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ABSTRACT: This work shows that ZnTe/CdSe core/shell quantum dots synthesized by a UVIVis EXAFS
standard literature procedure in actuality have an alloyed Cd,Zn,_,Te core. We employ X- \

ray absorption spectroscopy (XAS) at all four K-shell ionization edges (Zn, Te, Cd, and Se) D
and perform global fitting analysis to extract the first-shell bond distances. We combine our
XAS results with transmission electron microscopy (TEM) sizing and elemental analyses, XRD or ICP-OES
which allows us to propose models of the internal particle structure. Our multimodal =T
characterization approach confirms (1) the presence of Cd—Te bonds, (2) cation alloying - 4
in the particle core (and the absence of anion alloying), and (3) a patchy pure-phase CdSe X Zn
shell. We synthesize particles of different shell thicknesses and performed synthetic control

studies that allowed us to discard a ZnTe/CdTe/CdSe core/shell/shell structure and confirm the alloyed core/shell structure. Our
structural analysis is extended with electronic band structure calculations and UV/vis absorption spectroscopy, demonstrating that
the alloyed Cd,Zn,  Te/CdSe core/shell quantum dots exhibit a direct band gap, different from the predicted type II band
alignment of the intended ZnTe/CdSe core/shell quantum dots. This study highlights the challenges with synthesizing II-VI
quantum dot heterostructures and the power of XAS for understanding the internal structure of heterogeneous nanoparticles.
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Colloidal semiconductor nanocrystals, that is, quantum dots
(QDs), exhibit size- and shape-dependent optoelectronic
properties due to their quantum-confined (excited) states.
Their tunability and synthetic flexibility make them ideal
candidates for applications in solar energy harvesting,
biomedical imaging, photocatalysis, light-emitting devices,
and quantum computing.' > Optical and electronic properties
can be further tailored when two or more semiconductin:

materials are put together, forming a QD heterostructure.*~

Compared to pure-phase QDs, core/shell QDs (CSQDs)
exhibit two additional degrees of freedom for tuning the
energetics of the nanoparticle: the shell material and thickness.
This can lead to two main types of band alignment: type I and
type IL In type I heterostructures, the band gap of one material
is encompassed within the band gap of the other material,
which confines excited charge carriers (electrons and holes)
exclusively within the material containing the smaller band gap.
In type II structures, the band energies have a staggered band
alignment that can result in separation of carriers across the
material interface, benefitting charge extraction toward the
electrodes in a photovoltaic device. Additional control over the
spatial distribution patterns of charge carriers is achieved by
varying the structure of the heterojunction itself, that is,
making it epitaxial and sharp or alloyed and smooth. In fact,
the wave function engineering approach in CSQDs' "' that
makes use of epitaxial strain and alloying through ion exchange
reactions has led to, for example, enhanced photoluminescence
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and their use as luminescent solar concentrators.'*'®

Despite the myriad of synthetic and theoretical approaches
that have recently been put forward to control the properties of
heterostructured nanomaterials, their internal atomic-scale
characterization remains challenging. Optical methods such
as ultraviolet/visible (UV/vis) spectroscopy and photo-
luminescence (PL) are indispensable, but without much a
priori knowledge about the heterostructure, the assignment of
spectroscopic features can be ambiguous. Structural tools such
as X-ray diffraction (XRD) provide information about the
crystal symmetry and lattice spacing, but due to nanocrystal
size broadening effects, structural subtleties such as strain and
alloying remain hidden.'® Angle-resolved X-ray photoelectron
spectroscopy (XPS) was applied in the characterization of
heterostructured nanomaterials,'®'” but it has the drawback
that the relatively small attenuation length of the photo-
electrons limits the layer/shell thickness that can be studied.
Recently, atom probe tomography (APT) has been used in the
three-dimensional reconstruction of core/shell nanopar-
ticles."*™>° While this technique is powerful and promising,
the sample preparation and experiment procedures for
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nanoparticles are challenging.”' Finally, while high-resolution
electron microscopy has been successfully applied in the
characterization of heterostructured nanomaterials,'®**™>° its
use for core/shell QDs is limited due to their spherical
symmetry, especially in the case of semiconducting materials
with similar lattice spacing and/or similar atomic Z numbers.
In this contribution, we make use of X-ray absorption
spectroscopy (XAS) in the construction of atomic-scale
structural models of CSQDs. XAS is ideally suited for probing
the internal structure of multicomponent materials because of
its elemental specificity and sensitivity to the local structure
surrounding the absorbing atom.”*™* In particular, the
extended X-ray absorption fine structure (EXAFS) region of
the XAS spectrum can ascertain coordination numbers,
distinguish between types of scattering atoms, calculate bond
lengths, and determine bond angles in the local (~6 A)
environment of the absorbing atom in the nanoparticle.

