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Thick inorganic shells endow colloidal nanocrystals (NCs) with
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enhanced photochemical stability and suppression of photoluminescence inter-
mittency (also known as blinking). However, the progress of using thick-shell
heterostructure NCs in applications has been limited due to the low photo-
luminescence quantum yield (PL QY < 60%) at room temperature. Here, we
demonstrate thick-shell NCs with CdS/CdSe/CdS seed/spherical quantum well/shell
(SQW) geometry that exhibit near-unity PL QY at room temperature and
suppression of blinking. In SQW NCs, the lattice mismatch is diminished between
the emissive CdSe layer and the surrounding CdS layers as a result of coherent strain,
which suppresses the formation of misfit defects and consequently permits ~100%
PL QY for SQW NCs with a thick CdS shell (>5 nm). High PL QY of thick-shell

SQW NCs is preserved even in concentrated dispersion and in film under thermal
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stress, which makes them promising candidates for applications in solid-state lightings and luminescent solar

concentrators.

spherical quantum well, near-unity photoluminescence quantum yield, coherently strained heterostructure, misfit defect,

critical thickness

olloidal semiconductor nanocrystals (NCs) exhibit
narrow spectral emission bandwidth and high photo-
luminescence quantum yield (PL QY),' calling
attention to their use in displays,” '’ lasers,"'~"* and
luminescent solar concentrators (LSCs)."*™"" Synthesis of
high-quality colloidal NCs suitable for such applications has
become possible via “arrested precipitation”, in which organic
ligands bind to the surface of NCs and confer size tunability
and solution processability.'® However, the relatively weak
bonding between organic ligands and surface atoms of NCs
yields low PL QY and unavoidable degradation of optical
properties of NCs."
Coating an emitting core with an inorganic semiconductor
shell of a wider band gap can result in higher PL QYs and
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improved photochemical stability of the NCs,** which has
motivated the development of core/shell (C/S) heterostruc-
tured NCs with thick-shell layers.”®*'~>* In addition to
reducing the influence of surface-related nonradiative recombi-

) 21,22
nation pathways,””

the thick shells help impede energy
transfer between neighboring NCs by separating the emitting
cores in concentrated NC ensembles.”'” The latter is important
for maintaining high PL QYs in dense, device-grade QD films,

as energy transfer occurs more readily between NCs within the
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Figure 1. Structural and optical characteristics of CdS/CdSe/CdS SQW NCs with varying shell thicknesses. (a) Schematic illustration and (b)
energy band diagram of CdS/CdSe/CdS SQW NCs. r, I, h, and R denote the radius of the CdS seed, the thickness of the CdSe emissive layer,
the exterior CdS shell thickness, and the total radius, respectively. (c) Absorption and PL spectra, (d) ensemble PL decay dynamics (inset:
single-exciton radiative recombination lifetime (7,)), (¢) PL QYs excited at 450 nm (inset: photograph of concentrated SQW NC dispersion
(300 mg/mL) taken under room light), and (f—j) TEM images of CdS/CdSe/CdS SQW NCs with varying CdS shell thicknesses (r = 1.3 nm,

= 0.9 nm, h = 0, 2.4, 3.0, 4.0, and 5.2 nm).

exciton-transfer distance.® Furthermore, in the case of mixed-
size NC assemblies, energy transfer may result in the undesired
cross-talk between the NCs, leading to changes in the color
pattern. One notable example of thick-shell structures are so-
called “giant” NCs that comprise a small CdSe core overcoated
with a very thick (>5 nm) CdS shell”*™° The original
motivation for the development of these NCs was to achieve
the suppression of single-dot PL intermittency (commonly
referred to as “blinking”).”**® Eventually, it was demonstrated
that these structures also allow for considerable suppression of
nonradiative Au§er recombination and interparticle exciton
transfer.”>*>**~*" An important feature of giant NCs is a vast
enhancement of environment, chemical, thermal, and photo-
chemical stability as compared to standard core-only or thin-
shell NCs.'”*¢

