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ABSTRACT: Understanding the atomic-scale growth at
solid/solution interfaces is an emerging frontier in
molecular and materials chemistry. This is particularly
challenging when studying chemistry occurring on the
surfaces of nanoparticles in solution. Here, we provide
atomic-scale resolution of growth, in a statistical approach,
at the surfaces of inorganic nanoparticles by state-of-the-art
aberration-corrected transmission electron microscopy
(TEM) and focal series reconstruction. Using well-
known CdSe nanoparticles, we unfold new information
that, for the first time, allows following growth directly,
and the subsequent formation of CdS shells. We correlate
synthetic procedures with resulting atomic structure by
revealing the distribution of lattice disorder (such as
stacking faults) within the CdSe core particles. With
additional sequential synthetic steps, an ongoing trans-
formation of the entire structure occurs, such that
annealing takes place and stacking faults are eliminated
from the core. The general strategy introduced here can
now be used to provide equally revealing atomic-scale
information concerning the structural evolution of
inorganic nanostructures.

Unfolding the intricate nature of the interactions, reactions
and processes at the interface between a growing solid
surface and a surrounding solution at an atomic resolution is a
fundamental field in science. It is even more challenging when
the solid surface is the interface of a nanoparticle in solution
due to size and curvature. However, understanding such
processes and the means of controlling them is a prerequisite
for deliberately placing single atoms into specific structures.
Otherwise, forming function-oriented and applications-driven
tailor-made nanoparticles remains beyond our reach.

One example of this problem is the colloidal synthesis of
core—shell semiconductor nanoparticles, a delicate procedure
wherein accurate control over the size and morphology of the
nanoparticles is generally produced by kinetic processes. In the
past two decades, semiconducting core—shell nanoparticles
have been some of the most extensively studied systems in
nanoscience." Nevertheless, producing high-quality particles
that are chemically and optically stable is still a long-standing
problem.” Specifically, a direct correlation is currently missing
between the synthetic procedures and the atomic rearrange-
ment that is associated with degradation and instability of the
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optical properties (such as blinking).> One of the main
concerns in the field is the control over the uniformity of the
crystallographic phase, i.e.,, maintaining the lattice arrangement
throughout the growth without the occurrence of defects, such
as stacking faults (SF). The CdSe@CdS core—shell system has
been used as a model system to study such problems, and effort
has been devoted to exclusively grow either the hexagonal
wurtzite or the cubic zinc blende phases of these particles.

The main challenge in tackling such issues is to collect and
analyze large experimental data sets for statistical purposes,
while providing the characteristics of each nanoparticle at the
atomic scale. However, today, most characterization procedures
used to investigate the morphology and properties of
nanoparticles are indirect and average the properties of
ensembles of a number of particles, thus hindering our
understanding of fundamental aspects of the colloidal synthesis.
Reports on the optical properties of single particles are already
available,* but they do not provide correlations to the atomic
structure. Indeed, lower resolution information® has demon-
strated that the analysis of ensembles masks the distinct
spectroscopic behavior of nanoparticle subpopulations, high-
lighting the importance of correlating morphology and
performance.

Although atomic-resolution microscopy may serve as an
appropriate characterization tool, it has thus far mainly
provided analyses of only a few particles per sample,® thus
limiting the discussion to only a few particular cases.
Importantly, the main reason for this limitation is that
collecting the relevant data requires immense efforts due to
radiation damage and a general lack of stability under the
electron beam of the transmission electron microscope (TEM).
Here, we thus monitored the growth evolution of CdSe
nanoparticles and the formation of the CdS shell surrounding
each particle using aberration-corrected TEM. The high-
resolution imaging allowed resolving individual Cd and Se
columns. Knowing that the growth direction of the particle is
from the nucleus side to the more reactive Se-terminated
facet,” we were able to monitor the addition of atomic planes
in time and correlate it with the macroscopic synthetic
procedure, thus fully explaining the growth process and
stacking fault distribution according to simple models.

CdSe cores were synthesized, according to the standard
procedure described by Amirav et al,** using CdO, hexadecyl-
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amine (HDA) and octadecyl phosphonic acid (ODPA) as
precursors (see Supporting Information (SI) for a detailed
description). The analysis of large data sets was facilitated by a
new-generation aberration-corrected TEM, which corrects both
chromatic and spherical aberrations and allows superior
resolution in low operating voltages (80 kV) to significantly
reduce radiation damage to the samples. Initially, common
characterization methods (i.e, optical absorption, photo-
luminescence, and powder X-ray diffraction [XRD]) were
applied to compare our data with the vast data available in the
literature. Thereafter, the additional information acquired by
high-resolution TEM was used to provide a more complete
understanding of the synthetic process.

