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Combining HR-TEM and XPS

to elucidate the core-shell
structure of ultrabright CdSe/CdS
semiconductor quantum dots

Florian Weigert?, Anja Miller?, Ines Hiusler, Daniel GeiRler?, Dieter Skroblin®,
Michael Krumrey*, Wolfgang Unger?, J6rg Radnik?* & Ute Resch-Genger*™

Controlling thickness and tightness of surface passivation shells is crucial for many applications of
core-shell nanoparticles (NP). Usually, to determine shell thickness, core and core/shell particle are
measured individually requiring the availability of both nanoobjects. This is often not fulfilled for
functional nanomaterials such as many photoluminescent semiconductor quantum dots (QD) used for
bioimaging, solid state lighting, and display technologies as the core does not show the application-
relevant functionality like a high photoluminescence (PL) quantum yield, calling for a whole
nanoobject approach. By combining high-resolution transmission electron microscopy (HR-TEM)
and X-ray photoelectron spectroscopy (XPS), a novel whole nanoobject approach is developed
representatively for an ultrabright oleic acid-stabilized, thick shell CdSe/CdS QD with a PL quantum
yield close to unity. The size of this spectroscopically assessed QD, is in the range of the information
depth of usual laboratory XPS. Information on particle size and monodispersity were validated

with dynamic light scattering (DLS) and small angle X-ray scattering (SAXS) and compared to data
derived from optical measurements. In addition to demonstrating the potential of this novel whole
nanoobject approach for determining architectures of small nanoparticles, the presented results also
highlight challenges faced by different sizing and structural analysis methods and method-inherent
uncertainties.

Surface chemistry is an increasingly relevant field in nanoparticle (NP)-related research and particularly rel-
evant for many applications of nanomaterials"?. Examples present nanometer-sized semiconductor quantum
dots (QD) (see Fig. 1) with their size tunable optical properties and narrow emission bands with applications
in display technology, solid state lighting, and solar energy conversion®*. For optimum performance, i.e., a very
high photoluminescence quantum yield (®p) close to unity and an excellent photostability, the non-radiative
recombination of charge carriers commonly associated with trap states must be suppressed®~, typically with the
aid of tight inorganic surface passivation shells of sufficient thickness®'°. This has meanwhile led to few reports
of QD with @y close to unity for the best studied class of II/VI QD, either exploiting so-called “giant” CdSe/
CdS core/shell quantum dots (g-QD)'"'2, or a post-synthetic treatment with e.g. chloride ions'®. These design
concepts can also provide non- or barely blinking and very photostable QD, e.g. for bioimaging and single
particle tracking studies'*!°.

The crucial importance of passivation shell thickness control for QD with high ®p;*7'7 calls for reliable
methods to assess particle architecture. Relevant features include size, shape, and size distribution of the core and
core-shell nanostructure, as well as the thickness and chemical composition of the inorganic surface passivation
shell(s)'®". Also the chemical nature and number of stabilizing ligands per NP is relevant as they determine
the colloidal stability, processability, e.g., the ease of incorporation into matrices like polymers for device fab-
rication, and (bio)functionalization?**!. Size and shape of core and core-shell nanostructures and insights into
the particle architecture are commonly obtained with analytical techniques like (high resolution) transmission
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Figure 1. Model of the CdSe/CdS QD. fn,: thickness of the oleylamine ligand shell; ¢; thickness of the CdS
shell; d.,.: diameter of the CdSe core; d : diameter of the particle which is detectable with TEM and SAXS

particle*
unequivocally; dp,uicie.0a: diameter of the particle including the organic shell.

electron microscopy ((HR-)TEM), scattering techniques like small and wide angle X-ray scattering (SAXS and
WAXS), and wavelength dispersive X-ray spectroscopy (WDX), as well as dynamic light scattering (DLS) and
small-angle neutron scattering (SANS)*2. Very small inorganic NP like QD with sizes below 10 nm are mainly
analyzed with TEM, measuring dried samples on a substrate in vacuum?. Ideally, first the as-synthesized core is
analyzed and then the whole core/shell nanostructure after deposition of the shell(s). The size difference between
both nanoobjects is then taken as a measure for shell thickness. To obtain statistically significant results with
this single particle technique, several hundred particles must be evaluated which is a general problem of TEM
investigations*»**. Aside from relying on the availability of the core particles, core/shell intermixing or other
unexpected deviations of the core/shell nanostructure like inhomogeneities of the shell cannot be detected.

Less frequently, X-ray diffraction (XRD) is used, also employing dried samples*>?*. However, TEM and XRD
provide only size information of the inorganic core, including the inorganic passivation shell(s), while size con-
tributions from organic capping ligands containing light elements are missed. Alternatively, the size and size
distribution of ensembles of dispersed NP can be obtained with scattering techniques like SAXS which evalu-
ates the angular distribution of an X-ray beam scattered by nanoscale structures in the forward direction under
small angles®”*® or by DLS?. These scattering techniques provide information on a large number of particles in
a more application-relevant environment, offer better and easier accessible statistics compared to TEM, and can
circumvent possible particle aggregation induced upon the drying of particle suspensions.

Principally, the simplest technique for determining the size of QD is the measurement of the size-dependent
absorption spectra of QD dispersions. The spectral position of the first excitonic absorption peak is then cor-
related with QD size via so-called sizing curves that rely on size measurements of core-only nanostructures with
TEM or XRD**, This approach is strictly valid solely for core-only systems, as the growth conditions of the
shell can have a strong impact on the optical properties and the quantum confinement of the resulting core—shell
nanostructures®’.

An emerging method for analyzing the surface chemistry and the core/shell structure of NP presents X-ray
photoelectron spectroscopy (XPS), especially for systems with low image contrast in TEM due to similar lattice
constants of the core and the shell***. XPS measures the kinetic energy and number of the electrons that escape
from the top of a sample in vacuum up to a penetration depth of 5-10 nm upon irradiation with an X-ray beam.
This technique, which has been widely used for surface analysis of planar substrates and lately also microparticles,
can provide information on the chemical composition and amount of chemical groups or certain chemical species
at the particle surface®. Due to the sensitivity of XPS for lighter elements, not only inorganic surface coatings,
passivation shells, and surface modifications by chemical processes like oxidation or etching can be detected'**>*¢,
but also organic coatings, ligands, and biomolecules, which are often not or only very hardly visible with other
methods, e.g. TEM?’. For small NP with sizes approaching the penetration depth of XPS, however, challenges
such as surface curvature must be overcome for the reliable determination of the thickness of surface shells with
the aid of models that consider particle size and surface curvature?>*-4,

In this study, we introduce a whole nanoobject approach for the analysis of the size and particle architecture
of nanostructures, exemplarily for a thick shell CdSe/CdS QD with a @y, close to unity and minimum blinking
using (HR-)TEM, DLS, SAXS, and XPS. Special emphasis is dedicated to the determination of the core diam-
eter and the shell thickness of this nanomaterial by combining sophisticated HR-TEM and XPS measurements
and mathematical modeling of the data with the software SESSA (Simulation of Electron Spectra for Surface
Analysis)*!. The ultimate goal is to underline the potential of this method combination for the straightforward
determination of core-shell structures, thereby circumventing individual measurements of core/shell NP and
the initially prepared core often not available, particularly for commercialized core/shell nanostructures. In this
context, we will also highlight challenges currently faced by the different sizing and structural analysis methods
as well as uncertainties associated with the determination of the boundaries of the core/shell structure with HR-
TEM and the effective attenuation length of the ejected electrons used for XPS.
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Experimental section

Quantum dot synthesis. The synthesis of the thick shell CdSe/CdS QD stabilized with a mixture of oleic
acid and oleylamine ligands was done following the method described by Chen et al. and Carbone et al. (plus an
additional drying step)'*** and published elsewhere®’. The thick CdS shell was grown by slow continuous shell
precursor infusion. In conjunction with the use of octanethiol, which has a relatively low reactivity, this yielded
a slow and reproducible shell growth with good thickness control and monolayer precision. In Fig. 1 a schematic
representation of the CdSe/CdS QD is shown.

Absorption and emission spectroscopy. Absorption spectra of the oleylamine-stabilized CdSe/CdS
QD dispersed in hexane were recorded on a calibrated Cary 5000 UV-Vis-NIR spectrometer (Varian, Agilent
Technologies) with a spectral bandwidth and step size of 1 nm. The accuracy of the intensity and wavelength
scale of this instrument is regularly controlled with certified absorption standards (Hellma GmbH). Steady state
and time-resolved emission measurements were performed on a calibrated FLS920 fluorescence spectrometer
(Edinburgh Instruments) equipped with a continuous xenon lamp (emission spectra) and a pulsed SC400-PP
supercontinuum fiber laser (Fianium) with a pulse width of 0.1 ns using time-correlated single photon count-
ing (TPSPC; fluorescence decay kinetics). So-called magic-angle conditions were applied (excitation and emis-
sion polarizers set to 0° and 54.7°, respectively) to render detected emission intensities independent of sample
emission anisotropy*’. The emission spectra were corrected for solvent emission (blank correction) and the
wavelength dependence of the instrument’s spectral responsivity (spectral emission correction)*. The PL decay
curves were fitted with a deconvolution fit using the software FAST (Edinburgh Instruments) using an instru-
ment response function (IRF) determined with a Ludox silica particle dispersion as non-emissive scatterer. All
optical measurements were done at room temperature (T =(22+2) °C) in 1 cm quartz cells (Hellma).

