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Deep-Red-Emitting Colloidal Quantum Well Light-Emitting
Diodes Enabled through a Complex Design of Core/Crown/

Double Shell Heterostructure

Farzan Shabani, Hamed Dehghanpour Baruj, Iklim Yurdakul, Savas Delikanli,
Negar Gheshlaghi, Furkan Isik, Baiquan Liu, Yemliha Altintas, Betiil Canimkurbey,

and Hilmi Volkan Demir*

Extending the emission peak wavelength of quasi-2D colloidal quantum wells
has been an important quest to fully exploit the potential of these materials,
which has not been possible due to the complications arising from the partial
dissolution and recrystallization during growth to date. Here, the synthetic
pathway of (CdSe/CdS) @ (1-4 CdS/CdZnS) (core/crown) @ (colloidal atomic
layer deposition shell/hot injection shell) hetero-nanoplatelets (NPLs) using
multiple techniques, which together enable highly efficient emission beyond
700 nm in the deep-red region, is proposed and demonstrated. Given the
challenges of using conventional hot injection procedure, a method that
allows to obtain sufficiently thick and passivated NPLs as the seeds is
developed. Consequently, through the final hot injection shell coating, thick
NPLs with superior optical properties including a high photoluminescence
quantum yield of 88% are achieved. These NPLs emitting at 701 nm exhibit a
full-width-at-half-maximum of 26 nm, enabled by the successfully maintained

with tight 1D exciton confinement, dem-
onstrating highly promising properties
by their possible design of heterostruc-
tures.l'3l The size- and shape-dependent
properties of these materials alongside
with various electronic structures enable
them for a vast range of optoelectronic
applications! including light-emitting
diodes (LEDs),>® luminescent solar con-
centrator,”] photodetectors,® lasers,!>
and photocatalysts.?l These NPLs offer
such advantages over their spherical
counterparts, colloidal quantum dots
(CQDs), as they possess giant oscillator
strengths,3 larger absorption cross-
sections,>] and enhanced molar extinc-
tion coefficients.'®! While inhomogeneous

quasi-2D shape and minimum defects of the resulting heterostructure. The
deep-red light-emitting diode (LED) device fabricated with these NPLs has
shown to yield a high external quantum efficiency of 6.8% at 701 nm, which is

on par with other types of LEDs in this spectral range.

1. Introduction

Semiconductor colloidal quantum wells (CQWs), also known as
nanoplatelets (NPLs), make an exciting group of nanocrystals

broadening is a major drawback of CQDs,
NPLs with constant ensemble thick-
ness, exhibit much narrower emission
bandwidth.[19:20]

CdSe NPLs are among the most studied
CQWs, offering a suitable platform as a
base material to further design and syn-
thesize complex heterostructures. In its zinc blend crystalline
structure, increasing the thickness along [001] direction, normal
to the basal planes,?l can be performed mainly through one of
the two strategies: i) One/two-pot synthesis of thick NPLs[?223]
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and ii) deposition of a shell with a different composition. While
direct synthesis of CdSe NPLs with 2-7 monolayers (MLs) have
so far been reported in the literature, increasing the thickness
above 7 MLs with maintained purity is only possible through
colloidal atomic layer deposition (c-ALD).22-2%1 Deposition of
each layer decreases the electron and hole confinement, and is a
possible way to tune the emission peak between discrete energy
levels.”] However, the final material obtained from c-ALD
usually suffers from low photoluminescence quantum yield
(PLQY) and in some cases the emission even dies out.[2>2829)
Covering the lateral sides of CdSe NPLs with a higher bandgap
material, a heterostructure, which is known as core/crown, can
increase the PLQY of bare CdSe core up to around 90% without
changing the emission peak position.[”*%] On the other hand,
the second material can be grown in the thickness direction
which, unlike the core/crown, gives rise to extended leakage of
electron’s wavefunction into the shell.3!l Recently, hot injection
(HI) method has been proposed and developed for the NPLs,
which yields much higher QYs with ease of synthesis.[323% HI is
a powerful technique that enables the synthesis of high-quality
NPLs with a spectral coverage from 550 to 650 nm, which may
be obtained conventionally through shell thickness or alloying
the core, shell or both.[3*3]