The ensemble optical absorption and photoluminescence
properties showed the characteristic features of CdSe nano-
particles (Figure lab). However, these techniques cannot
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Figure 1. Absorbance spectra (a), photoluminescence (PL) spectra
(b), and XRD patterns of the CdSe cores and the core—shell CdSe@
CdS particles (c). CdSe cores in red, CdSe@CdS in green. PL
excitation wavelength in (b): 440 nm. The X-ray count rates in (c)
were normalized to the overall signal.

answer questions about the distribution of stacking faults
during the growth process. In the size regime of less than 4 nm,
the optical absorbance of the hexagonal wurtzite and the cubic
zinc blende phases is similar in terms of the correlation between
the first absorbance peak and the size of the particle.”
Theoretically, and as shown previously in some experimental
work,*>”" the gap between the first (1S;/,1S,) and second
(2S5/,1S.) energy transitions is large enough to identify the zinc
blende phase, whereas a short distance between these two
peaks points to a wurtzite phase. However, there is no
theoretical treatment for a mixed state with stacking faults.
Therefore, the first exciton absorption peak in the present work
was used only to calculate the particle size, resulting in an
estimation of 3.5 nm. The photoluminescence shows a sharp,
narrow peak at 580 nm, with a full-width half-maximum
(fwhm) of 22 nm, indicating a narrow size distribution.

XRD patterns of the CdSe particles showed mainly the
wurtzite phase, as was expected given the synthetic protocol
used (Figure 1c). Lacking information on individual particles,
the seminal paper by Murray et al.® that was published two
decades ago used the Debye scattering model and postulated
what is today the common approach for the characterization of
CdSe nanoparticles by powder XRD diffraction. The number of

stacking faults is estimated from the XRD patterns by using the
ratio of the (103) peak of the wurtzite structure relative to its
two neighbors: the (110) and (112) peaks.*” In pure wurtzite
CdSe, this peak is higher than the (112) peak and similar to the
(110) peak. According to the simulations by Murray et al,,” the
height of the (103) peak is highly sensitive to the occurrence of
even a single stacking fault in the structure, as well as to the
location of the fault within the particle.

Herein, the core particles exhibited the required benchmark
fingerprint of high-quality CdSe nanoparticles: a well-
pronounced (103) peak. The lattice parameters extracted
from the XRD patterns showed a contraction in the a lattice
parameter (0.87%) and a small expansion in the ¢ parameter
(0.21%), compared with the wurtzite parameters of bulk CdSe.
This result is in accordance with values reported in the
literature for crystals close to 4 nm in size.'’

Taken together, the properties of the ensemble gave only
partial information on the occurrence and distribution of
stacking faults, since optical characterization is not sufficiently
sensitive for a mixed-state situation, and XRD can be
interpreted only indirectly using a model. Hence, to attain
the required information regarding the stacking faults
distribution pattern directly, images of the nanoparticles were
taken on a FEI Ultimate 60-300 (“PICO”) TEM at 80 kV, with
both spherical and chromatic aberration correction." A focal
series of images was used to reconstruct the exit-plane
wavefunction'” in tandem with optimized phase contrast
imaging (see SI for a detailed description of TEM acquisition
and image processing). Next, the location of the heavier Cd
columns was identified according to their higher intensity on
the image compared with the S columns (Figure 2a). Large data
sets of 15—25 CdSe and CdSe@CdS particles were
reconstructed to provide a quantitative statistical analysis.

The particles were divided into four along the hexagonal ¢
axis, with the first quarter at the Cd-terminated side and the
fourth quarter at the Se-terminated side. The histograms
describing the occurrence of stacking faults within these four
quarters are presented in Figure 3, where the overall size of the
CdSe core is shown inside the gray dashed frame.