Despite promising properties of thick-shell heterostructured
NCs, their use in light-emitting applications has been hampered
by fairly low room-temperature PL. QYs. For example, PL QY
of CdSe/CdS giant C/S NCs is at least 40% lower than that of
thin-shell CdSe/CdS C/S NCs (Figure S1, Supporting
Information).”*~>*°73% The PL QY loss in giant C/S NCs
has been attributed to the formation of interfacial defect sites
driven by increasing crystalline strain between the core and the
shell.’* Insertion of alloyed layers at the core/shell interface has
been proposed to help mitigate the structural stress® and
enhance PL efficiency of thick-shell C/S NCs.>® However,
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thick-shell C/S NCs have shown PL QY lower than 60% even
in the case of structures with alloyed core/shell interfaces.”***

In the present study, we demonstrate a coherently strained
heterostructure that capitalizes on the structural deformation of
emissive layers to alleviate the structural stress upon growing a
thick shell. We designed CdS/CdSe/CdS seed/spherical
quantum well/shell (hereafter, SQW) NCs, in which the
intermediate CdSe layer is expected to grow via strained layer
epitaxy. A comparison with conventional CdSe/CdS C/S NCs
reveals that the misfit defects responsible for the PL QY loss in
thick-shell C/S NCs do not appear in SQW NCs with thick
shells (e.g, shell thickness >S5 nm). Our giant SQW NCs exhibit
a nearly 100% PL QY at room temperature and, at the same
time, substantial suppression of PL blinking. In addition,
systematic investigation on SQW NCs with varying geometric
parameters (eg, CdS seed radius, volume of CdSe emissive
layer, and CdS shell thickness) not only provides insights into
the relationship between the structure of the SQW NCs and
their optical properties but also validates the proposed model of
the effect of SQW heterostructuring on the optical performance
of the NCs. Finally, we examine the emission characteristics of
giant SQW NCs in comparison with state-of-the-art C/S NCs
in highly concentrated suspensions and films. The superior
optical properties and thermal stability render SQW NCs
suitable for use in solid-state lightings and LSCs.
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Figure 2. Single-dot spectroscopic characteristics of CdS/CdSe/CdS SQW NCs with varying shell thicknesses. (a—c) Representative PL

intensity trajectories (left) and PL intensity histograms (right) of CdS (r = 1.3 nm)/CdSe (I =

0.9 nm)/CdS SQW NCs with varying shell

thicknesses (h = (a) 2.4, (b) 4.0, and (c) 5.2 nm). (d) The ON-time fraction for single NCs of CdS/CdSe/CdS SQWs with different shell

thicknesses (r = 1.3 nm, [ = 0.9 nm, k = 1.3, 2.4, 3.0, 4.0, and 5.2

nm).

RESULTS AND DISCUSSION

The concept of coherently strained multilayered heterostruc-
tures proposed by Matthews and Blakeslee entails the relaxation
of crystalline strain at an interface,”® where one crystal structure
is deformed to fit the structure of an adjacent crystal. We
employ the coherently strained layer approach by growing a
CdSe layer sandwiched between the CdS core NC and CdS
shell. Heterostructured NCs composed of zinc blende CdSe
and CdS are chosen as a model system for two reasons: (i) The
chemistry to %row these compound semiconductors is well-
established,””” and (ii) the photophysical properties of
heterostructured NCs (e.g, CdSe/CdS C/S NCs) have been
extensively studled 23739353874 We designed CdS/CdSe/CdS
SQW NCs,” in which a thin CdSe layer (thickness <1.5 nm)
forms on the surface of the CdS seed, which is followed by
growth of a CdS shell (Figure la). The preparation of CdSe
and CdS layers was carried out under reaction conditions (i.e.,
identities of precursors and ligands, reaction temperature, and
duration) that were similar to those used in the synthesis of
conventional CdSe/CdS C/S NCs (Supporting Information).*!
Therefore, we expect that the surface atom stoichiometry and
ligand density in both types of the NCs are similar. Both C/S
and SQW NCs possess a quasi-type-II band alignment (Figure
1b), in which a hole is strongly confined within the CdSe
emissive layer, whereas an electron is delocalized over the entire
nanostructure volume. The electron confinement energy
reduces with increasing exterior CdS shell thickness, resulting
in the red shift of the 1S band-edge absorption and the PL peak
position (Figure Ilc). 23242731 The decrease in the electron—
hole overlap integral with increasing CdS shell thickness results
in a progressive reduction of the single-exciton recombination
rate (Figure 1d).*****”*! Despite similarity in optical proper-
ties (i.e., similar PL energies and single-exciton lifetimes), the
size dependence of PL QY in the case of SQW NCs
considerably differs from that of C/S NCs. Namely, in the
case of C/S NCs, PL QY first increases with increasing CdS
shell thickness, but then it tapers off as the shell thickness
becomes greater than 2.0 nm (Figure S1, Supporting
Information).””**** In contrast, the PL QY of SQW NCs
shows a continuous increase with increasing thickness of the
CdS shell and eventually approaches 100% at thicknesses
greater than 4 nm (Figure le; see also Supporting
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Information). Multiple independent runs confirm that the PL
QY of SQW NCs is consistent batch-to-batch (Experimental
Methods).