In contrast to all of the aforementioned strategies to tune the
emission peak of the CdSe-based NPLs, it is yet a major chal-
lenge to further extend the emission coverage to longer wave-
lengths, while keeping the 2D shape of the NPLs intact. Having
the bulk bandgap energy of CdSe to be around 1.712 eV, theo-
retically it is possible to exceed the emission peak of 700 nm.5l
There are several reports of CdSe/CdS core/shell in the litera-
ture for giant quantum dots, in which the emission peak can
be pushed up to around 640 nm.’-3! For the 4 ML CdSe core
NPLs, the thick shell of CdS, corresponding to 14 MLs, gives
an emission peak of 670 nm with moderate QY of 50-60%.132
However, when the shell is alloyed with zinc, the PLQY can
boost up to unity at the expense of emitting below 655 nm.H#0—42]
Herein, it is of primary importance to extend the emission peak
of these high-quality NPLs to longer wavelengths without com-
promising their properties. This is especially important as the
emitters in this region have poor PLQY and large full-width-
athalfmaximum (FWHM),®l or are chemically unstable,*
which diminishes their performance in optoelectronic applica-
tions. In the recent years, colloidal NPLs have shown excellent
performance with superior properties for laser and LED applica-
tions, which is originated in their visible range tunability, pho-
tostability, and high PLQY.*3>#] Developing high-performance
CdSe-based NPLs can compensate the lack of good emitters for
electroluminescence (EL) applications at longer wavelengths by
employing their excellent properties as active material in LEDs.
The deep-red to near infrared light is important for applications
of telecommunications and light vision devices.l*#’] Moreover,
because of the weak light absorption and scattering from bio-
logical tissues at longer wavelengths, this light is particularly
useful for biosensing and biomedical applications.[!

In this work, we propose and show a meticulous synthesis
pathway toward the best optimized heterostructure to address
the pivotal requirements of a CdSe-based emitter with the
lowest possible energy. The seeds for the final HI are designed
to be laterally large and passivated, and enable a relatively large
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vertical thickness, so that through the final HI shell coating
the thickness can be effectively increased. This strategy yields
very thick NPLs, emitting closer to the theoretical bulk bandgap
energy of CdSe. These thick NPLs were implemented in
LEDs as active material, emitting above 700 nm with excellent
external quantum efficiency (EQE) of 6.8%, which is in close
competition with other types of semiconductor NCs.[*!

2. Results and Discussion

First, we demonstrate the synthesis of the seed NPLs needed
for the final HI shell coating. The seed needs to lead to the best
possible performance in terms of PLQY and low defect sites
and to be thick enough so that they can endure the harsh reac-
tion conditions at high temperatures, which is necessary for
boosting up the thickness effectively for longer emission peak
wavelengths. Starting with 4 ML CdSe core as the base mate-
rial, all the forthcoming peripheral or vertical layers would be
grown upon it. The core would be in a sandwich-like structure
in which it is surrounded by crown and shells with different
compositions and band alignments. Figure 1a depicts a sche-
matic of all the steps with the main chemicals that are involved
in formation of crown or shells. The size and alignment of
the domains determine the wavefunctions of the electron and
hole, which is critical for tuning the peak emission wavelength.
Figure 1b demonstrates the bulk band alignment of CdSe, CdS,
and ZnS, three compounds that participate in the formation of
the final targeted heterostructure. The carrier wavefunctions
leak into the shell, however, as it is centered around the core
and all of the other layers have wider bandgaps, which ener-
getically drives electron and hole pair to recombine through the
lowest energy route, it is still expected that the final electron
and hole recombination to occur in the core.

