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ABSTRACT: Characterization efforts of core/shell and core/
multishell nanocrystals have struggled to quantitatively
evaluate the interface width between the core and shell
materials despite its importance in their optoelectronic
properties. Here, we demonstrate a scanning transmission
electron microscopy (STEM) method for measuring the radial
elemental composition of two spherical core/shell nanocrystal
systems, Ge/Si core/shell and CdSe/CdS/ZnS core/double-
shell nanocrystals. By fitting model-based radial distributions
of elements to measured STEM−energy-dispersive X-ray
(EDX) maps, this method yields reliable and accurate
measurements of interface broadening as well as core and shell sizes, surface roughness, and the fraction of core material in
the shell. The direct evaluation of the structural parameters is an important step toward improving the synthesis of core/shell
nanocrystals and optimizing their optoelectronic properties.

KEYWORDS: core, shell, nanocrystal, interface, STEM, EDX, characterization

■ INTRODUCTION

Semiconductor nanocrystals (NCs) exhibit many interesting
and useful size-dependent optoelectronic properties1,2 and have
gained increasing applications in fields ranging from optical
displays3,4 to biological imaging.5−7 They are often covered
with shells to protect them from oxidation and surface trap
states8−10 and to better control the optoelectronic11−14 and
catalytic15,16 properties through induced strain and band
alignment between the core and shell. The properties of
these core/shell NCs can be further tuned by controlling the
core and shell shape, size, and composition.17−19 In addition to
these parameters, the sharpness of the interface between the
core and shell also affects the properties of the NCs.20−25

Therefore, it is important to reliably measure and modify this
interface. However, measuring the width of the core/shell
interface remains a major challenge in the characterization of
these NCs.
Raman spectroscopy has been used to detect interfacial

mixing in core/shell nanostructures,26−28 but it is not applicable
for all core/shell NCs and only yields ensemble-average values
from relatively large quantities of NCs. Scanning transmission
electron microscopy (STEM) combined with energy-dispersive
X-ray (EDX) spectroscopy or electron energy-loss spectrosco-
py, on the other hand, presents the unique opportunity to
analyze individual NCs at the atomic scale with a wide variety
of elemental compositions.14,29−31 It should be noted that

tomography in transmission electron microscopy (TEM) can
also achieve atomically accurate reconstructions of some
NCs.32−34 However, this approach is inapplicable when the
difference between the atomic numbers (ΔZ) of the elements
in the core and shell is small, which is common in core/shell
NCs.
Earlier reports demonstrated that, despite limitations due to

electron beam damage, reliable STEM−EDX maps and line
profiles can be obtained from individual core/shell NCs,
showing their core/shell structure.31,35 Some attempts to obtain
elemental distributions from nanomaterials using STEM−EDX
have also been made.36−38 However, these studies do not
provide a method for the systematic and quantitative
determination of structural information from core/shell NCs
that is applicable to a wide variety of elemental compositions
and is capable of accurately evaluating the core/shell interface
width of individual NCs.
In this study, we show that, given a well-defined (in this case,

spherical) NC geometry, it is possible to quantify with high
certainty the radial elemental composition of a core/shell NC
from a single STEM−EDX map and, most importantly, to
estimate the sharpness of the interface between the core and
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shell. We demonstrate a quantitative analysis of the elemental
distribution by fitting a model to STEM−EDX maps of the
NCs. The analysis is first performed on plasma-grown Ge/Si
core/shell NCs.14 Then, we demonstrate the practical
application of this analysis to widely studied CdSe/CdS/ZnS
core/double-shell NCs.8,24,39

■ METHODS
Synthesis of Ge/Si Core/Shell NCs. The details of the process of

producing Ge/Si core/shell NCs from a capacitively coupled
nonthermal plasma were described previously.14 In brief, this core/
shell NC growth was achieved in a single flow-through plasma reactor
by first injecting the core precursor and, after its depletion, injecting
the shell precursor further downstream. An argon plasma was
generated by the application of 50 W forward power at 13.56 MHz
to a pair of copper electrodes encircling a 1-in.-o.d. glass tube. The
primary gas feed, consisting of argon (20 sccm), dihydrogen (25
sccm), and GeCl4 vapor (50 mTorr partial pressure), entered the
reactor upstream of the plasma. Within the plasma, germanium (Ge)
NCs nucleate and grow until the GeCl4 precursor is depleted. Further
downstream, the secondary gas feed, consisting of SiH4 (0.2 sccm)
diluted in argon (9.8 sccm), was injected into the plasma through a
stainless steel toroidal inlet with 16 evenly spaced 1 mm holes around
the circumference of the reactor tube. Within the plasma, SiH4
decomposes and grows as an epitaxial silicon (Si) shell onto the Ge
cores. The total pressure in the reactor chamber was held constant at 2
Torr by an orifice placed downstream of the plasma. NCs were
deposited directly onto thin carbon with holey support TEM grids by
acceleration through this orifice and impaction onto the grid.
Synthesis of CdSe/CdS/ZnS Core/Shell/Shell NCs. CdSe cores

