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ABSTRACT: Here we designed and synthesized CdSe/CdSe1−xTex core/crown nanoplatelets (NPLs) with controlled crown compositions by using the core-seeded-growth
approach. We conﬁrmed the uniform growth of the crown regions with well-deﬁned shape
and compositions by employing transmission electron microscopy, X-ray photoelectron
spectroscopy, and X-ray diﬀraction. By precisely tuning the composition of the CdSe1−xTex
crown region from pure CdTe (x = 1.00) to almost pure CdSe doped with several Te atoms
(x = 0.02), we achieved tunable excitonic properties without changing the thickness of the
NPLs and demonstrated the evolution of type-II electronic structure. Upon increasing the
Te concentration in the crown region, we obtained continuously tunable photoluminescence
peaks within the range of ∼570 nm (for CdSe1−xTex crown with x = 0.02) and ∼660 nm
(for CdSe1−xTex crown with x = 1.00). Furthermore, with the formation of the CdSe1−xTex
crown region, we observed substantially improved photoluminescence quantum yields (up
to ∼95%) owing to the suppression of nonradiative hole trap sites. Also, we found
signiﬁcantly increased ﬂuorescence lifetimes from ∼49 up to ∼326 ns with increasing Te
content in the crown, suggesting the transition from quasi-type-II to type-II electronic structure. With their tunable excitonic
properties, this novel material presented here will ﬁnd ubiquitous use in various eﬃcient light-emitting and -harvesting
applications.

■

INTRODUCTION

To date, core/crown and core/shell NPLs with type-I
electronic structure, in which electron and hole wave functions
are conﬁned in the same region of the NPLs, have been
synthesized and studied extensively. In the core/crown and
core/shell architectures, the passivation of the periphery
(sidewalls) and larger surfaces of core-only NPLs has been
shown to improve the photoluminescence quantum yield
(PLQY) and stability.12,20 Also, by growing CdS crown and
shell regions, increased absorption cross section and suppressed
Auger recombination with reduced blinking have been
demonstrated.21,22 Moreover, tunable emission behavior has
been realized with the synthesis of inverted CdS/CdSe core/
crown heterostructure.23 All of these appealing properties have
led to the demonstrations of low threshold lasing22,24−26 and
light-emitting diodes (LEDs) with high color purity27 by using
core/crown and core/shell NPLs having type-I-like electronic
structure. On the other hand, NPLs having type-II-like

