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ABSTRACT: We report on the ‘flash’ synthesis of CdSe/CdS core-shell quantum dots (QDs). This new method, based on a seeded
growth approach and using an excess of a carboxylic acid, leads to an isotropic and epitaxial growth of a CdS shell on a wurtzite
CdsSe core. The method is particularly fast and efficient, allowing the controllable growth of very thick CdS shells (up to 6.7 nm in
the present study) in no more than 3 minutes, which is considerably shorter than in previously reported methods. The prepared
materials present state-of-the-art properties with narrow emission and high photoluminescence quantum yields, even for thick CdS
shells. Additionally, Raman analyses point to an alloyed interface between the core and the shell, which, in conjunction with the
thickness of the CdS shell, results in the observed considerable reduction of the blinking rate.

Quantum dots (QDs) show unique optical properties that
make them a widely studied material for applications in sever-
al fields such as photonics, optoelectronics and biotechnolo-
gy.1* However, due to their nanometer size, the optical proper-
ties of QDs are strongly dependent on the properties of their
surface. For instance, surface defects and poor surface pas-
sivation with organic ligands can lead to enhanced trap state
emission or non-radiative recombination and consequently to a
low photoluminescence quantum yield (PLQY) and photo-
bleaching.® Moreover, an undesired characteristic of many
semiconductor QDs is the on-off blinking of their emission.
This blinking behavior has been extensively studied and is
often explained by the recombination of electron-hole pairs
through Auger processes.® 7 To overcome these issues, the
design of heterostructures such as core-shell QDs has been
widely investigated. Indeed, capping QDs with a larger
bandgap material results in an improved surface passivation
and a better confinement of the excited carriers, thus decreas-
ing trap emission and increasing PLQY. Core-shell structures
have also proven to be very promising for non-blinking QDs.®
13 In particular, for CdSe/CdS core-shell QDs both the pres-
ence of large CdS shells!®*? and alloyed interfacial layers™
have been reported as efficient ways to decrease Auger re-
combination, and consequently reduce or even suppress blink-
ing.

Several procedures have been developed for the synthesis of
CdSe/CdS core-shell QDs, including continuous or layer-by-
layer shell growth.t* 15 The most widely spread method is
probably the successive ion layer adsorption and reaction

process (SILAR), a layer-by-layer approach that allows for a
precise tuning of the shell thickness and that has been success-
fully used for the synthesis of so-called ‘giant’ CdSe/CdS QDs
featuring more than 10 CdS layers.!® 12 16 Many efforts have
been devoted in the past years toward a better understanding
of the synthetic parameters of this SILAR procedure in order
to achieve optimal morphological and optical properties.'? 1617
However, this method remains time consuming and complex
as different temperatures, annealing times, or precursor con-
centrations are required depending on the deposited element
(Cd or S), the core size, or the number of CdS layers.? 16 17
Although ‘giant’ CdSe/CdS QDs were successfully synthe-
sized with annealing times of 20-30 minutes per CdS layers,®
Ghosh et al. recently reported that optimal optical properties
could only be achieved with annealing times of 3.5-4 hours
per CdS layers,*> which corresponds to more than two days of
continuous synthesis to grow 15 CdS layers. In addition, this
method uses relatively low temperatures (below 250 °C). This
can lead to residual strain and defects, two elements known to
deteriorate PLQY*®2 and promote blinking of the QDs.?*

Here we report a new, fast and efficient method for the syn-
thesis of CdSe/CdS dot-in-dot QDs. This method, denoted as
‘flash’ synthesis, consists of a seeded growth at relatively high
temperature (330 °C). This approach is adapted from a proce-
dure reported in the literature for the synthesis of anisotropic
heterostructures such as CdSe/CdS dot-in-rods??> and tetra-
pods,? 2* but which was also extended to the synthesis of
(ZnSe/CdS)/CdS heterostructured nanorods.?® In the present
work, the method was modified to promote the isotropic



growth of CdS shells on CdSe seeds through the use of a car-
boxylic acid instead of phosphonic acids. With this method,
CdS shells with controlled thicknesses of up to 6.7 nm were
grown in only 3 minutes while keeping state-of-the-art optical
properties. The structure and morphology of the synthesized
QDs were characterized by X-ray diffraction (XRD) and
transmission electron microscopy (TEM). Raman spectrosco-
py was used to address the possible alloy formation at the
core-shell interface. Finally, the optical properties of the
CdSe/CdS QDs were characterized by means of UV-Vis ab-
sorption, steady-state and time resolved photoluminescence
spectroscopies, highlighting the high PLQY and the low blink-
ing rates of these QDs.