We apply a multimodal approach based on UV/vis
spectroscopy, transmission electron microscopy (TEM),
elemental analysis, and XAS to determine the internal structure
of intended II-VI ZnTe/CdSe core/shell nanoparticles.
ZnTe/CdSe is a promising type II heterostructure due to the
very small lattice mismatch between the ZnTe and CdSe zinc
blende crystal structures (0.8%)°* and the large conduction
band offset, which enhances photovoltage,® minimizes overlap
between electron and hole carriers,’®>’ and enables tunable
emission in the near-IR.*****° The majority of previously
reported synthetic procedures for colloidal ZnTe/CdSe
CSQDs rely on the successive ion layer adsorption and
reaction (SILAR) method.>**>*® In SILAR, the alternation of
successive injections of elemental precursor solutions is used to
control shell growth and avoid the formation of pure QD
byproducts, ideally growing single monolayers of material per
injection cycle. However, under reaction conditions that are
prevalent in SILAR, that is, elevated temperatures and the
presence of excess precursors, competing reactions such as ion
exchange® and unintended precursor reactions and growth
may occur. Here, we show that ZnTe/CdSe CSQDs
synthesized according to the commonly employed SILAR
method’ are in actuality alloyed Cd,Zn,_,Te/CdSe core/shell
quantum dots. We studied the local structure of each elemental
component of these complex nanoparticles by individually
probing the Zn, Te, Cd, and Se X-ray absorption K-edges. By
combining our XAS results with TEM sizing and elemental
analyses, we propose models of the internal particle structure
for a range of samples synthesized with different numbers of
SILAR cycles. Our multimodal characterization approach
confirms (1) the abundance of Cd—Te bonds, (2) cation
alloying in the particle core (and the absence of anion
alloying), (3) significant particle growth due to unreacted
precursors, and (4) a patchy pure-phase CdSe shell. We extend
our structural analysis with electronic band structure
calculations and UV/vis absorption spectroscopy, demonstrat-
ing that the alloyed Cd,Zn,_,Te/CdSe CSQDs behave as type
I materials with a direct band gap, different from the predicted
type II band alignment of the intended ZnTe/CdSe CSQDs.
This study highlights the synthetic challenges associated with
accessing colloidal type II II—VI heterostructures** and the
power of XAS for understanding the internal structure of
heterogeneous nanoparticles.
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B MATERIALS AND METHODS

Chemicals. Tellurium powder (99.8%, 200 mesh),
cadmium oxide (CdO, 99.5%), selenium powder (99.5%,
100 mesh), oleic acid (OA, 90%), 1-octadecene (ODE, 90%),
trioctylphosphine (TOP, 90%), hexadecylamine (HDA, 90%),
diethylzinc (ZnEt,, 1.0 M in hexanes), and toluene (ACS
reagent, 99.5%) were purchased from Millipore Sigma.

Precursors. The 0.1 M cadmium precursor solution used
for the CdSe shell growth was prepared by dissolving 0.1602 g
of CdO in a mixture of 3.09 g of oleic acid and 9 mL of ODE
at 240 °C under a nitrogen atmosphere. The 0.1 M selenium
precursor solution was prepared by dissolving 0.1580 g of Se in
S mL of TOP and 15 mL of ODE in a glove box. TOP-Te was
prepared by dissolving 0.638 g of Te in 20 mL of TOP at ~80
°C for 1 h in a glove box.

Synthesis of Core/Shell Nanoparticles. CSQDs were
synthesized via the one-pot SILAR method.>* Four QD
samples were prepared using this method: SILAR 0.5, SILAR
1, SILAR 2, and SILAR 3. First, the 3.1 nm-diameter ZnTe
cores were grown by quickly injecting a solution of 0.50 mmol
of Te and 0.50 mmol of Zn(Et), in 2 mL of trioctylphosphine
into the reaction flask containing 3 g of hexadecylamine and 4
g of 1-octadecene at 300 °C and under a nitrogen atmosphere.
Following injection, the reaction temperature was set to 270
°C to allow nanoparticles to grow for 3 min. The ZnTe core
solution was then cooled to 240 °C and exposed to successive
injections of Cd and Se precursor solutions. The SILAR 0.5
sample was prepared by adding 2.3 mL of a 0.1 M Cd-oleate
solution dropwise to the ZnTe core solution, letting it react for
10 min, and quenching the reaction by removing the reaction
flask from the heat and cooling the flask quickly with
compressed air. No Se was added for this sample. In the
case of the SILAR 1 sample, after 10 min of reaction with the
Cd-oleate precursor, the same amount of Se precursor solution
(0.1 M Se in TOP and ODE) was also added dropwise. After
another 10 min, the reaction was quenched by removing the
reaction flask from the heat and cooling the flask quickly with
compressed air. Subsequent shell growth was done by
repeating these SILAR cycles with a 10 min reaction time in
between additions and increasing amounts of precursor to
account for particle growth (2.9 mL for SILAR 2 and 3.6 mL
for SILAR 3). After quenching, the nanocrystals were washed
three times in toluene/acetone and suspended in 20 mL of
toluene.

CdSe QDs (3.4 + 0.3 nm) were prepared by a common hot-
injection approach, as described by Yang et al.*" The reaction
flask was prepared by loading 60 mg of CdO, 2 g of oleic acid,
and 14 mL of ODE into a three-necked flask under argon flow
and stirred at 255 °C until CdO was completely dissolved. The
selenium precursor was prepared in a glove box by dissolving
160 mg of Se powder in 2 mL of TOP and loaded into a
syringe. The TOP-Se solution was then injected into the Cd
precursor solution with rapid stirring and kept at 255 °C for 8
min, followed by cooling down to room temperature. The
product was then washed with acetone and redispersed in 20
mL of toluene.

CdTe QDs (6.3 = 0.5 nm) were prepared by the common
hot-injection procedure of Dorfs et al.** The Cd-tetradecyl-
phosphonic acid (TDPA) precursor was prepared by degassing
0.24 g of TDPA under nitrogen flow for 1 h at 100 °C,
followed by dissolution of 0.033 g of CdO under a nitrogen
atmosphere between 250 and 300 °C until the mixture became
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clear. TOP-Te was prepared by dissolving 0.19 g of Te in 10
mL of TOP at ~80 °C for 1 h under a nitrogen atmosphere.
The Cd-TDPA precursor, 0.22 g of HDA, and 7.8 mL of ODE
were degassed under nitrogen flow for 1 h at 100 °C. The
temperature was then raised to 280 °C, and 2 mL of the TOP-
Te precursor is subsequently injected. After the injection, the
temperature of the mixture is reduced and maintained at 260
°C for the growth of nanocrystals. The reaction was stopped by
temperature quenching with a water bath. The product
obtained was purified using toluene as the solvent and an
isopropanol/methanol mixture as the nonsolvent. The final
purified product was suspended in 10 mL of toluene.