Absolute measurements of photoluminescence quantum yields. The @, values of the CdSe/CdS
QD were determined absolutely with a calibrated integrating sphere setup Quantaurus-QY from Hamamatsu
previously evaluated by us* using long neck quartz cells from Hamamatsu. The absorbance at the excitation
wavelength of 488 nm was kept below 0.1 to minimize inner filter effects and reabsorption which would lead to
an underestimation of the ®p; values*.

Single particle spectroscopy. For optical studies at the single particle level comparing the optical proper-
ties of our QD on a particle-to-particle level, a highly diluted hexane dispersion of the CdSe/CdS QD was spin-
coated onto a glass cover slide. Single particle PL studies were performed with an inverted confocal laser scan-
ning microscope, using a plan apochromatic oil immersion objective (100x, NA 1.4 by Olympus), mounted on
a XYZ piezo, to scan the sample by moving the objective. For sample excitation, a 405 nm laser diode operated
in the continuous or pulsed mode was employed. Two single photon sensitive avalanche photodiodes (SPAD by
MPD), arranged in a Hanbury-Brown Twiss geometry, were used for the measurements of QD brightness, fluo-
rescence intermittency via time traces (brightness over time), and fluorescence decay kinetics (data not shown).
Single particle PL spectra were collected with an Ocean Optics Peltier-cooled CCD spectrometer (350-740 nm)
coupled to the setup with an optical fiber. Discrimination of the excitation light and possible autofluorescence of
the substrate was done with a dichroic mirror and long pass filters. The fluorescence intermittency of the single
particles was obtained by recording the time traces at continuous excitation with the focus resting on the bright
spots of the confocal image. The data presented were derived from measurements of more than 20 single QD.

Transmission electron microscopy. Overview TEM images were obtained with a JEOL JEM-2100 (JEOL
GmbH, Eching, Germany) operated at 200 kV. Image acquisition was done with a bottom-mounted 4x4 k
CMOS camera (TemCam-F416, TVIPS, Gauting, Germany). Data analysis was performed with ImageJ and
the particle size and size distribution were determined by averaging more than 2500 particles. The HR-TEM
images were recorded with the FEI Titan 80-300 Berlin Holography Special TEM at 300 kV. This microscope is
equipped with an image Cs-Corrector. To analyze the HR-TEM images with regard to the displacement field the
ImageEval program* was used. The analytical TEM images were acquired with a TEM/STEM JEOL JEM2200FS
at 200 kV. The JEOL JEM2200FS is equipped with a LN2 free energy dispersive X-ray SD detector from Bruker
for EDX measurements. A so-called beam shower was used whereby large areas of the grid were irradiated with
a high dose electron beam for about 10 min. Thereby, amorphous carbon and other volatile impurities were
removed from the peripheral area of the irradiated area where they formed a diffusion barrier. Additionally, a
larger probe diameter of 1.5 nm was used to enhance the counting rates, which, however, slightly reduced the
lateral resolution. The Bruker software Esprit was used for the evaluation and size analysis of the core/shell struc-
ture. The preparation of the TEM samples was done by placing one drop of the highly diluted QD dispersion on a
carbon coated copper grid (200 mesh, Electron Microscopy Sciences, Hatfield, PA), which was then dried in air.

Small-angle X-ray scattering. The scattering experiments were conducted at the four-crystal monochro-
mator (FCM) beamline of PTB using the SAXS setup of the Helmholtz-Zentrum Berlin at the BESSY II synchro-
tron radiation facility*’. At this beamline, any photon energy in the range from 1.75 keV up to 10 keV is available.
To increase the contrast, SAXS measurements were performed at a photon energy of Epy, =3.42 keV close to the
Cd L3 absorption edge. For the SAXS measurements, the QD were dried on a silicon nitride window with a
thickness of only a few hundred nanometers. In addition, measurements were performed at Ep, =8 keV with a
QD dispersion in hexane filled into a glass capillary. The scattered X-ray photons were collected on a vacuum-
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compatible PILATUS 1M hybrid-pixel detector (Dectris Ltd., Baden, Switzerland)*®. The scattering intensity I is
given as a function of the momentum transfer q(0):

47 .
q(0) = EEphsm@ (1)

where h is the Planck constant, ¢ the speed of light, Ep, the energy of the photons and 0 half of the scattering
angle. For sufficiently monodisperse particle suspensions, the scattering curve I(q) shows pronounced oscilla-
tions, which depend on the particle diameter®’. The scattering curves were fitted using the least-squares method
as implemented in the program SASfit>® with a form factor for monodisperse solid spherical particles and a
lognormal size distribution. The assumption of a spherical phase was supported by TEM studies. In addition, to
account for particle aggregation, a structure factor for hard spheres in monodisperse approximation was used
for the dried samples.

Dynamic light scattering. The DLS experiments were carried out with a Zetasizer Nano instrument (Mal-
vern Instruments, Worcestershire, UK) equipped with a 633 nm HeNe laser at a scattering angle of 173° (back-
scatter) using the “General purpose” analysis model and the default size analysis parameters. The QD dispersion
was measured 12 times with ca. 15 runs per measurement and ca. 15 s per run (automatic default settings) in
low volume quartz cuvettes. A refractive index of 2.29 for CdSe/CdS (calculated from the refractive indices of
CdSe (2.59) and CdS (2.27) using the assumed volume fractions of core and shell) and an optical density of
0.1 were used as sample parameters for the conversion of the intensity-weighted to the number-weighted size
distribution.

X-ray photoelectron spectroscopy. A drop of a CdSe/ZnS QD dispersion in hexane was deposited onto
a clean silicon wafer, previously treated with an UV Ozone Cleaner UVC-1014 (185 nm and 354 nm wavelength
UV radiation source; manufactured by NanoBioAnalytics, Berlin, Germany) for 20 min, and dried in air. The
sample was investigated with an AXIS Ultra DLD photoelectron spectrometer manufactured by Kratos Ana-
lytical (Manchester, UK) with monochromatic Al Ka radiation (Ep,=1486.6 eV) at a pressure of approximately
5x 107 mbar. The electron emission angle was 0° and the source-to-analyzer angle was 60°. The binding energy
scale of the instrument was calibrated following a Kratos Analytical procedure which uses ISO 15,472 binding
energy data®. The XPS spectra were taken by setting the instrument to the hybrid lens mode and the slot mode
providing approximately a 300 x 700 um? analysis area. Furthermore, the charge neutralizer was used. All spec-
tra were recorded in the fixed analyzer transmission (FAT) mode. The intensities of the significant peaks were
determined after subtraction of a Tougaard background using UNIFIT. For the simulation of the XPS spectra,
the intensities of the peaks were corrected with the intensity-energy response function of the instrument.

Simulation of electron spectra for surface analysis (SESSA). The simulation of the XPS spectra was
performed with SESSA v.2.0*!. SESSA is a standard reference database distributed by the National Institute of
Standards and Technology (NIST) that contains all data needed for quantitative simulations of XPS and Auger-
electron spectra. Data retrieval is done with a powerful expert system that queries the databases and provides
the data to the user or the simulation engine for arbitrarily shaped geometrical configurations. Individual pho-
toelectron trajectories were simulated, and the resulting intensities were calculated from a statistically relevant
large number of trajectories. The simulations were performed iteratively. The key quantities in this approach are
the number of electrons arriving at the detector after a given number of collision number of inelastic collisions
in the solid between the generation and the escape from the surface. The key parameter for the accuracy of the
simulations is the effective attenuation length (EAL) which is determined with SESSA. The effective attenuation
length corresponds to the inelastic mean free path, versus the average distance of an electron between successive
inelastic collisions, corrected for the contribution of elastic scattering effects®. Inelastic mean free paths were
obtained with the predictive TPP-2 M formula®® and elastic scattering cross sections were obtained from NIST
Database SRD 64°!. Depending on the physical model used for the calculations differences of up to 10% were
observed®*®. The shell thicknesses were determined by finding the best match between the experimental and
simulated data.