were prepared via modification of a previously reported method.40 The
synthesis was conducted in a nitrogen environment through the use of
an air-free Schlenk line. First, cadmium oxide (80 mg) was combined
with stabilizing organic ligands, tri-n-octylphosphine oxide (TOPO; 6
g) and octadecylphosphonic acid (562 mg), and degassed at 120 °C.
The resulting solution was then heated to 300 C under nitrogen and
left until it became clear (approximately 2 h). The temperature was
ramped to 320 °C, and tri-n-octylphosphine (TOP; 1.5 mL) was
injected to replenish the noncoordinated ligand in solution. The
temperature was then ramped to the growth temperature (355 °C),
and a solution of selenium (Se) coordinated with TOP was swiftly
injected to create the nucleation burst that initiates NC growth. NCs
were purified via precipitation, first by the addition of acetone to
remove excess TOPO and then by the addition of a 2:1 methanol/
butanol solution to precipitate the NCs. The final product was
redispersed in an organic solvent and stored in a nitrogen glovebox.
The epitaxial growth of CdS and ZnS capping shells on previously

prepared CdSe NCs proceeded via modification of the protocol
published by Boldt et al.24 Stock solutions of zinc oleate and cadmium
oleate were prepared as outlined in that protocol. Briefly, in a nitrogen
environment (via Schlenk line), a dispersion of previously prepared
CdSe NCs (100 nmol) was dissolved in a coordinating organic solvent
[3 mL of oleylamine and 3 mL of octadecene (ODE)], and the
temperature was raised to 310 °C. When the temperature reached 280
°C, cadmiums (cadmium oleate) and sulfur (octanethiol) precursors
dissolved in ODE were added dropwise via a syringe pump. The
quantity of the cadmium precursor was used to control the shell
thickness and is calculated using the core size, desired thickness, and
lattice constant of wurtzite CdS. A 1.5-fold excess of thiol was used,
and the injection rate was varied such that one monolayer of CdS was
grown per hour. After the injection was complete, the solution was
maintained at 200 °C, while organic ligands were replenished via the
dropwise injection of 1 mL of oleic acid. Lingering volatiles in the
solution were pulled off via vacuum (30 min), and the temperature was
then raised to 280 °C. When the temperature reached 240 °C,
dropwise injection of the zinc (zinc oleate) and sulfur (octanethiol)
precursors in ODE was started. The quantity of the precursor required
and the rate of injection were determined as above for the CdS shell
preparation. After the precursors were added, the reaction mixture was

allowed to cool to room temperature. The CdSe/CdS/ZnS core/
double-shell NCs were purified via precipitation by the addition of
acetone until the solution became turbid. The precipitate was
redispersed and purified at least three times, or until the resulting
solution remained clear. Purified dispersions were stored in a nitrogen
glovebox.

An aliquot of the CdSe/CdS/ZnS NC dispersion was diluted 10
times and drop-cast onto ultrathin carbon with holey support TEM
grids. To protect the particles from beam damage during STEM−EDX
map acquisition, the grids were then coated with Al2O3 by atomic layer
deposition (ALD) using a Cambridge Nanotech/Ultratech Savannah
S2000 reactor and via a procedure similar to that described by
Thimsen et al.41 First, the NCs were heated under a dinitrogen flow at
180 °C and 0.3 Torr for 30 min. Then, ∼4 nm Al2O3 coatings were
deposited at 180 °C using 40 cycles of ALD. Sequentially, each cycle
consisted of a 0.1 s trimethylaluminum (TMA) pulse, a 30 s dinitrogen
purge, a 0.1 water pulse, and a 30 s dinitrogen purge. The maximum
pressure was 3 Torr during TMA pulses and 400 Torr during water
pulses, and the minimum pressure was 0.3 Torr during dinitrogen
purges.

