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ABSTRACT: Hetero-nanocrystals consisting of a CdSe core and a giant CdS shell have shown remarkable optical properties
which are promising for applications in opto-electrical devices. Since these properties sensitively depend on the size and shape, a
morphological characterization is of high interest. Here, we present a High Angle Annular Dark Field Scanning Transmission Elec-
tron Microscopy (HAADF-STEM) study of CdSe (core) / CdS (giant shell) hetero-nanocrystals. Electron tomography reveals that
the nanocrystals have a bullet shape, either ending in a tip or a small dip, and that the CdSe core is positioned closer to the tip (or
dip) than to the hexagonal base. Based on a high resolution HAADF-STEM study, we were able to determine all the surface facets.
We present a heuristic model for the different growth stages of the CdS crystal around the CdSe core.

INTRODUCTION

Soon after the first successful synthesis of colloidal CdSe
nanocrystals with reasonable photoluminescence quantum
yield and size-dispersity’, it became clear that the growth of a
shell of a higher band gap semiconductor, such as ZnS and
Cds, around the core increases the photoluminescence quan-
tum yield and the photochemical stability” . This has, finally,
resulted in synthetic routes for CdSe/X core/shell systems with
near-unit photoluminescence quantum yield, applicable as
phosphors in LEDS, lasers, and as biological labels’ . As a
spin-off of this extensive research, it also became clear that the
exciton wave functions and related optical properties could be
engineered by the chemical composition and dimensions of the
shell. In such a way, CdSe/X hetero-nanocrystals were report-
ed that (i) displayed a spatial separation of the electron and the
hole wave functions™", (ii) reduced Auger recombination
under high excitation densities™"?, (iii) reduced blinking when
measured on the single quantum dot level"*®. This so-called
wave function engineering demands a high control of the
atomic epitaxy of the shell material on the CdSe core and of
the growth of the shell material in case of thicker shells®?.
The characterization of CdSe/X shell systems in real space
with transmission electron microscopy (TEM) has been very
helpful® in this, but it should be realized that TEM is a projec-
tion method in which valuable information along one dimen-
sion is lost (i.e. the direction of the electron beam). For small
PbSe (core) / CdSe (shell) hetero-nanocrystals, it has been
shown that a three dimensional atomic characterization of the
hetero-interface can be obtained by high angle annular dark-

field scanning TEM (HAADF-STEM) tomography”. This was
enabled by the relative small size of the PbSe/CdSe hetero-
nanocrystals and the large contrast between atomic columns
containing Pb or Cd. It is however far from straightforward to
determine the three-dimensional atomic structure for much
larger hetero-nanocrystals, e.g. consisting of a core and a giant
shell as well as for structures of which the expected contrast
between the two materials when imaging in HAADF-STEM
mode is not strong.

CdsSe (core) / CdS (giant shell) nanocrystals have a remarked
scientific and technological importance'®*#. It has been
shown that giant CdS shell results in a enduring photochemi-
cal stability and a high photoluminescence quantum yield for
excitons and bi-excitons, the latter due to strongly reduced
Auger recombination’®*"*, This makes these systems of inter-
est for high intensity applications in LEDs and lasers. It is
clear that the optical properties depend on the shape and di-
mensions of the CdSe core and the CdS shell, which are on
themselves determined by the crystal structure, i.e. zinc blende
or wurtzite, and the conditions of the synthesis. The growth of
a CdS shell around a zinc blende CdSe core leads to tetrapods,
whereas in the case of wurtzite CdSe cores nanowires are
formed, due to preferred growth in the [00-1] (c-axis) direc-
tion™. This demonstrates the importance of epitaxy of the CdS
crystal on the facets of the CdSe structure.

Here, we present a three-dimensional atomic and chemical
characterization of large (30 nm) hetero-nanocrystals, consist-
ing of a CdSe core embedded in a giant shell of CdS grown by
the successive ion layer adhesion and reaction (SILAR) meth-



0d*®?’. We made use of a synthesis route to grow multiple CdS
layers on wurtzite CdSe cores that leads to large nanocrystals
with a bullet shape. The remarkable shape suggests that in this
system the atomic epitaxy of CdS on CdSe and the peculiari-
ties of CdS growth are important. In order to understand the
initial growth, it is of crucial importance to locate the CdSe
core in the bullet-shaped hetero-nanocrystal. In previous stud-
ies of CdSe/CdS core/shell nanorods, the location of CdSe
core could be retrieved from 2D TEM techniques such as
strain analysis applied to high resolution transmission electron
microscopy images®® and high resolution phase imaging®. Due
to the large size and anisotropic shape of the bullets, 2D tech-
niques can no longer be used and advanced electron tomogra-
phy will be applied. Furthermore, the crystallography of the
CdS growth is investigated by detailed imaging of the facets
present at the surface of the bullet-shaped crystals. This char-
acterization leads to a basic model for the formation of CdSe
(core) / CdS (shell) nano-bullets.