UV/Visible Spectroscopy, PL, XRD, TEM, and Ele-
mental Analysis. UV/vis absorption spectroscopy was
performed using a Varian CARY SG spectrophotometer. PL
quantum yields were determined using an integrating sphere.
The PL spectra were collected with a Horiba Jobin Yvon
FluoroMax-3 fluorometer (excitation wavelength, 532 nm),
and decay curves were obtained by time-correlated single-
photon counting (excitation wavelength, 532 nm; 120 ps pulse
width; 3.13 MHz repetition rate; 200 uJ/cm?). Powder XRD
patterns were obtained by a Bruker D8 ADVANCE
diffractometer with a Mo-Ka radiation source and a LYNXEYE
XE detector. TEM measurements were performed using a
JEOL 2100 Cryo TEM operating at 200 kV acceleration
voltage. The samples for electron microscopy were prepared by
drop-casting a suspension (typically 10 L of 100X diluted as-
synthesized sample) on a holey carbon film supported by a
copper TEM grid. TEM grids with ZnTe QDs were prepared
inside a glove box and transferred inside the TEM as rapid as
possible (~1 min). On the basis of the TEM images, size
histograms, mean diameters, and size dispersions of the QDs
are determined by analyzing 100—200 particles for each
sample. High annular dark-field (HAADF) scanning TEM
(STEM) and high-resolution TEM (HRTEM) images were
taken using a FEI Themis Z advanced probe aberration-
corrected analytical transmission electron microscope/scan-
ning transmission electron microscope. Samples were
evaluated for Zn, Te, Cd, and Se composition using a Perkin
Elmer Optima 8300 inductively coupled plasma-optical
emission spectrophotometer.

X-ray Absorption Spectroscopy. XAS experiments were
performed at the 9 BM and 20 BM beam lines at the Advanced
Photon Source (APS), Argonne National Laboratory. One
milliliter of sample (~800 nM particle concentration that
corresponds to elemental concentrations of 2 mM Se and 4
mM Zn in toluene) was loaded into a custom-made Teflon
liquid sample cell. A 2.5 ym-thin Mylar sheet was used to seal
the sample cell. An ion chamber detector was used to monitor
the X-ray intensity before the sample. Signal collection was
done in partial fluorescence mode with a Canberra 13-element
Ge detector. The monochromator energies were calibrated by
measuring the spectra of a Zn, Se, and Sb (for the Cd and Te
K-edges) foil in transmission.

The X-ray spectra were analyzed using the FEFF-based
Athena and Artemis EXAFS fitting packages,44 including
background subtraction, normalization, energy calibration,
and single-shell Fourier analysis. Bulk zinc blende ZnTe,
CdTe, and CdSe crystal structures® were used as an input
from which bond distances were refined. In our analysis, we
simultaneously fit the first single-scattering shells at all four
absorption edges (Zn, Cd, Te, and Se) of the same sample.
The amplitude reduction factors, Sy>, were obtained from
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separate EXAFS data on CdSe and CdTe QDs and a Zn foil.
They were then held fixed in the fits of the CSQD data. The
energy shift AE, and coordination numbers N were fit for each
absorption edge separately. As a constraint, we used the same
mean change in bond length AR and mean-square displace-
ment factor ¢ for identical bonds at different edges (e.g., Zn—
Te at the Zn edge and Te—Zn at the Te edge). In this way, we
were able to reduce the total number of free fitting parameters
to 16, which is significantly less than the number of
independent data points (47, see Supporting Information
section 6 for details). Data were fit in R-space and k-space
simultaneously, and the k-space EXAFS spectra were weighted
with k, k¥’ and k* to alleviate the correlation between
parameters. The fitting data ranges are given in Supporting
Information section 6.

B RESULTS AND DISCUSSION

Nanoparticle Characterization by UV/vis, XRD, and
TEM. Figure la shows the results from UV/vis spectroscopy
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Figure 1. (a) UV/vis spectra of 3.1 + 0.5 nm ZnTe cores (blue), 5.0
+ 0.8 nm CSQDs after one SILAR cycle (SILAR 1, green), 5.7 + 0.7
nm CSQDs after two SILAR cycles (SILAR 2, red), and 6.6 + 0.6 nm
CSQDs after three SILAR cycles (SILAR 3, black). (b) Powder XRD
pattern of SILAR 2 CSQDs. The top of the plot shows line spectra for
bulk zinc blende ZnTe (blue), CdSe (red), and CdTe (yellow). (c)
TEM and (d, e) HAADF-STEM images of 5.7 + 0.7 nm SILAR 2
CSQDs. All particle sizes were determined by TEM using a sample
size of 100—200 particles.