This analysis shows a low average of 0.80 stacking faults per
core particle; however, the location of the stacking faults along
the particle differs significantly from that in the model
presented by Murray et al.® Specifically, instead of a single
fault in the center of the particle, as predicted by the model, we
show that most stacking faults are concentrated in the first
quarter (closer to the Cd edge), somewhat less stacking faults
are concentrated in the fourth quarter (closer to the Se edge),
and the lowest density of stacking faults is found on the two
central quarters of the particle (Figure 3). This distribution of
stacking faults is in accordance with the well-accepted growth
kinetics,®® where the ¢ direction is the growth front of the
reaction such that the faster growth occurs on the Se-
terminated facet. At the reaction front, the ligands are less
strongly attached, allowing the building blocks in the solution
access to the interface of the particle. The faster addition of
atoms to one facet of the particle creates directional growth and
a final oval shape. Growth also proceeds at the Cd-terminated
facet, albeit at a slightly slower rate.>®

The highest concentration of faults at the Cd-terminated
facet may be associated with the retention of early disorder,
already created in the nucleation step, as the nucleus of the
nanoparticle may have a disordered structure (i.e., neither
wurtzite nor zinc blende symmetry7b) or it may comprise a

dx.doi.org/10.1021/ja506323s | J. Am. Chem. Soc. 2014, 136, 12564—12567



Journal of the American Chemical Society

Communication

et

Rt
e anmn
- ey

-

LT
L34
.
L
%
L3
AV
\r
’

Figure 2. Phase image of exit-plane wavefunctions reconstructed from
a through-focus series. (a) A CdSe nanoparticle. Arrows point to the
higher intensity columns of the Cd. An atomic model of hexagonal
wurtzite CdSe is overlaid on the image, showing the Cd in purple and
the Se in green. (b) A CdSe nanoparticle. Arrow points to a stacking
fault (SF). (c) A CdSe@CdS core—shell particle. Arrow points to a
fault: a transformation from a waurtzite structure (left side of image) to
a zinc blende structure (right side of image). All wavefunctions were
Fourier filtered to eliminate the background pattern of the periodic
hexagonal graphene support film.
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Figure 3. Histogram describing the distribution of stacking faults of
CdSe particles in the (001) growth front direction. The particle is
divided to quarters, with the first quarter beginning with the Cd layer
and the fourth quarter ending with the Se layer (see inset for
schematic representation). Red columns indicate the CdSe cores, and
green columns indicate the CdSe@CdS particles that were synthesized
with the sample of cores. Large data sets of 15—25 CdSe and CdSe@
CdS particles were reconstructed to provide a quantitative statistical
analysis.

complete zinc blende phase.' Other findings suggest that the
slower growth rate points to specific kinetics that also produce
more faults at the Cd growth front.>®

Because the growth advances mainly in one direction, ie.,
from the Cd edge to the Se edge, our analysis also reveals the
formation of the stacking faults in time. The growth phase
occurs as the temperature rises from 330 °C (after injection of
the reactants) to 360 °C, which is more suitable for the growth
of the wurtzite phase. Therefore, the reduction in fault density

observed as the reaction progresses is attributed to the gradual
change in temperature. Once the reaction is halted by removing
the heating mantle, the growth does not stop immediately, and
the last atomic planes are probably deposited with greater
disorder, leaving defects in the last quarter.

In a subsequent step, the CdS shell was grown on the same
CdSe core sample accordin% to a modified procedure based on
a thermal cycling protocol.' "> The final size of the particles
was about 6.8 nm, and they exhibited only a slightly oval
structure with an aspect ratio of 1.20. The size difference
between the core and shell points to a shell thickness of 4—5
monolayers of CdS.

Absorption and photoluminescence spectra show the
formation of a fully covering CdS shell (see the green curves
in Figure lab), and energy-filtered TEM (EFTEM) images
show an almost concentric core—shell structure (SI). Both the
photoluminescence peak and the absorbance features shift to
lower energy (red shift), by about 15 nm with respect to the
original CdSe peaks, due to the broad delocalization of the
excited electrons to the shell area'* and the fwhm broadened to
31 nm. The XRD patterns (see the green curve in Figure 1c)
retain a single phase in hexagonal symmetry, but the entire
pattern is shifted to higher angles, demonstrating a transition
from CdSe bulk lattice parameters to the smaller values of
CdS.® The final lattice parameters show an intermediate value
between the CdSe and CdS lattice parameters, with a slight
expansion from the bulk values of CdS and a significant
contraction from the CdSe values. The height of the (103) peak
of the core—shell particles relative to the (110) and (112) peaks
is only slightly attenuated compared with that of the CdSe core
sample.

