images of samples
CdTeSe QDs prepared at temperature from 180 �C to 280 �C (see
ESI, Fig. SI-2†), CdTeSe QDs fabricated at 180–220 �C have
a rather spherical shape. On higher QD growth temperatures,
their shape seems to become more elongated. At 280 �C, this
looks more obvious and there are more elongated particles than
spherical ones. The average sizes of the six QD samples (in the
longer dimension, estimated over 80–90 particles), are respec-
tively 6.2, 6.8, 7.3, 8.2, 8.7 and 9.2 nm for the CdTeSe QDs
prepared at 180�, 200�, 220�, 240�, 260� and 280 �C. The QD size
is increased with the growth temperature.

Therefore, an increase in QD growth temperature increases
their size as well as their Se concentration. The size increase
leads to reduced quantum connement and thus can explain
the observed redshied luminescence at higher growth
temperature. The higher Se concentration also contributes to
this redshi (note that, due to the optical bowing effect, adding
a small amount of Se to CdTe leads to a luminescence redshi
although CdSe has a higher bandgap energy than CdTe). As
explained previously, the growth temperature of 260 �C will be
chosen as it allows the best incorporation of both Te and Se into
the alloy QDs. The PL efficiency was found to decrease above
240 �C, however further characterizations (see discussion in
ESI, Fig. SI-5 and SI-6†) showed that signicantly higher PL
efficiencies could be obtained, especially at high temperatures,
without changing the resulting Se : Te composition and its
dependence of temperature, by removing the OLA ligand from
the precursor solution. We will use this modied protocol in the
following.
Effect of the change of the Te/Se precursors ratio

We now consider the second CdTeSe QD samples series fabri-
cated at 260 �C for 10 min, with only the Te/(Te + Se) precursors
ratio (x) changed at values of x ¼ 0, 0.2, 0.4, 0.5, 0.6, 0.8 and 1.
We examine whether the Se : Te composition of the QDs can be
tuned, while keeping other parameters (QD size) constant.

XRD characterization. Fig. 4 shows the XRD patterns of these
samples series. As for the previous series, the XRD patterns of
the alloyed CdTeSe QDs show peaks corresponding to (111),
(220) and (311) planes of cubic zinc-blende phase of CdTeSe.
The position of the three diffraction lines are in between the
RSC Adv., 2017, 7, 47966–47974 | 47969
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Fig. 4 Powder XRD patterns of CdTeSe ternary QDs prepared at
temperature 260 �C (for Te/(Se + Te) proportions x ¼ 0.2, 0.4, 0.5, 0.6
and 0.8). The tabulated values of the bulk diffraction peaks for zinc
blend (zb) and wurtzite (w) CdTe, CdSe are shown.

Fig. 6 TEM images of the CdTexSe1�x QDs samples prepared at the
temperature 260 �C (10min), x varies from 0.2 to 0.8 corresponding to
images (a–e). Scale bars: 20 nm.
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lines of the two crystalline phases zb-CdSe and zb-CdTe. The
position of these peaks were all shied towards lower angles 2q
when x changed from 0.2 to 0.8. For x ¼ 0.2, the peaks are near
the tabulated CdSe lines, while for x¼ 0.8 the peaks are near the
CdTe tabulated values. This indicates that the alloy composition
of the synthesized QDs is tuned as a result of the change in Te/
Se reagent ratio, starting from Se-rich QDs to Te-rich QDs.

Raman spectra. Fig. 5 shows the Raman scattering spectra of
this CdTeSe QD sample series, along with the spectra for pure
CdSe and CdTe QDs. When x ¼ 0.2, the alloy ternary sample
contains mostly Se: on the Raman spectra only one peak
appears corresponding to the CdSe-like LO phonon, at the
frequency 200 cm�1, as reported for CdSe in ref. 39 and found
also in for our CdSe QDs. From x ¼ 0.4 to 0.8, a second peak
appears and gradually increases at 159 cm�1 characteristic for
the CdTe-like LO phonon of ternary alloy QDs, showing the
increase of Te concentration. One signicant thing is that when
x ¼ 0.5 or higher, the CdSe peak is shied to 188 cm�1, similar
to the Raman spectra of CdTeSe ternary alloy QDs presented on
Fig. 5 Raman spectra of CdTexSe1�x QDs prepared at temperature
260 �C, x¼ 0.2, 0.4, 0.5, 0.6 and 0.8, alongwith pureCdSe andCdTeQDs.

47970 | RSC Adv., 2017, 7, 47966–47974
Fig. 3. This shi can probably not be explained by a change in
crystalline structure as it is known to remain zinc-blende from
XRD data. However, the mixing of CdTe and CdSe can lead to
a lattice parameter different from the bulk one, so that the
phonon frequency is modied depending on the alloy compo-
sition (a similar effect was reported in38 for CdSeS, with a strong
shi of the CdS phonon – and much lower shi of the CdSe
phonon).