on the ZnTe cores, and the SILAR 1, SILAR 2, and SILAR 3
samples. As the number of SILAR cycles increases and the
particles grow, a clear red shift and decrease in the first exciton
intensity are observed. This behavior is typically interpreted as
the appearance of a spatially indirect transition, that is, a charge
transfer state across the interface between the two semi-
conductors, which extends the absorption of type II CSQDs to
longer wavelengths and reduces the electron—hole wave
function overlap.34'38’46’47 As discussed below, however, the
red shift can also be caused by alloying. The XRD (Figure 1b)
and (S)TEM data (Figure lc—e, see Supporting Information
sections 2—4 for more images) show that the CSQDs are
highly crystalline, but a detailed atomic-scale structural analysis
is precluded due to size broadening of the diffraction peaks and
the absence of intraparticle contrast variations in the STEM

https://dx.doi.org/10.1021/acs.jpcc.9b 11443
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Figure 2. Fourier-transformed EXAFS data of SILAR 2 CSQDs. (a) Zn K-edge data (blue) and fit to the ZnTe zinc blende structure (black). (b)
Se K-edge data (yellow) and fit to the CdSe zinc blende structure (black). (c) Te K-edge data (dark orange), fit to the ZnTe and CdTe zinc blende
structures (black), and individual first-shell contributions of ZnTe (20%, blue) and CdTe (80%, yellow). (d) Cd K-edge data (gray), fit to the CdSe
and CdTe zinc blende structures (black), and individual first-shell contributions of CdSe (22%, red) and CdTe (78%, yellow). The k-space EXAFS
data y(k) were weighted by k* before Fourier transformation, and the R-space axes are not phase-corrected. The fitting ranges in R-space are shown

as dashed black window functions in each graph.

images. Energy dispersive spectroscopy (EDS) STEM was
attempted, but due to substantial electron beam-induced
sample damage, it could not be used to obtain element-specific
information about the particle structure. Based on the above
information, it is clear that “conventional” materials character-
ization tools cannot be used to unambiguously determine the
internal atomic-scale nanoparticle structure. We therefore used
X-ray spectroscopy as an element-specific and structurally
sensitive probe.

First-Shell Global Fit Analysis of X-ray Absorption
Fine Structure. We measured the XAS spectra at the K-edges
of all four elements (Zn, Se, Te, and Cd) in the CSQD
nanoparticles of the SILAR 2 sample. We focus our analysis on
the EXAFS spectra ~100—1600 eV above the ionization edges.
The absorption cross-section modulations in this spectral
region can phenomenologically be interpreted as resulting
from the interference of outgoing and backscattered photo-
electron waves emanating from the X-ray absorbing atom. As
such, the EXAFS spectrum is particularly sensitive to the local
structure (bond lengths and symmetry) and coordination
numbers. We extracted the EXAFS by normalization and
background subtraction (see Materials and Methods and
Supporting Information section S), after which the fine
structure is multiplied by k" (n = 1-3) and Fourier-
transformed to yield the effective radial distribution function
(RDF), that is, the distribution of distances between the
absorbing atom and surrounding atoms in a sphere of ~6 A
(besides a constant phase shift that can be calculated™®). The
effective RDFs, as shown in Figure 2, exhibit only one
dominant peak at each absorption edge, which indicates that,
in these materials, EXAFS is only sensitive to the nearest-
neighbor cation—anion distances. The whole set of EXAFS
data was therefore analyzed with a first-shell Fourier approach
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with the bond length change AR, mean-square disorder
parameter ¢ (describing thermal and static disorder),
coordination number N, and ionization energy E, as fitting
parameters (see Materials and Methods for details).

EXAFS analysis is prone to overfitting due to the large
number of fitting parameters necessary for each coordination
shell and the overlap of single- and multiple-scattering
pathways due to similar bond distances in the vicinity of the
absorbing atom. To reduce the number of fitting parameters,
we measured the EXAFS spectra on pure-phase CdSe and
CdTe QDs and used the fitted amplitude reduction factors S,
at the Cd, Se, and Te edges as fixed parameters in the EXAFS
fits of the CSQDs. Due to facile oxidation, we did not measure
the EXAFS of pure-phase ZnTe QDs. Instead, we use the S,
parameter obtained from EXAFS fitting of a Zn foil. We further
reduced the number of parameters significantly by performing
a global fit of all four EXAFS data sets simultaneously and by
using the same AR and 6> parameters at different ionization
edges (e.g,, the Zn—Te bond length change and mean-square
disorder parameter are identical at the Zn and Te edges).

We tested two models by globally fitting the four data sets in
Figure 2. In the first model, each RDF is fit to a pure-phase
zinc blende structure, that is, ZnTe at the Zn and Te edges and
CdSe at the Cd and Se edges. This case applies for ZnTe/
CdSe core/shell QDs with a relatively sharp interface
(negligible alloying). As shown in Supporting Information
section 7, this model did not yield satisfactory fit results. The
second model includes the CdTe zinc blende structure in the
fit at the Cd and Te edges, the relative stoichiometric
contribution of which is fit using weight parameters x (Cd
edge) and y (Te edge) (0 < xy < 1) as global fitting
parameters. The resulting fits were significantly improved and
show excellent agreement with the data, as shown in Figure 2

https://dx.doi.org/10.1021/acs.jpcc.9b 11443
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Table 1. EXAFS Fitting Results at the Zn, Se, Te, and Cd K-Edges”

bond AR (A) Ry (A)*®
CSQDs (SILAR 2)

Zn—Te 0.009 + 0.006 2.643
Se—Cd —0.011 + 0.005 2.631
Te—Zn 0.009 + 0.006 2.643
Te—Cd —0.019 + 0.005 2.806
Cd-Se —0.011 + 0.005 2.631
Cd—-Te —0.019 + 0.00S 2.806
CdTe QDs (6.3 + 0.5 nm)

Te—Cd —0.012 + 0.003 2.806
Cd-Te —0.012 + 0.003 2.806
CdSe QDs (3.4 + 0.3 nm)