Free-standing semiconductor nanoplatelets (NPLs) with magicsized vertical thickness, also widely known as colloidal quantum
wells, have recently emerged as a highly promising class of
semiconductor nanocrystals.1−3 Owing to tight quantum
conﬁnement only in the vertical direction, the NPLs exhibit
unique thickness-dependent optical properties, including
narrower emission bandwidth,4 giant oscillator strength
together with ultrafast radiative ﬂuorescence lifetimes,2,4 and
extremely large linear5,6 and nonlinear absorption cross
sections.7 In addition to the core-only NPLs having diﬀerent
vertical thicknesses and chemical compositions,8−11 diﬀerent
heteroarchitectures of NPLs, such as core/crown (laterally
grown shell),12,13 core/shell (vertically grown shell),14,15 and
core/crown/shell16 NPLs, can be synthesized to further
engineer their electronic structure and optical properties.
Also, depending on the band alignment between the core and
crown or shell materials, either type-I- or type-II-like electronic
structures can be achieved,17−19 which results in favorable
properties for various optoelectronic applications.
© 2017 American Chemical Society
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(>98%), technical-grade trioctylphosphine (TOP) (90%), and
technical-grade oleic acid (OA) (90%) were purchased from
Sigma-Aldrich. Hexane, ethanol, and methanol were purchased
from Merck Millipore and used without any further
puriﬁcation.
Preparation of Cadmium Myristate. Cadmium myristate
was synthesized by following the protocol reported in the
literature.12 For a typical synthesis, 1.23 g of cadmium nitrate
tetrahydrate was mixed with 40 mL of methanol, and 3.13 g of
sodium myristate was mixed with 250 mL of methanol. When
the cadmium nitrate tetrahydrate and sodium myristate
powders were completely dissolved, the solutions were mixed
and stirred vigorously for ∼1 h. Subsequently, the white
cadmium myristate powders were precipitated by using a
centrifuge and dissolved in methanol. The cleaning step with
methanol was repeated at least three times to remove any
unreacted and/or excess precursors. Finally, the precipitated
powders of cadmium myristate were kept overnight under
vacuum for complete drying.
Synthesis of the 4-ML-Thick CdSe NPLs. CdSe core
NPLs having four monolayer (4 ML) thickness with an
additional layer of Cd atoms were synthesized by using the
slightly modiﬁed recipe from the literature.12 For a typical
synthesis, 340 mg of cadmium myristate, 24 mg of Se, and 30
mL of ODE were put into a three-neck ﬂask, and the solution
was evacuated at 100 °C for 1 h. After the complete removal of
oxygen, water, and any other volatile solvents, the temperature
of the solution was set to 240 °C under an argon atmosphere.
When the color of the solution turned to bright yellowish,
110−120 mg of cadmium acetate dihydrate was injected into
the reaction solution. Subsequently, the solution was kept for
10 min at 240 °C for further growth of NPLs. Then, with the
injection of 1 mL of OA, the synthesis was stopped and the
temperature of the solution was decreased to room temperature. As-synthesized NPLs were precipitated by adding
ethanol. Finally, the precipitated NPLs were dissolved in
hexane and stored for further crown coating steps.
Preparation of Anisotropic Growth Mixture for
CdSe1−xTex Crown Region. Anisotropic growth mixture
was prepared by using the previously published procedure
with slight modiﬁcations.12 For the cadmium precursor, 480 mg
of cadmium acetate dihydrate, 340 μL of OA, and 2 mL of
ODE were put into a three-neck ﬂask. Then, the temperature of
the solution was raised to 100 °C under ambient atmosphere
and regular sonication. The heating and sonication processes
continued alternatingly until the formation of a homogeneous
gel having whitish color. Following that, the cadmium precursor
was stored for the successive crown coating. For the Se and Te
precursors, 1 M TOP−Se and TOP−Te solutions were
prepared inside a glovebox. Then, these solutions were diluted
with the addition of ODE to achieve 0.03 M ODE−TOP−Te
injection solution for the CdTe crown growth. Depending on
the desired composition of the crown region, the concentration
of injection solution was adjusted by mixing the 1 M TOP−Se
and 1 M TOP−Te solutions.
Synthesis of 4-ML-Thick CdSe/CdSe1−xTex Core/Crown
NPLs. By using our previously published procedure, we
executed the uniform growth of the CdSe1−xTex crown region
around CdSe core NPLs.29 For a typical CdTe crown coating, 1
mL of 4-ML-thick CdSe NPLs dissolved in hexane (0.1 mL of
stock solution dissolved in 3 mL of hexane has an optical
density of ∼0.6 at 350 nm), 5 mL of ODE, 400 μL of cadmium
precursor, and 50 μL of OA were put into a 50 mL three-neck