EXPERIMENTAL SECTION

Synthesis of the wurtzite CdSe QDs. CdSe QDs with a
wurtzite crystal structure were synthesized according to a
procedure described in the literature.?? Briefly, 0.06 g of cad-
mium oxide (CdO, 99.998% Puratronic, Alfa Aesar), 3 g of
tri-octylphosphine oxide (TOPO, 98%, Alfa-Aesar) and 0.280
g of octadecylphosphonic acid (ODPA, 98%, PCI) were mixed
in a 25 mL three neck flask. The mixture was heated to 150°C
under a vacuum for one hour. The solution was then put under
a nitrogen atmosphere and heated to 345°C. As soon as the
solution became colorless, indicating the dissolution of CdO,
1.8 mL of tri-octylphosiphine (TOP, 97%, Strem) were inject-
ed. After the temperature had recovered, a solution containing
0.058 g of selenium (99.999%, Sigma-Aldrich) dissolved in
0.360 g of TOP was injected. The reaction time was varied in
order to tune the size of the QDs. Then, the reaction was
quenched by a sudden drop of the temperature using a water
bath and allowed to cool down to room temperature. The
nanocrystals were purified by addition of isopropanol and
methanol, centrifugation at 3000 rpm for 10 minutes and re-
dispersion in toluene. The purification was repeated three
times. The size of the particles was determined from the posi-
tion of the first excitonic absorption peak using the sizing
curve of Mulvaney et al..?® The concentration of the QD dis-
persion was determined based on the absorbance at 350 nm.?’

Flash synthesis of the CdSe/CdS dot-in-dot QDs. The
synthesis of the CdSe/CdS dot-in-dots was performed by
adapting the method developed by Carbone et al. for the syn-
thesis of CdSe/CdS dot-in-rods,?? except that a carboxylic acid
(oleic acid) was used instead of phosphonic acids. CdO and
oleic acid (OA, 90%, Sigma-Aldrich) were mixed with 3 g of
TOPO in a three neck flask. The amount of CdO was varied
between 0.5 and 3.47 mmol in order to tune the thickness of
the CdS shell as detailed in the result section. The OA was
introduced with an excess of 4 mmol considering that two
equivalents of OA are needed to dissolve one equivalent of
CdO. The reaction mixture was heated to 120°C while flush-
ing with nitrogen for one hour. The temperature was then
increased to 330°C. As soon as the solution became colorless,
1.8 mL of TOP were injected. After the temperature had re-
covered, 1.8 mL of a solution containing 87 nmol of CdSe
core QDs and sulfur in TOP were injected. The sulfur was
always kept in a 3 to 4-fold excess as compared to cadmium.
After 3 minutes, the reaction was quenched by a sudden drop
of the temperature using a water bath, followed by the injec-
tion of 10 mL of toluene. The nanocrystals were purified by
the addition of isopropanol and methanol, centrifugation at
3000 rpm for 10 minutes and redispersion in toluene. The

purification was repeated three times. The sizes of the core-
shell structures were determined by TEM analysis and the
numbers of CdS monolayers (MLs) grown were estimated by
considering half of the wurtzite CdS c lattice parameter
(0.3375 nm) as the thickness of one CdS monolayer.