Se—Cd —0.020 + 0.005 2.631
Cd-Se —0.020 + 0.005 2.631

o (A%) weight
0.0065 + 0.0007
0.0057 + 0.0006
0.0065 + 0.0007
0.0064 + 0.0006
0.0057 + 0.0006
0.0064 + 0.0006

020 + 0.07 (1 — y)
0.80 + 0.07 (y)
022 + 0.04 (1 — x)
0.78 + 0.04 (x)

0.0069 + 0.0003
0.0069 + 0.0003

0.0058 + 0.0005
0.0058 + 0.0005

“AR is the bond length change relative to the bulk (Ryy), 6> is the mean-square disorder of neighboring distances (Debye—Waller parameter), x is
the fraction of Cd—Te bonds at the Cd edge, and y is the fraction of Cd—Te bonds at the Te edge. All four data sets for the CSQDs were fit
simultaneously, and the AR and ¢ parameters for the same bonds were set to be equal. The X-ray-absorbing atom is denoted in bold typeface and

written first.

(see Supporting Information sections 6 and 7 for a comparison
of the fit statistics). We note that the Zn and Se edge data can
be perfectly fit with pure-phase ZnTe and CdSe structures,
respectively.

Table 1 summarizes the EXAFS fitting results for the SILAR
2 CSQD sample, as well as for pure-phase CdTe and CdSe
QDs (see Supporting Information sections 6 and 7 for more
fitting results). The fitted changes in first-shell bond lengths
AR indicate a slight expansion of the Zn—Te bonds and a
contraction of the Cd—Te bonds compared to the bulk and
nanophase bond lengths. This indicates alloying of, and/or
epitaxial strain between, the ZnTe and CdTe zinc blende
structures, which have very different lattice parameters.”> The
Cd—Se bonds in the CSQDs are contracted with respect to the
bulk but expanded compared to CdSe QDs. Since we expect
CdSe to cover the surface of the CSQDs, the effects of strain
and ligands on the Cd—Se bonds are hard to predict and no
conclusions can be drawn. The fact that the mean-square
disorder parameters ¢ are all similar, regardless of the sample,
evidences that the static disorder in the CSQDs is not larger
than in pure-phase QDs. The weight parameters x and y are
globally fit to x = 0.78 + 0.04 (Cd—Te contribution at the Cd
edge) and y = 0.80 + 0.07 (Cd—Te contribution at the Te
edge), which are in excellent agreement with results from
inductively coupled plasma-optical emission spectrophotom-
etry (ICP-OES) (see Supporting Information section 8).

EXAFS global fit analysis clearly shows that the CSQD
particles do not exhibit a simple ZnTe/CdSe core/shell
structure. Instead, they contain a significant fraction of Cd—Te
bonds. The exact nature of the Cd—Te bonds, whether they
are contained in a pure-phase CdTe intermediate shell or as a
Cd,Zn,_,Te alloy, cannot be ascertained from the data since
our Fourier analysis is restricted to the first shell only. In fact, it
is well known that bond distances in substitutional ternary
alloys derived from EXAFS are much closer to pure-phase
bond lengths than those that could be derived using Vegard’s
law and XRD data.*’ On the other hand, the fact that the Zn
and Se edge data can be perfectly described with pure-phase
ZnTe and CdSe zinc blende structures, respectively, without
the need to include much shorter Zn—Se bonds (2.42 A in the
bulk®), evidently shows that no anion alloying of the ZnTe
core or cation alloying of the CdSe shell takes place. Therefore,
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within our experimental uncertainties, we can exclude the
presence of ZnTe,Se, ,, Cd,Zn, ,Se or a homogeneous alloy
Cd,Zn,Te Se,,, ..

Particle Models and Control Experiments. Based on
the EXAFS analysis, we propose two candidate particle
heterostructure models: (I) core/shell/shell ZnTe/CdTe/
CdSe and (II) alloyed core/shell Cd,Zn,_,Te/CdSe. For
simplicity, we assume that the nanoparticles are perfectly
spherical and that the interfaces between the core and shells
are sharp. For each SILAR sample, we determined the particle
diameters and elemental ratios, as summarized in Figure 3 and
Table S1. The number of atoms in the particle core or shell(s)
can then be expressed as a function of the radii and the lattice
constants (see Supporting Information section 9 for equa-
tions). Since the particle outer radius is determined by TEM
sizing and the Te/Zn and Cd/Se elemental ratios are obtained
from elemental analysis, we can determine the nanoparticle
inner radii, that is, the core radius and interlayer thickness for
model I and the alloyed core radius for model II, that best fit
the data. The results are schematically shown in Figure 4a for
the SILAR 2 sample.

We first note that the SILAR 0.5 sample, which is
synthesized by exposing ZnTe cores to the Cd precursor
only (no Se addition), already contains a significant amount of
Cd—Te bonds either in the form of a pure-phase shell (model
I) or incorporated in a Cd,Zn,_,Te alloy (model II). In fact,
the nanoparticle diameter increases from 3.1 + 0.5 nm for the
ZnTe seeds to 4.3 & 0.5 nm for the SILAR 0.5 sample, which
indicates that the Cd not just adsorbs onto, or diffuses into, the
ZnTe cores but rather new bonds are formed due to the
unintended reaction of Cd and Te precursors. The latter are
still in the solution since the ZnTe core synthesis is not
quantitative, as is confirmed by a control experiment showing
that ZnTe seeds continue to grow until 20 min after precursor
injection at 240 °C (see Supporting Information section 10). It
is noted, however, that previously reported synthesis
procedures, which are similar to ours, do assume that the
ZnTe seed formation is quantitative.***>*7*%%¢ Interestingly,
the UV/vis absorption also significantly shifts to longer
wavelengths upon addition of the Cd precursor only (Figure
5), an effect that could either be interpreted as the formation

https://dx.doi.org/10.1021/acs.jpcc.9b 11443
J. Phys. Chem. C 2020, 124, 3895—3904