We have conducted spectroscopic analysis on individual
SQW NCs (Figure 2). Figure 2a—c displays a representative PL
intensity trajectory and corresponding histogram of PL
intensities during the high- (ON) and low- (OFF) emissivity
periods for SQW NCs at various CdS shell thicknesses. The PL
intensity of thin-shell SQW NCs fluctuates between two well-
defined ON and OFF levels, as is also apparent from the
histogram in Figure 2a. The overall duration of the OFF
periods decreases as the CdS shell thickness increases (Figure
2b), and the OFF periods almost completely disappear (i.e., NC
becomes “nonblinking”) for shell thicknesses greater than S nm
(Figure 2c). Interestingly, at sufficiently large shell thicknesses,
a virtually non-emitting OFF state turns into a weakly emitting
“gray” state. A similar transformation has been previously
observed for thick-shell C/S NCs.”**”*° This transformation
has been attributed to suppressed Auger recombination, which
increases the PL QY of negative trions, the species with which
the OFF state has often been associated.””*”***** The
average ON-time fraction of thick-shell SQW samples shows a
size dependence trend that is similar to that observed for PL
QYs of solution samples (Figure 2d). This indicates that the PL
blinking observed for individual NCs and the PL QY loss in
ensemble samples are related phenomena, as suggested by the
studies of ref 44.

In contrast to the case of SQW NCs, conventional CdSe/
CdS giant NCs (shell thickness > 16 CdS monolayers (MLs))
are reported to exhibit blinking suppression in single-dot
spectroscopic measurements, yet with relatively low solution PL
QY at room temperature (<60%).”*7>***7** The conflict
creates obscurity in the influence of thick shells on the
photophysical properties of NCs. We speculate that the
disparity in the case of traditional C/S thick-shell samples
originates from the presence of non-emissive (or low-
emissivity) NCs, which may not be detected in single-dot
spectroscopic studies while contributing to the ensemble PL
QY measurements.

As the shell thickness increases in C/S geometry, the CdS
crystal in the shell, which is initially deformed to fit to the
lattice constant of CdSe seed (zinc blende a, = 0.608 nm),
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Figure 3. Exciton recombination pathways in CdS/CdSe/CdS SQW NCs and CdSe/CdS C/S NCs. (a,d) PL QYs (filled) and radiative exciton
recombination rates (empty); (b,e) nonradiative recombination rates (triangles); and (c,f) schematic illustration for exciton recombination
processes in (a—c) CdS/CdSe/CdS SQW NCs having different shell thicknesses (r = 1.3 nm, I = 0.9 nm, 1.3 < h < 5.2 nm) and (d—f) CdSe/
CdS C/S NCs with varying shell thicknesses (r = 1.5 nm, 1 < h < 6.0 nm). All spectroscopic data were collected from SQW ensemble samples

in solution.

starts to relax to its equilibrium lattice constant (zinc blende a,
= 0.582 nm), leading to the formation of misfit defects (Figure

3 and Supporting Information).’* The dangling bonds in misfit

defects are effective charge-trapping sites, which are responsible
for the presence of non-emissive (or low-emissivity) NCs and
account for PL losses in giant C/S NCs.
To gain a deeper insight into the role of interfacial defects in
carrier recombination, we have attempted to quantify their
contribution to the overall nonradiative decay rate in NCs with
various shell thicknesses. The PL QY of NCs is given by

PLQY = k/(k, + k)

where k, and k,, denote the rates of radiative and nonradiative
recombination of the exciton state, respectively. We would like
to point out that the simplified expression for the PL QY given
by eq 1 does not account for either possible presence of
nonemissive NCs or occurrence of OFF periods in single-dot
PL intensity trajectories. Nevertheless, as we show below, it
presents interesting qualitative insights into the shell-thickness
dependence of PL QYs in traditional C/S quantum dots versus

that the novel SQW NCs.

