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ABSTRACT: Recently, there has been tremendous interest in the synthesis and
optoelectronic applications of quasi-two-dimensional colloidal nanoplatelets (NPLs).
Thanks to the ultranarrow emission linewidth, high-extinction coeflicient, and high
photostability, NPLs offer an exciting opportunity for high-performance optoelectronics.
However, until now, the applications of these NPLs are limited to available discrete
emission ranges, limiting the full potential of these exotic materials as eflicient light
emitters. Here, we introduce a detailed systematic study on the synthesis of NPLs based
on the alloying mechanisms in core/shell, core/alloyed shell, alloyed core/shell, and —
alloyed core/alloyed shell heterostructures. Through the engineering of the band gap

supported by the theoretical calculations, we carefully designed and successfully synthesized the NPL emitters with continuously
tunable emission. Unlike conventional NPLs showing discrete emission, here, we present highly efficient core/shell NPLs with fine
spectral tunability from green to deep-red spectra. As an important demonstration of these efficient emitters, the first-time
implementation of yellow NPL light-emitting diodes (LEDs) has been reported with record device performance, including the
current efficiency surpassing 18.2 cd A™', power efficiency reaching 14.8 Im W™, and record luminance exceeding 46 900 cd m™>.
This fine and wide-range color tunability in the visible range from stable and efficient core/shell NPLs is expected to be extremely
important for the optoelectronic applications of the family of colloidal NPL emitters.

B INTRODUCTION results in decreased quantum efficiency (QE). LEDs and lasers
based on core-only NPLs suffer from these deficiencies, which
lead to inefficient device performance.”*”'® Therefore, fine
spectral tunability along with high optical performance is

Quasi-two-dimensional (2D) semiconductor nanoplatelets
(NPLs) possess high surface-to-volume ratio and strong one-
dimensional (1D) carrier confinement in the vertical

direction."” They have gained significant attention for colloidal needed from these atomically flat nanocrystals (NCs).
optoelectronic applications, owing to their strong absorption To enhance the optical properties as well as to provic}?
coefficient, giant oscillating strength, high color tunability, and spectral tunability, colloidal-atomic layer deposition (c-ALD)
high color purity with reduced inhomogeneous broadening.’~” has been recognized as an established method for shell coating
The ability to tune their absorption and photoluminescence with the capability of atomic-level control during shell
(PL) spectra over a vast range of energy opens the opportunity deposition. However, with the growth of the shell, a significant
to fabricate NPL-based tunable lasers and light-emitting diodes red shift is observed, resulting from the decrease in the
(LEDs). The first demonstrations of optical tunability in core- confinement. The emission peak wavelength of the 4.5 ML
only CdSe NPLs relied on changing the thickness of the NPLs. CdSe core NPLs shift from 510 nm to approximately 600 nm
CdSe NPLs have discrete energy levels, and their emission even with only 2 ML thin shell of CdS and CdZnS.>''™"
wavelength can be tuned by increasing the core thickness as an However, this tunable emission still appears at discrete

integral step of monolayers (MLs). Due to the fact that the
optical properties are strictly dependent on the thickness, 4.5,
5.5, 6.5, 7.5, and 8.5 MLs offer peak emission wavelengths of
510, 550, 584, 607, and 625 nm, respectively.4’7’8 However, it is
technically challenging to target the peak emission in between
these discrete wavelengths and hence achieve a continuous
emission from blue to red region. Moreover, the core-only
NPLs have shown a narrow full width at half-maximum
(FWHM) of 8 nm,” and they still suffer from inevitable surface
traps that increase the nonradiative recombination, which

wavelengths as a function of atomically controlled shell layers.
The challenge of the fine spectral tuning of the emission of the
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NPLs has previously been addressed in some reports.”®'*'*