electronic structure have not been studied extensively, despite
their signiﬁcant potential for optical gain and light-harvesting
applications.
Recently, several groups, including ours, have reported the
synthesis and characterization of CdSe/CdTe core/crown
NPLs having type-II electronic structure with their exciting
excitonic properties.28−31 In these NPLs, electrons are localized
in the CdSe core while holes are conﬁned in the CdTe crown,
forming spatially indirect excitons. Therefore, they exhibit
strongly red-shifted emission together with signiﬁcantly
increased radiative ﬂorescence lifetimes. Also, these NPLs
feature remarkably high PLQY (up to ∼50%) when compared
to other classes of semiconductor nanocrystals having type-II
electronic structure.28,29 In addition, it has been shown that
owing to their large in-plane exciton mobility, ultrafast time
scale charge separation at the core/crown interface enables the
suppression of nonradiative recombination.31 However, due to
the quantum conﬁnement occurring only in the vertical
direction, CdSe/CdTe core/crown NPLs suﬀer from the
limited tunability of their optical properties. Although the
emission of CdSe/CdTe core/crown NPLs can be tuned within
the range of ∼620−660 nm during the growth of the CdTe
crown region, it quickly saturates at ∼660 nm and suﬀers from
the lower PLQY. Therefore, to further engineer their excitonic
properties for advanced optoelectronic applications, novel NPL
architectures are desired.
To address this need, here we synthesized CdSe/CdSe1−xTex
NPLs with precisely tuned crown composition ranging from
pure CdTe (x = 1.00) to almost pure CdSe doped with several
Te atoms (x = 0.02) for tuning their excitonic properties. With
the synthesis of core/crown NPLs having the same vertical
thickness together with the same quantum conﬁnement, we
showed the systematic evolution of type-II electronic structure
experimentally. Also, by using the transmission electron
microscopy, X-ray photoelectron spectroscopy, and X-ray
diﬀraction, we demonstrated the highly monodisperse and
uniform growth of CdSe1−xTex crown regions with targeted
chemical compositions. In addition, we observed that the
increase in the Te concentration within the crown region shifts
the emission peak wavelength of CdSe/CdSe1−xTex NPLs
continuously to lower energies with increased radiative
ﬂuorescence lifetimes. This behavior is explained by the
transition from initial quasi-type-II electronic structure, where
holes are localized around Te atoms and electrons spread over
both the core and crown region, to type-II electronic structure,
where holes are conﬁned to the crown region and electrons are
localized in the core region.32 Moreover, CdSe/CdSe1−xTex
core/crown NPLs exhibit substantially improved PLQY (up to
95%), which can be attributed to the ultrafast localization of the
photogenerated holes around Te atoms and their radiative
recombination on the time scale of several tens of nanoseconds
instead of nonradiative hole trapping commonly observed in
NPLs.31,33 With their engineered and promising excitonic
properties, CdSe/CdSe1−xTex core/crown NPLs are highly
promising for high-eﬃciency light-emitting and -harvesting
applications.

■

EXPERIMENTAL SECTION
Chemicals. Cadmium nitrate tetrahydrate [Cd(NO3)2·
4H2O] (99.997% trace metals basis), sodium myristate
(>99%), technical-grade 1-octadecene (ODE), selenium (Se)
(99.99% trace metals basis), tellurium (Te) (99.99% trace
metals basis), cadmium acetate dihydrate [Cd(OAc)2·2H2O]
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ﬂask. Then, the solution was evacuated at 100 °C for 1 h. After
the complete removal of water, hexane, and any other organic
solvents, the temperature of the solution was set to 240 °C
under argon ﬂow for the growth of the CdTe crown region.
When the temperature reaches 240 °C, a certain amount of
ODE−TOP−Te (0.03 M) solution was injected at a rate of 8
mL/h. To control the size of the crown region, the injection
amount can be varied between 0.40 and 1.50 mL. After the
complete injection of Te precursor, the resulting mixture was
further annealed for 5 min at 240 °C. Then, the reaction was
stopped and cooled down to room temperature. Owing to their
increased lateral size, as-synthesized CdSe/CdTe core/crown
NPLs were precipitated by centrifugation without adding any
solvents, and they were dissolved in hexane for further
characterization steps. For the synthesis of CdSe1−xTex crown
region having diﬀerent compositions, the same protocol
described for the growth of pure CdTe crown was used. The
composition of the crown region can be tuned by simply
changing the ratio of Te and Se in the injection precursor.
Preparation of NPL Integrated Light-Emitting Diode
(LED). A LED of the NPLs was prepared by embedding them
into a two-component silicone (Dow Corning, OE-6630). For
this purpose, the solvent from 750 μL of CdSe/CdSe1−xTex
core/crown NPLs (∼7.2 mg) was evaporated, and the NPLs
were dispersed in 50 μL of hexane followed by the addition of
250 μL of the silicone mixture. To remove the air bubbles and
remaining solvent, the mixture was kept under vacuum for 30
min. Subsequently, ca. 200 μL of the NPL−silicone mixture was
placed on a glass substrate and hardened at 75 °C overnight.
Finally, the obtained ﬁlm was transferred onto an Edison nearUV-LED emitting at 400 nm. The optical characterizations of
the LED were carried out by measuring the emission intensity
using an Ocean Optics integrating sphere and Maya 2000
spectrometer. CIE 1931 color coordinates were calculated using
an in-house written MATLAB code.
Photoluminescence Quantum Yield Measurements.
The PLQY measurements were carried out using the
methodology reported by de Mello et al.34 The measurement
setup was constructed using a HoribaYvon integrating sphere
and Maya 2000 spectrometer.