Material characterization. Bright field transmission elec-
tron microscopy (TEM) images were taken using a Cs correct-
ed JEOL 2200 FS microscope. The crystal structure of the
QDs was determined by X-ray diffraction (XRD), using a
Thermo scientific ARL X’TRA diffractometer. XRD samples
were prepared by dropcasting a dispersion of QDs in an 80:20
hexane:heptane mixture on a glass slide. Absorption spectra
were taken using a Perking Elmer Lambda 950 spectrometer.
Photoluminescence measurements were done on an Edinburgh
Instruments FLSP920 UV-vis-NIR spectrofluorimeter. For
steady-state measurements, a 450W xenon lamp was used as
the excitation source. The time resolved measurements were
performed using a picosecond pulsed LED (pulse width 872
ps) as the excitation source. The signals were collected with a
Hamamatsu R928P PMT detector, which has a response curve
between 200 and 900 nm. All steady-state emission spectra
were recorded for an excitation wavelength of 365 nm and
were corrected for the detector sensitivity. The time resolved
measurements were performed for an excitation wavelength of
331 nm with a bandwidth of 9.4 nm, which are the characteris-
tics of the pulsed LED, and by collecting the signal at the
maximum of emission. Photoluminescence quantum yields
(PLQY) of the samples were determined for an excitation
wavelength of 365 nm and by comparison with Coumarin 2,
which has a known PLQY of 92% in ethanol.?® Blinking ex-
periments were performed with a microluminescence setup.
For these experiments, the QDs were deposited at very low
concentration on a Suprasil® 2B quartz slide by spin coating.
A single QD was excited using a pulsed laser at A = 445 nm
with a repetition rate of 2.5 MHz, and the emission of the QD
was detected using a PerkinElmer photon counting diode
(model SPCM-AQRH). Raman spectroscopy was used to
study the internal structure of the core-shell QDs. Raman
spectra were recorded in backscattering geometry using a
Dilor XY800 triple monochromator Raman spectrometer with
an N cooled charge-coupled-device detector. Laser excitation
was provided by the 488 nm line of an Ar*-laser (Coherent).
Each spectrum was calibrated with respect to neon and argon
lines. This set-up provides an accuracy of the Raman shift of +
0.4 cm™. The samples were prepared by dropcasting the QD
solutions on Si wafers. After solvent evaporation, the wafers
were transferred to a commercial cryostat (Oxford Instru-
ments). All Raman measurements were performed at liquid
helium temperature.

RESULTS AND DISCUSSION

Influence of oleic acid. During preliminary experiments
and in a first attempt to synthesize CdSe/CdS dot-in-dots, we
used the same amount of carboxylic acid (oleic acid) as of
phosphonic acids (octadecylphosphonic acid and hexa-
decylphosphonic acid) reported in the method of Carbone et
al. for the synthesis of CdSe/CdS dot-in-rods.? This means no
excess of OA and just the two equivalents necessary to dis-
solve the amount of CdO. The TEM image of the result (Fig-
ure 1a) immediately revealed that this simple modification of



Figure 1. TEM images of CdSe/CdS QDs synthesized without OA
excess (a) and with OA excess (b).
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Figure 2. (a) Typical XRD diffractogram of CdSe/CdS QDs. (b)
Emission spectra of CdSe/CdS QDs synthesized with and without
OA excess (inset: magnification of the wavelength range 450 to
530 nm). The emission spectra were recorded for an excitation
wavelength of 365 nm.

the synthesis protocol led to the formation of spherical QDs.
As a matter of fact, compared to phosphonic acids, oleic acid
binds more loosely? and not selectively to the different facets
of wurtzite CdSe nanocrystals.®® Thus, the use of oleic acid
results in an isotropic growth of the CdS shell instead of the
preferential growth along the wurtzite c-axis observed with
phosphonic acids.?? XRD analyses evidenced that the
CdSe/CdS dot-in-dots have a wurtzite structure (Figure 2a),
indicating an epitaxial growth of the CdS shell on the wurtzite
CdSe cores. The emission spectrum of this first sample (Figure
2b) featured, in addition to the main emission peak centered at
632 nm, another peak at 490 nm (inset Figure 2b). As the
emission of the injected 4 nm sized CdSe cores should appear
at around 600 nm, we attribute this peak to CdS nanocrystals,
homogeneously nucleated during the reaction. Thus, even if
the use of a carboxylic acid successfully promoted the iso-
tropic growth of a CdS shell, the synthesis of CdSe/CdS dot-
in-dots still needed optimization. To prevent the nucleation of
separate CdS QDs, the synthesis was repeated using an excess
of 4 mmol of OA. The TEM image (Figure 1b) shows that the
resulting QDs have a larger size than when synthesized with-
out OA excess (16 and 8 nm respectively for 4 nm cores in
both cases). In this case, all the cadmium was consumed for
the formation of the shell. Due to the thicker CdS shell, the
emission spectrum of the CdSe/CdS QDs synthesized with an
excess of OA shifted to longer wavelengths (Figure 2b). More
importantly, the emission spectrum of this sample does not
show any additional peak, confirming that there is no homo-
geneous nucleation of separate CdS QDs. Thus, an excess of
OA was necessary to prevent the formation of individual CdS
QDs. This result is in line with the idea that an excess of acid