The absorption and emission spectra of CdSe core and
CdSe/CdS core/crown are depicted in Figure Sla,b, Supporting
Information, respectively, with their fluorescence decay curve
presented in Figure Slc, Supporting Information. The first
and second excitonic absorption peaks of the core are located
at 510 and 479 nm corresponding to heavy and light hole tran-
sitions, respectively, with the emission peak is centered at
512 nm. A multiexponential decay function was fitted for each
decay curve and the lifetime components were extracted from
the best fit. CdSe/CdS core/crown NPLs exhibit an amplitude-
averaged fluorescence lifetime (7,,) of =3.6 ns, which is more
than one order of magnitude longer than that of CdSe core. The
multi-exponential decay behavior is an indicative of different
channels with the fastest component usually attributed to the
nonradiative decay pathway.*] Addition of the CdS crown also
causes a slight red-shift of the emission and absorption of CdSe
core, which is due to the change in the dielectric constant and
increase of the lateral size of the NPLs. The outermost layers of
NPLs are passivated with a metal layer.”® Incomplete passiva-
tion of the surface causes the charge carrier to be trapped and
reduces emission, which decreases the PLQY.PY For the CdSe/
CdS core/crown NPLs, the peripheral surface of the core is
effectively passivated with the crown, which in turn reduces the
trapping and increases the PLQY. It is known that direct growth
of shell layers on top of the core leads to reduced PLQY of the

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

CdS Crown

Cd(OAc),-OA-ODE

C-ALD
—

Cd(NO,),-NMF

www.small-journal.com

Hot injection

—

Cd,Zn(OAc),
Octanthiol-ODE

S-ODE (NH,),S-ODE
(b) (c) Energy (eV) (d)
5 31 28 25 23 21 19 18 17 16
- CdSe/CdS)@(1 - 4 CdS)
(CdSe/CdS)@(1 - 4 CdS) (
= \(Core/Crown)@(c-ALD Shell) . (Cor e/Cl'OWn)@(c-ALD( CSI;;(IL)CdS)
s 1 2 g 3 ——(C.C)(3CdS)
& s 2 — (C.C)(2CdS)
= CdSe CdS ZnS 3 (ClO)@@Cds)| > = | ——(c.c)(1Cds)
5 & Zz 2
2 5 8 52
& 5\ clo@acds) € E
8 [ oA
= Rl < =
\ (CIC)@(2CdS)
6 — : N\
400 450 500 550 600 650 700 750 800 50 100 150 200 250
Wavelength (nm) Time (ns)

Figure 1. a) A schematic of the synthesis pathway toward the final hetero-NPLs. First, bare CdSe core was laterally passivated with CdS crown, and
then the c-ALD buffer layers were grown in the thickness direction to prepare the seeds. These seeds were used for the final HI shell coating. The thick
NPLs were treated for longer times and using higher precursor concentrations during the hot injection. b) Band alignment of CdSe, CdS and ZnS. The
numbers were extracted from refs. [55,56]. c) Absorbance and photoluminescence (PL) spectra, and d) TRF decay curves of (CdSe/CdS)@ (1-4 CdS)

(core/crown) @ (c-ALD shell) seed NPLs.

NPLs, while the lateral passivation with a wider bandgap crown
enhances PLQY.”” For this reason, before c-ALD coating, the
lateral sides of the CdSe core is passivated with a layer of CdS
crown.l??1 Deposition of a medium-sized crown leads to a
threefold increase in the PLQY of the NPLs, which also mani-
fests itself in longer recombination lifetime. Moreover, the
growth of CdS crown increases the absorption cross-section
of the NPLs at shorter wavelengths that act as an antenna for
enhanced exciton formation, contributing to radiative recombi-
nation through exciton funneling into the core.%>?l