Figure 1. (a) Absorption (solid line) and photoluminescence
(dotted−dashed line) spectra and (b) high-angle annular dark-ﬁeld
scanning transmission electron microscopy (HAADF-STEM) images
of the 4-ML-thick CdSe core-only NPLs dissolved in hexane at room
temperature, having a lateral size of 16.4 ± 1.7 nm by 12.6 ± 1.5 nm.

used as a seed for the further synthesis of CdSe/CdSe1−xTex
core/crown NPLs with varied crown compositions.
By using freshly synthesized CdSe core-only NPLs as a seed,
we grew CdSe1−xTex crown region with diﬀerent crown
compositions. First, we determined the optimal crown size by
synthesizing core/crown NPLs having pure CdTe crown
regions with diﬀerent lateral sizes. While CdSe/CdTe core/
crown NPLs having a smaller CdTe crown exhibit additional
lateral conﬁnement,28,29,35 CdSe/CdTe core/crown NPLs with
a larger CdTe crown suﬀer from serious stability issues and
lower PLQY (see the Supporting Information). Therefore, we
preferred the synthesis of core/crown NPLs with medium
crown size exhibiting pure vertical conﬁnement together with
improved PLQY and stability. For the synthesis of CdSe/
CdSe1−xTex core/crown NPLs having a similar crown size to
that of the optimized pure CdTe crown region, the same
amount of anisotropic growth mixture precursors was injected.
In addition, by changing the concentration of Te and Se in the
injection solution, the composition of the crown region was
tuned and CdSe/CdSe1−xTex core/crown NPLs with a speciﬁc
crown composition ranging from pure CdTe crown to almost
pure CdSe crown doped with several Te atoms were
synthesized (see Experimental Section for details).
We carried out the structural characterizations of CdSe/
CdSe1−xTex core/crown NPLs, including transmission electron

■

RESULTS AND DISCUSSION
In this study, we synthesized CdSe/CdSe1−xTex core/crown
NPLs having diﬀerent crown compositions by employing the
core-seeded-growth approach. First, we started with the
synthesis of 4-ML-thick CdSe core-only NPLs having an
additional layer of Cd atoms owing to their well-deﬁned
synthesis conditions (see the Experimental Section for details).
Absorption and photoluminescence (PL) spectra of CdSe core
NPLs are given in Figure 1a. Thanks to the synthesis of CdSe
core NPLs having magic size vertical thickness and atomically
ﬂat surfaces, they exhibit a very narrow emission bandwidth
(∼9 nm) with moderately high PLQY (30−40%). From the
absorption spectra, splitting of sharp excitonic features,
including electron-light hole (∼480 nm) and electron-heavy
hole transitions (∼512 nm), is observed, suggesting the
formation of a quantum-well-like electronic structure.2 Also,
the highly monodisperse and uniform growth of 4-ML-thick
CdSe core-only NPLs can be clearly seen in the high-angle
annular dark-ﬁeld scanning transmission electron microscopy
(HAADF-STEM) images given in Figure 1b. They feature
almost rectangular shape with lateral dimensions of 16.44 ±
1.72 and 12.60 ± 1.47 nm. These CdSe core-only NPLs were
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the ensemble measurements (except x = 1.00 and 0.75). Then,
by using the ratio of lateral size between the core and crown
obtained from the HAADF-TEM images, the composition of
the crown regions was calculated from the ensemble measurements (Table 1 and the Supporting Information). The

microscopy, X-ray photoelectron spectroscopy, and X-ray
diﬀraction, for a better understanding of the size, shape, and
composition of the crown region. HAADF-TEM images of
CdSe/CdSe1−xTex core/crown NPLs having diﬀerent crown
compositions are shown in Figure 2. As can be clearly seen

Table 1. Chemical Composition of CdSe1−xTex Crown
Region Obtained by XPS and XRD
chemical composition (x) of the CdSe1−xTex crown region
injected