Results and discussion

The main focus of this study was to quantitatively analyze the architecture of thick shell CdSe/CdS QD by com-
bining HR-TEM and XPS in a whole nanoobject approach, that does not require measurements of the core NP,
prior to shelling. For this purpose, we chose CdSe/CdS QD as a representative example as these II/VI QD are
one of the best studied semiconductor nanocrystals relevant e.g. for solid state lightening and photovoltaics.
Moreover, the fact that this core/shell nanomaterial contains solely Cd(II) ions as metal ions allows to reason-
ably estimate the thickness of the passivation shell from the preparation conditions and to minimize a possible
influence of cation migration on the chemical composition of the shell. In the following, we present first the
optical properties of these thick shell CdSe/CdS QD derived from ensemble and single particle measurements
as a measure for particle quality. Subsequently, the determination of the particle size and morphology with
DLS, SAXS, and TEM are shown. To elucidate the particle architecture and to quantitatively determine the core
size and thickness of the passivation shell, we used two complementary methods, i.e., the combination of the
single-particle microscopic method HR-TEM with the ensemble spectroscopic technique XPS. In the context
of presenting our whole nanoobject approach, also the strengths and weaknesses of each method are discussed
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Figure 2. (a) SAXS scattering curves obtained for QD dried on a membrane (blue) and for QD dispersed in
hexane (green) together with the fits of the curves. (b) QD size distribution from TEM. For the evaluation of the
particle size and size distribution of the CdSe/CdS QD sample from the TEM images the software Image] was
used.

including a comparison of the uncertainties derived for all methods, thereby underlining the complementary
insights gained from this method combination.

Optical properties of the thick-shell CdSe/CdS QD. Prior to the structural analysis of the thick-shell
CdSe/CdS QD their optical properties were assessed on the ensemble and single particle level to highlight their
application potential. Moreover, the spectral position of the first excitonic absorption band, the spectral width
or full width at half maximum (FWHM) of the first absorption maximum and the emission band, the ®p
and PL decay kinetics provide information on QD size, size distribution, and quality of the surface passivation
shell. As shown in Figure S1 (left) in the Supporting Information (SI), the first excitonic absorption maximum
and the emission maximum are located at 605 nm and 622 nm with FWHM of 15 nm (~51 meV) and 31 nm
(~ 100 meV), respectively. These features closely match with the properties reported by Chen et al. for a thick-
shell CdSe/CdS QD with a core diameter of about 4.2 nm, prepared with the same synthesis method as used for
our sample, revealing a first excitonic absorption band at 607 nm, an emission maximum at 618 nm, and FWHM
of the absorption and emission band of about 37 meV and 65 meV, respectively'"**. This suggests a similar core/
shell size and similar structures of both QD and a slightly broader particle size distribution of our sample. The
latter was also confirmed by single particle spectroscopic studies summarized in Figure S1 in the SI (dashed lines
in the left panel) revealing variations in the spectral position of the emission maximum from 618 to 640 nm
and a FWHM of the single particle emission band of ~ 12 nm (~ 36 meV). The very high @ of 95%, the quasi
mono-exponential decay behavior (see SI, Figure S1, right), and the independence of ®p; on QD concentration
derived from dilution studies covering 3 orders of magnitude (see SI, Figure S2) as well as blinking studies (see
SI, Figures S3 and S4; QD fraction in the ON state of about 90%) underline the excellent surface passivation of
our QD by the thick CdS shell. These findings point also to a rather homogeneous thickness of the surface pas-
sivation shell within the QD ensemble and to relatively small strain between the QD core and the shell.

As mentioned in the introduction, in principle, the size of QD can be derived from the spectral position of
the first excitonic absorption maximum using empirical sizing curves determined for core-only QD*. However,
the growth of a surface passivation shell can bathochromically shift the absorption maximum by several 10 nm
depending on the reaction conditions used for the shelling step like temperature, reaction time, shell precur-
sors etc*>. These changes cannot be really considered by sizing curves and are difficult to predict by quantum
mechanical modeling. Assuming that the CdS shell shifts the first excitonic absorption maximum to the red by
about 20 nm (i.e., from hypothetical 585 nm for the core-only QD to 605 nm as found for the core/shell QD), the
diameter of the CdSe core is estimated to 4.0 nm from these sizing curves. For the approach used for the shelling
of the QD core, the thickness of the CdS passivation shell can also be estimated from the synthesis conditions
such as the amount of the precursor and the growth time. As 11 monolayers of CdS were deposited onto the CdSe
cores, each having a thickness of 0.337 nm®, the overall shell thickness is assumed to be approximately 3.7 nm,
resulting in an overall QD diameter of about 11.4 nm.

Size of the CdSe/CdS QD with scattering methods (SAXS and DLS). Scattering methods like
SAXS and DLS can provide fast information about the mean size of a large number of particles. Particularly the
laboratory technique DLS is very frequently used for size measurements. In addition, the statistical basis of these
methods is much better than that of TEM because a larger number of particles is assessed. The scattering pattern
derived from SAXS measurements of our dispersed and dried QD show concentric rings with a diameter, that
is directly related to the mean diameter of the particles d,,,q.. The shape of the features (wiggles) in the SAXS
curves provides a direct clue for the width of the particle size distribution. The pronounced oscillations in the
scattering curves revealed in Fig. 2a underpin the narrow size distribution of the CdSe/CdS QD sample. SAXS
measurements yielded a number weighted mean NP diameter of dp=(10.9+0.6) nm. The form factor-based
diameters obtained for the dried and dispersed QD agree well within their stated standard uncertainties, which
are dominated by the uncertainties of the data fitting procedure. Uncertainty contributions from the repeat-
ability of the measurements and the input parameters (photon, energy, detector distance, detector pixel size etc.)
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Figure 3. (a) STEM-EDX element mapping of the CdSe/CdS QD: HAADF image. (b) Cd-L a element map. (c)
Se-L element map. (d) S-K a element map.

are significantly lower. The distinct peak at g = 0.5 nm™! for the dried QD is ascribed to particle agglomeration,
that is subsequently considered by overlapping the data with a structure factor. This leads however, to higher
uncertainties. The NP diameter estimated from the hard sphere structure factor model (ds = 11.7 nm) is slightly
higher than the form factor. This could be an indication for contributions from the organic ligand shell and for
a particle shape which deviates slightly from a perfect sphere.

DLS measurements that provide the hydrodynamic diameter of the dispersed nanoobjects yielded a slightly
larger particle diameter of about 14.8 nm with a standard deviation of 2.3 nm and a polydispersity index (PdI)
of 0.28. The size distribution determined with DLS is shown in Figure S5 in the SI. Although DLS is one of the
most frequently methods for particle size determination, it is often considered as being less precise because of
the considerable impact of the measurement conditions and fitting parameters on the results. In addition, simple
laboratory instruments can typically measure the intensity of the scattered light of the incident laser only at a
single fixed angle, which is strictly suited only for the determination of the size of spherical objects. Moreover,
in the case of strongly absorbing NP like QD, NP absorption of the laser light and NP PL can lead to a reduction
of the data quality?. Also the conversion of the measured intensity-weighed size distribution into a number-
weighed size-distribution, required to account for the more sensitive response of DLS to larger particles than to
smaller ones®, can enhance the measurement uncertainty since it relies on several assumptions® .

Size of the CdSe/CdS QD with TEM. TEM measurements, that present the most frequently used sizing
method for small inorganic nanostructures, provide only information on the inorganic constituents, i.e., the core
and the inorganic passivation shell d,,,c.. The reliability of TEM size analysis depends largely on the parameters
used for the TEM measurement and the image analysis (e.g., edge detection, aggregate and noise neglection,
etc.). Moreover, a statistically meaningful number of particles, typically at least 500 particles, must be evaluated.
For this study, we measured more than 2500 particles. The size histogram of all CdSe/CdS QD imaged are shown
in Fig. 2b. These size measurements yielded a mean particle diameter of 11.6 nm with a standard deviation of
1.8 nm. This value agrees well with the diameter derived from SAXS measurements. It must be noted here that
particle agglomeration during TEM sample preparation can lead to larger particle diameters, because not all sin-
gle particles can be separated in the image. For further analysis with XPS shown in one of the following sections,
we used the particle diameter obtained with TEM and SAXS. To account for eventual irregularities in particle
shape, we exploit the Feret diameter, that equals the mean of the minimum and maximum distances between two
parallel tangents to the contour of the particle (measurement by a slide gauge).

Chemical analysis with STEM-EDX. A challenge of the TEM analysis of core/shell nanostructures can
present the discrimination between the core and shell region, particularly for systems like our thick-shell CdSe/
CdS QD, that consist of materials of similar crystal structures with only small differences in lattice constants.
Therefore, different approaches were tested to locate the spatial position of the core within the core/shell nano-
structure: Element mapping with Scanning TEM (STEM) and EDX as well as structural analysis with HR-TEM.

The most common method to determine the core position and shell thickness is element mapping. Chal-
lenges are the fast contamination with amorphous carbon and the small excitation volume which results in
low counting rates of the EDX detector. To address the former, the experimental conditions were optimized as
described before. Figure 3 shows a high-angle annular dark-field (HAADF) image with the spatially resolved
EDX element distribution of cadmium (Cd), sulfur (S), and selenium (Se). The HAADF image (Fig. 3a) does
not reveal a clear separation between core and shell. As expected, Cd is found in the entire particle (Fig. 3b),
whereas Se is enriched in the core region (Fig. 3c). In contrast, S cannot be clearly located in the shell (Fig. 3d).
This is attributed to the projection of the 3D particle shell onto the 2D TEM image. Although theoretically, a
slight variation in S concentration can be expected between the edges and center of the CdSe/CdS QD. Here,
the S containing surface passivation shell seems to be too thick in comparison with the core to observe such an
effect. The EDX sum spectrum of the core regions (see SI, Figure S6) reveals a higher Se content than the sum
spectra of the whole particle region (also shown in Figure S6) within the core/shell structure. Overall, we could
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verify a Se enrichment in the core with EDX, but a quantitative determination of the core and shell sizes was not
possible with our instrumentation.