EXPERIMENTAL SECTION
Synthesis of CdSe dot in CdS bulk nanostructures

The synthesis of the CdSe (core) / CdS (giant shell) hetero-
nanocrystals (HNCs) was performed as follows: CdSe QD
seeds were synthesized first®, and then a CdS multi-shell was
grown onto CdSe QD seeds via the SILAR method™ . In
some cases, a final monolayer of ZnS was grown on top of the
CdS; this last step had no effect on the shape of the HNCs. A
more detailed description of the synthesis can be found in the
supplementary information.

Optical measurements

Optical measurements were performed on diluted solutions of
washed NCs in anhydrous toluene in quartz cuvettes. Absorp-
tion spectra were measured on a double-beam PerkinElmer
Lambda 950 UV/Vis/NIR spectrophotometer. The photolumi-
nescence spectra were recorded on an Edinburgh Instruments
FLS920 spectrofluorometer equipped with a 450 W xenon
lamp as excitation source and double grating monochromators.
PL decay curves were acquired using an Edinburgh Instru-
ments FLS920 spectrofluorometer and a pulsed diode laser
(EPL-375 Edinburgh Instruments, 375 nm, 65 ps pulse width,
1 MHz repetition rate) was used excitation source. Quantum
Yield measurements were performed by reference to a dye,
Lumogen red 305 (QY 95%).

X-ray and electron diffraction

The low resolution TEM images (SI) and small area electron dif-
fraction (SAED) images were performed on a FEI Tecnai-12 mi-
croscope operating at 120 kV. The SAED image is converted to
graph which is typical for X-Ray Diffraction patterns. The angles
used in this representation are calibrated with a TICI reference
sample. Samples were prepared by drop-casting a toluene solution
of bullet particles onto a carbon-coated copper (400-Mesh) TEM
grid.

Transmission electron microscopy (TEM)

Electron tomography experiments were performed using a FEI
Tecnai G2 microscope operated at 200 kV. A Fischione to-
mography holder (model 2020) was used and tilt series were
acquired in HAADF-STEM mode over an angular range of +
70° with a tilt increment of 5°. The alignment of the series was
performed using the Inspect 3D software.

High resolution HAADF-STEM images were acquired using a
cubed FEI Titan microscope operating at 300 kV. A probe
semiconvergence angle of ~21 mrad was used.

RESULTS AND DISCUSSION

Optical characterization of CdSe/CdS core/shell HNCs.
Figure S1 (Supporting Information) shows the absorption and
emission spectra of the CdSe/CdS core/shell hetero-
nanocrystals in suspension. The extinction sets in at 800 nm
and increases considerably with decreasing wavelength, to end
with a clear feature at around 500 nm. This feature is due to
band edge absorption of the voluminous CdS shell. In most
CdSe (core) / CdS (giant shell) systems, the CdS band edge
absorption is so dominant that the optical transitions of the
CdSe core are hardly visible in a linear plot of the absorptivity
vs. wavelength. Here, a clear but featureless onset is observed
at energies below the band gap of CdS, which can be assigned
to light scattering. We remark that the CdSe/CdS core/shell
nanocrystals are relatively large colloidal particles, only stabi-
lized by organic capping. As a consequence, small clusters of
these bullets might be present in solution acting as light scat-
tering centers. Nasilowski and coworkers attributed the in-
creased absorption at energies below the bandgap of CdS and
CdSe to partial alloying of Se and S in the CdSe core®. Our
results, however, do not provide evidence for this. The lumi-
nescence spectrum is centered at around 663 nm with a
FWHM of about 55 nm, very much in agreement with the
findings of Nasilowski et al. for the so-called graded CdSe
(core) / CdS (giant shell) hetero-nanocrystals®.