XPS

XRD

1.00
0.75
0.50
0.25
0.10
0.05
0.02

1.00
0.64
0.46
0.22
0.10
0.07
0.06

1.00
0.76
0.58
0.17
0.14
0.08
0.03

compositions of the crown regions were found to be similar
to the concentration of the injection solutions, except the
CdSe/CdSe1−xTex core/crown NPLs (x = 0.02) having very
low Te concentration in the crown region. This can be
attributed to the very weak intensity levels collected from the
sample, resulting in an overestimated calculation (Figure S5,
Supporting Information). Thus, the synthesis of CdSe/
CdSe1−xTex core/crown NPLs having similar crown areas
with desired composition strongly suggest the similar
reactivities of Te and Se, enabling the achievement of tunable
excitonic properties in a controlled way.
We also studied the crystal structure of CdSe/CdSe1−xTex
core/crown NPLs having diﬀerent crown compositions with
powder X-ray diﬀraction. The powder diﬀraction patterns of
CdSe/CdSe1−xTex core/crown NPLs are presented in Figure 3.

Figure 2. High-angle annular dark-ﬁeld scanning transmission electron
microscopy (HAADF-STEM) images of the CdSe/CdSe1−xTex core/
crown NPLs for diﬀerent Te compositions (a) x = 1.00, (b) x = 0.50,
(c) x = 0.10, and (d) x = 0.05 in the crown region.

from the HAADF images, the resulting core/crown NPLs
having diﬀerent crown compositions exhibit high monodispersity in size and uniform growth of the crown region in the
lateral direction with sharp boundaries. Owing to the same
amount of anisotropic growth mixture injection for the
formation of crown regions, the lateral areas of the crown
with diﬀerent crown compositions were found to be similar
(Table S1, Supporting Information). Furthermore, with
increasing Se composition in the crown region, the shape of
the core/crown NPLs was changed from rectangular to almost
square shape, which can be attributed to the variation of the
favorable growth direction depending on the composition. For
example, while CdSe/CdTe core/crown NPLs (x = 1.00)
feature lateral dimensions of 29.11 ± 3.00 and 22.79 ± 2.20
nm, CdSe/CdSe1−xTex core/crown NPLs (x = 0.02) have
lateral dimensions of 25.69 ± 1.61 and 22.97 ± 1.98 nm. In
addition, we performed energy-dispersive X-ray spectroscopy
(EDX) for single CdSe/CdSe1−xTex core/crown NPLs (x =
1.00, 0.50, and 0.25) to investigate the uniformity of core/
crown architecture and chemical compositions (Figure S4,
Supporting Information). The results showed that while the
CdSe core region generally located in the inner part of the
NPLs, it was covered with a laterally extended CdSe1−xTex
crown region. Also, it has been observed that the composition
of the CdSe1−xTex region is almost similar to the concentration
of the injection solutions, suggesting that the composition of
the crown region can be precisely tuned.
We also analyzed the composition of the CdSe1−xTex crown
region by using X-ray photoelectron spectroscopy (XPS). With
the contribution from both the core and crown regions, the
concentration of Se was found to be higher than that of Te in

Figure 3. X-ray diﬀraction (XRD) patterns of the 4-ML-thick CdSe
core-only NPLs and the CdSe/CdSe1−xTex core/crown NPLs having
diﬀerent crown compositions. The green (on the bottom) and the
brown bars (on the top) show the diﬀraction peaks of the bulk CdSe
and bulk CdTe having zinc blende (ZB) structure, respectively.

CdSe core-only NPLs exhibit zinc blende crystal structure with
broader diﬀraction peaks owing to their ﬁnite crystal size.
Furthermore, the relative intensities of diﬀraction peaks were
observed to be diﬀerent when compared to those of their bulk
counterparts, suggesting the growth of an anisotropic shape
with a preferred growth direction. In addition, as the crown
regions having diﬀerent compositions were grown, the initial
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Figure 4. (a) Evolution of the absorption and photoluminescence spectra along with PLQY as a function of the CdSe1−xTex crown region
composition. (b) The real color images of CdSe/CdSe1−xTex core/crown NPLs having diﬀerent crown compositions dissolved in hexane under UV
light (top) and ambient light (bottom). (c) Photoluminescence excitation (PLE) spectra of the CdSe/CdSe1−xTex core/crown NPLs together with
their photoluminescence and (d) extracted band gap energy of the crown region as a function of the composition of the Te in the crown.