Since PL QY of SQW NCs becomes higher as the shell
grows thicker and reaches almost 100% at the shell thickness
equal to or greater than 4 nm, we can assume that the influence
of surface defects becomes vanishingly small in thick-shell SQW
NCs (Figure 3b). This also suggests the absence of defects
associated with two internal (CdS/CdSe and CdSe/CdS)
interfaces across the entire range of h. Thus, nonradiative
recombination in the case of small and intermediate shell
thicknesses in SQW NCs can be presented as being solely due
to surface defects. We further assume that the main channel for
nonradiative decay is hole trapping at surface defects, associated
with, for example, S dangling bonds or other imperfections on
the surface of the CdS shell*”*® Since the surface properties
and the CdSe/CdS valence band offset are similar between the
C/S and SQW NCs, the trends of k, derived from the

45,46

measurements of the SQW samples are likely valid in the case
of the C/S structures.

To find the influence of a nonradiative pathway via misfit

defects in C/S NCs, we use the plot of k, versus shell
thicknesses (Figure 3e). Initially, the increase in  leads to the

reduction of the nonradiative decay rate (accompanied by the

PL QY increase; Figure 3d), which is likely a result of reduced
trapping at surface defect (k,, q), as in the case of the SQW
NCs. However, when the shell thickness reaches approximately

2.5 nm, the trend reverses; that is, a further increase in h leads
. to the increased nonradiative rate accompanied by the
) reduction of the PL QY (Figure 3d,e). This can be interpreted
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observations

33,34

36,49,50

as the onset of the formation of interfacial defects that help
relax the lattice mismatch between the CdSe core and the CdS
shell. Indeed, the onset shell thickness of 2.5 nm obtained in
this study is in good agreement with previous experimental
as well as the estimation of the critical
thickness for the formation of misfit defects (ca. 3.3 nm; see
Supporting Information) based on Matthews and Blakeslee’s
equilibrium theory.

In the case of C/S NCs, a thin CdS shell layer deforms its

crystalline structure to minimize the structural stress at the
CdSe/CdS interface. The energy that it takes to strain the CdS
lattice increases as the shell continues to grow thicker and
eventually exceeds the energy required to form misfit defects.
Such disparity leads to the relaxation of the CdS crystal to its
equilibrium lattice constant by forming misfit defects near the
interface.”* The rate of nonradiative decay via misfit defects
(kye 1) may rise at a thickness greater than the critical value
and accelerates overall nonradiative recombination. As a result,
the PL QY of C/S NCs starts to decline as the shell thickness
increases. On the other hand, in the case of SQW NCs, the
CdSe emissive layer is thinner than the critical thickness (ca. 3.6
nm; see Supporting Information), and thus the layer remains
coherently strained, which hinders the formation of misfit
defects. The fact that in the SQW structures the CdSe is in a
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“strained” state is confirmed by X-ray diffraction (XRD) studies
of the SQW and CdSe NCs (Figure 4).
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Figure 4. XRD patterns of CdSe spherical quantum well and CdSe
core NCs. (a) XRD patterns of CdSe NCs (r = 1.5 nm, black solid)
and CdS/CdSe NCs (r = 1.3 nm, I = 0.9 nm, empty circle). For
SQW NCs, each (111), (220), and (311) peak is deconvoluted into
peaks contributed from the CdSe emissive layer (red line) and CdS
seed (gray shading). XRD patterns of bulk zinc blende CdSe
(bottom) and CdS (top) are shown for comparison. (b) d-Spacing
for (111), (220), and (311) planes of CdSe core (black square),
CdSe SQW (red circle), and CdS (green triangle). Numbers
represent lattice mismatch between CdSe and bulk CdS for the case
of SQW (red) and CdSe NCs (black).