Compositional alloying is one of the most feasible ways to
bridge the gap. Kelestemur et al."” reported the tuning of the
emission wavelengths using alloying of sulfur in host CdSe
NPLs. Further, growth of the shell using the c-ALD method
leads to tunable emitting (560—650 nm) alloyed core/shell
NPLs with good optical gain performance. Similarly, Meerback
et al.'* have tuned the emission between 520 and 630 nm
using c-ALD shell deposition on core/shell NPLs by varying
the S content and reaction time. However, the authors have
reported that the QE of the samples decreased after shell
deposition. The maximum attained QEs have been reported as
5% for green, 20% for yellow-orange, and 50% for red
emission.”* In addition, c-ALD shell-coated NPLs suffer from
low stability due to the extensive washing process applied to
impede secondary nucleation during the deposition of each
layer.">'® Moreover, to make them soluble in an organic
solvent, the reintroduction of ligands to the washed NPLs at
room temperature hampers their use in real device
applications. Therefore, the implementation of c-ALD-shelled
NPLs as an emissive layer in colloidal LEDs and as a gain
medium in colloidal laser structures is limited only to a few
studies.'”'”~"” The demands to enhance the performance of
colloidal NPLs, especially in laser and LED applications, have
triggered further research for shell coating through high-
temperature or hot-injection shell (HIS) methods.**~ © Recent
years have seen good progress with impressive og)tical and
device properties from HIS-grown core/shell NPLs.”'~** HIS-
grown CdSe/ZnS and CdSe/CdZnS core/shell and core/
alloyed shell NPLs are reported to possess near-unity PL. QE
with higher temperature stability.””** Their ultrapure emission
color along with high QE and photostability enables them as a
highly promising candidate for LED applications. In 2019, our
group has reported efficient colloidal lasers and record NPL-
LED performance using these stable and efficient HIS-grown
core/shell NPL emitters.>*°

Despite these encouraging results, the following serious
issues still need to be addressed for their possible practical
utilization in the near future. (i) Green, yellow, and orange
core/shell NPLs with high QE and photostability have not
been reported. (ii) Previous high-performance NPL-LEDs are
only reported in the red spectral zone,'””>*® which restricts
the realization of other-color NPL-LEDs, particularly yellow
NPL-LEDs (the yellow spectral range is crucial for lighting,
signaling, and high-quality RGBY TVs). (iii) The previously
reported NPL-LEDs with continuously tunable emission are
not widely covering the spectral window,”***° which limits the
spectral tunability. (iv) Despite the remarkable external
quantum efficiency (EQE) enhancement in NPL-LEDs,*® the
current efficiency (CE), power efficiency (PE), and luminance
still lag far behind when compared to those of other kinds of
LEDs such as organic LEDs (OLEDs),”’~* quantum dot
LEDs (QD-LEDs),**™** and perovskite LEDs (PeLEDs).** ™

Here, in this work, to address the spectral tunability issue in
NPLs, we introduce a combination of core/shell NPL
heterostructures, which include alloyed core/shell, core/
alloyed shell, and alloyed core/alloyed shell NPLs. These
combinations are further aimed to provide spectrally and
continuously tunable emission in between known discrete
emission wavelengths by engineering of the band-edge energy
associated with the valance and conduction band levels. Our
results comprehensively demonstrate the tunability of the
colloidal NPLs’ peak emission from 554 to 650 nm with a step
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size of 10 nm with a very high QE and further utilize these in
high-performance LEDs possessing continuous emission.

B EXPERIMENTAL SECTION

Chemicals. Sodium myristate (>99.0%), cadmium nitrate
tetrahydrate (>99.0%), 1l-octadecene (ODE, 90%), selenium
(99.99%), zinc acetate (99.99%), cadmium acetate (anhydrous,
99.995%), 1-octanethiol (>98.5%), oleic acid (OA, 90%), oleylamine
(OLA, 70%), n-hexane (>97.0%), methanol (>99.7%), absolute
ethanol, and toluene (>99.5%) were used.

