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A one-pot/three-step synthetic scheme was developed for phase-pure epitaxy of
CdS shells on zinc-blende CdSe nanocrystals to yield shells with up to sixteen

monolayers. The key parameters for the epitaxy were identified, including the
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core nanocrystal concentration, solvent type/composition, quality of the core
nanocrystals, epitaxial growth temperature, type/concentration of ligands, and
composition of the precursors. Most of these key parameters were not influential

when the synthetic goal was thin-shell CdSe/CdS core/shell nanocrystals. The
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finalized synthetic scheme was reproducible at an almost quantitative level in
terms of the crystal structure, shell thickness, and optical properties.

1 Introduction

Development of synthetic approaches [1-3] for
generating colloidal semiconductor nanocrystals with
sizes in the quantum confinement regime (quantum
dots) is a key requirement for fundamental unders-
tanding of these species and exploration of their
technical applications. Recently, the emphasis in this
area has shifted towards synthesis of nanocrystals
with complex structures and/or compositions [4-7].
For such synthetic development, core/shell quantum
dots [8-14] are the basic model systems. Core/shell
quantum dots are almost the only such acceptable
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species for technical applications as luminescent
materials. For example, although CdSe quantum dots
with near-unity photoluminescence (PL) quantum yield
(QY) and single-exponential PL decay dynamics can
be fabricated [15], they are not sufficiently chemically
and optically stable to withstand the challenging
environments of most applications. Semiconductor
shells with valence bands (conduction bands) that are
lower (or higher) than that of the core semiconductor
can greatly improve the stability of the quantum dots
in harsh environments if high quality and homogeneous
epitaxy between the shells and single-crystalline core
nanocrystals can be achieved.
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Not surprisingly, core/shell quantum dots with
relatively thick shells are often found to be desirable.
The most studied core/shell quantum dots [9, 11-14,
16-18], i.e., CdSe/CdS core/shell quantum dots with
more than ~15 monolayers of the CdS shells (“giant
quantum dots”) having the wurtzite structure, have
been widely explored as nearly non-blinking quantum
dots since 2008 [16, 17]. PL blinking (of a quantum
dot) refers to random switching of the PL intensity
of a single quantum dot between different brightness
states under constant excitation [19], which is an
apparent roadblock for promising applications of
quantum dots as luminescent materials. Cadmium
chalcogenides, including both CdSe and CdS, can adopt
either the zinc-blende (face-center cubic) or wurtzite
(hexagonal) crystal structure. In principle, differences
in the lattice symmetry would result in different
electronic band structures and optical properties of
the corresponding quantum dots [15, 20-23]. Control of
the phase purity of cadmium chalcogenide nanocrystals
has been an interesting fundamental topic [24-26].
However, controlled epitaxial growth of phase-pure
CdSe/CdS core/shell quantum dots (as the most studied
system) with thick shells is still challenging.

In this study, we systematically evaluate the exper-
imental parameters influencing epitaxial growth of
phase-pure CdSe/CdS core/shell quantum dots having
the zinc-blende structure in the medium (between
7-11 monolayers of the CdS shells) and thick
(>11 monolayers of the CdS shells) shell ranges. The
results reveal that epitaxial growth of medium and
thick shells is dependent on several newly revealed
parameters, some of which are somewhat against
conventional wisdom. After identification of these
key parameters, synthesis of CdSe/CdS core/shell
nanocrystals with a shell thickness of up to sixteen
monolayers is performed at an almost quantitative
level. The position of the PL peaks, the PL QY, PL
peak width, PL decay dynamics, blinking behavior,
size (shell thickness), and crystal structure of these
species are tightly and reproducibly controlled. The
resulting series of CdSe/CdS core/shell quantum
dots enable systematic studies of the shell-thickness
dependence of a variety of optical properties of the
CdSe/CdS core/shell nanocrystals. The entire series of
core/shell quantum dots was previously proven to be
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nearly non-blinking [27], though the synthetic chemistry
was not discussed. Furthermore, CdSe/CdS core/shell
quantum dots with CdS shells comprising ten mono-
layers developed via the synthetic approach described
herein enabled fabrication of quantum dot light-
emitting-diodes with nearly ideal performance [28].

2 Results and discussion

For simplicity, we hereafter refer to 1-6 monolayers
of the CdS shells as “thin shell”, 7-11 monolayers of
the CdS shells as “medium shell”, 12-16 monolayers
of the CdS shells as “thick shell”, and more than 16
monolayers of the CdS shells as “very thick shell”.
The initial reference point for the thickness was the
“giant quantum dots” [16, 17, 29]. In 2012, we reported
a successful synthetic scheme for epitaxial growth of up
to six monolayers of CdS shells on zinc-blende CdSe
nanocrystals using cadmium diethyldithiocarbamate
(Cd(DDTC),) as the single precursor [13]. Though
simple extension of this successful scheme beyond six
monolayers of the CdS shells failed badly (see below),
the basic features of that approach form the basis of
this work.