Specifically, according to the measured XRD patterns, the
mismatch between the CdS lattice and the lattice of CdSe
intermediate layer in the SQW NCs is ~3.3%, which is
considerably smaller than the bulk lattice value of 4.2%. The
deformed CdSe emissive layer alleviates the structural strain in
the lattice of the exterior CdS layer, which suppresses the
formation of misfit defects even for CdS shells thicker than $
nm. All in all, because of the relieved strain, the nonradiative
decay via interfacial defects is suppressed, which together with
suppression of surface-related recombination in thicker-shell
structures leads to near-unity PL QYs in giant SQW NCs with
the shell thickness greater than 4 nm.

In addition to high PL QYs, the property of practical
importance for light-emitting applications is spectral tunability
of emission. To examine the range of spectral tunability of giant
SQW NCs (R =~ 7.5 nm), we have altered the dimensions of
the CdS core, the CdSe emissive layer, and the final CdS shell
and characterized optical properties of the resulting nanostruc-
tures. Figure S displays a progression of optical characteristics
of CdS/CdSe/CdS SQW NCs with different geometries (r=
1.3, 1.5, 0or 1.9 nm, [ = 0.3, 0.6, 0.8, 0.9, 1.2, or 1.5 nm, and R <
7.5 nm). Regardless of the structure of the CdSe emissive layer,
SQW NCs exhibit a similar shell thickness dependence of their
optical properties. Namely, absorption and PL spectra gradually
red shift with increasing CdS shell thickness (Figure Sa), and at
the same time, the PL QY becomes progressively enhanced
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(Figure Sb). Smaller volume of the CdSe emissive layer results
in the increase in the hole confinement energy, pushing the PL
energy of giant SQW NCs (R &~ 7.5 nm) to 2.12 eV (Figure
5d). The changes in the CdS seed size and the thickness of
CdSe emissive layer also affect the carrier confinement energy
and the band gap of the giant SQW NCs (Figure Sc), yet the
control over the volume of the CdSe emissive layer offers wider
tunability of the PL energy (Figure Sd).

Figure Se and Table 1 summarize optical properties of a
series of giant SQW NCs with similar CdS shell thicknesses (h
= 4.7—5.8 nm) and almost identical overall radii (R = 7.2—7.5
nm). This summary indicates that the majority of the samples
(six out of seven) exhibit PL QYs in excess of 90%, in line with
expectations that the SQW heterostructuring suppresses the
formation of misfit defects even for very thick CdS shells. The
only sample with a notably lower PL efficiency (~66%) is
distinct from the others by much smaller volume of the CdSe
emitting layer (8 nm’ versus more than ~20 nm’ in other
samples). We propose at least two possible reasons for the
observed reduction of the PL efficiency. One is a smaller
electron—hole overlap compared to the other samples (0.17
versus more than 0.21), which slows down radiative
recombination and thus makes the radiative recombination
channel less competitive than nonradiative pathways involving
carrier trapping (likely, hole trapping, as discussed earlier) at
the CdS surface (Table 1 and Supporting Information).
Another reason is that the latter process, which is mediated
by tunneling, becomes more probable for a higher-energy hole
state due to the reduced height of the tunneling barrier. It is
noteworthy that the PL QY of 66% measured for the giant
SQW NCs with a small CdSe volume is still much higher than
that of giant CdSe/CdS C/S NCs with a similar PL energy
(typically, the PL QYs of C/S NCs with peak PL emission at
600 nm are ~10% or less) and is comparable to the best PL
QYs (~60%) of giant C/S NCs with similar shell thicknesses.
The collection of PL QYs plotted in Figure 5f as a function of
shell thickness highlights a considerable improvement in
emission efficiencies of the SQW samples compared to more
traditional giant C/S NCs. The disparity between the two types
of samples is especially pronounced at larger shell thickness.