Analysis of the core—shell structure with HR-TEM.  Because it was not possible to obtain the desired
information with element mapping, we assessed structural differences between core and shell by HR-TEM. Both,
the CdSe core and the CdS shell can either occur in the cubic zinc blende or the hexagonal wurtzite structure®’.
To clarify the crystal phases of core and shell, the HR-TEM images of the CdSe/CdS QD and their corresponding
Fourier transformations (FT) were evaluated and compared with the simulated diffraction images of the hexago-
nal wurtzite (space group: P63mc) and the cubic zinc blende phase structures (space group: F-43 m) as shown in
Fig. 4a.1-4. The best agreement was found for a hexagonal structure of both CdSe and CdS. The similar crystal
structures together with the small difference in lattice constants of CdSe and CdS explain why the differentiation
between core and shell structure is challenging.

A usual approach to distinguish between core and shell is to investigate, whether a displacement of the atoms
in the shell or at the core—shell interface from the ideal position can be found, that originates from strain caused
by epitaxial growth. Therefore, we determined the position of the local maxima of the HR-TEM interferences
(atomic column) relative to the respective reference lattice (see SI, Figure S7). As a reference, the maxima of the
inner core region (core area marked in green in Figure S7, left) was used. The results allow, however, no clear
distinction between the core and shell. The observed larger displacement at the edges results from the change in
thickness of the illuminated regions of the QD particle.

Another approach to detect strain and deformation in HR-TEM images is geometric phase analysis (GPA).
Thereby, variations in the periodicities of the HR-TEM contrast in different regions of the nanoobject are ana-
lyzed. A maximum misfit of 2.7% was detected between the whole particle and a reference region (Fig. 4b and
Figure S8 in the SI). The results were very similar, independent of the chosen reference region, i.e., the shell or
the core. This value is significantly lower than the result of 4.2% reported for CdSe/CdS nanorods**. These dif-
ferences are ascribed to the different shape of both systems.

Opverall, a high structural coherence between core and shell was found. This is beneficial for QD stability and
a high ®p; but renders the analysis of the structural parameters challenging. The best results for distinguish-
ing between the core and shell region were obtained with slightly defocused high-resolution TEM images (see
Fig. 4c.1), exploiting Fresnel diffraction®®*. Thereby, a better phase contrast was detected than in the exact focus
position. With this approach, it was possible to evaluate the aspect ratio of 245 particles, that provides the shape,
average particle size, and (x, y)-positions of the center of gravity. For this purpose, the core and shell regions were
marked (see Fig. 4c.2). Only particles were used which allowed for a clear differentiation between the core and
shell region. Critical for this procedure was the position of the particle slightly out of focus.

The resulting aspect ratio of about 1.2 (see SI, Figure S9a) suggests slightly elongated cores. The lognormal
size distribution of the cores has a maximum of 3.5 nm with a standard deviation (SD) of 1.2 nm as displayed
in Fig. 5a. The aspect ratio of the complete core/shell particles, which have a mean diameter of 11.5 nm with a
standard deviation of 1.2 nm (Figure S9¢), amounted to about 1.1 (Figure S9b). This agrees very well with the
SAXS results and the TEM studies of the particle size distribution. As follows from the comparison of the aspect
ratios of the QD cores (Figure S9a) and the core/shell particles (Figure S9b) the growth of the thick CdS shell
makes the particles slightly more spherical, which supports a uniform shell thickness.

Finally, the maximum and minimum shell thickness were determined from normal distributions (see SI,
TEM section and Figure S10), and histograms shown in Fig. 5b.2,b.3. The difference between these shell thick-
nesses was determined to 1.6 nm. With an average size of the core/shell QD of 11.5 nm, this confirms the central
position of the cores within the particles and a uniform shell growth. The derived histogram of the mean shell
thickness (see Fig. 5b.1) shows two local maxima. The main maximum at 3.8 nm+ 1.1 nm reflects the mean shell
thickness. The second maximum of 5.5 nm is ascribed to a very small contribution from larger NP. In summary,
our detailed HR-TEM analysis reveals nearly spherical CdSe/CdS QD with a diameter of 11.5 nm, a centered
core of 3.5 nm and a homogeneous shell with a thickness of 3.8 nm. The uncertainties amount to 1.2 nm for the
core diameter and 1.1 nm for the shell thickness, respectively.

In the next section these results are compared with sizes obtained from XPS measurements. Such an approach
of a mutual validation of quantitative results with two different complementary techniques allows to verify the
obtained results. As with XPS no information about the size of the whole nanoparticle is accessible, in contrast
to HR-TEM, we used the previously derived results of SAXS measurements of dr=(10.9£0.6) nm that agree
well with the TEM data.

Analysis of the CdSe/CdS QD with XPS. In the last years, an increasing number of examples for the
potential of XPS to determine the elemental distribution in small inorganic NP and the chemical surface modi-
fication of semiconductor and lanthanide-based upconversion nanocrystals by light-induced changes, ligand
exchange or the presence of certain species like chloride ions has been reported'>*. The characterization of the
shell structure and thickness of core-(multi)shell QD by XPS is, however, challenging and requires sophisticated
methods of data simulation. One approach to obtain NP size parameters presents the XPS tool SESSA*!. Indis-
pensable for this approach are information about the particle size and shape, which can be derived with different
structure-analytical methods as described in the previous sections. Ideally suited for such studies are NP with a
size in the range of the XPS information depth. In this case, all NP regions can be assessed and, simultaneously,
the signals from particles below the upper NP layer are minimum. Therefore, a validation of the results obtained
by XPS with the complementary TEM data is possible, even for such a rather sophisticated nanostructure with a
low image contrast between core and shell in the TEM images as the CdSe/CdS QD.

Scientific Reports |

(2020) 10:20712 | https://doi.org/10.1038/s41598-020-77530-z nature research



www.nature.com/scientificreports/

Figure 4. Results of the analysis of the core-shell structure with HR-TEM. (a) Determination of the crystal
structure based on the analysis of the HR-TEM images of individual CdSe/CdS particles (shown in panels

(a.1) and (a.3)) and the resulting Fourier transformations (FTs), shown in panels (a.2) and (a.4), respectively,
superimposed with the corresponding simulated diffraction pattern. The software jems®* was used for the
simulation of the diffraction patterns. (b) Geometric phase analysis (GPA) of a HR-TEM net plane image (b.1),
where the analyzed area is marked in red and the reference region is marked in green; the results of the GPA
(b.2) reveal a maximum misfit of 2.7% in the core region. (c) HR-TEM procedure used for determining the
overall particle size, core size, and shell thickness: Defocused HR-TEM image revealing the core within the
core/shell nanoparticle structures (c.1); Marked core areas (blue) and marked shell areas (red) used for data
evaluation with the Bruker software (c.2).
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Figure 5. (a.l) Size distribution of the cores as derived from HR-TEM. (b) Statistics of the shell thickness of
the CdSe/CdS QD: average shell thickness ¢, ..., (b.1), maximum shell thickness ¢, ., (b.2) and minimum shell
thickness ¢ i, (b.3).

The XPS survey spectrum of the CdSe/CdS QD in Fig. 6a reveals peaks originating from the elements Cd,
Se, and S constituting the QD as well as additional peaks, that point to the presence of Si, O, and C. Also, high-
resolution spectra of all elements were recorded (see SI, Figure S11). Si and O are attributed to the Si wafer on
which the QD were deposited. C is ascribed to the surface ligand oleylamine. The contribution of the Si wafer
to the C signal is negligible (see SI, Figure S12). The ligand contribution is subsequently considered only for the
simulation of the XPS results. Nitrogen as a further ligand component could not be detected due to the overlap
of its signal with the dominating Cd 3d 5/2 peak. A significant influence of N1s on the Cd 3d5/2 peak can be
excluded, because the ratio of the Cd 3d 5/2:3d 3/2 peaks is around 1.3, which is slightly lower than the ratio
of 1.5 reported for metallic Cd®. This conforms with the low amount of N in the ligand and, herewith, in the
whole investigated system.