It was shown previously that with the growth of CdS or ZnS
HI shell on 4ML CdSe core reaching emission peak above
670 nm is not possible.’233 This in part is due to the lattice mis-
match between different domains, which increases upon thick-
ening of the shell. At the high growth temperature of 300 °C, the
extra energy induced by lattice mismatch may be reduced, how-
ever the tendency for growth decreases. To overcome the thick-
ness limitation, it is possible to include a buffer layer of CdS
shell using c-ALD method, which has a much smaller lattice
mismatch of 3.9%, compared to 12% for ZnS.>¥ Moreover, the
carriers wavefunction, especially of electron with a lower effec-
tive mass and a smaller band offset, relaxes into the CdS shell
and causes a huge red-shift upon deposition of each layer. The
red-shift in the case of (core/crown)@shell is larger than the
core/shell, which is due to the change in dielectric constant.[*’]
The small band offset (Figure 1b) between the conduction band
of CdSe and CdS also facilitates the electron wavefunction propa-
gation leading to a quasi-Type-II structure. However, passivation
of the outermost layers of NPLs with ZnS effectively increases
the PLQYP? owing to the enhancement of exciton confinement.
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Herein, for the next step of the seed preparation, 1 to 4 mon-
olayers of CdS shell were deposited on top of the core/crown
NPLs with c-ALD method. This (core/crown) @ (c-ALD shell) was
later treated as the seed for hot injection, so that the thickness
increases effectively and the core was passivated from all sides.
Figure 1c,d shows the absorption and emission spectra and
decay curves of (CdSe/CdS)@(1-4 CdS) (core/crown)@ (c-ALD
shell) NPLs, respectively. The absorption peak of CdS crown,
which is originally located at 406 nm, red-shifts and disappears
upon further c-ALD CdS shell growth, while the relaxation time
increases from 3.6 ns for CdSe/CdS core/crown to 12.2 ns after
deposition of 3 and 4 MLs of c-ALD CdS shell (Table S1, Sup-
porting Information) owing to the higher spatial freedom of
the excitons. The PLQY of the NPLs drops upon increasing the
number of the c-ALD shells, which is due to poor passivation
and defected structure of the NPL during the room temperature
process. This also shows its effect in the same 7,, for 3 and 4 ML
of CdS. However, the thickest NPLs exhibit a large red-shift to
652 nm in the emission peak with a FWHM of 22.1 nm.

In the next step, the (CdSe/CdS)@(1-4 CdS) (core/crown)@
(c-ALD shell) NPLs were used as the seed for the upcoming
hot injection shell growth, in order to increase the thickness.
For the hot injection shell layer, two compositions of ZnS and
CdZnS were chosen. As CdS has a narrower bandgap than
ZnS, tuning the emission peak over longer wavelengths seems
to be easier. However, CdS shell yields a lower PLQY than
ZnS and would compromise the performance of the NPLs.13]
Figure 2a,d presents the absorption and emission spectra
of (CdSe/CdS)@(1-4 CdS/ZnS) and (CdSe/CdS)@(1-4 CdS/
CdZnS) (core/crown)@(c-ALD shell/HIS) heterostructures,
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Figure 2. a) Absorbance and photoluminescence spectra and b) TRF decay curves of HI shell NPLs with a generic heterostructure of (CdSe/CdS) @
(1-4 CdS/ZnS) (core/crown) @ (c-ALD/HI shell). c) TEM image of the NPLs with 4 ML of CdS buffer layers capped with ZnS HI shell showing a rectan-
gular shape. d) Absorbance and PL spectra and e) TRF decay curves of HI shell NPLs with a generic heterostructure of (CdSe/CdS) @ (1-4 CdS/CdZnS)
(core/crown) @ (c-ALD/HI shell). f) TEM image of NPLs with 4 ML of CdS buffer layers and final CdZnS HI shell. The shape of the NPLs is generally
rectangular with less defined edges compared to the NPLs capped with ZnS HI shell. For both sets of samples, the growth time at 300 °C was between

1and 2 h and the amount of Cd, Zn and injected S precursors were limited.

respectively. For all of the samples, the first and second exci-
tonic peaks are in place, while their position is red-shifted com-
pared to the initial seeds. This was predictable as the vertical
growth of the shell would further loosen the tight confinement
in the NPLs. The characteristic absorption peak of CdS crown
also red-shifts toward higher wavelengths. This peak is obvious
for the first two monolayers of c-ALD CdS shell when the HI
shell is ZnS, but starts to fade away for CdZnS HIS even for 1
monolayer of CdS. The CdS crown peak is more prominently
obvious for (CdSe/CdS)@(1-2 CdS/ZnS) NPLs than those of
the (CdSe/CdS)@(1-2 CdS/CdZnS) NPLs, which is due to a
sequence of events: During the hot injection shell growth,
the outermost layers of the NPLs tend to etch in the initial
stages,"! which is mainly due to incomplete decomposition
of Cd(OAc), or Zn(OAc), in the presence of oleylamine that
accelerates the process.[S! Prior to the activation temperature
of 1-octanthiol at around 260 °C, the extra dissolved Cd atoms
with much higher chemical activity than Zn, will grow laterally
on the seed NPLs, enlarging the lateral size and increasing its
absorption in the blue region, at the cost of decreasing the thick-
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ness. Moreover, at higher temperatures (>280 °C), Cd atoms can
contribute to the shell formation faster than Zn atoms, hence
making a thicker shell that covers the crown. While the peak
absorbance ratio (Agown/Acore) for CdSe/CdS core/crown and
(CdSe/CdS)@(1CdS) (core/crown)@(c-ALD shell) is =1.7, the
ratio significantly increases to 6 for (CdSe/CdS)@(1CdS/ZnS)
(core/crown) @ (c-ALD shell/HI shell) NPLs and drops to 5.5 for
2 ML of buffer layer. This observation further emphasizes the
role of the CdS crown which, alongside with side passivation,
can act as the protective layer that prevents etching of the core
during the hot injection shell growth at the expense of its partial
dissolution.