STEM−EDX Measurements. All NCs were analyzed using an
aberration-corrected FEI-Titan G2 60-300 sanning tensmission
electron microscope equipped with a Super-X energy-dispersive X-
ray spectrometer located at the University of Minnesota.42,43 STEM−
EDX experiments were performed at 60 kV STEM beam voltage with
a 25 mrad convergence angle, a 125 pA beam current, and a 68 mrad
high-angle annular-dark-field (HAADF) detector inner angle. EDX
spectral images were acquired with frame-by-frame drift correction
through the Bruker ESPRIT 1.9 software with a dwell time of 3 μs/
pixel and a pixel resolution of 0.04 nm/pixel for the Si/Ge sample and
0.06 nm/pixel for the CdSe/CdS/ZnS sample. For the Si/Ge sample,
the Si and Ge K-edges were background-subtracted and integrated,
producing the spectral images. In the CdSe/CdS/ZnS NC sample, the
S K-edge and Se, Cd, and Zn L-edges were used.

■ RESULTS AND DISCUSSION

The Ge/Si NCs used in this study were predominantly
spherical in shape. Therefore, a spherical, concentric, core/shell
NC model was used as the basis for the simulations. Taking
advantage of this symmetry, the distributions of elements
within the NCs were expressed as one-dimensional (1D)
functions of the spherical radius that were integrated along the
z axis to produce 1D projected distributions of elements.
Likewise, the experimental two-dimensional (2D) STEM−EDX
maps were converted into 1D intensity profiles by radially
averaging the EDX counts for each element around the center
of the particle, as illustrated in Figure 1, allowing a direct
comparison between the experimental data and simulated
distributions.
Spherical radial concentration distributions were constructed

using error functions to approximate core/shell interface
broadening. This functional form was chosen because the
solution to a spherically symmetrical interdiffusion model
between a core and shell converges to these equations when
little diffusion has occurred. This approximation also has the
advantages of yielding intuitive results in the form of a standard
deviation of each distribution and of being computationally
inexpensive relative to the diffusion model. The similarity of the
diffusion model and error function approximation for the core/
shell systems studied here is demonstrated in the Supporting
Information (SI). By using only the error function model, no
distinction is made between the “roughness” and “interdiffu-
sion” of the core and shell species. At the scale of individual
atoms, as discussed here, this distinction is physically unclear.
The error function model was also used as an approximation
for the surface roughness.
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When this approximation of the elemental distribution is
applied to a simple core/shell system and the radius of the core
is denoted as rcore and the width of the interface between the
core and shell as σi (the standard deviation of the representative
error function), the radial distribution of the core material A is
expressed as
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σ σ

σ
σ

=

= −
−

−
⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟
⎤
⎦
⎥⎥

c r c r r r

r r
c r r

( ) ( , , , , )

1
2

1 erf
2

[1 ( , , )]

B shell core i shell s

shell

s
core core i

(2)

where the outer radius of the shell is denoted as rshell and the
roughness of the outer surface of the shell as σs. This system of
two coupled equations was then used to determine all four
parameters describing the elemental distribution of the core/
shell NC: the radii of the core and shell (rcore and rshell) and the
widths of the core/shell interface and the surface roughness (σi
and σs). Before eqs 1 and 2 were applied as fitting functions to
the experimental EDX data set to deduce these parameters,
they were integrated along the STEM beam axis, z, to reflect
the fact that experimental EDX maps are 2D projections of 3D
NCs. Therefore, the two fitting functions are

∫=
−∞

+∞
f r c r z( ) ( ) dA 2D A (3)

∫=
−∞

+∞
f r c r z( ) ( ) dB 2D B (4)

The pair of functions (3) and (4) can, in principle, describe
any STEM−EDX map obtained from spherical core/shell NCs
with a nonsharp interface and surface, provided that little
interdiffusion has occurred. However, in the systems studied
here, NC synthesis introduced a nonnegligible concentration of
the core material in the shells. To account for this, eqs 1 and 2
were modified to

σ σ σ= +c r c r r pc r r r( ) ( , , ) ( , , , , )Ge core core i shell core i shell s (5)

σ σ= −c r p c r r r( ) (1 ) ( , , , , )Si shell core i shell s (6)

where p is the fraction of the residual core material, in this case
Ge, in the Si shell.

Figure 1. Schematic representation of the acquisition of an STEM−
EDX map of a core/shell NC and radially averaged data from such a
map. The (top) ideal case represents the radially averaged data of a
perfectly spherical core and shell with a sharp interface and surface,
mapped with a δ-functional probe. The (bottom) realistic case
includes a diffuse interface and surface and a finite probe size.