Light-emitting applications such as display, lightings, and
lasers usually require concentrated NC assemblies.””%'*'*~"
Hence, understanding the optical properties of NCs in
concentrated solution or dense films is essential to enhancing
their performance in practical devices. To this end, we
evaluated the concentration-dependent optical performances
of CdS/CdSe/CdS giant SQW NCs prepared either as
concentrated suspensions or solid-state films (Figure S and
Figure S8, Supporting Information). In order to benchmark
optical properties of the SQW NCs against those of other
existing high-PL-QY NCs, we have also evaluated a series of
reference samples with similar PL energies using the same
conditions as those applied to the SQW samples. The reference
NCs include type-I C/S CdSe (r = 2.0 nm)/Cd,Zn,_,S (h =
2.5 and 5.8 nm) structures and quasi-type-Il C/S CdSe (r = 1.5
nm)/CdS (h = 2.0 and 6.0 nm) NCs; these two types of the
samples are denoted as type I (R) and q-type II (R),
respectively (Table 2).

We investigated the effect of concentration of NCs in
solution by preparing solutions in various concentrations and
film of densely packed NCs. The increase in the concentration
of NCs in solution reduces the mean inter-NC distance,
promotes aggregation and increases the chance for either
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Figure 5. Optical properties of CdS/CdSe/CdS SQW NCs and CdSe/CdS C/S NCs with varying dimensions. (a) PL peaks in eV and (b) PL
QYs of CdS (r = 1.3 nm)/CdSe (I = 0.3, 0.6, 0.9, 1.2, and 1.5 nm)/CdS NCs with varying shell thicknesses. (c) PL peaks in eV of CdS/CdSe/
CdS SQW NCs with the same CdSe volume but different shell thicknesses (r/ I = 1.3/0.9 (circle), 1.5/0.8 (diamond), and 1.9/0.6 (square)).
PL peaks in eV of CdSe (r = 2.0 nm)/CdS C/S NCs (triangle) are shown for comparison. (d) PL peaks in eV of giant CdSe/CdS NCs (R = 7.5
nm) and giant CdS/CdSe/CdS NCs (R ~ 7.5 nm) as a function of the volume of CdSe emissive layers. (e) Representative absorption and PL
spectra of giant CdS/CdSe/CdS NCs (R ~ 7.5 nm). The gray shading in absorption represents the contribution of CdS. (f) PL QYs of CdSe/
CdS C/S NCs and CdS/CdSe/CdS SQW NCs as a function of the exterior CdS shell thicknesses.

Table 1. Structural and Optical Properties of Giant SQW
NCs with Varying Dimensions

QY are typical signatures of ET. We observed the smaller
changes in the PL peak position and the PL QY in the g-type-II
C/S NCs and the SQW NCs compared to the type-I samples

s () (erl%sea 0.," Pe(aekV?L (g:l\r;;c (:;;) P(L%()%Y (Figure 6a—e and Table 2). A thick shell keeps emissive layers
further apart and thereby suppresses ET and subsequent red
1.3/0.3/5.8 8.0 0.17 2.12 142 72 65.5 . .
13/0.6/5.3 195 0a1 507 1 60 o11 shift (Figure 6d,e and Table 2). Moreover, SQW NCs possess
s i ’ ' ' higher PL QY and thus are less affected by nonradiative
1.3/0.9/52 35.4 0.23 2.02 125 59 99.9 C . . . .
recombination during the repeating ET steps. Due to their
1.3/1.2/49 56.3 0.30 1.95 126 S3 99.5 . . . .
13/15/47 027 037 191 106 S 910 superior optical properties (high PL QY, small overlap between
o ’ ’ ' ’ PL and absorption spectra, suppressed inter-NC ET, efc.), giant
1.5/0.8/5.2 36.8 0.25 2.02 137 SS 99.0 SOW NCs displ PL Y hich h 80% in hich
19/06/50 367 032 203 118 53 912 Q S dispray QY higher than 80% in high-

“Volume of the CdSe emissive layer determined by TEM analysis.
YElectron—hole overlap integral. “Full width at half-maximum. “4pL
QYs measured using excitation wavelength of 450 nm.