increases the solubility of the growth species,® which will
favor shell growth over homogeneous nucleation. Additional
preliminary experiments showed that the concentration of
sulfur did not play any important role unless it was introduced
in a more than 6-fold excess compared to cadmium. In this
case, the syntheses resulted in highly polydisperse particles.
Thus, only the effect of Cd concentration was investigated and
is reported in the following.

Tuning the thickness of the CdS shell. To investigate the
effect of cadmium concentration, CdSe/CdS QDs were synthe-
sized starting from 2.5 nm and 3.5 nm sized wurtzite CdSe
cores, and using different amounts of CdO as summarized in
Table 1. Figure 3 shows the TEM images and size distribu-
tions of samples QD1, QD2 and QD3 (see Supporting Infor-
mation Figure S1 for samples QD4 to QD6). In Figure 4a, the
average diameters of the CdSe/CdS QDs, determined from
TEM images, are plotted against the amount of cadmium used.
It appears that the size of the QDs, i.e. the thickness of the
CdS shell, increases with the amount of cadmium involved in
the synthesis. As illustrated in figure 3d the dispersion of the
size distribution increases with the thickness of the CdS shell..
More precisely, the volume of the CdS shell reported on Fig-
ure 4b increases linearly with the amount of cadmium. The
experimental sizes/volumes were always found to be in good
agreement with the theoretical ones, indicating that all the
cadmium introduced in the synthesis has reacted. Thus, owing
to this full chemical yield of the shell formation reaction, the
thickness of the CdS shell can be efficiently controlled by
modifying the initial amount of CdO. In addition, the process
is considerably faster than what is reported in the literature up
to date. For example, a 6.7 nm thick shell (samples QD3 and
QD6) corresponding to ca. 20 MLs of CdS was grown in no
more than 3 minutes, whereas it could have taken up to several
days to obtain the same result using the SILAR method.?



Table 1. Synthesis details, structural parameters and spectroscopy data of CdSe/CdS QDs synthesized with different core
sizes and different amounts of CdO. The amount of TOPO was always 3 g, the OA was introduced with an excess of 4 mmol
and the sulfur was in 3 to 4-fold excess compared to cadmium in all the syntheses.

sample co(rr(]ens];ze (n?%(gl) size (nm) rgj drgblt\e/lr LO; enzh %e)ak F\(/XnH];\A 11 (ns) 12 (NS) PLQY (%)
QD1 2.5 0.50 89+13 9.5 597 34 5 24 40
QD2 25 1.33 13.0+14 156 623 54 30 100 26
QD3 2.5 2.67 158+2.7 19.7 635 63 32 145 11
QD4 35 0.71 95+1.2 8.9 631 36 7 33 47
QD5 35 173 13414 14.7 647 48 30 117 31
QD6 35 3.47 16.8+3.1 19.7 653 67 42 191 15
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Figure 3. TEM images of samples QD1 (a), QD2 (b) and QD3 (c).
Size distribution of those three samples (d) (see Supporting In-
formation Figure S1 for samples QD4 to QD6).
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Figure 4. Average sizes (a) and volumes (b) of the CdSe/CdS QDs
depending on the amount of cadmium used and for different core
sizes.