The ratios of the signal intensities C 1 s/Cd 3d and S 2p/Se 3d (see Table S1) were determined to 0.37 and
17.96 with a maximum uncertainty (confidence interval of 95%) of about 10% after correction of the measured
data with the spectrometer-dependent intensity-energy response function. For Cd 3d, the sum of both peaks,
3d 5/2 and 3d 3/2 were used. The intensity-energy response function was earlier obtained with a procedure pre-
viously described by Seah et al.® and Hesse et al.*” This intensity-energy response function presents the main
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Figure 6. Results of the analysis of the CdSe/CdS core/shell QD with XPS. (a) Survey spectrum of the QD
obtained with XPS. The inset shows the region between 90 and 40 eV. (b) Simulated ratio of the intensities of

C 1 s and Cd 3d peaks for different thicknesses of the ligand shell ¢.,. According to the TEM and SAXS results
particle diameters dy,i Of 10.5 nm and 11.5 nm were assumed. The experimental value obtained from the XPS
survey spectrum is marked with a blue line with an uncertainty range (confidence value of 95%) marked with
the upper and lower blue line. (¢) Simulated intensity ratios S 2p/Se 3d for different particle diameters between
10-12 nm as indicated by different thicknesses of the CdS shell. The experimental intensity ratio obtained from
the XPS spectrum is given with lines revealing the respective uncertainty range (confidence level of 95%).

contribution to the uncertainty of the experimental intensity ratios. Other factors like the determination of the
peak area or the repeatability were found to be less prominent.

For the subsequent analysis of the data derived from the XPS measurements of the CdSe/CdS NP, we
assumed a layered sphere morphology of our QD with a CdSe core, a CdS surface passivation shell, and an
outer oleylamine (C,gH;sNH,) ligand shell. The input parameter are shown in the SI in Table S2. A possible
intermixing of the different layers was not considered although core-shell intermixing cannot be excluded'*%.
This assumption is reasonable within the context of the uncertainty of the XPS measurements, which is in the
order of £0.7 nm (equaling + 2 ML CdS) as shown in the following section, and other publications on related
CdSe/CdS QD, which refer to a thickness of a mixing layer of one or two ML®*%. For the modeling of the data, a
single-sphere approximation was used which is valid for powders and random NP aggregates”. The assumption
of spherical particles was justified by HR-TEM. The uncertainty of these results can be affected by factors like an
inhomogeneous shell thickness and uncertainties in the effective attenuation length of the photoelectrons. For
example, an inhomogeneous shell with a core displaced from the particle center can lead to an underestimation
of the shell thickness”'. For our core/shell NP, this was excluded by a detailed statistical analysis of the HR-TEM
images. Therefore, the main uncertainty contribution arises from the uncertainty of the effective attenuation
length of the photoelectrons; in a recent study combining X-ray reflection and XPS, an uncertainty of about 17%
was determined for the effective attenuation length of Si 2p and Hf 4f electrons®”. We estimated similar values
for the photoelectrons considered in this study.
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The analysis of the organic ligand shell of NP is challenging as it consists mainly of light elements like carbon
and hydrogen which cannot be detected with TEM. In a very simplified model it is assumed, that the distance
between densely packed adjacent NP equals twice the size of the ligand shell. The preparation of the TEM
samples is very crucial for this method. It must be ensured that the sample displaced on the grid contains only
a homogeneous layer of closely packed NP. Furthermore, to measure a large number of particles as required
for sufficient statistics is a general challenge of TEM. Moreover, in this simple model only geometric factors are
considered and other interactions like electrostatic ones or hydrogen bonding are neglected. In contrast, XPS
enables to directly assess the organic ligands by measuring the C 1 s peaks and other components of the organic
ligand shell. In accordance with this aim, the C 1 s/Cd 3d ratios were simulated for a QD with a diameter d,,,cic
of 10.5 nm and 11.5 nm as derived from TEM and SAXS measurements. C and Cd were used for this simulation
because the main component of the organic ligand is C (except for H which is not detectable with XPS) and
the main component of the QD is Cd which is present in the shell and the core. In this approach the amount of
adventitious carbon must be considered which is rather challenging. Based on our experiences, the amount of
this carbon contamination was estimated to 10%. This number was then included in the measurement uncer-
tainty as shown in Fig. 6b. The C contamination on the Si wafer was below 2 at%, and thus, can be neglected, as
confirmed by measurements of a clean wafer (see SI, Figure S12). Comparing the value obtained experimentally
for the C1s/Cd3d intensity ratio of 0.37 (Fig. 6b, blue line) with the simulated intensity ratios leads to a thick-
ness of the organic ligand shell between 1.5 nm and 2.2 nm. Surprisingly, changes in the size of the QD between
10.5 nm and 11.5 nm influences the results only negligibly. This result agrees well with the rough estimation of the
thickness of the organic ligand shell of about 2 nm, assuming a complete surface coverage by a ligand monolayer
in a stretched conformation’”?. Additionally, the difference in particle size obtained with TEM and/or SAXS
(except for the ligand shell) and the particle size determined with DLS (including the ligand shell) can provide
a measure for the size of the ligand shell itself. This yields a shell thickness of 1.6 nm. For all these assumptions,
the high flexibility of the ligand shell and the strong influence of the preparation method must be considered. The
similarity of the results obtained with these simulations are notable although the XPS simulation was performed
for the results obtained with dried QD samples and the DLS measurements with dispersed NP. This accounts for
the resulting relatively high uncertainty.

With the information on the lower and upper NP size derived from the TEM and SAXS measurements it
was possible to simulate the core-shell structure of our CdSe/CdS. As a surface analytical method XPS is more
sensitive to the coating of nanoparticles, but with an overall information depth of XPS of about 10 nm it is
possible to measure the whole NP. In Fig. 6¢ the results are shown that were obtained for a particle size varied
between 10 and 12 nm. The experimental value derived for the S 2p/Se 3d peak ratio was determined to 18.0
from the respective XPS spectrum (see Fig. 6¢, blue line). This value was compared with the simulated results
derived for different particle sizes and shell thicknesses. For 10 nm- and 12 nm-sized particles, the simulated
results yield shell thicknesses between 2.7 nm and 3.1 nm as well as 3.1 nm and 3.5 nm (including the corre-
sponding measurement uncertainty), respectively. For the CdSe core, diameters between 4 nm and 5.8 nm were
found. The accuracy and reliability of the determination of the shell thickness and the core size depends clearly
on particle size, i.e., the size of the whole nanoobject used. With the knowledge of the exact particle size the
core-shell structure of small NP with sizes of about 10 nm can be characterized with XPS with a high precision
and relatively little experimental effort. The thickness of the carbon shell ascribed to the organic surface ligands
influences the determination of the core and shell size only slightly (see SI, Table S3).

A still open question in this study remains a possible intermixing between core and shell (see SI, Figure S13)
as discussed for many core/shell nanostructures’*7¢. Due to the structural coherence between CdSe and CdS, a
sharp boundary between core and shell was not observed with HR-TEM; and the lateral resolution of elemen-
tal mapping is not sufficient to provide this information. Among other factors, the probability of such effects
depends on the synthetic method used for particle preparation. For example, nanomaterials synthesized at very
high temperatures can be prone to cation migration'*®®7®, Generally, inhomogeneities of the shell like core/
shell intermixing is expected to lead to a smaller thickness due to the exponential character of the attenuation
of the electrons. Comparing the HR-TEM with the XPS results reveals a slightly thinner shell for the XPS than
the HR-TEM measurements, which could be a hint for core/shell intermixing. It must be, however, noted, that
the observed deviation between both methods is within the uncertainty range of the two methods (see Fig. 7).
A suitable method to clarify this question of core-shell intermixing present most likely XPS measurements with
different excitation energies which were beyond the scope of the presented study.

Conclusion and outlook

In summary, we demonstrated the potential of a combination of HR-TEM and XPS for the reliable determina-
tion of the core-shell structure of sophisticated nanoparticles (NP) like semiconductor quantum dots (QD)
with sizes in the range of the information depth of XPS in a whole nanoobject approach. With this approach
it is possible to obtain quantitative data on the particle architecture of such core/shell nanostructures without
the need to measure the particles at different stages of their preparation, i.e., core formation and shelling with a
surface protecting inorganic shell. Reliable particles sizes were obtained with sizing techniques like TEM, SAXS,
and DLS, as well as from the position of the first excitonic maximum in the QD absorption spectrum, despite
the discussed assumptions underlying the latter approach for core/shell QD. It must be noted that only the use
of complementary techniques as presented here allow the mutual evaluation of each method.

The good match between the data obtained with these different methods is summarized in Fig. 7. The uncer-
tainties reflect the method-inherent challenges associated with the determination of the boundaries of the core/
shell structure with HR-TEM and the intensity-energy response function and the effective attenuation length of
the ejected electrons for XPS. This also underlines the large potential of method combinations together with a
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Figure 7. Summary of the different size results with uncertainties for the diameter of the particle including the
inorganic shell (d,,;qe) which is detectable with TEM, HR-TEM and SAXS unequivocally. DLS additionally
considers the oleylamine ligand shell and herewith, the resulting particle diameter equals d,,yice.0a- The
diameter of the CdSe core (d_,,.) and the thickness of the CdS shell () are both assessible with XPS and
HR-TEM while the thickness of the oleylamine ligand shell (,,) can be obtained only with XPS. The diameter
of the core was estimated from the spectral position of the first excitonic absorption maximum which was taken
from the absorption spectrum of oleylamine-stabilized CdSe/CdS QD shown in the SI in Figure SI.

mutual evaluation for a deeper understanding of the structural features of core/shell nanoobjects. Furthermore,
inhomogeneities of the shell can be detected by combining X-ray photoelectron spectroscopy and electron
microscopy which was recently shown for polymer particles’’. In the future, we will expand this whole nanoo-
bject approach to other application-relevant NP like lanthanide-doped upconversion nanocrystals of different
size with different surface coatings.