The PL decay curve (Supporting Information, Figure S2) is far
from single exponential. The average lifetime, defined as (z) =
> Iiti /Y 1; with |; the intensity at delay time t; after the excita-
tion pulse, decreases from 78.4 ns at 684 nm (the red side of
the luminescence spectrum) to 71 ns at 640 nm (the blue side
of the spectrum). These long life times suggest that they are
dominated by radiative recombination of the exciton. We note
that the decay rates are considerably slower than reported for
type | CdSe NCs*+*2,

These findings suggest a considerable delocalization of the
electron part of the exciton wave function. Nasilowski et al.
report that this leads to such a strong reduction of the Auger
recombination that the bi-exciton PLQY can be as high as the
exciton PLQY*. We remark that Vanmaekelbergh et al. has
reported similar findings for CdSe core/CdS shells systems
with thinner shells®. In line with the strong bi-exciton emis-
sion, Nasilowski et al. presents single dot emission traces with
moderate jittering around a main emission intensity, without
the presence of dark periods®; such emission traces have been
coined “non-blinking” in the literature. We should remark here
that the optical properties of CdSe (core) / CdS (giant shell)



hetero-nanocrystals depend in a sensitive way on the epitaxy
and atomic details*****,

Morphology. Figure 1.a shows a HAADF-STEM overview
image of the as synthesized CdSe (core) / CdS (giant shell)
HNCs. It is clear that the CdSe/CdS core/shell HNCs have an
anisotropic shape, with hexagonal and bullet-like projections.
In Figure 1.b two hexagonal projections of the HNCs are pre-
sented in more detail and an intensity difference in the center
can be observed. This is further illustrated by the line profiles
in Figure 1.c, d acquired along the white rectangles indicated
in Figure 1.b. Two different types of profiles were observed:
Type 1 shows a decrease of the intensity in the center, whereas
a higher intensity is observed for type 2. Since the intensity in
HAADF-STEM images scales with sample thickness, the
presence of a brighter region could be related to an increment
in the projected thickness of the HNC. However, the intensity
in HAADF-STEM also scales with the atomic number Z. In-
tensity changes may therefore also be related to the presence
of the CdSe core. In order to elucidate the origin of the intensi-
ty changes, we applied electron tomography. Tilt series of
HAADF-STEM images were acquired for each type of nano-
particle over a range of + 70°.

type 1 type 2

—

Figure 1. General shape of the CdSe (core) / CdS (giant shell)
HNCs. (a) Overview HAADF-STEM image of the CdSe
(core) / CdS (giant shell) HNCs demonstrating the bullet shape
with a hexagonal basis. (b) HAADF-STEM image of several
CdSe/CdS HNCs showing two types of intensity profiles: type
1 shows a lower intensity in the center of the structure, type 2
a higher intensity. (c,d) Intensity profiles acquired along the
white rectangles in (b) are presented, suggesting bullets with a
dip or a tip on one end. (e-h) 3D reconstructions unambigu-
ously demonstrate the two different bullet-type crystal shapes;
both have a hexagonal base (g, h), however, type 1 ends in a
dip (e) and type 2 in a tip (f).

In Figure 1.e-h, the 3D reconstructions are presented, showing
two different bullet-type crystal shapes: both have a hexagonal
base (Figure 1.g and 1.h), but at the other end either a dip
(Figure 1.e) or a tip (Figure 1.f) is observed. This explains the
intensity differences in the center of the HNCs observed in the

2D HAADF-STEM images. It must be noted that 2D overview
images enabled us to estimate that both types of crystal shape
are roughly equally present in the samples that we investigat-
ed.

Core location. Previous work on CdSe/CdS core/shell nano-
rods showed that the CdSe core can be located from 2D high
resolution real-space or phase images®®®. Recently, X-ray
energy dispersive spectroscopy (XEDS) has been applied to
visualize the CdSe core in a CdSe/CdS quantum dot in a 2D
projection®. Because of the larger size of the crystals and the
bullet shape, a 3D characterization is indispensable in the pre-
sent case. Despite of the small difference in atomic number Z
between the core and the shell, HAADF-STEM tomography is
the preferred technique to investigate the location of the core.
Although the use of chemical mapping such as electron energy
loss spectroscopy (EELS) or XEDS might be better suited to
identify the CdSe core in the HNCs, applying these techniques
in 3D was not feasible since the required electron dose in-
duced severe beam damage.