Raman analysis of the CdSe/CdS QDs. Besides enhanced
passivation, core-shell structures have also proven to be of
interest for reducing the Auger recombination rate, which
plays a role in blinking processes and multi-exciton recombi-

nation.® This is thought to be linked to a graded interface
resulting from an alloying of the core-shell interfacial region.
We recently demonstrated the potential of Raman spectrosco-
py to investigate the structure of this interface.®® Thus, we
applied Raman spectroscopy on the ‘flash’ CdSe/CdS het-
eronanocrystals. Samples with thicker CdS shells show mostly
a bulk-like CdS vibration and the CdSe-related features are
relatively weak, making a detailed discussion difficult (see
Supporting Information, Figure S2). Figure 5a shows the Ra-
man spectrum of the two exemplary samples with moderately
thick shells, QD1 and QD4. The intensities were normalized to
the CdS-related peak around 300 cm™. The spectra feature
Cds- and CdSe-related Raman modes and (mixed) overtones.
On one hand, the CdS-related peaks are not significantly dif-
ferent between the two samples. This also applies to the first
CdS-overtone around 600 cm™. The region in between funda-
mental and overtone shows CdSe-CdS combined modes. The
proximity of the fundamental CdS-related peak to the CdS
longitudinal optical phonon (LO) bulk frequency (305 cm™)3
indicates a homogeneous shell with possible strain due to the
lattice mismatch being mostly relaxed through the outer lay-
ers. On the other hand, the CdSe-related peaks are subject to
stronger changes between the different samples. Figure 5b
displays the Raman spectra limited to the frequency range of
the CdSe-related vibrations. The spectra were normalized to
the most prominent peak around 212 cm™. This peak is asym-
metric and can be only well described by the sum of three
Lorentzian functions. The background was accounted for with
a linear function and a single Lorentzian function for the CdS
shoulder at higher wavenumbers. The three underlying com-
ponents for each sample are included in the figure. The peaks
are significantly shifted in frequency, relative to bulk and
between the samples. The most prominent feature around 216
cmt can be attributed to the CdSe LO.* Its shift relative to the
bulk LO frequency (212 cm™) can be understood by a signif-
icant amount of compressive strain being present in the lattice.
As the amount of core material is comparably small, the strain
caused by the lattice mismatch between CdSe and CdS cannot
relax and average out as it is the case for the CdS shell. Then,
the strain — and related frequency shift — is different between
the samples due to difference in core size and shell thickness.
The shoulder below 200 cm™ can be attributed to surface
optical phonon (SO) which exist in finite sized crystals.® 7
The third feature, the shoulder around 209 cm™ was previously
attributed to an intrinsic vibration of a Cd(Se,S) alloy, stem-
ming from a significant amount of alloyed material at the
interface between the CdSe core and the CdS shell.® The



intensity of this mode relative to the respective CdSe LO in-
tensity is different between the samples, probably due to a
comparable amount of alloyed material relative to a different
amount of core material. This is in line with the different core
diameters, and thus different surface/volume ratios, between
the two samples. A comparison with the spectra discussed in
the previous work about SILAR particles®® suggests a similar
interface composition, though the thickness of the interfacial
layer cannot be estimated based on the available data. Thus,
despite the fact that the reaction takes place in only 3 minutes,
these Raman analyses show that the atoms at the core-shell
interface still have enough time to rearrange and form alloyed
layers, just as in other synthesis methods.
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Figure 5. (a) Raman spectra of sample QD1 and QD4. (b) Focus
on the CdSe-related peaks.