Figure 2. Ge/Si core/shell NC analysis. (a) HAADF−STEM image and EDX maps of a Ge/Si core/shell NC. The HAADF image of the NC taken
after EDX map acquisition shows Z contrast between the Ge core and Si shell. The composite EDX map of Ge (green) and Si (red) and individual
EDX maps of Ge and Si demonstrate a clear differentiation between the core and shell material. (b) Radially averaged EDX data with corresponding
fit, with core and shell signals scaled separately. (c) Parameters corresponding to the optimized fit.
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The effects of the finite size of the STEM probe and its
broadening should also be taken into consideration. In STEM,
the probe that scans the sample has a finite size, defined by the
convergence angle and voltage as well as the effective source
size.44,45 Scattering of the probe by atoms in the sample results
in additional broadening as it propagates through the sample.
Multislice-based simulations46 of the experimental setup show
that, with beam broadening included, the effective size of the
STEM probe in this study was approximately 0.18 nm. Details
of these simulations are presented in the SI. Therefore, the
fitting functions (3) and (4) were convoluted with a Gaussian
function with a full width at half-maximum of 0.18 nm to
incorporate the effective size of the STEM probe before fitting
to the EDX maps.
The fitting error was minimized using the Nelder−Mead

method47 to obtain all parameters describing the core and shell
structure of the core/shell NCs: rcore, σi, rshell, σs, and p. The
fitting error was calculated as

∑= −
=N

r I IEr
1

[ ( )]
j

N

j j
1

2D
fit exp 2

j
(7)

where N is the total number of data points in the intensity
profiles and rj, Ij

fit, and Ij
exp are the radius, fitted intensities, and

experimental intensities, respectively. Here, the residual was
multiplied by the 2D radius to account for the number of pixels
encountered at each radius increasing proportionally to 2πr2Dj

.
This also accounts for the higher noise at low radii for radially
averaged EDX data sets, which can be seen in Figures 2 and 4.
After optimization of all parameters in each data set, the fitting
uncertainty of each parameter was defined as the maximum
change in the parameter that was necessary to increase the
fitting error by 5%. The complete flowchart of this analysis can
be found in the SI.
To prepare the experimental data for analysis, an ellipse was

first fit to the STEM−EDX maps of each NC to determine the
center and major/minor axis lengths and to ensure that the
centers of the maps of each element were coincident (details of
this analysis are provided in the SI). The average position of the
fit centers was then set as the overall center of the NC, and
each EDX map was radially averaged around this point. To
maintain the spherical approximation of the NC geometry, NCs
with an aspect ratio of 1.05 or greater were discarded, along
with those with the centers for each element that varied by
more than 0.4 nm, or 10 pixels. Data sets that met these criteria
were further analyzed.
A uniform background of the Si EDX signal due to residual Si

on the grids from NC synthesis was subtracted. The Si
background was found by averaging the signal outside the NC
for each EDX map. An example of this is shown in the SI. No
significant Ge background was detected. Simulated projected
distributions of the elements in spherical NCs were then fit to
the radially averaged and background-subtracted experimental
data sets. One example of the full analysis is presented in Figure
2.
The fitting procedure for the Ge/Si system resulted in a very

good agreement between the experimental data and model, as
shown in Figure 2. The radial distribution of the elements
determined through this analysis is shown in Figure 3. The
broadening at the core/shell interface as well as the surface
roughness was determined to be 0.5 nm; this is comparable to
the lattice parameter of the NC (0.56 nm), which was shown to
be slightly strained by Hunter et al.14 Because these values arise

from a combination of interdiffusion at the interface, roughness,
asymmetry, and nonconcentricity of the core/shell NCs, they
represent the total contribution of these effects to the
divergence from a perfect spherical core/shell system. In this
case, the Ge core had an aspect ratio of 1.01 and the Si shell
had an aspect ratio of 1.02, contributing 0.02 and 0.08 nm to
the interface and surface roughness, respectively. Additionally,
there was 0.2 nm offset between the core and shell centers,
contributing 0.1 nm to the core/shell interface broadening
measurement. No significant faceting was observed in the
STEM images of the NCs studied here. The remaining
interface and surface broadening widths (approximately 0.4 nm
for the core/shell interface and 0.32 nm for the NC surface)
arise from roughness/interdiffusion. Analyses of several other
NCs are presented in the SI.
Additionally, analysis showed a uniform 2.5% Ge content in