Tables S2 and S4, Supporting Information, list the emission
peaks, FWHM and PLQY of the samples with CdZnS and ZnS
HI shell, respectively. With larger conduction band offset energy
of ZnS, the red-shift for ZnS HI shell is less prominent than
the CdZnS HI shell. Moreover, the tendency for ZnS to grow is
weaker than that of CdS, which means that under the same con-
ditions (precursor concentration, growth time, etc.), a thinner
shell of ZnS will be deposited, a problem that would be further

© 2021 Wiley-VCH GmbH
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amplified by a higher lattice mismatch between CdSe core and
ZnS shell in contrast to CdS shell. For the samples that are
coated with ZnS, the emission wavelength covers a broad range
from 641 to 679 nm while for CdZnS HI shell the emission peak
is between 665 and 686 nm. The convergence of the emission
peak wavelength for two different HI shells for the increasing
number of CdS buffer layers implies that the growth rate of
ZnS enhances as a result of the lower lattice mismatch. PLQY
for ZnS HI shell remains above 80% (at a maximum of 97%)
but it drops for CdZnS HI shell, which is an indicative of low
cation diffusion at this growth time/temperature scale that
maintains the outer shell layer for both set of NPLs. For ZnS
HI shell NPLs, the outer shell layer is covered with ZnS that
has a higher conduction band offset and prevents the electron
wavefunction to reach the surface.

Figure 2b,e shows the decay curve of the samples. The average
lifetimes (Tables S3 and S5, Supporting Information) of both
samples increase with the shell thickness due to the expansion
of electron-hole distance, with ZnS HI shell NPLs exhibiting
lower 17,, than CdZnS HIS NPLs. This confirms the retention of
ZnS outer layer with an increased spatial overlap of the carriers
due to the large band offsets. The transmission electron micro-
scope (TEM) images (Figure 2¢,f) for NPLs with 4 ML CdS buffer
layer show that they maintained their 2D shape, with one of the
facets usually grown to a higher extend that prohibits the NPLs
to have a perfect rectangular shape. CdZnS HI shell NPLs have
a larger lateral size of 10.8 + 0.7 X 19.7 + 0.7 nm? with a thickness
of 3.8 £ 0.3 nm than ZnS HIS NPLs of 9.9 £ 0.8 x 16.5 + 0.4 nm?
with a lower thickness of 2.8 = 0.2 nm. The imperfect shape of
NPLs is due to the limited growth time and the chemicals in the
reaction that inhibits the shape focusing of the NPLs. For the
thick shell samples, we will see that by providing enough time
and reactants the shape evolves toward a more uniform rectangle.

The abovementioned heterostructure allows for the extension
of emission peak to around 680 nm with acceptable properties.
However, in order to reach a peak emission of 700 nm or above,
extra addition of cation and anion precursors and extended
growth time are required. In this regard, the same (core/
crown) @ (c-ALD Shell) seeds that were used before were pre-
pared while the growth time was increased to 180-240 min, in
comparison to 60-120 min for the previous samples. The recipe
was also modified with the same composition of the hot injec-
tion shell, but the amount of the initial Zn and Cd precursors
were doubled. Moreover, the anion precursor of l-octanthiol
was continued to be injected up until 10 mL (see the synthesis
method in the Supporting Information for the details). The
first effect of the altered recipe is modification of the shape of
the NPLs, shown in Figure 3a,c. Compared to thin hot injec-
tion shell NPLs, the thick NPLs have much sharper edges
with a well-defined square shape. The lateral size of the NPLs
decreases along the longer dimension as a result of etching
while it increases along the shorter one. For (CdSe/CdS)@
(4CdS/CdZnS) (core/crown)@(c-ALD shell/(HI shell) NPLs,
the lateral size is 13 + 1 x 13 + 1 nm? and the vertical thickness
is 4.8 nm. Compared to thin shell NPLs, TEM images of thick
shell NPLs show partial dissolution of the longer dimension
that can recrystallize on the shorter sides, if enough time is
given. Comparatively, the lateral size distribution increases for
an ensemble of the NPLs, as the recrystallization also happens
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in vertical direction, due to Ostwald ripening.’% This suggests
a dual shell growth mechanism, in which part of the cations
and anions are provided from the precursor and the other part
is the result of opening windows during each cycle of Ostwald
ripening, as was discussed elsewhere.’"! Figure 3b shows a
TEM side image of the thick NPLs, with an obvious contrast
between the core and the shell. The CdSe core and CdS crown
contain heavy element of Cd which has a higher contrast than
ZnS such that, even with partial disintegration of periphery of
the NPLs, the core remains intact in its place.