Optical properties of the CdSe/CdS QDs. The optical
properties, i.e. wavelength position of the emission peak, full
width at half maximum (FWHM), lifetimes (11 and 1) and
PLQY of all the samples are reported in Table 1. The exact
peak wavelength of the first excitonic absorption peak could
hardly be determined, especially in the case of large CdS shell
thicknesses. Indeed, as illustrated in Figure 6a and its inset for
samples QD1 to QD3 (see Supporting Information Figure S3
for samples QD4 to QD6), the absorption spectra of the QDs
are largely dominated by the absorption of the CdS, which
represents most of the volume fraction of the QDs. For illus-
tration, the emission spectra of samples QD1 to QD3 are
shown in Figure 6b (see Supporting Information Figure S3 for
samples QD4 to QD6). As expected, the emission spectra of
the CdSe/CdS QDs shift towards longer wavelengths when the
thickness of the CdS shell increases. This is due to the delocal-
ization of the electron from the core into the shell following
the small conduction band offset between CdSe and CdS.
Figure 6b also shows that the emission peak becomes broader
when the thickness of the CdS increases. Indeed, the FWHM
values, which are reported in Table 1, reflect the concomitant
increase of the size distribution already observed in Figure 3d.
Nevertheless,even for the largest QDs the FWHM was always
below 70 nm , which is suitable for many optical applications.
From point of view of the photoluminescence lifetime, the
decays reported in Figure 6¢ for samples QD1 to QD3 (see
Supporting Information, Figure S3 for samples QD4 to QD6)
were fitted with a double exponential. A short lifetime (t1) and
a longer one (t2) were obtained for each samples and these
values are reported in Table 1. The short lifetime can fairly be
attributed to non-radiative processes involving the surface of
the nanocrystals, and the longer lifetime corresponds most
likely to the excitonic recombination. As expected, the growth
of thicker CdS shells results in an increase of both lifetimes,

which is due to a decrease of the overlap of the exciton wave
functions. As for the red shift of the emission spectra, due to a
smaller offset between the conduction bands of the CdSe and
the CdS shell, the electrons are delocalized in the entire vol-
ume of the QD whereas the holes remain mainly confined in
the core.!* We did not observed any plateau value of the life-
time as reported by Ghosh et al., even if some of our shell
volumes were larger than the 750 nm? threshold value these
authors reported.'? In core-shell QDs, with the highest PLQY
values typically being observed for 2-3 monolayers, the sub-
sequent PLQY decrease with additional shell layers is often
explained by higher strain and defect densities induced by
lattice mismatch or incoherent growth of thicker shells.*8-2
The CdSe/CdS QDs reported here showed PLQY's of 40-50%
in the case of shells corresponding to about 9 CdS MLs (sam-
ples QD1 and QD4), 25-30% in the case of shells correspond-
ing to about 15 CdS MLs (samples QD2 and QD5) and still
10-15% for QDs with up to almost 20 CdS MLs (samples
QD3 and QD6). At similar shell thicknesses, these PLQY
values are comparable or even higher than those obtained with
a fully optimized SILAR procedure. This is probably a bene-
fit of the high synthesis temperature that allows a continuous
coherent growth of the CdS shell, resulting in nanocrystals
with high crystallinity.
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Figure 6. Normalized (a) absorption spectra, (b) emission spectra,
and (c) photoluminescence decays of samples QD1, QD2 and
QD3 (see Supporting Information Figure S3 for samples QD4 to
QD6). The emission spectra were recorded for an excitation
wavelength of 365 nm. The photoluminescence decays were
recorded for an excitation wavelength of 331 nm.

In addition to the sharp and bright emission, CdSe/CdS QDs
prepared with this ‘flash’ synthesis can show very low blink-
ing behavior. In Figure 7 single QD measurements are report-
ed for sample QD5. To ensure that the measured emission
originated from a single photon emitter, anti-bunching exper-
iments were performed (see Supporting Information, Figure
S4). In Figure 7, the black curves represent the intensity of the
luminescence, i.e., the number of detected photons per time-
bin of 10 ms, as a function of time, and the red curves show
the corresponding statistical distribution of the number of