Precursor Preparation. Cadmium myristate and S-ODE (0.1 M)
precursors were prepared based on the previous reports in the
literature. >

CdSe Core-Only NPL Synthesis. A detailed synthesis of the 4.5
ML thick CdSe core NPLs was given in our previous study using a
well-known synthesis recipe with slight modifications.”>*

Alloyed CdSeS Core NPL Synthesis. Two alloyed core NPLs of
CdSepgsSp s and CdSey;5Sp,s were synthesized according to our
previous study'® using 0.5 and 1 mL of 0.1 M S-ODE precursors. The
third alloyed core CdSe(¢;Sy3; was synthesized with some
modifications given as follows.

For CdSe( 435037 NPL synthesis, 340 mg of Cd myristate, 19 mL of
ODE, and 20 mg of selenium were loaded into a 100 mL flask and
heated to 90—95 °C under vacuum for 1 h to remove oxygen and
other volatile species. Then, the temperature was set to 240 °C and 2
mL of S-ODE (0.1 M) precursor was injected into the solution at 95
°C under argon gas flow. At the temperature around 185—195 °C,
when the color of the solution turned to bright yellow, 120 mg of
cadmium acetate dihydrate was swiftly added into the solution. The
solution was kept at 240 °C for 10 min to grow the alloyed NPLs.
After that, 1 mL of OA was injected into the solution, and it was
cooled down immediately in a water bath. The 4.5 ML CdSeS NPLs
were separated from undesired byproducts such as QDs by the
addition of ethanol and centrifugation, and the final precipitate was
then redispersed in hexane.

Synthesis of the CdSeS/CdZnS Alloyed Core/Alloyed HIS
NPLs. The core/HIS NPLs were synthesized with different alloyed
core NPLs using the modified recipe in our previous works.”>>® The
Cd content varied as 0.1, 0.2, and 0.3 in shell composition in the
alloyed HIS growth process. Cd acetate and Zn acetate were used as
4.6 mg (Cd-ac.) and 33 mg (Zn-ac.) for x: 0.1, 9.2 mg (Cd-ac.) and
29.4 mg (Zn-ac.) for x: 0.2, 13.8 mg (Cd-ac.) and 25.7 mg (Zn-ac.)
for x: 0.3 compositions in the Cd,Zn,_,S shell. The synthesis recipe
for x: 0.1 concentration is written as follows.

Zn acetate (33 mg), 23.06 mg of Cd acetate, S mL of ODE, 0.5 mL
of OA, and 1 mL alloyed core NPL in hexane with an optical density
of 1 (at 350 nm, using a 1 cm optical path length) were mixed in a SO
mL four-necked quartz flask. To remove oxygen, hexane, and other
volatile species from the solution, the mixture was kept under vacuum
for 75 min at room temperature and later for 35 min at 90 °C. Before
increasing the temperature to 300 °C, 0.5 mL of OLA was injected
into the solution under Ar gas flow. The S source for shell coating was
prepared inside the glovebox by mixing 4 mL of ODE with 70 uL of
1-octanethiol, and started to inject into the solution at 165 °C at a
rate of 10 mL h™!. When the mixture temperature reached 240 °C, the
injection rate was decreased to 4 mL h™" until all of the precursor was
injected into the solution. The solution was kept for 1 h at 300 °C,
and then, the flask was cooled down in a cold water bath. The
solution was cleaned twice with ethanol, and the precipitate was
redispersed in toluene.