The experimental details are provided in the
Experimental section. For convenience, a brief
description of the experimental system is as follows.
After in situ purification using a modified procedure
[13], CdSe core nanocrystals with the zinc-blende
structure were mixed with fatty amine and dodecane.
Cd(DDTC), was applied as the single-source precursor
for thin-shell synthesis, whereas cadmium alkanoates
were added to the precursor solution for the quantum
dots having relatively thick shells. According to
literature [30], decomposition of each Cd(DDTC),
molecule under elevated temperatures with fatty amine
in solution should efficiently generate one molecule
of CdS and H,S. H,S must then be eliminated from the
solution to obtain core/shell nanocrystals with high
PL QY [31]. When cadmium alkanoates are added for
growth of the relatively thick shells, H,S reacts with
the cadmium alkanoates during the epitaxial growth
[32]. The precursors needed for epitaxy of a targeted
monolayer were dissolved in an octane/amine mixture.
A thermo-cycling technique [33], involving addition
of the precursor solution at low temperature and
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increasing the temperature for the epitaxial growth,
was applied for each monolayer of epitaxy.

2.1 Colloidal stability of the core/shell nanocrystals
during epitaxy: solvents and ligands

Molecular interactions between semiconductor
nanocrystal-ligand complexes were reported to increase
linearly with the volume of the nanocrystals for a given
type of ligand, thereby resulting in a drastic decrease
of the solubility of the nanocrystal-ligand complexes
in a given organic solvent [34]. This implies that, in
comparison with the thin-shell dots, the solubility of the
medium- and thick-shell quantum dots in the reaction
solution might become an issue. Aggregation of the
quantum dots would cause inhomogeneous deposition
of the shell materials instead of homogeneous epitaxy
on each individual nanocrystal [29].

The same solvent system used previously [13] for
synthesis of the thin-shell core/shell quantum dots
became visibly turbid when the shell thickness increased
to the medium- and thick-shell range. Replacement
of octane—the solvent in the existing scheme [13]—by
dodecane was found to prevent precipitation of the
nanocrystals having less than ~20 monolayers of the
CdS shells. The ligands applied for epitaxy were also
found to play an important role in maintaining the
stability of the nanocrystal colloidal [29]. To grow
thick-shell quantum dots, a mixture of oleylamine
and octylamine was found to render the necessary
solubility, while concentration of the ligands produced
limit effects. This was found to be consistent with the

concept of entropic ligands reported recently [35].

2.2 Particle concentration and morphology/crystal
structure control

The morphology of the CdSe/CdS core/shell quantum
dots synthesized using the previous system [13]
deviated drastically from dot-shaped in the case of
the medium and thick CdS shells (Fig. 1(a)). Similar
to the previous report [13], the nanocrystals with six
monolayers of the CdS shells were slightly non-
spherical. For the medium- and thick-shell nanocrystals,
the dots became substantially irregular, branched, and
elongated. Simultaneously, wurtzite diffraction features
gradually became visible in the X-ray powder diffrac-
tion (XRD) patterns of the core/shell dots (Fig. 1(b)).
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Figure 1 (a) TEM images of CdSe/CdS core/shell nanocrystals
with 6 monolayers (6 ML), 11 monolayers (11 ML), and 16
monolayers (16 ML) of CdS. (b) XRD patterns of CdSe/CdS
core/shell nanocrystals with 6 ML and 16 ML of CdS shell. The
standard diffraction patterns of bulk CdS in either zinc-blende
(bottom, red lines) or wurtzite (top, blue lines) form are given as
references. The blue arrows indicate minor signals from the wurtzite
structure.

The new solution system described above did not
completely mitigate the morphological and structural
defects of the resulting core/shell nanocrystals with
thick shells when the other parameters remained the
same (Fig. 2, second row). Previous work suggests
that elongation usually occurs with a relatively high
monomer concentration and/or high monomer reactivity
[2]. Experiments were carried out to decrease the
reactivity of the precursors, including decreasing the
concentration of the fatty amine (which is the activation
reagent for the precursor) [13] and/or the reaction
temperature. However, to enable epitaxial growth
on the surface of the quantum dots, the reaction
temperature cannot be too low. Decreasing the amine
concentration could also be problematic as it would
induce significant formation of wurtzite defects
(discussed below). Furthermore, dividing the precursor
solution for a given monolayer into several doses for
injection [36]—equivalent to reduction of the precursor
concentration—produced limited improvement.

The literature suggests that decreasing the concen-
tration of the nanocrystals may be an effective method
to improve the quality of homogeneous epitaxy [37].

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 2 TEM images of CdSe/CdS core/shell nanocrystals with
different shell thicknesses, grown with different core nanocrystal
concentrations ([particle]). [Core], = 1.7 x 107> mol/L.