Received: 20 July 2020; Accepted: 11 November 2020
Published online: 26 November 2020

References

1. Hines, D. A. & Kamat, P. V. Recent advances in quantum dot surface chemistry. ACS Appl. Mater. Inter. 6, 3041-3057. https://doi.
0rg/10.1021/am405196u (2014).

2. Palui, G., Aldeek, F, Wang, W. T. & Mattoussi, H. Strategies for interfacing inorganic nanocrystals with biological systems based
on polymer-coating. Chem. Soc. Rev. 44, 193-227. https://doi.org/10.1039/C4cs00124a (2015).

3. Kovalenko, M. V. Opportunities and challenges for quantum dot photovoltaics. Nat. Nanotechnol. 10, 994. https://doi.org/10.1038/
nnano.2015.284 (2015).

4. Nurmikko, A. What future for quantum dot-based light emitters? Nat. Nanotechnol. 10, 1001. https://doi.org/10.1038/nnano
2015.288 (2015).

5. Coropceanu, I. & Bawendi, M. G. Core/shell quantum dot based luminescent solar concentrators with reduced reabsorption and
enhanced efficiency. Nano Lett. 14, 4097-4101. https://doi.org/10.1021/N1501627e (2014).

6. Smith, A. M. & Nie, S. M. Semiconductor nanocrystals: structure, properties, and band gap engineering. Acc. Chem. Res. 43,
190-200. https://doi.org/10.1021/ar9001069 (2010).

7. Talapin, D. V,, Lee, J. S., Kovalenko, M. V. & Shevchenko, E. V. Prospects of colloidal nanocrystals for electronic and optoelectronic
applications. Chem. Rev. 110, 389-458. https://doi.org/10.1021/cr900137k (2010).

8. Chern, M., Nguyen, T. T., Mahler, A. H. & Dennis, A. M. Shell thickness effects on quantum dot brightness and energy transfer.
Nanoscale 9, 16446-16458. https://doi.org/10.1039/c7nr04296e (2017).

9. Gollner, C. et al. Random lasing with systematic threshold behavior in films of CdSe/CdS core/thick-shell colloidal quantum dots.
ACS Nano 9, 9792-9801. https://doi.org/10.1021/acsnano.5b02739 (2015).

10. Vasudevan, D., Gaddam, R. R., Trinchi, A. & Cole, I. Core-shell quantum dots: properties and applications. J. Alloys Compd. 636,
395-404. https://doi.org/10.1016/j.jallcom.2015.02.102 (2015).

11. Greytak, A. B. et al. Alternating layer addition approach to CdSe/CdS core/shell quantum dots with near-unity quantum yield and
high on-time fractions. Chem. Sci. 3, 2028-2034. https://doi.org/10.1039/c25c00561a (2012).

12. Coropceanu, I, Rossinelli, A., Caram, J. R., Freyria, F. S. & Bawendi, M. G. Slow-injection growth of seeded CdSe/CdS nanorods
with unity fluorescence quantum yield and complete shell to core energy transfer. ACS Nano 10, 3295-3301. https://doi.org/10.1021/
acsnano.5b06772 (2016).

13. Page, R. C. et al. Near-unity quantum yields from chloride treated CdTe colloidal quantum dots. Small 11, 1548-1554. https://doi.
org/10.1002/smll.201402264 (2015).

14. Chen, O. et al. Compact high-quality CdSe-CdS core-shell nanocrystals with narrow emission linewidths and suppressed blinking.
Nat. Mater. 12, 445-451. https://doi.org/10.1038/Nmat3539 (2013).

15. Guo, Y. J. et al. Unique challenges accompany thick-shell CdSe/nCdS (n > 10) nanocrystal synthesis. J. Phys. Chem. C 116,
2791-2800. https://doi.org/10.1021/jp210949v (2012).

Scientific Reports |

(2020) 10:20712 | https://doi.org/10.1038/s41598-020-77530-z nature research


https://doi.org/10.1021/am405196u
https://doi.org/10.1021/am405196u
https://doi.org/10.1039/C4cs00124a
https://doi.org/10.1038/nnano.2015.284
https://doi.org/10.1038/nnano.2015.284
https://doi.org/10.1038/nnano.2015.288
https://doi.org/10.1038/nnano.2015.288
https://doi.org/10.1021/Nl501627e
https://doi.org/10.1021/ar9001069
https://doi.org/10.1021/cr900137k
https://doi.org/10.1039/c7nr04296e
https://doi.org/10.1021/acsnano.5b02739
https://doi.org/10.1016/j.jallcom.2015.02.102
https://doi.org/10.1039/c2sc00561a
https://doi.org/10.1021/acsnano.5b06772
https://doi.org/10.1021/acsnano.5b06772
https://doi.org/10.1002/smll.201402264
https://doi.org/10.1002/smll.201402264
https://doi.org/10.1038/Nmat3539
https://doi.org/10.1021/jp210949v

www.nature.com/scientificreports/

16.
17.
18.
19.
20.
21.
22.
23.
24.

25.

26.
27.
. 1SO 17867:2015, Particle Size Analysis: Small-Angle X-ray Scattering. (International Organization for Standardization, 2015).
29.
30.
31.
32.
33.

34,

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.
45.
46.
47.
48.
49.
50.
51.
52.

53.

Acharya, K. P. et al. Elucidation of two giants: challenges to thick-shell synthesis in CdSe/ZnSe and ZnSe/CdS core/shell quantum
dots. J. Am. Chem. Soc. 137, 3755-3758. https://doi.org/10.1021/jacs.5b00313 (2015).

Ghosh, Y. et al. New insights into the complexities of shell growth and the strong influence of particle volume in nonblinking
“giant” core/shell nanocrystal quantum dots. J. Am. Chem. Soc. 134, 9634-9643. https://doi.org/10.1021/ja212032q (2012).
Boles, M. A,, Ling, D., Hyeon, T. & Talapin, D. V. The surface science of nanocrystals. Nat. Mater. 15, 141. https://doi.org/10.1038/
nmat4578 (2016).

Ghosh Chaudhuri, R. & Paria, S. Core/shell nanoparticles: classes, properties, synthesis mechanisms, characterization, and applica-
tions. Chem. Rev. 112, 2373-2433. https://doi.org/10.1021/cr100449n (2012).

Jung, J., Chang, M. & Yoon, H. Interface engineering strategies for fabricating nanocrystal-based organic-inorganic nanocom-
posites. Appl. Sci. 8, 1376. https://doi.org/10.3390/app8081376 (2018).

Ling, D., Hackett, M. J. & Hyeon, T. Surface ligands in synthesis, modification, assembly and biomedical applications of nanopar-
ticles. Nano Today 9, 457-477. https://doi.org/10.1016/j.nantod.2014.06.005 (2014).

Winslow, S. W, Liu, Y., Swan, J. W. & Tisdale, W. A. Quantification of a PbClx shell on the surface of PbS nanocrystals. ACS Mater.
Lett. 1,209-216. https://doi.org/10.1021/acsmaterialslett.9500200 (2019).

Yu, W. W,, Qu, L. H., Guo, W. Z. & Peng, X. G. Experimental determination of the extinction coefficient of CdTe, CdSe, and CdS
nanocrystals. Chem. Mater. 15, 2854-2860. https://doi.org/10.1021/cm034081k (2003).

Gommes, C. J. et al. Mesoscale characterization of nanoparticles distribution using X-ray scattering. Angew Chem. Int. Ed. 54,
11804-11808. https://doi.org/10.1002/anie.201505359 (2015).

Powell, C. J., Werner, W. S. M., Kalbe, H., Shard, A. G. & Castner, D. G. Comparisons of analytical approaches for determining
shell thicknesses of core-shell nanoparticles by X-ray photoelectron spectroscopy. J. Phys. Chem. C 122, 4073-4082. https://doi.
org/10.1021/acs.jpcc.7b12070 (2018).

Dieckmann, Y., Colfen, H., Hofmann, H. & Petri-Fink, A. Particle size distribution measurements of manganese-doped ZnS
nanoparticles. Anal. Chem. 81, 3889-3895. https://doi.org/10.1021/Ac900043y (2009).

Glatter, O. & Kratky, O. Small Angle X-ray Scattering. Vol. ISBN 0-12-286280-5. https://doi.org/10.1002/actp.1985.010360520 (1982).

Geifiler, D. et al. Effect of fluorescent staining on size measurements of polymeric nanoparticles using DLS and SAXS. Anal. Methods
7,9785-9790. https://doi.org/10.1039/c5ay02005k (2015).