Sample Characterization. Varian Cary 100 Bio ultraviolet
(UV)—visible and Cary Eclipse fluorescence spectrophotometers
were used for absorption and photoluminescence (PL) spectroscopy
measurements, respectively. X-ray diffraction (XRD) patterns, X-ray
photoelectron spectroscopy (XPS) measurements, and transmission
electron microscopy (TEM) images were obtained for structural
characterization of NPLs using a Panalytical Xpert Pro MPD, a
Thermo Scientific K-a X-ray spectrometer, and a Tecnai G2 F30 at
300 kV, respectively. The quantum efficiency (QE) of the NPLs was

https://dx.doi.org/10.1021/acs.chemmater.0c02630
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Figure 1. NPL (a) wavelength shift and (b) e—h wavefunction overlap area as a function of core alloying and shell alloying. Alloyed core/shell NPL
e—h overlap area representation for (c) x = 0.2 and (d) x = 0.8 for CdSe,_,S./ZnS (x represents the S amount in alloying).

measured using an absolute QE measurement system. The measure-
ment methodology was reported by de Mello et al,*” and the system
parameters were set to be the same as our previous study.””

Synthesis of Zinc Oxide (ZnO) Nanoparticles (NPs). Zinc
acetate (anhydrous, 550 mg) and 30 mL of dimethyl sulfoxide
solution (DMSQ) were mixed and stirred until the Zn acetate fully
dissolved in DMSO. Tetramethylammonium hydroxide (TMAH, 456
mg) was dissolved in 10 mL of ethanol and then slowly injected into
the above Zn solution. The solution was stirred for 1 h under ambient
conditions and cleaned with an excess amount of acetone.
Precipitated ZnO NPs were dissolved in absolute ethanol and filtered
before use.

Device Fabrication. The charge transport layer of 4,4-bis-
(carbazole-9-yl)biphenyl (CBP) and the charge injection layer of
MoO; were commercially obtained from Lumtec. The synthesized
ZnO in ethanol was spin-coated on indium tin oxide (ITO)-coated
glass substrates (2000 rpm for 30 s) and baked at 100 °C for 30 min
in the glovebox environment. NPLs that have been cleaned from
excess ligands were deposited on the substrates by spin coating at
2000 rpm for 30 s. Later on, the deposition of CBP, MoOj3, and the
contact Al layer has been carried out inside a thermal evaporator.
CBP, MoOj;, and Al layers were thermally evaporated under 4.0 X
107* Pa. The thicknesses of layers were controlled by a quartz crystal
microbalance. Upon completion of layer deposition, the substrates
were encapsulated by glass slides and epoxy glue. Six devices with
active areas of 1 X 1 and 2 X 2 mm? were defined.

Device Characterization. The spectral characterization of the
devices (the CIE coordinates and electroluminescence (EL)
characterization) was carried out using a PR70S Spectra Scan
spectrometer. Full electrical characterizations were performed at
room temperature using a computer-controlled source meter and a
luminance meter (Agilent B2902A and Konica-Minolta LS-110,
respectively). The EQE values were calculated from the luminance,
current density, and EL spectrum.

Sample Preparation for Cross-Sectional TEM Images. An FEI
NovaLab 600i FIB (focused-ion beam) instrument was used to
prepare a debris-free thin film of an inverted yellow-emitting NPL-
LED device for TEM cross-sectional inspections. The area of interest
was protected with the deposition of platinum before etching. The
TEM analysis was performed using a JEOL 2100F electron
microscope.
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B RESULTS AND DISCUSSION