The initial core nanocrystal concentration—the nano-
crystal concentration in the solution prior to addition
of any precursor solution—applied previously was
1.7 x 10 mol-L™" [13], which was denoted as the original
core concentration ([core];). Experiments were carried
out to systematically examine the effects of the nano-
crystal concentration by holding the other parameters
constant (Fig. 2). For the series of comparative reactions
summarized in Fig. 2, growth of the shells proceeded
one monolayer at a time regardless of the concentration
of the core nanocrystals. This means that the pre-
cursor concentration increased in proportion to the
concentration of core nanocrystals.

Surprisingly, the morphology of the resulting
core/shell nanocrystals with core concentrations below
[core], became even more irregular than the morphology
of those from the reaction with the original core
concentration (compare the first two rows in Fig. 2).
In contrast, increasing the core concentration to 2 times,
3 times, and 4 times [core], significantly improved
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the morphology and size/shape distribution of the
resulting core/shell nanocrystals, as evidenced for
the thick-shell nanocrystals (see the last three rows
in Fig. 2).

A possible explanation of the unexpected dependence
of the size/shape distribution of the core/shell nano-
crystals on the core nanocrystal concentration may be
the reduction of the diffusion length of the precursors
(or active monomers) in the reaction solution by
increasing the particle concentration [38]. For growth
of core nanocrystals with various compositions, high
nanocrystal concentrations greatly promote transfer
of the monomers from small nanocrystals to large
nanocrystals in solution [2]. Such monomer transfer
can be viewed as direct inter-particle diffusion of the
monomers, given the overlap of diffusion of the spheres
between neighboring nanocrystals under high nano-
crystal concentrations. When the nanocrystal concen-
tration is sufficiently high, dissolution of relatively
small nanocrystals would be so rapid and complete
that the size distribution of the ensemble would be
focused—termed as self-focusing [2]. For epitaxial
shell growth on the existing nanocrystals in this work,
reducing the diffusion length should suppress homo-
geneous nucleation of the shell materials. Furthermore,
if homogeneous nucleation did occur, a high concen-
tration of core nanocrystals would eliminate such
tiny CdS nanocrystals rapidly.

If the core concentration was too high, however,
the increased chemical potential of the precursors
would make growth too fast to be controlled. Figure 2
illustrates that the resulting core/shell nanocrystals
with twelve and fourteen monolayers of the CdS
shells with the highest core concentration (4 x [core])
comprised a high portion of branched nanocrystals.
Literature results indicated that the branched structure
of II-VI semiconductor nanocrystals usually resulted
from growth of wurtzite “arms” from a zinc-blende
“body”, and required high monomer concentrations
[2, 39]. Consistent with this model, the high resolution
transmission electron microscopy (HRTEM) images
demonstrated the presence of significant wurzite
domains in these branches (Fig. S1 in the Electronic
Supplementary Material (ESM)). With an even higher
core concentration (6 x [core]y), branched dots dominated
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the entire nanocrystal population (Fig. 52 in the ESM).

XRD patterns also verified the core-concentration
dependent appearance of wurtzite diffraction features
along with the main features of the zinc-blende struc-
ture. As demonstrated in Fig. 3, for the CdSe/16CdS
core/shell nanocrystals, minor wurtzite diffraction
features were identifiable for the reaction employing
either the original core concentration or 4 times the
original core concentration. Conversely, no wurtzite
diffraction features appeared in the XRD patterns
for the reactions employing 2 times and 3 times the
original core concentration.

2.3 Controlled epitaxy and concentration of fatty
amines

The fatty amine plays dual roles in epitaxial growth
of CdSe/CdS core/shell nanocrystals, namely, as an
activation reagent for Cd(DDTC), [30,33] and as
ligands for the nanocrystals. Fatty amines have been
identified as relatively weak ligands for cadmium
chalcogenide nanocrystals [40], and it would thus be
necessary to retain a relatively high concentration in
the epitaxial solution. However, a high concentration
of fatty amines would over-promote the decomposition
of Cd(DDTC),, thereby inducing self-nucleation of the
CdS nanocrystals [30, 33].

The analysis presented above implies that the
concentration of fatty amines in the epitaxial solution
should have a suitable range. The data in Fig. 4(a)
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Figure 3 XRD patterns of CdSe/CdS core/shell nanocrystals
with 16 ML of the CdS shell, grown with different [particle]. The
standard diffraction patterns of bulk CdS in both zinc-blende
(bottom, red lines) and wurtzite (top, black lines) form are given

as references. The black arrows indicate minor signals from the
wurtzite structure.
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Figure 4 Effects of amine concentration. (a) XRD patterns of
CdSe/CdS core/shell nanocrystals with 16 monolayers of CdS
shell, grown with different amine concentrations, in units of
volume percentage (amine%). The standard diffraction patterns
of bulk CdS in both zinc-blende (bottom, red lines) and wurtzite
(top, black lines) form are given as references. The black arrows
indicate minor signals from the wurtzite structure. (b) PL spectra
of CdSe/CdS core/shell nanocrystals with 13 monolayers of CdS
shell. (¢c) XRD patterns of CdSe/CdS core/shell nanocrystals with
16 monolayers of CdS shell, grown with amine concentration of
25% and different Cd(DDTC),/Cd(Ol), ratios.

confirmed this hypothesis, where the amine concen-
tration was defined as the initial volume percentage
of fatty amines in the mixed solvent. Along with
the main features of the zinc-blende structure, minor
wurtzite diffraction features were observed for
reactions employing either high (50%) or low (20%)
amine concentrations.