Jasieniak, J., Smith, L., van Embden, J., Mulvaney, P. & Califano, M. Re-examination of the size-dependent absorption properties
of CdSe quantum dots. J. Phys. Chem. C 113, 19468-19474. https://doi.org/10.1021/jp906827m (2009).

van Embden, J., Jasieniak, J. & Mulvaney, P. Mapping the optical properties of CdSe/CdS heterostructure nanocrystals: the effects
of core size and shell thickness. J. Am. Chem. Soc. 131, 14299-14309. https://doi.org/10.1021/ja9030209 (2009).

Santra, P. K. et al. Investigation of the internal heterostructure of highly luminescent quantum dot-quantum well nanocrystals. J.
Am. Chem. Soc. 131, 470-477. https://doi.org/10.1021/ja8033075 (2009).

Kémpe, K. et al. Green-emitting CePO,: Tb/LaPO, core-shell nanoparticles with 70% photoluminescence quantum yield. Angew
Chem. Int. Ed. 42, 5513-5516. https://doi.org/10.1002/anie.200351943 (2003).

Dietrich, P. M. et al. Surface analytical study of poly(acrylic acid)-grafted microparticles (beads): characterization, chemical deri-
vatization, and quantification of surface carboxyl groups. J. Phys. Chem. C 118, 20393-20404. https://doi.org/10.1021/jp505519g
(2014).

Fairclough, S. M. et al. Growth and characterization of strained and alloyed type-II ZnTe/ZnSe core-shell nanocrystals. J. Phys.
Chem. C 116, 26898-26907. https://doi.org/10.1021/Jp3087804 (2012).

Hardman, S. J. O. et al. Electronic and surface properties of PbS nanoparticles exhibiting efficient multiple exciton generation.
Phys. Chem. Chem. Phys. 13, 20275-20283. https://doi.org/10.1039/c1cp22330e (2011).

Wang, Y.-C., Engelhard, M. H., Baer, D. R. & Castner, D. G. Quantifying the impact of nanoparticle coatings and nonuniformities
on XPS analysis: gold/silver core-shell nanoparticles. Anal. Chem. 88, 3917-3925. https://doi.org/10.1021/acs.analchem.6b00100
(2016).

Chudzicki, M. et al. Evaluating the internal structure of core-shell nanoparticles using X-ray photoelectron intensities and simu-
lated spectra. J. Phys. Chem. C 119, 17687-17696. https://doi.org/10.1021/acs.jpcc.5b04517 (2015).

Kalbe, H., Rades, S. & Unger, W. E. S. Determining shell thicknesses in stabilised CdSe@Zn$ core-shell nanoparticles by quan-
titative XPS analysis using an infinitesimal columns model. J. Electron. Spectrosc. 212, 34-43. https://doi.org/10.1016/j.elspe
¢.2016.08.002 (2016).

Sarma, D. D,, Santra, P. K., Mukherjee, S. & Nag, A. X-ray photoelectron spectroscopy: a unique tool to determine the internal
heterostructure of nanoparticles. Chem. Mater. 25, 1222-1232. https://doi.org/10.1021/cm303567d (2013).

Smekal, W., Werner, W. S. M. & Powell, C. J. Simulation of electron spectra for surface analysis (SESSA): a novel software tool for
quantitative Auger-electron spectroscopy and X-ray photoelectron spectroscopy. Surf. Interface Anal. 37, 1059-1067. https://doi.
0rg/10.1002/sia.2097 (2005).

Carbone, L. et al. Synthesis and micrometer-scale assembly of colloidal CdSe/CdS nanorods prepared by a seeded growth approach.
Nano Lett. 7, 2942-2950. https://doi.org/10.1021/nl0717661 (2007).

Geifller, D., Wiirth, C., Wolter, C., Weller, H. & Resch-Genger, U. Excitation wavelength dependence of the photoluminescence
quantum yield and decay behavior of CdSe/CdS quantum dot/quantum rods with different aspect ratios. Phys. Chem. Chem. Phys.
19, 12509-12516. https://doi.org/10.1039/c7cp02142a (2017).

Wiirth, C., Grabolle, M., Pauli, J., Spieles, M. & Resch-Genger, U. Relative and absolute determination of fluorescence quantum
yields of transparent samples. Nat. Protoc. 8, 1535-1550. https://doi.org/10.1038/nprot.2013.087 (2013).

Wiirth, C. et al. Evaluation of a commercial integrating sphere setup for the determination of absolute photoluminescence quantum
yields of dilute dye solutions. Appl. Spectrosc. 64, 733-741. https://doi.org/10.1366/000370210791666390 (2010).
Miiller-Caspary, K., Mehrtens, T., Schowalter, M., Grieb, T., Rosenauer, A., F. Krause, F., Mahr, C. & Potapov, P. In: European
Microscopy Congress 2016: Proceedings 481-482.

Krumrey, M. & Ulm, G. High-accuracy detector calibration at the PTB four-crystal monochromator beamline. Nucl. Instrum.
Methods Phys. Res. Sect. A 467-468, 1175-1178. https://doi.org/10.1016/S0168-9002(01)00598-8 (2001).

Wernecke, J., Gollwitzer, C., Muller, P. & Krumrey, M. Characterization of an in-vacuum PILATUS 1M detector. J. Synchrotron.
Radiat. 21, 529-536. https://doi.org/10.1107/S160057751400294x (2014).

Gollwitzer, C. et al. A comparison of techniques for size measurement of nanoparticles in cell culture medium. Anal. Methods 8,
5272-5282. https://doi.org/10.1039/C6AY00419A (2016).

Brefiler, L., Kohlbrecher, J. & Thiinemann, A. F. SASfit: a tool for small-angle scattering data analysis using a library of analytical
expressions. J. Appl. Cryst. 48, 1587-1598. https://doi.org/10.1107/S1600576715016544 (2015).

ISO 15472:2010, Surface chemical analysis: X-ray photoelectron spectrometers—calibration of energy scales (International Organiza-
tion for Standardization, 2010).

Ibrahim, R., Tsuchiya, S. & Ogawa, S. A color-switching molecule: specific properties of new tetraaza macrocycle zinc complex
with a facile hydrogen atom. J. Am. Chem. Soc. 122, 12174-12185. https://doi.org/10.1021/ja994005b (2000).

Tanuma, S., Powell, C. J. & Penn, D. R. Calculations of electron inelastic mean free paths. IX. Data for 41 elemental solids over the
50 eV to 30 keV range. Surf. Interface Anal. 43, 689-713. https://doi.org/10.1002/sia.3522 (2011).

Scientific Reports |

(2020) 10:20712 | https://doi.org/10.1038/s41598-020-77530-z nature research


https://doi.org/10.1021/jacs.5b00313
https://doi.org/10.1021/ja212032q
https://doi.org/10.1038/nmat4578
https://doi.org/10.1038/nmat4578
https://doi.org/10.1021/cr100449n
https://doi.org/10.3390/app8081376
https://doi.org/10.1016/j.nantod.2014.06.005
https://doi.org/10.1021/acsmaterialslett.9b00200
https://doi.org/10.1021/cm034081k
https://doi.org/10.1002/anie.201505359
https://doi.org/10.1021/acs.jpcc.7b12070
https://doi.org/10.1021/acs.jpcc.7b12070
https://doi.org/10.1021/Ac900043y
https://doi.org/10.1002/actp.1985.010360520
https://doi.org/10.1039/c5ay02005k
https://doi.org/10.1021/jp906827m
https://doi.org/10.1021/ja9030209
https://doi.org/10.1021/ja8033075
https://doi.org/10.1002/anie.200351943
https://doi.org/10.1021/jp505519g
https://doi.org/10.1021/Jp3087804
https://doi.org/10.1039/c1cp22330e
https://doi.org/10.1021/acs.analchem.6b00100
https://doi.org/10.1021/acs.jpcc.5b04517
https://doi.org/10.1016/j.elspec.2016.08.002
https://doi.org/10.1016/j.elspec.2016.08.002
https://doi.org/10.1021/cm303567d
https://doi.org/10.1002/sia.2097
https://doi.org/10.1002/sia.2097
https://doi.org/10.1021/nl0717661
https://doi.org/10.1039/c7cp02142a
https://doi.org/10.1038/nprot.2013.087
https://doi.org/10.1366/000370210791666390
https://doi.org/10.1016/S0168-9002(01)00598-8
https://doi.org/10.1107/S160057751400294x
https://doi.org/10.1039/C6AY00419A
https://doi.org/10.1107/S1600576715016544
https://doi.org/10.1021/ja994005b
https://doi.org/10.1002/sia.3522

www.nature.com/scientificreports/

54. Jablonski, A., Salvat, E. & Powell, C. NIST Electron Elastic-Scattering Cross-Section Database (National Institute of Standards and
Technology, Gaithersburg, 2010).