To design and determine the applicability of our study, we
theoretically estimated the emission tunability of the NPLs
using electron and hole (e—h) wavefunction (WF) overlap for
the following heterostructures of core/shell NPLs: core/shell,
core/alloyed shell, alloyed core/shell, and alloyed core/alloyed
shell NPLs. Detailed theoretical calculations and their
parameters are presented in the Supporting Information (see
Figures S1—S3, Tables S1 and S2).
Figure la indicates that, in the core/shell NPL structures,
only the shell alloying results in shifting the emission from
orange to red (x = 0, y). Similarly, the peak emission can be
shifted from orange to green when only the core is alloyed (x, y
= 0). To achieve further emission tunability between red and
green, our results suggest that an alloyed core and alloyed shell
is the optimal solution. In this regard, the e—h WF overlap area
as a function of both core and shell compositions is shown in
Figure 1b. The result shows that in the alloyed core/shell
structure (x = 0.0—0.8, y = 0), the e—h WF overlap decreases
to ~16% when the core is alloyed from x = 0.0 to 0.8, (y = 0).
Similarly, we observed that the e—h WF overlap areas for (x =
0.0—0.8, y = 0.2), (x = 0.0-0.8, y = 0.4), (x = 0.0-0.8, y =
0.6), (x = 0.0—0.8, y = 0.8), and (x = 0.0—0.8, y = 1.0) cases
decrease to ~17, ~20, ~25, ~33, and ~45%, respectively,
when the shell is alloyed from y = 0.2—1.0 (x = 0.0-0.8), as
shown in Figure 1b. This suggests that there is a mutual effect
on e—h WEF overlap for alloying in the core (S) and in the shell
(Zn). Figure 1c,d illustrates the comparison of e—h WF overlap
area for CdSe,_,S,/ZnS with x = 0.2 and x = 0.8, respectively.
Here, the area under the curves changes from 0.0978 to
0.0849. This change in the area reflects the level of
confinement for the electron and hole. Due to the larger
mass of the heavy hole as compared to the electron, the heavy
hole is less affected by the alloying levels and remains mainly
confined in the core. On the other hand, the electron
localization can be tuned by the core alloying levels. Therefore,
by increasing the core alloying levels, the electron localization

https://dx.doi.org/10.1021/acs.chemmater.0c02630
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Figure 2. (a) Absorbance and (b) photoluminescence (PL) spectra of alloyed CdSe,_,S, core-only NPLs with respect to the used different S
concentrations. (c) Absorbance and (d) PL spectra of alloyed CdSeS core/ZnS HIS NPLs; high-resolution transmission electron microscopy (HR-
TEM) images of the samples given in the PL spectra are shown as an inset. (e) X-ray diffraction pattern and (f) time-resolved PL spectra of the

CdSe,_,S,/ZnS alloyed core/HIS NPLs.

Table 1. Actual Compositions and Optical Properties of the CdSe,_,S,/Cd,Zn,_,S HIS NPL Samples

actual concentrations

Alloyed Core/Shell NPL

x=015 y=0 593 25 90
x = 0.25 y=0 580 27 84
x=037 y=0 554 27 70
Alloyed Core/Alloyed Shell NPL*

x=015 y=025 599 25 84
x = 0.15 y =042 614 25 75
x = 0.15 y =045 615 27 72
x =025 y=02$ 590 26 82
x = 0.25 y =040 59§ 27 78
x=025 y=045 605 26 77
x = 0.37 y =025 5§78 27 62
x = 0.37 y =048 588 30 34
x = 0.37 y =054 596 30 33

emission wavelength (nm) FWHM (nm) QE (%)

e—hh absorption (nm)

e—lh absorption (nm) avarage lifetime (ampl.) (ns)

567 529 16.98
554 514 19.96
531 498 20.53
579 537 17.0S
595 554 19.20
590 550 23.61
576 534 19.21
578 53S 20.56
589 549 23.00
560 525 20.62
571 528 28.28
580 538 39.53

“y components of CdSe,_,S,/Cd,Zn,_,$S alloyed core/alloyed HIS NPL samples with respect to used chemicals for each set of x composition are
0.1, 0.2, and 0.3. However, in the table, we have provided actual values estimated by XPS analysis.

in the core is increased, resulting in a reduction in the WV
overlap between the electron and the hole at the shell side.