Replacing octylamine with oleylamine of an
equimolar concentration could improve the sharpness
of the PL peak of the resulting nanocrystals (Fig. 54
in the ESM), but the viscosity of the reaction solution
was too high to maintain the necessary colloidal
stability for formation of the thick-shell nanocrystals,
as mentioned above.

2.4 Balance of colloidal stability and epitaxy by
cadmium alkanoates

TEM measurements revealed that the morphology of
the thick-shell core/shell nanocrystals for the reaction
with 33% amine was still unsatisfactory (Fig.S3 in
the ESM).

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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The dual roles of the fatty amines, i.e., as ligands
and activation reagents, could be decoupled by
introducing secondary ligands. Cadmium alkanoates
are a prospectively good choice, as they are well-
known ligands for both CdSe and CdS nanocrystals
[41, 42]. According to literature, decomposition of
Cd(DDTC), generates one molecule each of CdS and
H,S [30, 43]. Cadmium alkanoates could be consumed
by the excess H,S generated by the decomposition
of Cd(DDTC),. Therefore, cadmium alkanoates could
also serve as a secondary precursor to somewhat
restrict the solution reactivity of Cd(DDTC),, given
their localization on the surface of the nanocrystals as
ligands.

Addition of cadmium alkanoates to the reaction
frequently caused formation of CdS particles in the
late stage of the shell growth for the reactions
employing relatively high amine concentrations, as
indicated by the new PL peak at high energy positions
(see the reaction with 33% amine in Fig. 4(b) as an
example). Reducing the amine concentration to 25%
suppressed formation of the CdS nanocrystals (Fig. 4(b)).
Fortunately, a relatively low amine concentration
(25%) and addition of cadmium oleate (Cd(Ql),) also
eliminated the minor wurtzite diffraction features
(Fig. 4(c)).

As mentioned above, cadmium alkanoates should
be considered as a secondary precursor. The ratio
between Cd(DDTC), and Cd(Ol), may thus be an
important parameter during epitaxy. The results
presented in Fig. 5 and Fig. S5 (in the ESM) suggest
that a one-to-one molar ratio yielded thick-shell
nanocrystals with the best thickness control. This
was thought to be quite reasonable. Decomposition
of Cd(DDTC), should generate one molecule of CdS
and one molecule of H,S [22, 32]. Presumably, one
molecule of Cd(Ol), may react with one molecule
of H,S during epitaxy.

2.5 Effects of free fatty acids

We attempted to eliminate formation of pure CdS nano-
crystals by addition of free acid to the reaction system
because free fatty acids are known to retard for-
mation of plain CdS nanocrystals [2, 44]. Unfortunately,
no improvement was observed based on the PL

Nano Res. 2017, 10(4): 1149-1162
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Figure 5 Effects of concentration of Cd fatty acid salts (top
three rows) and effects of free acids (bottom two rows).

measurements, and the TEM data actually indicated
an opposite trend. When the concentration of oleic
acid (HOI) increased to 6 times that of Cd(Ol),, the
size/shape distribution deteriorated (compare the
fourth row to the second row in Fig. 5). The results in
Fig. 5 (the last row) indicate that in the absence of free
oleic acid, the size/shape distribution of the resulting
CdSe/16CdS core/shell nanocrystals was significantly
better than that from the reaction with a relatively
large excess of free oleic acid (the fourth row).

Furthermore, if the amine concentration was high,
the difference between the reactions with and without
free acids became substantial (Fig. S6 in the ESM).
Based on these results, free fatty acids were excluded
for further optimization.