interface, where electrons are localized in the CdSe core region
and holes are conﬁned to the CdTe crown region, they exhibit
signiﬁcantly red-shifted emission (∼656 nm) with a broadened
spectrum. In addition, when compared to other classes of
semiconductor nanocrystals having type-II electronic structure
and CdSe core-only NPLs, they exhibit relatively high PLQY
(∼30−50%). However, owing to the pure vertical conﬁnement
in this material system, their emission wavelengths remain
almost in the same spectral position upon changing the size of
the CdTe crown region and suﬀer from the limited tunability.
To realize tunable excitonic properties without changing the
vertical thickness of the NPLs, we engineered the band gap of
the crown region by adjusting the composition. As can be seen
from Figure 4a, increasing the concentration of Se in the crown
region allowed for continuously tuning the emission of core/
crown NPLs from ∼660 nm (for CdSe1−xTex crown with x =
1.00) to ∼570 nm (for CdSe1−xTex crown with x = 0.02). The
continuous shift of the emission spectrum can be explained by
the decrease in the hole energy levels by tailoring the
composition of the crown region, which can be clearly seen
from the extracted relative band oﬀsets of the CdSe/
CdSe1−xTex core/crown NPLs having diﬀerent compositions
(Figure 5a,b).32 Thus, the recombination energy of the

zinc blende crystal structure was preserved. However,
increasing the concentration of Te in the crown region
continuously shifts the diﬀraction peaks to lower angles,
which further suggests the formation of an alloyed crown
region. Moreover, by applying Vegard’s law for the (022) plane,
we roughly estimated the composition of the crown region,
which is tabulated in Table 1. However, due to contribution
from both the CdSe core and CdSe1−xTex crown regions in the
diﬀraction patterns with their broader diﬀraction peaks, the
compositions estimated from the powder diﬀraction patterns
exhibit slight deviations.
After the complete analysis of the structural characterization,
including the size, shape, and composition of the crown region,
we systematically studied the resulting optical properties of
CdSe/CdSe1−xTex core/crown NPLs. Their absorption and PL
spectra are presented in Figure 4a. With the formation of a pure
CdTe crown region, a new peak emerges around ∼556 nm and
makes a strong contribution to the absorption of the core/
crown NPLs in the lower-energy side of the spectrum. Since the
crown region was grown only in the lateral dimensions, the
excitonic features of CdSe core NPLs remained almost in the
same spectral positions. However, owing to formation and
recombination of spatially indirect excitons at the core/crown
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Figure 5. Schematic demonstration of band diagrams of the CdSe/CdSe1−xTex core/crown NPLs for x ≥ 0.25 (a) and for x ≤ 0.10 (b). (c) Timeresolved ﬂuorescence decay curves of the CdSe core and CdSe/CdSe1−xTex core/crown NPLs for diﬀerent crown region compositions (e.g., x =
1.00, 0.50, and 0.10). The solid lines on the decay curves represent the four-exponential ﬁtting curves. (d) Amplitude-averaged ﬂuorescence lifetimes
of the CdSe/CdSe1−xTex core/crown NPLs with tuned crown compositions.

electrons localized in the CdSe core region and the holes
conﬁned in the CdSe1−xTex crown region increases and results
in a continuous blue-shifting in the emission spectrum. Also,
CdSe/CdSe1−xTex core/crown NPL exhibit signiﬁcantly
broadened emission spectrum as compared to the CdSe coreonly NPLs (∼40 meV). This is a common feature of colloidal
semiconductor nanocrystals having type-II-like electronic
structure and can be explained by the spatially indirect exciton
recombination.19,28 In addition, the same excitonic features
observed from the PLE spectra of CdSe/CdSe1−xTex core/
crown NPLs taken at diﬀerent emission wavelengths have ruled
out the possibility of inhomogeneous broadening due to the
composition variation in the crown region and suggested the
formation of a crown region with well-deﬁned and homogeneous compositions (Figure S7, Supporting Information).
It is also important to note that while CdSe/CdSe1−xTex
core/crown NPLs (x ≥ 0.25) feature broadened emission
spectra (∼140−190 meV) with respect to CdSe core-only
NPLs, CdSe/CdSe1−xTex core/crown NPLs (x ≤ 0.10) exhibit
further broadened emission (up to ∼360 meV) with increasing
Se concentration in the crown region. This behavior can be
explained by the transition from type-II electronic structure (for
x ≥ 0.25), where spatially indirect excitons recombine at the
core/crown interface, to quasi-type-II electronic structure (for x
≤ 0.10), where Te atoms act as deep hole-trap sites. In previous
studies, similar behavior was also observed for Te-doped CdSe
quantum dots and attributed to the size distribution of
quantum dots, resulting in diﬀerent quantum conﬁnement
among the quantum dots within the ensemble solution.36,37