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11443/suppl_file/jp9b11443_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11443/suppl_file/jp9b11443_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11443/suppl_file/jp9b11443_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11443/suppl_file/jp9b11443_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11443/suppl_file/jp9b11443_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11443/suppl_file/jp9b11443_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b11443?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

—0— ZnTe core (Model I)
CdTe shell (Model I)

(@)

—0— Whole particle
—0— CdSe shell

| —o— CdznTe core (Model II)

Radius / nm

ZnTe 05 1 2 3
SILAR sample

I —o— TeiZn
—0— Se:Zn

I —o— Cd:Zn

(Cd-Se):Te

Ratio
(2]

ZnTe 0.5 1 2 3
SILAR sample

Figure 3. Results from TEM and elemental analysis. (a) Nanoparticle
radii ratios for the ZnTe seeds and SILAR 0.5, 1, 2, and 3 samples. In
the case of model I, the radii of the pure-phase ZnTe core and CdTe
intermediate shell are plotted. In the case of model II, the radius of
the alloyed CdZnTe core is plotted. The CdSe shell radius applies to
both models. Error bars on the black line originate from TEM sizing,
and error bars on the red and blue lines are propagated errors using a
Monte Carlo procedure described in Supporting Information section
9. (b) Elemental ratios for the ZnTe seeds and SILAR 0.5, 1, 2, and 3
samples. The abscissae are proportional to time (from 0 for ZnTe to
60 min for SILAR 3). All error bars represent +std. dev.

Model |

(a) Model Il

(b)

—_——a
0 15 27 r/nm

Figure 4. Nanoparticle models obtained from EXAFS, TEM, and
elemental analysis. (a) Core/shell/shell ZnTe/CdTe/CdSe model I
for the SILAR 2 sample. (b) Alloyed core/shell Cd,Zn,_,Te/CdSe
model II for the SILAR 2 sample (x = 0.8 + 0.1). The CdSe shell
thickness is exaggerated and not to scale. In addition, the CdSe shell is
shown to be uniform, which is not in agreement with TEM and
EXAFS data. Instead, the CdSe shell is patchy, as schematically shown

in (c).

of a (quasi-)type II heterostructure (e.g, ZnTe/CdTe) or the
formation of a Cd,Zn,_,Te alloy.

Zn** for Cd** cation exchange is expected to play a major
role under the present reaction conditions (240 °C, 3—60
min), as demonstrated in a recent study on ZnTe nanorods by
Enright et al.*® The core/shell/shell model I with sharp
interfaces is therefore highly unlikely. In fact, this model
predicts a slight decrease in the ZnTe core size as a function of
SILAR cycle (Figure 3a), which is unrealistic given that the
pure-phase CdTe shell would inhibit Zn>* ion diffusion out of
the core without the concomitant formation of an alloy across
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Figure §. UV/vis spectra of pure-phase ZnTe cores (270 °C) and
ZnTe cores that were cooled down to 240 °C and then exposed to 2.3
mL of a 0.1 M Cd-oleate solution. Aliquots were taken at 3, 10
(SILAR 0.5), and 18 min after the first Cd-oleate injection. An
additional 2.9 mL of Cd precursor solution was added after 20 min,
and an aliquot was taken after a total of 40 min to simulate the
conditions of the SILAR 2 synthesis (but without Se addition). SILAR
1 and 2 data are also shown for comparison.

the ZnTe/CdTe interface. We therefore propose model II to
be the most realistic model for heterostructures synthesized
according to the SILAR procedures reported in the
literature,” 537384

The cation exchange reaction is expected to occur via a kick-
out mechanism with a relatively small activation barrier of 24
kJ/mol,>*® where Cd** ions or [Cd—Te] monomers first
saturate the ZnTe surface before they diffuse into the lattice
through unoccupied tetrahedral interstitial sites.”’ Zn>*" ions
can diffuse through interstitial sites outward before they readily
combine with either HDA or oleate ions in solution.” In the
present case, however, cation exchange coincides with the
formation of new Cd—Te bonds through the reaction of Cd
and Te precursors. The relatively small loss of Zn atoms inside
the QDs over the course of the SILAR 0.5—3 reactions, as
shown by the only slight decrease in ZnTe core size in model I
(Figure 3a) and the rather constant (Cd—Se)/Te ratio (Figure
3b), indicates that the rate of CdTe formation is higher than,
or at least comparable to, the rate of Zn*" ion diffusion out of
the lattice. The particles during the early SILAR cycles (0.5—1)
may therefore be better described as a gradient alloy, with a
Zn-rich core and a Cd-rich shell; their growth can be entirely
attributed to the formation of new Cd—Te bonds. Indeed,
hardly any CdSe is present for the SILAR 1 sample, which
agrees with the lack of Se incorporation in the studies on ZnTe
nanorods by Enright et al.*’ and the higher reactivity of
elemental Te than elemental Se toward Cd.>* During later
SILAR cycles (2 and 3), particle growth is largely due to the
formation of a CdSe shell (Figure 3a). Cation diffusion
simulations (Supporting Information section 11) show that a
nearly homogeneous Cd,Zn, Te core is formed on the
timescales of SILAR cycles 2 and 3. A similar ion diffusion
study based on the annealing of ZnTe/CdSe QDs at 250 °C*’
proposed the concomitant formation of a Cd,Zn,_,Se alloy,
which can be clearly discarded on the basis of our EXAFS
results (vide supra).