Quantitative TEM analysis of the core—shell particles,
performed in the same manner as that for the CdSe particles,
revealed a much higher number of stacking faults, namely, an
average of 2.5 stacking faults per particle, which was unexpected
considering the pronounced (103) reflection in the XRD
pattern. The shell dimensions were calculated to comprise 4—5
CdS monolayers, enabling the marking of the CdSe/CdS
interface. The CdSe core of the particles was again divided into
four quarters, allowing comparison with the stacking fault
distribution of the original cores. The central core region, which
previously had only a few stacking faults, was now completely
defect free. We ascribe this finding to the additional annealing
processes provided by the subsequent deposition of the shell
layers, and specifically to the additional time at 250 °C
following the S precursor injections. In contrast, the shell
regions and their immediate environment, ie., the first and
fourth quarters of the CdSe core, were now rich in stacking
faults. The denser concentration of faults was seen at the shell
regions, probably due to the remaining disorder of the exterior
atomic shells following the core synthesis.

While the cores contained mainly wurtzite crystals, with an
occasional zinc blende plane usually at the very edge of the
particle, the core—shell particles typically contained a phase
transformation from wurtzite to zinc blende at the interface
between the core and shell. The CdS shell has smaller lattice
dimensions than the CdSe, which exerts strain on the CdSe
core. Density functional theory (DFT) calculations of infinite
planes show very little influence of the strain, induced by the
4% mismatch in lattice parameters between CdSe and CdS, on
the energy of the interfaces. Thus, the core—shell geometry is
probably the main factor in the formation of these phase
transitions.
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With the new findings, it is possible to complete the details of
the overall growth process; the nucleation step produces a
disordered structure, part of which is retained as the growth
progresses. During this process, the temperature rises and
conditions become more suitable for the formation of the
wurtzite phase, resulting in directional growth, and the particle
elongates. At this stage, the occurrence of stacking faults is less
likely. When the reaction is halted, the disorder of the very last
atomic planes at the growth front is frozen. Upon resumption
of the growth to produce the shell, the conditions are more
compatible with the formation of CdS in the isotropic zinc
blende phase, due to the temperature regime and the
accumulated strain. Stacking faults are produced at the interface
between the core and the shell, and the newly grown shell
acquires the zinc blende phase. During this process, the
temperature is high enough to allow annealing of the core so
that stacking faults are eliminated toward the interface with the
shell.

This picture of the growth process was supported by a
control experiment, confirming that pure CdS particles
produced under these experimental conditions acquire the
zinc blende phase, in accordance with the shell structure.
Furthermore, the loss of directional growth due to the
transformation into the isotropic zinc blende phase was
manifested in the decrease of the aspect ratio from 1.50 for
the cores to 1.20 for the core—shell structures. Moreover, these
phase transformations are typical"> even for bulk CdSe under
pressure (around 2.5 GPa), producing a lamellar structure of
3-S5 zinc blende layers and a zinc blende-to-wurtzite ratio of
20:80, similar to our present findings.

In summary, our results show that, at least for the growth
process of the model system investigated here, solid/solution
interfaces can be monitored at the atomic level using
aberration-corrected TEM and focal series reconstruction that
assigns polarity to CdSe and CdSe@CdS core—shell particles.
Moreover, we also demonstrated that the formation of stacking
faults can be successfully correlated with the progression of the
reaction. The complete picture, as revealed by the TEM
analysis, is significantly different from the information provided
by ensemble analysis and indirect methods alone. Specifically,
the atomic rearrangement of the particles (i.e., stacking faults,
their distribution pattern along the growth axis, and phase
transformations) was not detected by the common character-
ization methods of XRD, optical absorption and photo-
luminescence, as opposed to the detailed information provided
by the TEM analysis. We conclude that high-resolution
electron microscopy and acquisition schemes such as focal
series reconstruction can serve as a routine tool using a
statistical approach for understanding growth kinetics and can
be used to characterize the atomic rearrangements in a hybrid
particle synthesis that requires multiple steps. This strategy can
be applied to other hybrid structures, where kinetic procedures
determine the nature and properties of interfaces, providing a
more complete atomic-scale picture of unidirectional epitaxial
growth.
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An extended Materials and Methods section, including details
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