Table 2. Optical Properties of CdS/CdSe/CdS (SQW) NCs,
CdSe/Cd,Zn,_,S (type I) NCs, and CdSe/CdS (q-type II)
NCs in Diluted Dispersion and in Film

dispersion film

PL QY®
peak peak (%,
PL PLQY PL PLQY thermally

concentration solution (OD ~ 40) and 60% in compact
films, which exceed the values of conventional type-I or g-type-
II C/S NCs by far. In addition to the high PL QY, the giant
SQW NCs exhibit exceptional stability against heating (no
detectable drop in the PL QY, Figure 6f), a critical feature
required in thermal fabrication processes. We believe that the
enhanced stability makes the SQW NCs more suitable in
widel)sr1 ggnployed processing protocols for quantum-dot-based
films.>™

CONCLUSION

NC (R) Tpyjems” (€V) (%) (eV) (%)  annealed) We have developed CdS/CdSe/CdS seed/spherical quantum
SQW (7.4) 35.6 202 999 194 633 63.0 well/shell NCs that exhibit exceptional optical properties and
type 1 (7.8) 8.1 199 898 190 504 49.0 superior thermal stability. The highlight of the present work is
type I (4.5) 123 196 829 186 355 284 that the giant SQW NCs exhibit near-unity PL QYs for CdS
qtype II (7.5)  63.0 196 587 191 407 39.8 shell thicknesses greater than 5 nm. These structures are also
g-type 1I (3.5) 77 203 86 194 373 187 characterized by a substantial suppression of single-NC PL

“Ratio of optical density at the excitation energy (2.76 eV) and OD at
1S,_;,. "Room-temperature PL QY after exposure of film samples to
200 °C for 90 min.

radiative or nonradiative energy transfer (ET) between NCs.
The red shift of the PL spectrum and the decrease in the PL

blinking at room temperature. Spectroscopic studies along with
a structural analysis suggest that, in these NCs, a thin CdSe
emissive layer is coherently strained to fit the underlying lattice
of the CdS seed, which allows for defect-free growth of the
thick outer CdS shell. At sufficiently large shell thicknesses, hole
tunneling to trap sites at the surface of the CdS shell becomes
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Figure 6. Concentration-dependent optical properties and thermal stability of CdS/CdSe/CdS SQW NCs. (a—c) Normalized absorption
(dotted line) and PL spectra (solid line), (d) PL peak shift, and (e) PL QY of NC dispersions of varying concentrations (optical density at 450
nm) and films; @,/cns denotes a ratio of optical density at the excitation energy (2.76 eV) and optical density at 1S,_;. (f) PL QY of NC films
as a function of exposure time to thermal stress (200 °C, air). CdS (r = 1.3 nm)/CdSe (I = 0.9 nm)/CdS (h = 5.2 nm), CdSe (r = 1.5 nm)/CdS
(h = 2.0 and 6.0 nm), and CdSe (r = 2.0 nm)/Cd,Zn,_,S (h = 2.5 and 5.8 nm) are denoted as SQW, type I and g-type II with its total radius

(R), respectively.

suppressed, which together with the suppressed formation of
the misfit defects near the core/shell interface leads to nearly
perfect PL QYs of around 100%. The systematic examination
on the optical properties of the SQW NCs reveals that, in the
spectral window of 1.91—2.12 eV, thick-shell SQW nanostruc-
tures systematically exhibit very strong light-emitting proper-
ties, which in some aspects are superior to those of more
traditional thick-shell type-I and quasi-type-II C/S NCs. The
superior performance of these nanostructures is especially
pronounced in device-relevant dense assemblies of the NCs.
The apparent next step is to examine the applicability of the
proposed approach, SQW heterostructuring, to other types of
NCs. We believe that the present study will inspire the
materials research community to explore the ideas of SQW
heterostructuring with other material combinations (e.g., toxic-
element-free 11—V compositions), which will facilitate
applications of colloidal NCs in real-life technologies including
displays, lightings, and luminescent solar concentrators.