2.6 Quality of core nanocrystals and the resulting
core/shell nanocrystals

Previous work revealed that for thin-shell CdSe/CdS
core/shell nanocrystals, the PL spectra were often
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asymmetric with a tail (or small peak) on the high
energy side [13]. This asymmetry was ascribed to the
existence of some very small nanocrystals in the core
sample synthesized by the so-called non-injection
approach [45]. These tiny core particles were not
efficiently emissive; however, after shell growth, they
became as emissive as the relatively large particles in
the same sample. The results in Figs. 6(a) and 6(b)
revealed that this problem persisted for the medium-
and thick-shell nanocrystals. Furthermore, the position
of the high-energy peaks (from ~500 to ~575 nm) in
Figs. 6(a) and 6(b) indicated that the asymmetry of
the PL spectra must be associated with the CdSe/CdS
core/shell nanocrystals with small core sizes, instead
of homogeneous nucleation of the CdS nanocrystals.
The non-injection method, in principle, might
possess an extended period for nucleation and may
form small particles, along with growth of existing
particles. This prompted us to improve the situation
by applying CdSe core nanocrystals based on a new
synthetic strategy developed recently [46], which
is based on injection of Se powder suspended in
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octadecene (Se-SUS) into a hot mixture of cadmium
alkanotes and octadecene (see details in the Experi-
mental section). Figure 6(c) shows that application of
the core nanocrystals from the Se-SUS approach [46]
caused the baselines of the PL spectra to become
practically flat on the high energy side and the width of
the main PL peak was significantly narrowed (compare
Figs. 6(a) and 6(c)).

2.7 General scheme for epitaxy of the CdS shells on
CdSe core nanocrystals in zinc-blende structure

The key parameters discussed in the above sub-
sections allowed us optimize the synthetic scheme for
formation of zinc-blende CdSe/CdS core/shell nano-
crystals with different shell thicknesses. Given the
significant differences between the thin-, medium-,
and thick-shell dots, a one-pot, three-step strategy
(one-pot/three-step) was established (Fig. 7).

The first step was synthesis and in-situ purification
of the core nanocrystals using the Se-SUS approach
[13, 46]. The second step was epitaxial growth of
thin-shell dots, i.e., with 1-6 monolayers of the CdS
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Figure 6 Effects of quality of CdSe core nanocrystals. (a) Evolution of PL spectra of CdSe/CdS core/shell nanocrystals during shell
growth using core nanocrystals synthesized by the non-injection approach. (b) Same spectra in (a) but with different x- and y-axis scales
to highlight the small core/shell nanocrystals. (¢) Evolution of PL spectra of CdSe/CdS core/shell nanocrystals during shell growth using
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Figure 7 One-pot/three-step synthesis of CdSe/CdS core/shell nanocrystals with zinc-blende structure, having different shell thickness.
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shells. In comparison with the previously reported
procedure for epitaxy of thin-shell dots [13], the main
differences in the second step of the new scheme
included changes in the epitaxial growth temperature
(~20°C higher than the previous value), the amine
concentration (decreased from 55% to 25%), the solvent
(replacing octane with dodecane), and the initial
concentration of the core nanocrystals (double the value
reported previously). These optimizations not only
enabled us to reach the synthetic target (CdSe/CdS
core/shell nanocrystals with sixteen monolayers of
CdS), but also further improved the quality of the
CdSe/CdS core/shell nanocrystals with thin-shells (see
Fig. 2 and more details below). The main reason for
separating the second step from the third step was
the need for cadmium alkanoates in the third step.
Figure 8(a) shows the XRD patterns of a core and
the corresponding thin-, medium-, and thick-shell
dots produced via the optimized scheme (see the
Experimental section for details). Upon growth of the
CdS shells, the diffraction peaks of the nanocrystals
gradually narrowed and shifted from those of the
standard CdSe pattern to that of CdS with the pure
zinc-blend structure. The shell sizes determined by

T 0©

(@ | TCdS bulk

CdSe/10CdS

CdSe/16CdS

CdSe/5CdS

Intensity (a.u.)

CdSe (3nm)

| cdsebulk |

20 45 70
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— .
E s
89 -
> .
E
g N eTheoretical value
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|
0 4 8 12 16

Thickness (monolayer)

Figure 8 (a) XRD patterns of the CdSe core (first absorption
peak at 550 nm) and corresponding core/shell nanocrystals with
different shell thickness. (b) Evolution of size of the nanocrystals
during shell growth. (c) TEM and HRTEM (insets) images of
CdSe/CdS core/shell nanocrystals.
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TEM analysis during growth were plotted along with
the theoretical values by assuming a 0.34 nm increase
of the shell thickness upon growth of one monolayer
of CdS (Fig. 8(b)). The TEM measurements (Fig. 8(c))
revealed that the core/shell nanocrystals with thin-
and medium-shell thickness were dot-shaped with
excellent size/shape distribution. The thick-shell
nanocrystals were nearly dot-shaped with a good
size distribution (see more examples in Figs. 5 and 8).
Because of the noticeable deviation of the shape from
spherical, the shell thickness of the thick-shell species
was considered as the average value for the given
sample. HRTEM measurements confirmed the
single crystalline nature of the zinc-blende CdSe/CdS
core/shell nanocrystals with different thicknesses
(Fig. 8(c) insets).