However, because of the pure vertical quantum conﬁnement in
our NPLs, the further broadened emission behavior cannot be
explained by the diﬀerence in the quantum conﬁnement.
Therefore, together with the homogeneous broadening, the
ﬂuctuation of the Te composition and variation of Te location
within the NPLs should be responsible for the further
broadening.
We also measured the PLQY of CdSe/CdSe1−xTex core/
crown NPLs. With the laterally extended CdSe1−xTex crown
region, CdSe/CdSe1−xTex core/crown NPLs exhibit substantially improved PLQY (up to ∼95%) as compared to that
having a pure CdTe or CdSe crown region. The relatively high
PLQY of CdSe/CdSe1−xTex core/crown NPLs with respect to
other classes of semiconductor nanocrystals having type-II
electronic structure can be explained by several factors. First,
with increasing Se concentration in the crown region, the
overlap of electron and hole wave functions in the CdSe/
CdSe1−xTex core/crown NPLs is signiﬁcantly increased when
compared to CdSe/CdSe1−xTex core/crown NPLs having a
pure CdTe crown region (x = 1.00), resulting in the enhanced
PLQY. Second, the substitution of Te atoms with Se atoms in
the crown region decreases the lattice mismatch between the
core and crown region. Thus, the possibility of strain and/or
defect formation, which act as trap sites, is reduced. Finally, the
localization of the photogenerated holes in the CdSe1−xTex
crown region and/or around Te atoms, which is followed by
radiative recombination, competed with the nonradiative hole
trapping commonly observed in NPLs owing to absence of
proper surface passivation. In other words, the localization of
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core/crown NPLs having a higher Te concentration (x ≥ 0.25)
exhibit type-II electronic structure, where holes are localized
around the crown region and electrons are conﬁned to the core.
This increased separation of electron and hole wave functions
results in increased ﬂuorescence lifetimes in CdSe/CdSe1−xTex
core/crown NPLs. Therefore, this series of observations
demonstrate the evolution of the band alignment from quasitype-II to type-II experimentally.
Finally, we demonstrated a proof-of-concept color-converting LED employing CdSe/CdSe1−xTex core/crown NPLs. For
this purpose, we prepared a ﬁlm of NPLs (x = 0.05) in a
commercially available silicone and integrated it onto a nearUV-LED emitting at 400 nm. The spectrum of the obtained
LED is presented in Figure 6, along with the chromaticity