To investigate the role of TOP-Se, a synthesis was
performed in the absence of Se precursors while keeping the
Cd addition rates and other reaction conditions unchanged.
Aliquots were taken at 3, 5, 10 (SILAR 0.5), 18, and 40 min to
record the UV/vis spectra, as shown in Figure S, together with
the spectra of the SILAR 1 and 2 samples. The absorption
onset continuously shifts to longer wavelengths, which is
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attributed to CdTe addition and alloying during SILAR cycles
0.5 and 1 and due to alloying and CdSe shell growth during
SILAR cycles 2 and 3. By comparing the spectra at 18 and 40
min for the Cd-only reaction with the SILAR 1 and 2 spectra, it
is seen that the CdSe shell influences the spectrum only
minimally and the absorption onsets remain relatively abrupt.
As we will show below, this behavior indicates a direct band
gap transition (as opposed to a spatially indirect type II
transition).

The particle models based on TEM sizing and elemental
analysis assume that CdSe is added uniformly to the
Cd,Zn,_,Te core. Under this assumption, the CdSe shell is
only half a monolayer (ML) for the SILAR 2 sample and 2 ML
for the SILAR 3 sample (1 ML ~ 0.3 nm). Such extremely thin
epitaxial shells would be subject to a significant degree of strain
due to the relatively large lattice mismatch of 5—6%"* between
CdTe (or alloyed Cdy3Zn,,Te) and CdSe. Such effects are not
seen in the EXAFS data at the Se K-edge; that is, the latter can
be perfectly fit with the CdSe zinc blende structure with only
minor (0.4%) deviations from the bulk structure (Table 1).
Based on these results, we propose the presence of pure-phase
CdSe islands on the alloyed CdZnTe core, which would
minimize the interfacial strain (Figure 4c). In fact, Jiang and
Kelley have indirectly derived that the CdSe shell must be
rough by measuring the inhomogeneity in interfacial hole
transfer rates to an adsorbed hole acceptor.’”*® They
concluded that CdSe shell formation proceeds via a
Stranski—Krastanov growth mechanism at moderate temper-
atures with the formation of a uniformly strained film (the
wetting layer) up to the critical thickness of several MLs,
followed by the growth of three-dimensional islands on top of
the uniform film. Our EXAFS results clearly disagree with the
presence of a uniform, strained CdSe layer, especially since the
amount of deposited CdSe is only minimal (Figure 4b). We
therefore conclude that, under the present SILAR synthesis
conditions, CdSe island growth occurs via the Volmer—Weber
mechanism, which is dominant for interfaces with large lattice
mismatch where the energetic cost of lattice strain exceeds that
of the increased surface area associated with the islands.””>
The roughness of the CdSe shell is corroborated by the
“patchiness” of the HAADF-STEM images of the SILAR 2
sample (Figure 1d,e). We also note that we can exclude the
occurrence of an anion alloy CdTe,Se,_, on the basis of a
control experiment in which purified CdTe QDs are exposed
to the TOP-Se precursor at 240 °C for 40 min. No changes in
the UV/vis spectrum and ICP-OES were observed (see
Supporting Information section 12), which is in agreement
with the hi¥h activation barrier for anion exchange in similar
systems.zz’5

Wave Function Engineering Approach for Band
Alignment and Wave Function Overlap. With the internal
structure of the CSQDs determined as Cd,Zn,;_,Te/CdSe
using EXAFS, TEM, and elemental analysis, we then applied a
simple wave function engineering approach54 (see Supporting
Information section 13 for details) to determine the band
alignment regime and electron—hole wave function overlap for
the lowest-energy 1S, and 1S, states. In this method, an
effective mass approximation was made to simplify the atomic-
scale variation of potentials. The hole and electron were
assumed to move freely in averaged valence band and
conduction band potentials, respectively, with certain effective
masses (see Table S3 in Supporting Information section 13).
As a result, both charge carriers can be treated by a simple
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particle-in-a-sphere model. The Schrodinger equations of both
particles were solved using the finite difference method. Mean
field approximation was applied to account for the Coulomb
interaction between the electron and the hole (exciton binding
energy), meaning that the electron moves in a mean potential
induced by the hole @, and the hole moves in a mean potential
of the electron ®,. These potentials cannot be determined
beforehand but can be calculated by Poisson equations if the
electron and hole wave functions were known. As a result, a
self-consistent computation of wave functions and band
energies was applied.

To understand the influence of alloying on the band
alignment, we performed calculations for both the core/shell/
shell model I and the alloyed core/shell model II using the
particle radii for the SILAR 2 sample (Figure 6). For simplicity,

@4l zaTe | cate i Cdse (b)4 F— Zn,Cdy.Te core —1

% core & shell ' shel % 1 f Toluene

<2k : ! =2r /*"

> H > CdSe shell ~7 i

=) ] 1 } Toluene o L

2o} 5 s cop ¥

e I B e SR
: L HS 1S, { 1Sy1Sy

<hle> = 0.62!