Previous literature’™>* and our experiments on hetero-
structures of CdSe-based NPLs show that the emission
wavelength of the core/shell and core/alloyed shell emitters
is limited from 610 to 650 nm using CdSe core-only NPLs as
the seed (Tables S3 and S4, Supporting Information). An
alloyed core/shell structure with a CdS shell'® was presented
to posses very low QE (4—26%) and lower stabilities with the
c-ALD method. Here, for the first time, we present an alloyed
core/shell structure with a ZnS shell through the HIS growth
strategy to obtain stable and efficient continuous emission
(green to red) of the NPLs. The contribution of the study is
therefore to employ the alloyed core/alloyed shell structure as
a new concept for NPLs to obtain fine tuning of the emission
color, as shown in Table S4.

Here, based on our theoretical calculations, the alloyed
core/shell structure has been used to achieve spectral
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tunability of the core/shell NPLs from green to orange
spectra. In this work, we used 4.5 ML CdSe core NPLs with
emission at 513 nm as a starting material. The 4.5 ML CdSe
core NPLs with high uniformity and stability are the best
candidates as a seed in HIS synthesis. Therefore, to shift the
emission color to the blue spectral side, CdSe,_,S, alloyed core
NPLs have been synthesized by introducing variable amounts
of sulfur into the reaction using our modified recipe."
Absorption and PL spectra of the core samples with respect
to the S concentration are presented in Figure 2a,b,
respectively. The ratio between the first (heavy hole) and
second (light-hole) absorption transition has been changed by
increasing the S concentration. The decrease of the peak
intensity in heavy hole transition by alloying and broadening in
the spectrum with the addition of S can be clearly observed by
their absorption spectra.

Blue-shifted PL and absorption spectra of the samples prove
that the electronic structure of NPLs has been changed by the

https://dx.doi.org/10.1021/acs.chemmater.0c02630
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alloying mechanism. The S concentrations mentioned in
Figure 2 are determined from XPS. The emission peak
wavelength (from 514 to 483 nm) and e—hh transition (from
513 to 471 nm) of the CdSe NPLs have been blue-shifted by
increasing the S concentration (Figure 2ab and Table SS).
FWHM of the core NPLs increased with alloying from 9 to 15
nm. This increase is generally the result of exciton—phonon
coupling and allo;ring structure that was reported for NPLs in
several studies.'>”® To achieve continuous emission and fill in
the spectral gap, HIS growth of ZnS is carried out on the
alloyed CdSe,_,S, core NPLs. Variable alloying values of S in
the core (e.g, x: 0.15-0.25—0.37) lead to green (554 nm),
yellow (580 nm), and orange (593 nm) emission from
CdSe,_,S,/ZnS alloyed core/shell NPLs. Figure 2¢,d shows
their absorbance, PL spectra, and TEM images as an inset.
Along with other studied samples, the emission properties and
QEs of these samples are given in Table 1, and the
corresponding green-, yellow-, and orange-emitting NPLs
possess an impressive 70, 84, and 90% QE in solution,
respectively. Thus, alloyed core/shell NPLs synthesized by the
HIS method help us to achieve highly efficient and spectrally
narrow green, yellow, and orange emission. The efficient green
and orange emissions were reported previously using the core/
crown structure'>'>>? in NPLs; however, the stability of the
NPLs both in the solution and film was as low as for core-only
NPLs. Here, the effective shell coating by the HIS method
provides high chemical, physical, and photostability to these
NPLs.