Figure 3d shows the absorption and emission spectra of
(core/crown) @ (c-ALD shell/thick HIS) for samples that have
3 or 4 monolayers of CdS c-ALD shell, and thick HIS of either
ZnS or CdZnS. While reaching longer wavelength emissions
is not feasible with hot injection shell growth on mere CdSe
core, it is possible to go beyond 700 nm emission peak, closer
to the theoretical bulk bandgap of CdSe, if the hot injection
is performed on (core/crown)@(c-ALD shell) seeds. As the
shell grows bigger, the emission bandwidth broadens and
PLQY decreases. The loosened exciton confinement due to
the increased thickness is partially responsible for this broad-
ening. However, due to Ostwald ripening, the lateral/thickness
size distribution may increase and result in small inhomoge-
neous broadening. Also, as the thickness increases the prob-
ability of formation of defects with surface or strain nature is
increasing, which suppresses the PLQY. Figure S2, Supporting
Information, shows the absorption and emission spectra of a
test sample with 2 ML of intermediate c-ALD shell. The sample
was treated with the same thick HI shell growth process, how-
ever the growth time was substantially increased to 360 min so
that an emission peak near 700 nm becomes achievable. The
emission spectrum is extremely broadened with a FWHM of
52 nm, and the PLQY also drops below 2%. This is a further
emphasis on the role of the intermediate c-ALD shell, which
would alleviate the lattice mismatch strain between different
domains. The long shell growth time at high temperature also
facilitates the diffusion and reorganization of the cations, as
was previously shown.[*) During this time, the distribution of
Zn and Cd changes and makes a gradient alloyed structure in
the shell, where the strain is reduced and the outermost layer is
composed of mostly ZnS.

Figure 3e shows the decay curve of the thick NPLs (for which
the decay components are listed in Table S7, Supporting Infor-
mation). Two sets of NPLs that are coated with final CdZnS HIS
have a slower decay rate than the ZnS coated NPLs, in accord-
ance with their longer emission wavelength and thickness. For
thick ZnS HIS NPLs, the average lifetime does not show a sig-
nificant change in spite of their thicker shell, which confirms
the diffusion and reorganization of Zn to outer layers. Moreover,
the pure ZnS shell is more susceptible to generating defect sites
because of its lower affinity to bind to the surface, which also
reflects its effect on lower QY. The best optimized sample that
emits at 701 nm is (core/crown)@ (4CdS/CdZnS) NPLs with a
PLQY of 88% and a FWHM of 26 nm. Its average lifetime is
higher than thin NPLs of the same class but yet almost equal
to NPLs with 3 ML of buffer layer. In this sample, the interplay
among the shell growth, surface passivation and cation reorgan-
ization preserves the properties and thickness. The multi-expo-
nential decay behavior of this sample mainly originates from

© 2021 Wiley-VCH GmbH
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Figure 3. TEM images of thick NPLs that were treated with higher concentr
buffer layer, with a heterostructure of (CdSe/CdS)@ (3CdS/CdZnS) (core/cr
with a heterostructure of (CdSe/CdS) @ (4CdS/CdZnS) (core/crown)@ (c-ALl
symmetric compared to the previous rectangular NPLs. d) Absorbance and

ations of the precursors for a prolonged time: a) NPLs with 3 ML of CdS
own) @ (c-ALD shell/(HI shell), b,c) NPLs with 4 ML of CdS buffer layer,
D shell/(HI shell). For both of the samples the shape has become more
PL spectra, €) TRF decay curves, and f) X-ray diffraction patterns of thick