2.8 Shell-thickness dependent optical properties

Figure 9(a) illustrates that upon growth of the CdS
shells, the UV-Vis and PL spectra underwent a con-
tinuous red-shift. For the series of samples shown
in Fig. 9(a), the total shift of the PL peak was very
significant, i.e., ~84 nm (from 557 to 641 nm). This
substantial and continuous red-shift is consistent with
epitaxial growth rather than alloying. Interestingly,
although the PL peak shifted monotonically (Fig. 9(a),
inset), the PL QY ((Fig. 9(b)), the PL full-width-at-
half-maximum (FWHM) (Fig. 9(c)), and the PL decay
dynamics (Figs. 9(d) and 9(e)) changed in a drastically
different manner.

For the CdSe core nanocrystals in a solution with
fatty amines, the absolute PL QY measured by an
integrating sphere was ~30%-40%, and the PL decay
dynamics of the core nanocrystals was multi-
exponential. After growth of two monolayers of the
CdS shells, the PL QY of the dots increased to near-
unity and the PL decay dynamics of the CdSe/2CdS
core/shell QDs became single-exponential with the
goodness of fit (y2) being between 1.0 and 1.3,
indicating complete elimination of detrimental traps.
These excellent optical features were retained for
the nanocrystals with up to ten monolayers of the
CdS shells. When the CdS shell thickness exceeded
ten monolayers, the PL QY gradually decreased
from >90% (CdSe/11CdS) to ~70% (CdSe/16CdS), and
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the PL decay dynamics deviated slightly from single-
exponential (Fig. 9(e)), indicating possible traps caused
by late stage epitaxy for the thick-shells. The average
PL decay lifetime (Fig. 9(d)) was obtained by fitting
the PL decay dynamics for all samples to single-
exponential decay dynamics. Given the relatively small
deviation from single-exponential decay dynamics
(Fig. 9(e), inset), the resulting lifetime values should
be meaningful for all core/shell samples.

The shell-thickness dependent trends of the PL QY
(Fig. 9(b)), PL FWHM (Fig. 9(c)), average PL decay
lifetime (Fig.9(d)), and y; from single-exponential
fitting (Fig. 9(e), inset) were found to be reproducible.
The PL QY and y; exhibited a plateau for samples
with between two and ten monolayers of CdS shells,
and the two trends approximately mirrored each other.
These observations appear to be reasonable because
both the PL QY and y; reflect the tendency for
radiative decay of the excitons.

The average PL decay lifetime increased mono-
tonically for samples with two to sixteen monolayers
of the CdSe shells (Fig. 9(d)). This increase in the PL
decay lifetime with shell growth appears reasonable.
The PL decay lifetime is determined by the overlapping
of the electron and hole wavefunctions. For CdSe/
CdS core/shell quantum dots, the hole wavefunction
should be mostly localized in the core and insensitive to
the shell thickness, whereas the electron wavefunction

should be largely delocalized into the CdS shells [47].

The PL FWHM decreased monotonically in moving
from the core to eight monolayers of the CdS shells
and increased when the shell thickness exceeded
eight monolayers of the CdS shells (Fig. 9(c)). The
decrease of the PL FWHM upon shell growth followed
opposite trends to previous literature reports [48, 49],
and further investigation is required to understand
this reproducible trend.

Overall, the unique and shell-thickness dependent
optical properties described in the above subsections
were exceptional in comparison to that of the CdSe/
CdS core/shell nanocrystals with the wurtzite structure
having similar shell-thicknesses [29, 37]. However, it
is still too early to claim that zinc-blende CdSe/CdS
core/shell nanocrystals are better than their wurtzite
counterparts because the synthetic scheme and the
products described herein are of significantly higher
structural quality than those of the wurtzite coun-
terparts. For instance, the typical reaction described
in the Experimental section is nearly quantitatively
reproducible for each monolayer of growth, with
1nm variation for the PL peak position, which is
close to the instrumental resolution (~0.5 nm) for the
PL FWHM, # 3% for the PL QY (systematic error of
the measurements), <1 ns for the PL lifetime, and
no identifiable diffraction signature of the wurtzite
structure. In comparison, synthesis of wurtzite CdSe/
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CdS core/shell nanocrystals with similar shell-thicknesses
is much less advanced.

3 Conclusion

By setting “zinc-blende CdSe/CdS core/shell nano-
crystals with sixteen monolayers of CdS shell” as the
synthetic target, several key parameters for epitaxial
growth of the core/shell nanocrystals were identified.
These key parameters became significantly more
important in the synthesis of thick-shell core/shell
dots than in growth of thin-shell counterparts. The
synthetic chemistry of colloidal nanocrystals was
previously compared with total synthesis via organic
chemistry [5]. This work, to a certain extent, verified
the previous hypothesis. By setting a complex nano-
crystal as the synthetic target, the synthesis protocol
developed herein may very likely result in the
discovery of new chemical insights related to the
relevant crystallization processes.