Control of ligand concentration for the emissive layer is
crucial for high-performance EL devices. To achieve optimum
ligand concentrations, many washing steps are required.
However, excessive cleaning often leads to decreased QE and
solution instability. In that regard, these HIS-grown core—shell
NPLs have performed well in controlling the ligand
concentration without a considerable decrease in their
photoluminescence. Li et al. showed that the performance of
the colloidal LED could improve up to 50 fold with well-
balanced ligand concentrations of NCs.** Our stable HIS
samples can be cleaned many times to ensure optimum ligand
concentration by removing the excess ligand without any
noticeable decrease in the QE and stability.”” Structural
characterization of the CdSe,_,S,/ZnS core/HIS NPLs have
been carried out using XRD to determine the crystal planes
and by XPS to identify the elemental compositions. Figure 2e
shows the XRD spectra of the NPLs. Distinct zinc-blende (ZB)
crystal planes of (111), (220), and (311) can be observed from
the diffraction pattern. As the S concentration increases from
0.15 to 0.37 for CdSe,_,S,/ZnS alloyed core/shell NPLs, the
peak position of the crystal planes in the XRD spectra shifts to
lower 26 angles, showing successful alloying of S in the CdSe
host. The time-resolved PL spectra of the CdSe,_S./ZnS
core/HIS NPLs are presented in Figure 2f. The average
lifetime of the samples increases from 16.95 to 20.53 ns as the
S amount increases. This increase in the lifetimes is a result of a
decrease in e—h overlap due to a decrease in band offsets.

Fine tuning of the emission peak is also significant to tune
the conduction and valance band offsets for adjusting the
charge balance in LEDs and some specific applications. With
respect to our theoretical calculations presented in Figure 1
and Table S2, alloying of both the core and shell results in
precisely tunable emission of NPLs. In our approach for
CdSe,_,S,/Cd,Zn,_,S HIS NPL synthesis, we varied the
concentration of the S precursor in the initial core as x = 0.15,

7878

0.25, and 0.37 and the Cd amount in the shell as y = 0.1, 0.2,
and 0.3 while keeping all other synthetic parameters the same.
The x and y compositions were carefully chosen to retain the
uniform shape and high QE of NPLs. Our results show that as
the S concentration is further increased from x = 0.37 in the
core-only synthesis, it is not possible to separate NPLs from
the solution due to the high population of the undesired QDs
that are formed during the synthesis, which would also result in
inhomogeneous broadening. Furthermore, the excess amount
of Cd in the shelling process (i.e., more than y = 0.3) results in
NPLs with irregular shapes and low QEs.”” The actual
concentrations have been calculated from XPS measurements
and are given in Table 1. The amount of Cd in the shell was
calculated from the elementary percentages obtained from the
XPS of the core and core/shell material. First, the ratio of Cd/
Se was determined from the XPS spectra of the core and the
latter was subtracted from the overall Cd in the core/shell to
find the Cd amount in the shell. Here, the Cd amount in the
core is calculated through the Se content in the core/shell and
multiplying it with the predetermined ratio of Cd/Se. The XPS
results reveal that the Cd content in the Cd,Zn,_,S shell is
higher than the expected concentration, which is due to the
high reactivity of the Cd precursor in comparison to Zn (Table
1). We also used time-resolved PL spectroscopy to determine
the emission lifetimes of the emitters, and the results are
presented in Table 1 and the Supporting Information (Figures
S4—S6). In the CdSe;_.S,/ CdyZn,_,S structure, using an
alloyed CdSe,_,S, core (x = 0.1, 0.25, and 0.37) as a seed,
Cd,Zn,_,S shell layers have been grown by employing three
difterent Cd compositions. The results show that the average
lifetimes of the CdSeygsSy15/Cd,Zn;_,S NPLs are in direct
relationship with the Cd amount in the shell composition. As
the Cd content increases in the shell layers from 0.25 to 0.4S,
the average lifetime of the emitters varies from 17.05 to 23.61
ns.