55. Powell, C. J. & Jablonski, A. Surface sensitivity of X-ray photoelectron spectroscopy. Nucl. Instrum. Methods A 601, 54-65. https
://doi.org/10.1016/j.nima.2008.12.103 (2009).

56. Powell, C.]., Jablonski, A., Werner, W. S. M. & Smekal, W. Characterization of thin films on the nanometer scale by Auger electron
spectroscopy and X-ray photoelectron spectroscopy (vol 239, pg 470, 2005). Appl. Surf. Sci. 242, 219-219. https://doi.org/10.1016/j.
apsusc.2005.01.021 (2005).

57. Reiss, P, Protiere, M. & Li, L. Core/shell semiconductor nanocrystals. Small 5, 154-168. https://doi.org/10.1002/smll.200800841
(2009).

58. James, A. E. & Driskell, J. D. Monitoring gold nanoparticle conjugation and analysis of biomolecular binding with nanoparticle
tracking analysis (NTA) and dynamic light scattering (DLS). Analyst 138, 1212-1218. https://doi.org/10.1039/C2an36467k (2013).

59. Meli, E. et al. Traceable size determination of nanoparticles, a comparison among European metrology institutes. Meas. Sci. Technol.
23, 125005. https://doi.org/10.1088/0957-0233/23/12/125005 (2012).

60. Roebben, G. et al. Interlaboratory comparison of size and surface charge measurements on nanoparticles prior to biological impact
assessment. J. Nanopart. Res. 13, 2675-2687. https://doi.org/10.1007/s11051-011-0423-y (2011).

61. Ludescher, L. et al. Impact of crystal structure and particles shape on the photoluminescence intensity of CdSe/CdS core/shell
nanocrystals. Front. Chem. 6, 672. https://doi.org/10.3389/fchem.2018.00672 (2019).

62. JEMS, P. S., CIME-EPFL, Lausanne, Switzerland. https://www.jems-swiss.ch/.

63. Ness, J. N., Stobbs, W. M., & Page, T. F. A TEM Fresnel diffraction-based method for characterizing thin grain-boundary and
interfacial films. Philos. Mag. A 54(5), 679-702. https://doi.org/10.1080/01418618608244026 (1986).

64. Williams, D. B. & Carter, C. B. In: Transmission Electron Microscopy: A Textbook for Materials Science 3-17 (Springer). https://doi.
0rg/10.1007/978-0-387-76501-3 (1996).

65. Biesinger, M. www.xpsfitting.com/search/label/cadmium (download at 2019-02-19).

66. Seah, M. P. A system for the intensity calibration of electron spectrometers. J. Electron. Spectrosc. 71, 191-204. https://doi.
0rg/10.1016/0368-2048(94)02275-5 (1995).

67. Hesse, R., Streubel, P. & Szargan, R. Improved accuracy of quantitative XPS analysis using predetermined spectrometer transmis-
sion functions with UNIFIT 2004. Surf. Interface Anal. 37, 589-607. https://doi.org/10.1002/sia.2056 (2005).

68. Garcia-Santamaria, F. et al. Breakdown of volume scaling in Auger recombination in CdSe/CdS heteronanocrystals: the role of
the core—shell interface. Nano Lett. 11, 687-693. https://doi.org/10.1021/n1103801e (2011).

69. Bae, W. K. et al. Controlled alloying of the core-shell interface in CdSe/CdS quantum dots for suppression of Auger recombination.
ACS Nano 7, 3411-3419. https://doi.org/10.1021/1n4002825 (2013).

70. Werner, W. S. M., Chudzicki, M., Smekal, W. & Powell, C. . Interpretation of nanoparticle X-ray photoelectron intensities. Appl.
Phys. Lett. 104, 243106. https://doi.org/10.1063/1.4884065 (2014).

71. Miiller, A. et al. Determining thickness and completeness of the shell of polymer core-shell nanoparticles by X-ray photoelec-
tron spectroscopy, secondary ion mass spectrometry and transmission scanning electron microscopy. J. Phys. Chem. C 123,
29765-29775. https://doi.org/10.1021/acs.jpcc.9b09258 (2019).

72. Borges, J. et al. Preparation and characterization of DNA films using oleylamine modified Au surfaces. J. Colloid Interface Sci. 358,
626-634. https://doi.org/10.1016/j.jcis.2011.03.039 (2011).

73. Mourdikoudis, S. & Liz-Marzan, L. M. Oleylamine in nanoparticle synthesis. Chem. Mater. 25, 1465-1476. https://doi.org/10.1021/
cm4000476 (2013).

74. Homann, C. et al. NaYF4:Yb, Er/NaYF4 core/shell nanocrystals with high upconversion luminescence quantum yield. Angew
Chem. Int. Ed. 57, 8765-8769. https://doi.org/10.1002/anie.201803083 (2018).

75. Hudry, D. et al. Direct evidence of significant cation intermixing in upconverting core@shell nanocrystals: toward a new crystal-
lochemical model. Chem. Mater. 29, 9238-9246. https://doi.org/10.1021/acs.chemmater.7b03118 (2017).

76. Hudry, D., Howard, I. A, Popescu, R., Gerthsen, D. & Richards, B. S. Structure-property relationships in lanthanide-doped upcon-
verting nanocrystals: recent advances in understanding core-shell structures. Adv. Mater. 31, 1900623. https://doi.org/10.1002/
adma.201900623 (2019).

Acknowledgements

The authors gratefully acknowledge financial support from the German Research Foundation (DFG Grant
RE1203/12-3) and from the European Metrology Programme for Innovation and Research (EMPIR) as part of
the project 14IND12 INNANOPART. The EMPIR initiative is co-funded by the European Union’s Horizon 2020
research and innovation programme and by the EMPIR participating states. The analytical TEM images, the
HR-TEM images and their respective analysis were carried out as part of the DFG core project "Berlin Electron
Microscopy Network (Berlin EM Network)". URG and JR also acknowledge support by the BAM internal project
nanoPlattform. The authors express their gratitude to Dr. C. Wolters from the group of Professor H. Weller at the
University of Hamburg for provision of the thick-shell CdSe/CdS QD sample. The authors thank Jérg Stockmann
for performing the XPS measurements.

Author contributions
The manuscript was written through contributions of all authors. All authors have given approval to the final
version of the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-77530-z.
Correspondence and requests for materials should be addressed to J.R. or UR.-G.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports|  (2020) 10:20712 | https://doi.org/10.1038/s41598-020-77530-z natureresearch


https://doi.org/10.1016/j.nima.2008.12.103
https://doi.org/10.1016/j.nima.2008.12.103
https://doi.org/10.1016/j.apsusc.2005.01.021
https://doi.org/10.1016/j.apsusc.2005.01.021
https://doi.org/10.1002/smll.200800841
https://doi.org/10.1039/C2an36467k
https://doi.org/10.1088/0957-0233/23/12/125005
https://doi.org/10.1007/s11051-011-0423-y
https://doi.org/10.3389/fchem.2018.00672
https://www.jems-swiss.ch/
https://doi.org/10.1080/01418618608244026
https://doi.org/10.1007/978-0-387-76501-3
https://doi.org/10.1007/978-0-387-76501-3
http://www.xpsfitting.com/search/label/cadmium
https://doi.org/10.1016/0368-2048(94)02275-5
https://doi.org/10.1016/0368-2048(94)02275-5
https://doi.org/10.1002/sia.2056
https://doi.org/10.1021/nl103801e
https://doi.org/10.1021/nn4002825
https://doi.org/10.1063/1.4884065
https://doi.org/10.1021/acs.jpcc.9b09258
https://doi.org/10.1016/j.jcis.2011.03.039
https://doi.org/10.1021/cm4000476
https://doi.org/10.1021/cm4000476
https://doi.org/10.1002/anie.201803083
https://doi.org/10.1021/acs.chemmater.7b03118
https://doi.org/10.1002/adma.201900623
https://doi.org/10.1002/adma.201900623
https://doi.org/10.1038/s41598-020-77530-z
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports|  (2020) 10:20712 | https://doi.org/10.1038/s41598-020-77530-z natureresearch


http://creativecommons.org/licenses/by/4.0/

	Combining HR-TEM and XPS to elucidate the core–shell structure of ultrabright CdSeCdS semiconductor quantum dots
	Experimental section
	Quantum dot synthesis. 
	Absorption and emission spectroscopy. 
	Absolute measurements of photoluminescence quantum yields. 
	Single particle spectroscopy. 
	Transmission electron microscopy. 
	Small-angle X-ray scattering. 
	Dynamic light scattering. 
	X-ray photoelectron spectroscopy. 
	Simulation of electron spectra for surface analysis (SESSA). 

	Results and discussion
	Optical properties of the thick-shell CdSeCdS QD. 
	Size of the CdSeCdS QD with scattering methods (SAXS and DLS). 
	Size of the CdSeCdS QD with TEM. 
	Chemical analysis with STEM-EDX. 
	Analysis of the core–shell structure with HR-TEM. 
	Analysis of the CdSeCdS QD with XPS. 

	Conclusion and outlook
	References
	Acknowledgements