TEM images. Fig. 6 shows the TEM images of the different
samples. The particles have a rather cubic shape and a rather
uniform average size of�5.4–5.1 nm that barely changes when x
increases from 0.2 to 0.8. Therefore, with our growth protocol,
Fig. 7 The emission spectra of CdTexSe1�x QD samples (x ¼ 0.2, 0.4,
0.5, 0.6 and 0.8) grown at temperature 260 �C, lexc. ¼ 532 nm.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 TEM images of the CdTeSe QDs sample prepared at temperature 260 �C (a) and CdTeSe/ZnSe 2 ML QDs(b), size: (a) ¼ 6.3 nm, (b) ¼
8.3 nm. Scale bars: 20 nm.
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the composition can be tuned from Se-rich to Te-rich while
keeping the QD size constant.

Photoluminescence properties. Fig. 7 shows the photo-
luminescence spectra of the samples. As the amount of Te
reagent is increased, the PL is redshied from 680 nm (x ¼
0.2) to 750 nm (x ¼ 0.5) and then blueshied to 715–720 nm
(x ¼ 0.6–0.8). This non-monotonic behavior is most likely
caused by the optical bowing effect: the bandgap of an alloy is
not a monotonic function of its composition. The PL intensity
is larger for the x ¼ 0.5–0.6 samples and decreases for smaller
or larger ratios x, while remaining though much larger than
in Fig. 1 due to the removal of OLA from the precursors
solution.
Study on the alloyed CdTeSe/ZnSe QDs

We nally consider a series of CdTeSe samples fabricated at
260 �C with x ¼ 0.5 and shelled with a ZnSe layer of different
thicknesses. Two samples were considered for more detailed
studies: CdTeSe cores and CdTeSe shelled with ZnSe 2 ML
nominal thickness.
Fig. 9 Powder XRD patterns of CdTeSe ternary QDs and CdTeSe/
ZnSe 2 ML prepared at temperature 260 �C. The tabulated values of
the bulk diffraction peaks for zinc blend (zb) CdTe, (zb) CdSe, (w) CdSe
and (zb) ZnSe are shown.

This journal is © The Royal Society of Chemistry 2017
TEM images. TEM images of these two samples are pre-
sented on Fig. 8. It can be seen that the nanocrystals in the
samples have a strongly facetted shape. Generally, none of them
is spherical. The average size (long axis) among them is 6.3 nm
for the CdTeSe core QDs and 8.3 nm for the QDs shelled with
ZnSe 2 ML. A similar facetted shape has also been observed and
reported in ref. 4.

XRD characterization. Fig. 9 shows their XRD patterns, on
which we can see again that the CdTeSe QDs crystallize at the
zb-CdTeSe phase. On the XRD pattern of the sample shelled
with ZnSe 2 ML, the presence of only three diffraction lines also
indicate a zb-phase, with epitaxial growth of the shell. The
positions of these lines are shied towards slightly higher
angles 2q due to the addition of the ZnSe shell (although it
could be related also to an incorporation of Se inside the core
during the shell growth, as both ZnSe and CdSe lines are
tabulated at higher diffraction angles).

Raman spectra. The Raman scattering spectra of these
samples are similar to those published in ref. 20 as presented
on Fig. 10. On the Raman spectra of the shelled samples
appears a vibration line with high intensity, characteristic for
the LO mode of CdSe at 200 cm�1 (ref. 40) and a shoulder with
Fig. 10 Raman spectra of alloyed CdTeSe QDs cores and cores
coated with shells of ZnSe with different monolayer thicknesses (nML,
n ¼ 2 and 4).

RSC Adv., 2017, 7, 47966–47974 | 47971
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Fig. 11 Photoluminescence (top) and absorption (bottom) spectra of
the CdTeSe and CdTeSe coated with shells of ZnSe with different
monolayer thicknesses (nML, n ¼ 1, 2, 4 and 6).
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low intensity at 159 cm�1. This peak does not change as the
shell thickness increases. This result suggests that, when the Zn
and Se precursors are introduced for the shell growth, excess Cd
ions might still be present, so that a CdSe material layer forms
gradually on the CdTeSe core, thus we obtain CdSe-rich QDs. On
the other hand, the ZnSe layer still competes to form along side
CdSe. This can be seen on the Raman spectra with the phonon
band characteristic for ZnSe at �250 cm�1, despite its weak
intensity. The results on the Raman spectra show that the ZnSe
Fig. 12 Left: PL intensity autocorrelation g(2) function (arb. units) of a typ
same quantum dot.

47972 | RSC Adv., 2017, 7, 47966–47974
shell has been formed, but in a small amount. Therefore, a layer
of CdSe-rich CdTeSe shelled the CdTeSe cores, and on the
Raman spectra we can observe characteristic lines for CdSe-rich
QDs as well as the vibration line characteristic for ZnSe at
�250 cm�1 but with weak intensity.