A HAADF-STEM series was acquired over a tilt range of =+
70° with a tilt increment of 5°. When inspecting orthoslices
through the 3D reconstruction, computed using a conventional
algorithm (SIRT), the CdSe core is faintly visible, therefore a
correct detection of the position is difficult (Supporting Infor-
mation, Figure S4). In order to better visualize the CdSe core
(Zse = 34) in the CdS shell (Zs = 16), we applied a more ad-
vanced reconstruction algorithm. The so-called total variation
minimization reconstruction algorithm® (TVM) is based on
the assumption that the gradient of the object under investiga-
tion is sparse. As a consequence, edges in the 3D reconstruc-
tion will be enhanced. Orthoslices, acquired at the same posi-
tion as Figure S4 (Supporting Information) are presented in
Figure 2.c,f. The results show that the core is not located in the
center of the CdS crystal (Fig 2.a,b and 2d,e), but closer to the
tip or dip of the bullets. Previous studies on CdSe/CdS
core/shell nanorods also showed an asymmetric position of the
CdSe core along the nanorod axis'®?***%. Overall, the distance
between the CdSe core position and the hexagonal base is
comparable for both bullet shapes, suggesting a very similar
growth process for both morphologies.

b.
€]

Figure 2. HAADF-STEM tomography on bullet-shaped
CdSe/CdS hetero-nanocrystals to detect the position of the
CdsSe core. The location of the CdSe core is shown in yellow
in the 3D reconstructions of the two types of  bullet-shaped



HNCs, type 2 with a tip (a,b) and type 1 with a dip (d,e).
When applying the total variation minimization reconstruction
algorithm, the heavier CdSe core is clearly visible in the or-
thoslices (c and f).

Facet Determination. As the two types of bullet-shaped
nanocrystals yield a similar position for the CdSe core, the
epitaxy and growth of the CdS crystalline shell is expected to
be very similar for both types. In order to evaluate the surface
energy of both types, the facets of the HNCs need to be identi-
fied. Previous studies have shown that the facets of nanocrys-
tals can be investigated by electron tomography® . Here, this
is not straightforward because of the relatively small number
of projection images in the tilt series. The lack of information
will induce a more rounded shape, which hampers an unam-
biguous characterization of the facets from a 3D experiment.
Therefore, we additionally used direct high resolution
HAADF-STEM imaging to determine the facets of the
CdsSe/CdS bullets. Figure 3 shows a high resolution HAADF-
STEM image acquired along the (long) [001] direction. The
hexagonal arrangement of the atomic columns (Figure 3.c) at
the base of the HNC demonstrates that the CdSe/CdS
core/shell HNCs have a wurzite crystal structure. Since the
wurzite structure is non-centrosymmetric, anisotropic growth
is expected, which is confirmed by the position of the CdSe
core (see above). However, this is in disagreement with the
principles of the SILAR method designed for layer-by-layer
growth. It is well possible, that even in the SILAR method, the
growth occurs by molecular attachment of CdS units instead
of Cd and S in subsequent steps***“. This would preserve the
facet polarity and anisotropy. Moreover, a slight excess of the
added precursors would enable preferential growth in the polar
[00-1], S-terminated direction. Next to the identification of the
crystal system, the lateral facets can be examined from the
high resolution STEM image (Figure 3.a) and its correspond-
ing diffractogram (Figure 3.b). From these images, the lateral
facets are identified as {-110} planes. In Figure 3.d, a sche-
matic overview is shown to support the viewing directions
with respect to the hexagonal base of a HNC.

Figure 3. Atomically resolved HAADF-STEM image acquired
along the long axis of the bullets. (a) High resolution HAADF-
STEM image of a CdSe/CdS bullet-shaped nanocrystal with
its corresponding diffractogram (b). The image acquired along

the [001] direction shows the hexagonal pattern characteristic
for wurtzite. (c) A more detailed view of the atomic arrange-
ment is shown. (d) Schematic of the base of a CdSe/CdS HNC
with indication of the [110] and [-110] viewing directions.