EXPERIMENTAL METHODS

Synthesis of CdS/CdSe/CdS Heterostructured NCs. Detailed
synthetic methods and results are described in the Supporting
Information. Heterostructured NCs were synthesized under Ar in a
Schlenk line setup. CdO (99.95%, metals basis) and tri-n-
octylphosphine (TOP, technical grade, 90%) were purchased from
Alfa Aesar. Se (99.99%, powder), S (99.998%, powder), oleic acid
(0A, 90%), 1-dodecanethiol (DDT, >98%), and 1-octadecene (ODE,
90%, technical grade) were purchased from Sigma-Aldrich. We
prepared stock precursor solutions [0.5 M cadmium oleate (Cd(OA),)
in ODE, 0.25 M sulfur dissolved in ODE (S-ODE), 0.5 M DDT in
ODE; 2 M selenium in TOP (TOPSe), and 2 M sulfur in TOP
(TOPS)] and stored them in a glovebox filled with Ar until use. For
the synthesis of CdS (r = 1.3 nm)/CdSe/CdS NCs, CdO (0.3 mmol),
OA (0.9 mmol), and ODE (10 mL) were loaded into a three-neck
flask and heated to 270 °C under Ar to form a clear solution of
Cd(OA),. CdS seeds were synthesized by injecting 0.25 M S-ODE
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(0.5 mL) into the reaction flask. After 10 min of reaction, the reaction
flask was cooled to room temperature to complete the reaction. The
resultant CdS seeds (r = 1.3 nm) were purified twice by the
precipitation/redispersion method. For the growth of the CdSe
emissive layer, the desired amount of mixed precursor solution (0.1 M
Cd(OA), and 0.1 M TOPSe diluted in ODE) was injected at a rate of
S mL/h into the reaction flask that contained CdS seeds (0.1 g) and
ODE (10 mL) at 300 °C under Ar. After the injection was completed,
the reaction flask was maintained at the increased temperature for 10
min and then cooled to room temperature. The resulting CdS/CdSe
NCs were purified twice. For CdS shelling, CdS (r = 1.3 nm)/CdSe (I
=0.9 nm) (0.1 g) and ODE (10 mL) were mixed in a flask and heated
to 300 °C under Ar. At the temperature, the desired amounts of 0.5 M
Cd(OA), and 0.5 M DDT in ODE were injected separately into the
reaction vessel at a rate of 2 mL/h. After the injection was completed,
the reaction flask was maintained at the increased temperature for 30
min and cooled to room temperature. The synthesized NCs were
purified and dissolved in nonpolar organic solvents for further
characterization.

Optical and Structural Characterization. Absorption and PL
spectra of NC solutions were obtained with a V-670 UV—visible/NIR
spectrometer (Jasco) and a Fluoromax-4 spectrometer (Horiba). TEM
images of NCs were taken with a JEOL 2010F microscope. The
dimensions of various elements of the fabricated NCs (the core radius,
the thickness of the emissive layer, the final shell thickness) were
determined from HR-TEM images of reaction products at various
stages of the synthesis. We calculated the average radius of
nanocrystals and shell thickness from these measurements. Absolute
PL QY of solution and film samples was measured at the excitation
wavelengths (450 nm) with a QE-2100 (Otsuka Photal Electronics)
equipped with an integrating hemisphere, a low stray light
spectrometer, and fluorescent re-excitation elimination. For single-
exciton decay dynamics measurement, the samples were excited at 450
nm (pulse width = 80 ps) at a repetition rate of 2.5 MHz, and PL
dynamics were resolved using a time-correlated single-photon
counting system that consists of avalanche photodiodes (temporal
resolution = 350 ps) and a single channel analyzer (with a Picoquant
Timeharp 260). The ON-time fraction is defined as the relative
amount of time during which the single-dot PL intensity is equal to or
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higher than the middle value between the two peaks, high- (bright)
and low- (dark or gray) emissivity states, in the histogram of PL
intensities.

The crystalline structures of NCs were investigated by synchrotron
X-ray diffraction measurements at the SA X-ray scattering beamline
(X-ray wavelength = 1.54056 A) at Pohang Accelerator Laboratory.
The XRD data were acquired in the 26 range between 10 and 130° at a
scan rate of 0.05°/min. The XRD patterns of CdSe and CdS in CdS/
CdSe NCs were decoupled by subtracting a separately measured XRD
pattern of CdS NCs from that of CdS/CdSe NCs, with the volume of
each component considered. For fabrication of the NC film, the NC
layer was spun-cast from solution (20 mg/mL in hexane) at 2000 rpm
for 30 s on a clean glass substrate (1.5 cm X 1.5 cm). The PL spectra
and PL QY of NC films were characterized with the QE-2100.
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