counts. In Figure 7a, the fluence of each excitation pulse was
set to produce an average number of v, = 0.15 excitons per
pulse. During the 400 s of the record not a single off-period
has been seen. In addition, the statistical distribution of the
number of counts is single-peaked and has a mean value of
107 £ 21.2 counts. The fact that the distribution is broader
than a Poisson distribution indicates that, despite no off-period
is seen, the PLQY randomly changes in time by about 10% of
its average value. These fluctuation periods are clearly seen on
the black curves (Figure 7). Schlegel et al. already reported
that fluctuating dynamic quenching processes could occur
even at a single QD level depending on its local gaseous envi-
ronment.®® Indeed, photoluminescence measurements of QDs
in different controlled atmospheres already showed that both
water or oxygen molecules can have independent and syner-
gistic effects on their optical properties.® Figure 7b shows the
luminescence of the same QD, but using a stronger excitation
(vav = 0.56). The QD again emits without intermittency during
400 s except for a short time interval of a few seconds around t
= 242 s. In Figure 7b, the displayed time interval is reduced
for a better visualization of the off-period. The statistics of the
number of counts per 10-ms time-bin now shows a double-
peaked structure. The main peak (394 + 86 counts) corre-
sponds to the on-state while the small one (47 + 10 counts)
corresponds to the off-state. Thus, it appears that, despite the
high excitation level, nearly no blinking occurred. A further
increase of the excitation power tended to increase the dura-
tion of the off-periods which where nevertheless limited. It
appears that the Auger processes responsible for blinking are
strongly, if not completely, suppressed in the CdSe/CdS
‘flash” QDs. This can be explained by the very thick CdS shell
and the delocalization of the electron in this very large vol-
ume.1®2 Chen et al. already reported a low blinking behavior
of CdSe/CdS QDs with similar shell thickness.® However, we
could achieve a similar result with a 3 minutes synthesis in-
stead of several days using the SILAR approach. Furthermore,
the observed alloyed interface between the CdSe core and CdS
is of importance. Garcia-Santamaria et al. recently demon-
strated the importance of these alloyed interfaces on the reduc-
tion of Auger recombination through a “smoothing” of the
confinement potential.’* A smoothing of this potential was
also reported by Wang et al. as an important parameter for the
absence of blinking in their CdZnSe alloyed QDs coated with
ZnSe shells.® More recently, Bawendi et al. reported non-
blinking CdSe/CdS QDs with relatively thin CdS shells,*
claiming that this was the result of the high synthesis tempera-
ture (310 °C) and the slow CdS formation which produces
highly crystalline shells. The ‘flash’ CdSe/CdS QDs combine
most of these characteristics, i.e. thick CdS shells, alloyed
interfaces and high crystallinity thanks to high synthesis tem-
perature, which explains the low blinking observed.

a) counts statistics b) counts statistics
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Figure 7. : Luminescence intensity (black line, left axis) of a
single CdSe/CdS QD as a function of time (bottom axis) for (a)
vay = 0.15 and (b) vav = 0.56. The intensity of the luminescence is
measured by the number of counts recorded by a photon counter
during 10-ms time intervals. The statistical distribution of the
number of counts is shown in red (top axis). In (b) the time inter-
val is reduced for better visualization of the off-state, but the
counts statistics (red line) are still calculated based on a 400 s
experiment.

CONCLUSION

In conclusion, a new fast and efficient method for the syn-
thesis of CdSe/CdS core-shell QDs was successfully devel-
oped. In this method, referred to as ‘flash’ synthesis, the use of
a carboxylic acid (OA) instead of phosphonic acids led to the
isotropic growth of CdS shells on wurtzite CdSe cores. It was
found that an excess of OA compared to cadmium was neces-
sary to prevent the secondary nucleation of individual CdS
QDs. The thickness of the CdS shell could then be easily tuned
by changing the amount of cadmium involved in the synthesis.
This reaction is very fast, with full chemical yield, allowing
the growth of very thick shell (up to 6.7 nm in the present
study) in no more than 3 minutes. The synthesized CdSe/CdS
QDs showed narrow emissions with enhanced PLQY even for
very thick CdS shells. Finally, Raman spectroscopy analyses
evidenced an alloying of the interface between the CdSe core
and the CdS shell, which together with the thick CdS shell and
probable high crystallinity, resulted in an important reduction
of the Auger recombination and therefore of the blinking
behavior as evidenced by single QD measurements for long
periods. These QDs are therefore very promising for many
applications where optical properties need to remain stable,
such as lasing or biolabeling.
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