(core/crown) @ (c-ALD/HI shell) NPLs. All of the samples were treated between 3 and 4 h for the shell growth at 300 °C and the amount of Cd and Zn

precursors were doubled in comparison to thin shell NPLs.

a possible nonradiative channel, with usually the fastest decay
rate. It was previously shown that even for core/shell NPLs pos-
sessing near-unity PLQY (close to but less than 100%) it has not
been possible to reach a mono-exponential decay, however for
these samples the share of the fast decay channel would be very

low.?®l In our best sample, less than 1% of the recombination
share is coming from the fastest channel (4.4 ns) which has a
value in the order of previously reported nonradiative channel
of core/shell NPLs.”® The rest 99% of the emission contribu-
tion is coming from the two longest components (78.3 and

Small 2022, 18, 2106115 2106115 (6 of 9) © 2021 Wiley-VCH GmbH
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19.8 ns) (Table S7, Supporting Information), which have far
higher characteristic lifetime rates than the usual nonradiative
channels. This indicates reasonably high surface passivation,
suppressing otherwise strong nonradiative channels possibly
originating from the surface traps to a good extent.

The X-ray diffraction pattern in Figure 3f shows that the dif-
fraction peak position of the NPLs match with bulk CdS and
ZnS, with a slight increase in the diffracted angle when the
ZnS shell is coated, which is due to shell alloying. Since all of
the domains have the same crystalline structure of zinc blende
and all the NPLs consist of a dominantly thick shell, all of the
NPLs have a similar diffraction pattern with a slight shift of
the peaks. ZnS has the smallest lattice constant compared to
CdSe and CdS, hence the ZnS HIS NPLs show a small emer-
gence of ZnS peak at =26 of 29°, near to the bulk peak of ZnS
for stronger plane of (111), because of their higher probability
of pure and thicker ZnS shell formation. X-ray photoelectron
spectroscopy (XPS) presented in Figure S3, Supporting Infor-
mation, provides information about the binding energy of cad-
mium, zinc, selenium, and sulfur and their chemical states. No
other species is formed through thick shelling, or otherwise
they were successfully filtered out through standard cleaning
procedure. Neither Se nor S is oxidized after the synthesis, as
may be the case for the chalcogenides.

As discussed above, the synthesized CdSe-based NPLs pre-
sent a high PLQY and a narrow FWHM in the deep-red spectral

(a)

www.small-journal.com

region. In the final section, CQW-LEDs based on these NPLs
were prepared to confirm their outstanding electrolumines-
cence properties. The CQW-LEDs were fabricated using our
deep-red NPLs in the device configuration of indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS)/Poly(N,N”-bis-4-butylphenyl-N, N”-bisphenyl)
benzidine (poly-TPD)/Poly(9-vinylcarbazole) (PVK)/NPLs/zinc
oxide (ZnO)/Al (Figure 4a). In Figure 4a, the energy levels for
ZnO were extracted from the literaturel’! and for the CQWs
were calculate directly from the XPS measurement based on
a published method (the details of which is given in the Sup-
porting Information).l®! Figure 4b shows the cross-sectional
image of the resulting LED device. Due to poor contrast between
ZnO and thick NPLs layer, they cannot be distinguished from
each other. In this device structure, ITO is employed as the
anode, PEDOT:PSS as the hole injection layer (HIL), poly-TPD,
PVK as the co-hole transport layer (co-HTL), NPLs as the emit-
ting layer (EML), ZnO as the electron transport layer (ETL), and
Al as the cathode contact. The co-HTL, consisting of poly-TPD/
PVK, is designed to benefit from both the high hole mobility
provided by poly-TPD (1 x 10* cm? V™! s7), and deep highest-
occupied-molecular-orbit energy level (-5.8 eV) provided by
PVK.P Using this architecture, the stepwise energy level align-
ment between ITO and HIL/HTL ensures an efficient hole
injection into the EML (Figure 4a). In an all-in-solution LED
structure, ZnO nanocrystals are commonly used as ETL. It is