the Si shell. If this concentration of Ge in the shell were due to
interdiffusion, it would be reflected in σGe/Si, and there would
be a significantly greater concentration of Si in the Ge core due
to the much larger volume of the shell (approximately 10 times
the core volume). It should also be noted that Ge K-edge X-
rays (9.87 keV) are of higher energy than Si K-edge X-rays
(1.74 keV), such that this Ge signal could not be produced via
secondary fluorescence. While the opposite could happen
(producing Si EDX counts), this interaction is extremely
improbable because of the small size of the NCs (∼10 nm)
relative to the attenuation length (∼120 μm).48 The addition of
another parameter to account for the shell material in the core
fit was less than 0.5% and did not result in a significantly better
fit. Therefore, we conclude that there was residual Ge precursor
in the plasma at the point of Si precursor injection during the
NC synthesis.14

Aside from some surface alterations, little change in the
radially averaged HAADF profiles obtained before and after
EDX acquisition was observed, demonstrating that minimal
beam damage occurred during the experiment (for details, see
the SI). While most core/shell NC systems exhibit little

Figure 3. (a) Radial (spherical) distribution of Ge and Si within the
NC shown in Figure 2, obtained from fitting. (b) HAADF image
intensity profile fitted with a “Z-contrast” approximation using eq 8.
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contrast between the core and shell materials, the large
difference in the atomic number, and therefore contrast
between Ge and Si, offered a unique opportunity to test the
results from EDX analysis against HAADF−STEM images of
the same particles. Therefore, for further confirmation of the
model, the obtained projected distributions of the elements
were fit to the HAADF signal according to

= +α αI r A f r Z f r Z( ) [ ( ) ( ) ]ADF
2D Ge 2D Ge Si 2D Si (8)

where f Ge(r2D) and f Si(r2D) are the projected radial distributions
of Ge and Si (eqs 3 and 4), respectively, determined by fitting
to EDX maps. ZGe and ZSi are the atomic numbers of Ge and Si,
and A and α are the fitting parameters. The parameter A
provides scaling for the experimental ADF intensity, and its
value is not meaningful for this analysis. The best fit
corresponded to α = 1.4, which lies within the range of
quantitative STEM models for Z contrast in HAADF−STEM
imaging (1.2−1.8)49−51 and matches well with the more
accurate prediction of 1.5 ± 0.1 by Wang et al.51 for the
experimental parameters used here. The result of this analysis is
shown in Figure 3. It should be noted that, in principle, full
analysis could be performed using only the HAADF−STEM
data, such as that shown in Figure 3, but the fitting procedure
would still require all five of the fitting parameters tabulated in
Figure 2, plus α from eq 8. The reliability of such a six-
parameter fit to a single data set (as opposed to five parameters
split between two EDX map data sets) would be questionable.
Additionally, the nontrivial background contrast from the
carbon support, carbon contamination, and presence of ligands
or ALD coating would complicate HAADF analysis even
further. HAADF−STEM analysis also requires prior knowledge
of the elemental composition, which is implicitly determined by
EDX mapping.
In addition to the added complexity of a second shell, the

CdSe/CdS/ZnS core/double-shell NCs studied here were

significantly smaller and more beam-sensitive than the Ge/Si
NCs. Because of residual ligands from the synthesis procedure,
carbon contamination via oligomerization of loose ligands
under the STEM beam also posed a challenge to STEM−EDX
analysis. When the crystals already deposited on the TEM grids
were coated with alumina via ALD to a thickness of 4 nm (40
deposition cycles), most of the experimental challenges were
mitigated; the ligands were driven off during ALD, and the
alumina coating protected the crystals during analysis. It should
be noted that thinner ALD coatings of only 3−4 deposition
cycles also reduced carbon contamination while leaving a more
even background for imaging. However, these thin coatings did
little to protect the NCs, which damaged rapidly under the
STEM beam.
During EDX map acquisition, the alumina film suffered some

beam damage, contributing a significant textured background to
the HAADF images. While the major sources of contrast in the
image remained stationary, allowing reliable drift correction
during acquisition, the damaged alumina film made it
impractical to quantitatively compare the before/after
HAADF images of the NCs in the same way as the Ge/Si
system. However, the underlying NC sustained minimal
damage during the EDX map acquisition based on the
consistent shape, dimensions, and lattice features of the
underlying NC observed in the before/after HAADF images
(see the SI).
The same radial-averaging preparation procedure as that

described for the Ge/Si NCs was applied to the EDX maps of
the CdSe/CdS/ZnS NCs. Here, the sulfur (S) and cadmium
(Cd) maps were used to determine the center of the NC
because they provided the highest total counts of the elements
in this system, and therefore the best signal-to-noise ratio.
The core/double-shell CdSe/CdS/ZnS NC was modeled as

two coupled core/shell distributions: one representing the
anionic Se/S core/shell and the other representing the cationic
Cd/Zn core/shell, with the surface radius and roughness shared