0 1 2 3 4 0
Radius / nm

<hle>=0.92

1 2 3 4
Radius / nm

Figure 6. Band alignment calculations and wave function overlap.
Top: The stair-shaped black lines show the confinement potentials of
the valence and conduction bands (bulk values*). Bottom: The
electron (blue) and hole (red) wave functions (¥) in the 1S, and 1S,
states for (a) the ZnTe/CdTe/CdSe core/shell/shell model I and (b)
the alloyed Cd,Zn,;_,Te core/CdSe shell model II. The radii for the
cores and shells are those obtained from combining the TEM and
elemental analysis results for the SILAR 2 sample (x = 0.8 + 0.1). The
surrounding solvent is toluene. (hle) denotes the electron—hole wave
function overlap.

we neglect the fact that CdSe is present in the form of islands
instead of a uniform layer, which does not significantly affect
the conclusions drawn herein. While model I nanoparticles
retain a quasi-type II band alignment for which the hole wave
function spreads over the ZnTe/CdTe core/shell portion and
the electron localizes inside the CdTe shell, resulting in a 15.—
1Sy, electron—hole overlap of ~0.6, the alloyed core model II
nanoparticles act as a single-composition material with a much
larger 1S,—1Sy,;, electron—hole overlap of ~0.9, similar to type
I CSQDs.>® The electron—hole wave function overlap is
related to the oscillator strength in the UV/vis absorption
spectrum. Since we see a rather pronounced 1S.—1S; exciton
transition for all samples, except maybe SILAR 3 for which
there is a weak low-energy tail, this indicates a direct band gap
transition, as opposed to a spatially indirect lowest-energy band
gap transition for a type II alignment. The thin CdSe shell of
0.2 nm has expectedly only a minimal influence on the wave
function overlap, which is confirmed by the relatively small red
shift of the first-exciton absorption onset in the UV/vis spectra
upon CdSe incorporation (Figure S). Our simulations (see
Supporting Information section 14) indicate that a CdSe shell
thickness of 1.36 nm is necessary to achieve a type II alignment
and a 1S.—1S; electron—hole overlap of ~0.5 for the
Cd,Zn,_,Te/CdSe CSQDs (x = 0.8 + 0.1, SILAR 2). In
Supporting Information section 14, we show that gradient
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alloying of the core instead of homogeneously alloying only
marginally changes the band alignment, wave function overlap,
and calculated transition energies.

The large electron—hole wave function overlap for the
Cd,Zn,_,Te/CdSe CSQDs raises the question about their
emission properties. We measured the PL yield and decay time
and obtained <0.1% and ~10 + 0.1 ns (mean decay time, see
Supporting Information section 1) for the SILAR 2 sample,
respectively. These values show that the electron—hole
recombination is dominated by nonradiative decay channels
such as surface trap states. For the SILAR 2 sample, the latter
could be dominant since the CdSe coverage is only small and
the Cd,Zn;_,Te alloyed core, and therefore hole density, is
expected to be largely exposed to the solvent. The SILAR 3
sample has a mean decay time of ~76 + 0.8 ns, which might be
prolonged relative to the SILAR 2 sample due to a more
complete coverage of the surface with CdSe, shielding the hole
density away from the surface/solvent, as well as due to a
slightly reduced electron—hole wave function overlap in this
sample (type II behavior).

B CONCLUSIONS

We have determined the internal structure of II-VI CSQDs
using a multimodal characterization approach based on UV/
vis, TEM, elemental analysis, and XAS. We show that the
intended ZnTe/CdSe CSQDs, which are synthesized using a
common one-pot SILAR procedure, are in actuality nano-
particles with an alloyed Cd,Zn, ,Te core and a patchy CdSe
shell that essentially behave as one-component QDs with a
direct band gap. Cation exchange and the unintended reaction
of molecular precursors prevent the formation of a sharp type
II ZnTe/CdSe interface with small lattice mismatch. Instead,
the large interfacial strain between Cd,Zn,_,Te (x ~ 0.8) and
pure-phase CdSe leads to the growth of islands on the QD
surface. Our results corroborate the challenges associated with
the synthesis of Zn/Cd chalcogenide type II heterostructures
due to facile ion exchange, as pointed out previously by
Enright et al.** and Groeneveld et al.’’ We note that the
assessment of CSQDs on the basis of UV/vis and TEM
analysis alone is not sufficient since alloy formation and
particle growth due to unintended precursor reactions can
cause similar trends, as expected for the formation of type II
heterostructures. Here, we employ EXAFS spectroscopy as an
element-specific technique for the internal structure determi-
nation of heterostructured nanomaterials. By simultaneously
fitting the local atomic structures at the ionization edges of all
four elements in the sample, we were able to propose models
for the internal nanoparticle structure that were further
scrutinized by TEM and elemental analysis. While our XAS
data were obtained at a large-scale synchrotron X-ray facility
with specialized infrastructure and limited access, the advent of
tunable high-brightness table-top X-ray sources will enable
similar studies on heterostructured photovoltaic and photo-
catalytic nanomaterials with a much higher throughput and
more experimental flexibility.*®
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B ABBREVIATIONS

QDs, quantum dots; CSQDs, core/shell QDs; UV/vis, UV/
visible; PL, photoluminescence; XRD, X-ray diffraction; XPS,
X-ray photoelectron spectroscopy; APT, atom probe tomog-
raphy; XAS, X-ray absorption spectroscopy; EXAFS, extended
X-ray absorption fine structure; TEM, transmission electron
microscopy; SILAR, successive ion layer adsorption and
reaction; CdO, cadmium oxide; OA, oleic acid; 1-ODE, 1-
octadecene; TOP, trioctylphosphine; HDA, hexadecylamine;
ZnEt,, diethylzinc; TDPA, tetradecylphosphonic acid;
HAADF, high annular dark-field; STEM, scanning trans-
mission electron microscopy; HRTEM, high-resolution trans-
mission electron microscopy; ICP-OES, inductively coupled
plasma-optical emission spectrophotometry; APS, Advanced
Photon Source; EDS, energy dispersive spectroscopy; XANES,
X-ray absorption near-edge structure
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