(b)
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Figure 4. a) LED device structure and flat band energy level diagram. The values for NPLs energy levels were measured directly from the XPS measure-
ment according to the method used previously.’® The energy levels for ZnO were extracted from the literaturel*”] and those of other layers were taken
from the catalogs of their materials. b) Cross-sectional scanning electron microscopy image of the device showing the layers with different contrasts.
c) Electroluminescence spectrum at an applied bias of 8 V, d) current density and luminance versus voltage, and e) EQE versus driving voltage, all for
the deep-red emitting CQW-LED with (core/crown) @ (4CdS/CdZnS) NPLs as the active material.
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synthesized via easy in-solution process at ambient temperature
and without the need of any specific condition. Their relatively
high electron mobility and proper energy level allow efficient
electron injection into the EML.%61l However, when only poly-
TPD or PVK is used as the HTL, the hole injection would not
be as high as that of the electrons through ZnO layer, which
may cause charge imbalance in the EML lead to increased non-
radiative Auger recombination.l®” To address this problem, we
used poly-TPD/PVK as the stepwise co-HTLs, which allows for
a better charge balance.

Figure 4c presents the normalized electroluminescence of
the deep-red CQW-LED with one symmetric peak centered
around 701 nm, which is the deepest red CQW-LED reported in
the literature to our knowledge. The device performance of the
CQW-LED are shown in Figure 4d,e. The turn-on voltage (V,,)
of our CQW-LED is =2.4 V and the maximum power efficiency
of it is 21.3 Im WL The current density-voltage (black) and
luminance-voltage (orange) graphs show steady increase with
a maximum brightness level of 1300 cd m™ at the operating
voltage of 8 V, and the maximum EQE of 6.8% was achieved at
the applied voltage of 75 V. Another CQW-LED devices that was
fabricated from the heterostructure of (core/crown)@ (4CdS/
ZnS) exhibits an EL peak centered around 689 nm with an EQE
of 5.3% (Figure S4, Supporting Information). The results are a
clear proof of capability of these NPLs as the active material for
longer wavelength electroluminescent LEDs.

As discussed before, the NPLs reported to date emit in the
visible range of the light; hence no report of the electrolumi-
nescence properties of NPLs at longer wavelengths can be
found. However, the peak EQE of our device surpasses many
of the best reported nanomaterials emitting in the vicinity of
660-740 nm.[*3 Table S8, Supporting Information, lists the
performance of other types of LEDs with different active mate-
rials of mainly perovskites. Considering our previous report
on CdSe-based CQW-LEDs,? our device in this current work
demonstrates widely extended spectral tunability into the deep-
red region, along with an excellent EQE, which outcompetes
the perovskite-LEDs in terms of the performance in this spec-
tral range.

3. Conclusion

In conclusion, a systematic pathway was designed to increase
the thickness of NPLs and push the emission peak wavelength
to extend the range of tunability while maintaining the excel-
lent properties of the NPLs. Unlike the conventional HI method
where CdSe core is used directly as the seed, here we first syn-
thesized thick NPLs seeds that contain a passivating medium-
size CdS crown, and then through consecutive c-ALD cycles,
CdS shell was grown on top of them. This strategy is proved
to be effective for the growth of final HI shell, as it can over-
come the barrier that may hinder the deposition of extra shell
layers with a minimum increase of the defect density and inco-
herent shell growth. The interplay between the lower bandgap
CdS and the surface passivation of ZnS make it possible to
find the best tradeoff between the tunability and properties. It
was shown that by alloying the HI shell from ZnS to CdZnS
it is possible to reach longer wavelengths while reducing the
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surface passivation effect through the high bandgap ZnS. Our
best performance NPLs emits at 701 nm with QY of 88% and
FWHM of 26 nm. At the end, the LED device with mentioned
structure was fabricated with the thick NPLs as the active mate-
rial, which exhibits the highest EQE of 6.8% at the emission
wavelength of 701 nm. These results should encourage further
investigation of such advanced heterostructures of NPLs into
the deep-red to near-infrared high-performance LEDs based on
[I-VI semiconductors, which can possibly compete with other
types of semiconductor LEDs.
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Supporting Information is available from the Wiley Online Library or
from the author.
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