Figure 4. Application of the fitting procedure to a CdSe/CdS/ZnS core/double-shell NC. (a) HAADF−STEM image and EDX maps of a CdSe/
CdS/ZnS core/double-shell NC. A three-pixel Gaussian blur has been applied to all EDX maps for visual clarity. (b and c) Radially averaged EDX
data for the anion (Se/S) and cation (Cd/Zn) distributions and corresponding fits, scaled separately. (d) Parameters corresponding to the optimized
fit. (e) Radial (spherical) distribution of each element within the NC, obtained from the fitting.
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between the two distributions. A schematic diagram of this
treatment is provided in the SI. Thus, this model required four
coupled elemental distribution equations, one representing
each element, and three more parameters than the Ge/Si core/
shell NC: the dimensions and broadening of the additional
interface and the concentration of the core material in the
second shell. One example of this analysis is presented in
Figure 4.
The results of this analysis indicated a relatively sharp (0.3

nm) CdSe/CdS interface and a slightly broader (0.5 nm) CdS/
ZnS interface. The outer surface roughness was 0.5 nm.
Because the thickness of the ZnS shell was only 0.6 nm, the
broadening of the CdS/ZnS interface and the outer surface
roughness overlap over the majority of the ZnS shell, as is
shown in Figure 4e. In this sample, there was a large
concentration of the core material in the outer shells, with
the S shell composed of about 20% Se and the Zn shell
containing about 40% Cd. We believe that this is due to
solvation and redeposition of the material during shell growth
as well as the presence of unreacted cadmium oleate during the
addition of the ZnS shell.
Because these NCs were smaller and yielded fewer total EDX

counts from each element before nonnegligible damage was
observed, the uncertainties in each fit parameter were
percentagewise larger than those in the Ge/Si sample analysis
but still represent only a fraction of the crystal unit cell (for
example, aCdS = 0.416 nm), which, from a structural
characterization point of view, is quite good. The significant
noise and poorer fits observed in the Se and Zn EDX data
below 1−2 nm radii arise from the low number of EDX counts
for these elements. However, EDX data from the comple-
mentary elements (S and Cd), which are present in higher
concentrations in the NCs, are less noisy. Because each of the
fit curves represents the optimized fit of the pair of elements,
this provides extra fitting stability even when some elements
have relatively noisy EDX data sets. Despite the complexity of
the double-shell system and the practical limitations of data
acquisition, the method, nonetheless, yields quantitative results
for the size and broadening of both core/shell interfaces.

■ CONCLUSIONS
In this study, we demonstrated a model-based fitting method
for the quantitative compositional analysis of STEM−EDX
maps of spherical core/shell NCs. Simulated projected radial
distributions of the elements were fit to the corresponding EDX
intensity profiles, yielding values for the core and shell sizes,
interface broadening, surface roughness, and fraction of core
material in the shell. The method was demonstrated for two
spherical NC systems: simpler Ge/Si core/shell and more
complex CdSe/CdS/ZnS core/double-shell NCs. The method
allows an evaluation of the interface widths with precision as
high as 0.1−0.2 nm.
Although this analysis was limited to spherical core/shell

NCs, it could be expanded to more complex NC geometries by
analyzing the full 2D maps rather than radially averaging the
data into one dimension. Such a procedure would increase the
number of simultaneous fitting parameters. Therefore, a better
signal-to-noise ratio in the EDX maps would be required to
maintain the same certainty in the fit.
This method is readily applicable to a wide variety of

elemental compositions of core/shell NCs, provided that each
element exhibits resolvable EDX spectral features. Additionally,
it relies on the relative EDX intensities rather than the absolute

intensities and therefore does not require detector calibration
to EDX standards. Finally, it provides important local
information specific to an individual NC but could be readily
automated to quantify the properties of numerous core/shell
NCs for improved statistical analysis of a sample of NCs. Given
the influence of the interface broadening, composition, and
surface structure on the optoelectronic properties of core/shell
NCs and the current lack of tools to evaluate these parameters,
this characterization approach may serve as an important step
in optimizing the synthesis of core/shell systems for use in
optoelectronic devices.
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