the holes in the engineered CdSe1−xTex crown and/or around
Te atoms, instead of being captured by surface trap sites, and
their radiative recombination on the time scale of several tens
of nanoseconds contributed to the improved the PLQY.38 Also,
the observation of both the ultrafast exciton localization (∼0.65
ps) at the core/crown interface in CdSe/CdTe core/crown
NPLs and ultrafast hole trapping around Te atoms on a
subpicosecond time scale in Te-doped CdSe quantum dots
further supports this hypothesis. 31,39 The dramatically
improved PLQY of CdSe core NPLs from ∼19.1% to 76.2%
upon replacing several Se atoms by Te atoms in the CdSe
crown region (x = 0.02) shows the eﬃcient localization of
photogenerated holes around Te atoms instead of their capture
by the surface trap sites.
In addition to the tunable emission behavior of CdSe/
CdSe1−xTex core/crown NPLs with signiﬁcantly improved
PLQY, these NPLs show interesting absorption behavior.
Owing to the growth of the crown regions only in the lateral
direction, excitonic absorption features of CdSe core NPLs
preserved their spectral positions for all diﬀerent crown
compositions. On the other hand, the excitonic absorption
features of the CdSe1−xTex crown region exhibit a nonlinear
relationship between the compositions (Figure 4d). From the
absorption spectra of the core/crown NPLs, we extracted the
band gap energies of the crown regions having diﬀerent
compositions (see the Supporting Information). It is observed
that the band gap energies of the crown region do not change
linearly with the composition as predicted by Vegard’s law and
exhibit a strongly nonlinear eﬀect, which is called as “optical
bowing”. This kind of behavior has already been observed for
alloyed nanocrystal quantum dots and attributed to structural
and electronic factors, including diﬀerent atomic radii and the
electronegativity of the ions.40
For a deeper understanding of the excitonic properties of
CdSe/CdSe1−xTex core/crown NPLs depending on the
composition of the crown region, we performed time-resolved
ﬂuorescence spectroscopy (TRF). TRF measurements were
carried out under low excitation intensities to avoid multiexciton generation by using core/crown NPL solutions having
low concentrations. Fluorescence decay curves of CdSe core
and CdSe/CdSe1−xTex core/crown NPLs (for x = 1.00, 0.50,
and 0.10) and their amplitude-averaged ﬂuorescence lifetimes
(τav) are presented in Figure 5c,d. Owing to the complex
emission kinetics of NPLs, the decay curves were ﬁtted by using
four-exponential decay functions so that the reduced χ2 values
remain about 1 with uniform residuals. As can be seen from
Figure 5b, with increasing Te concentration in the crown
region, we observed continuously increased τav from ∼1.5 ns
(for CdSe core only NPLs) to ∼326.2 ns (for CdSe/
CdSe1−xTex core/crown NPLs with x = 1.00). Also, while
CdSe/CdSe1−xTex core/crown NPLs (x = 0.02) had a τav of
∼49.2 ns, CdSe/CdSe1−xTex core/crown NPLs (x = 1.00)
having a pure CdTe crown region exhibit a strongly elongated
τav of ∼326.2 ns. This can be explained by transitioning from a
quasi-type-II electronic structure to a type-II electronic
structure. With the substitution of several Se atoms with Te
in the crown region, CdSe/CdSe1−xTex core/crown NPLs (x ≤
0.10) possess quasi-type-II structure, where Te atoms acts as
deep hole trap sites and holes are localized around Te atoms
(Figure 5b). Our ﬁndings are also strongly consistent with the
recent study of Tenne et al., who reported that the ﬂuorescence
lifetime of Te-doped CdSe NPLs was dominated by the lifetime
component of ∼50 ns.41 On the other hand, CdSe/CdSe1−xTex

Figure 6. Emission spectra of the NPL-integrated LED at varying
currents along with luminous eﬃciency (LE) (inset, right) and CIE
1931 color coordinates (inset, left).

coordinates and luminous eﬃciency (LE) in the insets. We
observe that the emitted yellowish color corresponds to around
(0.48, 0.33) on the CIE 1931 chromaticity diagram and its LE
takes values up to 9.5 lm/Welect.
In conclusion, we have demonstrated the synthesis of CdSe/
CdSe1−xTex core/crown NPLs with precisely tuned crown
composition from pure CdTe to almost pure CdSe doped with
several Te atoms. Thanks to the same vertical quantum
conﬁnement in the core/crown architectures, we have shown
experimentally the evolution of type-II electronic structure.
Also, with engineering the band gap of the crown region, we
have successfully tuned the excitonic properties of the NPLs
without changing their thickness. Moreover, by the substitution
of several Se atoms with Te in the crown region, we have
substantially improved the PLQY (up to 95%), which can be
attributed to the suppressed nonradiative hole trap sites. When
compared to previously synthesized doped semiconductor
nanocrystals having lower PLQY, the near unity PLQY of
CdSe/CdSe1−xTex core/crown NPLs can be attributed to the
large in-plane exciton mobility and higher exciton binding
energies observed in these atomically ﬂat semiconductor NPLs.
Considering these appealing and tunable excitonic properties,
CdSe/CdSe1−xTex core/crown NPLs have become highly
attractive for advanced optoelectronic applications. With their
large Stoke-shifted emission and near unity PLQY, CdSe/
CdSe1−xTex core/crown NPLs have become highly promising
candidates for highly eﬃcient luminescent solar concentrators
and low threshold optical gain.
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