4 Experimental
41 Chemicals

Stearic acid (HSt, 90+%), cadmium oxide (CdO, 99.998%),
tetramethylammonium hydroxide (98%), octylamine
(98%), selenium powder (Se, 200 mesh, 99.999%),
1-octadecence (ODE, 90%), dodecane (99%), and HOI
(90%) were purchased from Alfa Aesar. Tributyl-
phosphine (TBP) was purchased from Shanghai Titan
Chemicals. Cadmium acetate dihydrate (CdAc,2H,0O,
98.5%) was purchased from Shanghai Tingxin
Reagents. Sodium diethyldithiocarbamate trihydrate
(NaDDTC-3H,O, 99%) was purchased from Aladdin
Reagents. Oleylamine (Cy3 content: 80%-90%) was
purchased from Acros. All organic solvents were
purchased from Sinopharm Reagents. All chemicals
were used directly without any further purification
unless otherwise stated.

4.2 Synthesis of CdSt,

In a typical synthesis, HSt (20 mmol) was neutralized
with tetramethylammonium hydroxide (20 mmol) in
methanol (200 mL) by stirring. CdAc,-2H,O (10 mmol)

Nano Res. 2017, 10(4): 1149-1162

dissolved in methanol (50 mL) was added dropwise to
this solution under vigorous stirring. The formation
of white precipitates indicated the formation of CdSt,,
and the mixture was stirred for 20 min after finishing
the dropping process to ensure complete reaction.
Subsequently, the precipitate was collected by filtration,
washed thrice with methanol, and then dried under
vacuum at room temperature overnight before use.

4.3 Synthesis of Cd(DDTC):

Cd(Acy)-2H,0O (10 mmol) was dissolved in distilled
water (100 mL). NaDDTC (20 mmol) dissolved in
distilled water (60 mL) was added dropwise to this
solution under vigorous stirring; white precipitates
of Cd(DDTC), immediately formed. After addition of
the NaDDTC solution, the mixture was stirred for
20 min to ensure complete reaction. The precipitate
was washed thrice with distilled water and dried under
vacuum at room temperature overnight before use.

44 Preparation of Cd(Ol): solution (Cd(Ol),:Hol =
1:2)

CdO (0.1284 g, 1 mmol), HOI (1.1299 g, 4 mmol), and
ODE (6.8917 g) were mixed in a 25 mL flask. After
stirring and bubbling with argon for 10 min, the flask
was heated to 240 °C to obtain a clear solution.

4.5 Preparation of Cd(Ol), solution (Cd(Ol),:Hol =
1:6)

CdO (0.1284 g, 1 mmol), HOI (2.2598 g, 8 mmol), and
ODE (5.8934 g) were mixed in a 25 mL flask. After
stirring and bubbling with argon for 10 min, the flask
was heated to 240 °C to obtain a clear solution.

4.6 Synthesis of Cd(Ol),

CdO (1.2841 g, 10 mmol) and HOI (11.2988 g, 40 mmol)
were mixed in a 25mL flask. After stirring and
bubbling with argon for 10 min, the flask was heated
to 240°C to obtain a clear solution. The reaction
mixture was allowed to cool to 50 °C and then slowly
poured into acetone (100 mL). White precipitates of
Cd(Ol), immediately formed; the precipitate was
collected by filtration, washed thrice with acetone, and
dried under vacuum overnight at room temperature
before use.
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4.7 Synthesis of CdSe core nanocrystals using non-
injection method

In a typical synthesis, Cd(St), (0.1356 g, 0.2 mmol), Se
powder (0.0079 g, 0.1 mmol), and ODE (4 mL) were
loaded into a 25 mL three-neck flask. After stirring
and bubbling with argon for 10 min, the mixture was
heated to 250 °C. Needle tip aliquots were withdrawn
for UV-Vis and PL measurements to monitor the
reaction. When the targeted nanocrystal size was
achieved, the reaction mixture was allowed to cool to
50 °C, and the in situ purification procedure described
below was employed to purify the nanocrystals.

4.8 Synthesis of CdSe nanocrystals using Se-SUS

In a typical synthesis, CdSt, (0.0256 g, 0.2 mmol) and
ODE (3.5 mL) were loaded into a 25 mL three-neck
flask. After stirring and bubbling with argon for 10 min,
the mixture was heated to 250 “C. Se-SUS was prepared
by dispersing Se powder (0.0237 g, 0.30 mmol) in
ODE (3 mL) by sonication for 5 min. A 0.6 mL aliquot
of 0.1 mol-L™! Se-SUS was quickly injected into the
reaction flask at 250 °C. The reaction temperature was
maintained at 250 °C for further growth. After growth
for 8 min, another shot of 0.1 mol-L™ Se-SUS (0.1 mL)
was injected into the reaction solution. About 3—4 min
later, a third aliquot (0.05 mL) of Se-SUS was injected.
Multiple injections were performed at intervals of
3-4 min using 0.05 mL of Se-SUS until the size of the
nanocrystals reached 3.0 nm. Needle-tip aliquots
were withdrawn and dissolved in toluene for UV-Vis
and PL measurements to monitor the reaction. When
the targeted size of the nanocrystals was achieved,
the reaction mixture was allowed to cool to 50 °C, and
the in situ purification procedure described below was
employed to purify the nanocrystals.