In order to investigate the facets that form the tip or the dip,
high resolution images acquired along an edge between
two lateral facets, corresponding to the [110] direction, are
evaluated. In this direction, the angle  between a lateral facet
and a facet forming the tip can be measured. In this manner,
we conclude that the facets at the tip correspond to {1-11}
planes. For the type 1 CdSe/CdS bullets with a dip, the d1 and
d4 facets (Figure 4.c) are identical to the facets forming the tip
of the type 2 bullets. The dip forming facets were identified by
studying the decrease in intensity in the high resolution
HAADF-STEM images due to the presence of the dip. A more
detailed comparison is shown in Figure 4.b and 4.d. Analyz-
ing the d2 and d3 facets in Figure 4.c shows that the d2 facet is
parallel to the d4 facet and d3 is parallel to d1. This shows that
both types of bullet shapes have identical facets, and a compa-
rable total surface energy.

Figure 4. Identification of the facets at the tip or dip of the
Cdse/CdS bullet-shaped HNCs. (a,c) High resolution
HAADF-STEM images of both types of bullet-shaped nano-
crystals, with a more detailed view in (b,d). The la-teral facets
correspond to [-110] planes. For both types of bullet shapes,
the facets originating from the lateral facets towards the dip or
tip correspond to [1-11] facets. The type 1 HNCs ending in a
dip have additional facets ending in the dip, indicated as (d2
and d3). In (d) it is shown that these facets (d2, d3) are parallel
to facet d1 and d4, respectively.

The complete characterization of the atomic structure and fac-
ets of the bullet-shaped CdSe (core) / CdS (giant shell) HNCs
suggest a mechanism of CdS epitaxy and growth. It was men-
tioned above that the growth most probably occurs by attach-
ment of CdS units, rather than separate Cd and S layers. The
presence of excess CdS molecular units allows a distinct faster
growth of the S-terminated [00-1] facets in the direction of the
polar c-axis*®. An atomic simulation of the growth of the giant
CdS crystal around the CdSe core is beyond the scope of the
present work. Here, we present an intuitive picture, based on



the atomic characterization of the bullet-shaped hetero-
nanocrystals present above, schematized in Figure 5.
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Figure 5. Scheme of the anisotropic growth of the giant CdS
shell on the CdSe core. From left to right: slightly elongated
wurtzite CdSe crystal core; the green arrows indicate the rela-
tive growth rates of the CdS in the [001], [00-1] and [110]
directions. In the first stage (Figure S5), there is epitaxy and
starting growth of a hexagon-based CdS crystal. In later stages
show either a growth in the [001] on top of the crystal accom-
panied by horizontal ingrowth, resulting in a bullet with a dip;
or a growth of the inward facets which result in bullets with a
tip. The facets forming the dip are indicated in red and blue to
show that a bullet with a tip is build up by exactly the same
facets.

The CdSe core has a wurtzite crystal structure, and in-duces
wurtzite growth of the CdS shell (Supporting Information,
Figure S5). In the early stage of the process, epitaxial for-
mation of CdS occurs on all facets, but the growth of wurtzite
CdS in the [00-1] direction with a S-terminated facet is faster
than in the opposite [001] direction terminated by Cd. This is
similar to the growth of CdSe/CdS rods. Such strongly aniso-
tropic growth rates are well documented for wurtzite type
crystals™ . In a later stage, the cylindrical crystal shape with
hexagonal base typical for wurtzite crystals becomes increas-
ingly pronounced. The growth along the [00-1] is fast with
respect to the opposite direction and the 6 lateral directions of
the CdS crystal, which grow more slowly. Growth in the direc-
tion perpendicular to the c-axis can also occur inwards (arrows
not shown) resulting in a bullet shape with a dip. Possibly, the
dip width and depth is gradually reduced by inwards CdS
growth. In any case, stable [1-11] facets present in the dip lead
to a low surface energy, and slow growth. It remains ambigu-
ous whether the type 1 and type 2 bullet-shaped hetero-
nanocrystals are equally stable polymorphs, or alternatively,
that the type 1 bullets are an unfinished stage, finally resulting
into the final bullet-shaped HNCs with a tip. However, based
on the facet characterization and equal presence of both types
of morphologies, it is suggested that both types are equally
stable. The end-facets at the tip indicate that the {1-11} facets
are more stable than the Cd-terminated {001} facets.

CONCLUSIONS

CdSe/CdS HNCs with a bullet shape were found to end either
with a tip or dip. Using electron tomography the 3D location
of the CdSe core in CdSe/CdS HNCs was found to be located
at a position closer to the tip or dip. By HAADF-STEM imag-
ing it was found that the two morphologies are build up by the
same facets. Since the facets forming the tip or dip always
correspond to {1-11} facets, the surface energies for both
morphologies are equal.
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