Ensemble optical properties. Fig. 11 shows the absorption
spectra and normalized photoluminescence (PL) spectra of all
samples of alloyed CdSeTe core QDs and coated with the ZnSe
shells up to 6 ML nominal thickness. The PL spectrum of the
CdTeSe core sample is a wide emission band whose peak
position is located at the wavelength 760 nm. When coated with
a layer of ZnSe, the emission band peak position is shied
towards longer wavelengths, up to 842 nm when coated with
ZnSe 2 ML, and up to 882 nm when coated with ZnSe 6 ML. The
full width at half maximum (FWHM) of the emission band of
CdTeSe core is 126 nm, which increases when coated with more
layers of ZnSe. The PL decay curves (Fig. SI-3†) show an increase
of their fast component upon shell growth. This might indicate
the presence of defects in the shell, as well as a penetration of
the charges into the shell, which would be in agreement with
a thin layer of ZnSe. The PL efficiency is increased for the
thinner 1 ML shell, but begins to decreased for the 2 ML sample
(although their single-QD properties remain good as will be
shown below) and drops sharply for the 4 ML and 6 ML sample,
again indicating the presence of defects for the thickest shells.

The absorption edge of CdTeSe QD cores is located at 820 nm
wavelength, and is shied towards longer wavelengths – by
50 nm when coated with a ZnSe layer 2 ML thick, and 8 nm
when coated a layer ZnSe layer 6 ML thick. The absorption band
expanding up to �900 nm is an interesting feature for appli-
cations in solar cells. This redshi might be related to a pene-
tration of the charges into an additional CdSe layer, although
CdSe has a larger band gap; an increase of the Se concentration
in the CdTeSe alloy would also lead to a blueshi, as shown in
Fig. 9. A possible explanation for the large redshi could be the
appearance of a type-II structure in these QDs, which would also
explain the relatively long radiative decay time observed on
single QDs (see Fig. 13 below). Further analysis, for instance
ical individual CdTeSe quantum dot. Right: Decay curve (norm.) of the

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra06500k


Fig. 13 Intensity–time trace of a typical CdTeSe/ZnSe quantum dot.
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HR-TEM imaging of the QDs, would be necessary in order to
elucidate this aspect, which is important as NIR absorption and
slow radiative decay are key elements for photovoltaic
applications.
Single-QD optical properties

We now use a microphotoluminescence setup to analyze the
luminescence of individual CdTeSe/ZnSe quantum dots. Fig. 12
(le) shows the PL intensity autocorrelation curve (distribution
of delays between one photon and the next photon detected) of
a typical emitter under excitation by a pulsed laser with 400 ns
pulse repetition period. The peaks at times multiples of 400 ns
indicate that all photons are emitted slightly aer a laser pulse
so that the delay between two photons is roughly a multiple of
400 ns. The nearly-perfect absence of a peak at zero delay
indicates that there is never emission of two photons following
the same laser pulse. This indicates that for these CdTeSe/ZnSe
nanocrystals we have obtained single-photon emission, most
likely because multi-exciton emission is quenched by Auger
effect. The minor residual peak might be due to self-
luminescence from the substrate, possibly with a slight contri-
bution from multi-exciton emission.

Fig. 12 (right) plots the decay curve of the same quantum dot.
This curve is remarkably close to a mono-exponential, with an
unusually long decay time of 110 ns. This observation, which
was reproduced for all single quantum dots observed with
similar 110 � 15 ns decay times, is in contrast with ensemble
measurements, possibly because the latter are performed at
much higher power which could excite multi-excitonic or other
non-radiative recombination pathways (the increase of multi-
excitonic contribution upon shell growth could then be
explained by decreased competition with Auger decay). Under
the single-QD observation conditions, there is no (fast) multi-
excitonic contribution and, during the measurement (100
seconds), there were very few uctuations of the decay time.
This excellent stability is conrmed by considering the intensity
variations of a typical quantum dot (Fig. 13). Some non-
uorescent periods (“off”) are observed, but they constitute
only 20% of the total time (and less than 10% for many other
This journal is © The Royal Society of Chemistry 2017
QDs). During the “on” periods, the emission remains remark-
ably stable.
Conclusions

In summary, CdTeSe QDs with up to 860 nm emission bands
have been fabricated. The absorption intensity of these QDs
starts to become stronger at wavelengths �850 nm when
fabricated at 260 �C. The QDs crystallize stably at CdTeSe zinc-
blende phase at the growth temperature of 260 �C. The NIR
absorbing properties at NIR make CdTeSe QDs usable in solar
cells. Raman scattering spectra can be used as a powerful tool to
evaluate qualitatively the amount of Te:Se in the alloy CdTeSe
QDs. When the nanocrystal growth temperature is increased,
their size increases as well as the amount of Se in the QDs.
When the amount of Te reagent is increased, the intensity of the
CdTe-like LO line increases compared to that of the CdSe-like
LO line in CdTeSe QDs, showing increased Te concentration
in the QD – the QD size, on the other hand, can be kept
constant. Upon growth of a ZnSe shell, the emission band is
redshied up to 900 nm. For single core–shell nanocrystals,
perfect single-photon emission is obtained, with good stability
and little intermittency.
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