4.9 In situ purification procedure for core nano-
crystals

An in situ purification procedure was employed
to purify the CdSe core nanocrystals. TBP (0.2 mL),
octylamine (0.2 mL), hexane (4 mL), and methanol
(8 mL) were added to the reaction solution at 50 ‘C and
stirred for 2 min. The ODE/hexane layer and methanol
layer were separated after stirring was discontinued;
the lower colorless methanol layer was withdrawn
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with a syringe to remove the unreacted precursors and
side products. This extraction procedure was repeated
four times, but TBP and octylamine were only added
in the first and third steps. The hexane and trace
amounts of methanol left in the flask were removed
by bubbling with argon at about 60 °C.

410 Preparation of precursor solution for shell
growth

The single-source precursor solution (0.1 mol-L™) was
prepared by dissolving Cd(DDTC), (0.4089 g, 1 mmol)
in a mixture of dodecane (7.5mL) and oleylamine
(2.5 mL). The Cd(Ol), solution (0.1 mol-L™') was
prepared by dissolving Cd(Ol), (0.6773 g, 1 mmol) in
a mixture of oleylamine (0.5349 g, 2 mmol) and ODE
(7.3689 g).

411 Synthesis of CdSe/CdS core/shell nanocrystals

In a typical synthesis, dodecane (3.8 mL), octylamine
(1.05 mL), oleylamine (0.45 mL), and about 0.7 mL
of purified CdSe core solution (containing about 2 x
107 mol of nanocrystals) were added to a three-neck
flask under argon flow, and the mixture was heated
to 80 °C. The amount of precursor solution for each
injection was estimated based on the extinction
coefficients [50] and calibrated against the TEM
measurements. For example, for the reaction with
2 x 107 mol of 3.0nm CdSe core, the amount of
Cd(DDTC),-amine solution required for six consecutive
injections was calibrated as 0.08, 0.11, 0.15, 0.20, 0.26,
and 0.32mL, respectively. After injecting the first
aliquot of Cd(DDTC), precursor solution into this
reaction flask, the reaction solution was heated to
160°C in 5min and kept for another 20 min. The
reaction mixture was then allowed to cool to 80 °C;
for growth of the next five monolayers of CdS, the
reaction cycle was the same as that used for the first
monolayer, except that the growth temperature was
150 °C. From the seventh monolayer of CdS, precursor
solutions (50% of Cd(DDTC), and 50% of Cd(Ql),)
in the calibrated volumes for each monolayer were
injected, and the temperature was set at 160 °C. The
calibrated volumes for growth of 7 to 16 monolayers
of the CdS shell were 0.39, 0.46, 0.54, 0.63, 0.72, 0.82,
0.93, 1.04, 1.16, and 1.29 mL, respectively, each of which
included both Cd(DDTC), and Cd(Ol),.
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412 Optical measurements

UV-Vis spectra were acquired with an Analytik Jena
5600 UV-Visible spectrophotometer. Photoluminescence
spectra were recorded using an Edinburgh Instrument,
FLS920. The absolute PL QY was measured on an
integrating sphere coupled with a QE65000 spectro-
meter from Ocean Optical Co., Ltd. The nanocrystal
sample was diluted to gradient values of the optical
density by using toluene, and multiple measurements
were performed for each sample after the diluted
solutions were equilibrated at room temperature.

413 TEM and HRTEM

Low-resolution TEM images were acquired with a
Hitachi 7700 transmission electron microscope using
an acceleration voltage of 80 kV and copper grids
(400-mesh) coated with pure carbon support film.
HRTEM images were acquired with a JEOL JEM-2100
microscope at an acceleration voltage of 200 kV using
copper grids coated with ultrathin carbon film. The
toluene solution containing nanocrystals was deposited
on the carbon film on copper grids.

414 XRD

XRD patterns were obtained using a Rigaku Ultimate-IV
X-ray diffractometer operating at 40 kV/40 mA using
the Cu-Ka line (A = 1.5418 A). Powder samples for
XRD measurements were prepared by precipitation
of the nanocrystals from the solution to ensure
acquisition of diffraction patterns with good quality.
The nanocrystals were extracted thrice with hexane and
methanol (volume ratio = 1:2) and then precipitated
using acetone. The precipitate was separated by
decantation of the waste solution and transferred
onto a glass slide for XRD measurements.

415 PL decay dynamics

PL decay curves were acquired with a time-correlated
single-photon counting (TCSPC) spectrofluorometer
(FL900, Edinburgh Instrument, UK) at room tem-
perature. The nanocrystal samples were diluted in a
toluene solution and excited with a 405 nm picosecond
laser diode with a repetition rate of 2 MHz. The peak
photon count was set at 5,000 for all measurements.
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