The lifetimes of the emitters in CdSe;5Sy,5/Cd,Zn,;_,S and
CdSey38037/CdyZn;_,S structures show similar behavior to
the variation of the Cd amount in the shell composition.
However, an additional pronounced shift of lifetime is
observed in CdSe43Sy37/Cd,Zn;_,S NPLs and is presented
in Table 1 and Figure S6. The increase in the amplitude-
averaged lifetime of the emitters is due to the decrease in the
band offset between the core and shell, which occurs by
alloying (Figure S7). Alloying facilitates the decrease of the
band offset by manipulating the carrier confinement regime,
thus observed as an increase of the photoluminescence
lifetime. All other optical and structural characterizations for
CdSe.5S0.15/Cd,Zn,_,S, CdSe;5S0,5/CdyZn,_,S, and
CdSe(38037/CdyZn;_,S alloyed core/alloyed shell structures
are presented in the Supporting Information (Figures S4—S6).
Table 1 and Figure 3a—c show the spectrally tunable peak
emission wavelength, high QE, and color tunability of NPL-
LEDs of CdSe,_,S,/Cd,Zn,_,S structures. Overall the data
reveals that by varying either the S precursor content in the
core or the Cd precursor amount in the shell, one can precisely
and continuously tune the emission spectra from 554 to 650
nm.

The properties discussed above illustrate the potential of the
synthesized NPLs for applications that require stable and
tunable emission with high QE. Therefore, as a demonstration,
we evaluated the performance of our different alloyed core/
alloyed shell NPL heterostructures for LED applications. To
this end, we exploited green (CdSeyg;So37/ZnS), yellow
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Figure 3. (a) Color tunability of NPLs in solution with and without
UV illumination, (b) color tunability, and (c) EL spectra at 1000 cd
m™? of NPL-LEDs with green (CdSey¢3S03,/ZnS), yellow
(CdSey75S025/ZnS), orange (CdSeqgsSo1s/ZnS), red (CdSessSo.s/
Cdy4,Zny5sS), and deep-red (CdSe/Cdy44Zn,<S) emitters.

(CdSe-5S025/ZnS), orange (CdSessSo15/ZnS), red
(CdSey35S0.15/Cdo42Zng55S), and deep-red (CdSe/
Cdy44Zny5sS) samples with their PL QEs of 70, 85, 90, 75,
and 85% as the emitters, respectively. As shown in Figure 3c,
the electroluminescence (EL) peak emission wavelengths of
green, yellow, orange, red, and deep-red devices are 558, 584,
600, 620, and 652 nm, respectively. The corresponding
Commission Internationale de L’Eclairage (CIE) 1931 color
coordinates are (0.402, 0.591), (0.554, 0.444), (0.616, 0.382),
(0.669, 0.330), and (0.714, 0.283) for green, yellow, orange,
red, and deep-red devices, respectively. Therefore, for the first
time, tunable EL emissions have been realized from green to
deep-red regions in NPL-LEDs via these stable and efficient
core/shell heterostructures (Figure 3b). EL spectra at different
luminance values and their EQE values versus voltage graphs of
NPL-LEDs are shown in Figures S8 and S9, respectively. The
compositions of the samples for all colors and their detailed
device performances are given in Table S6.

With the strategy we presented, the notorious “green gap”
problem in inorganic LEDs*' can be easily resolved (e.g,, 558
nm for our green device). In addition, the emission of (0.669,
0.330) can greatly satisfy the requirement of National
Television System Committee (NTSC) standard red color
with the CIE coordinates of (0.670, 0.330),"” while the CIE
coordinates (0.714, 0.283) are close to the International
Telecommunication Union Recommendation BT 2020 (Rec.
2020) standard for new-generation ultrahigh definition TVs
with the CIE coordinates of (0.708, 0.292)."> Moreover, by
engineering the alloying combinations of the core and shell, we
here report the first yellow NPL-LED. Since yellow spectral
emission has the potential in numerous applications including
lighting, signaling, and high-quality RGBY T'Vs, our findings fill
the gap between NPL-LEDs and other types of LEDs (e.g,
OLEDs, QD-LEDs, and PeLEDs).

We have developed NPL-LEDs with the inverted hybrid
organic—inorganic architecture of indium tin oxide (ITO)/zinc
oxide (ZnO)/NPLs/4,4-bis(carbazole-9-yl)biphenyl (CBP)/
molybdenum trioxide (MoO,;)/Al (Figure 4a). Here, NPLs
with different combinations of alloying in CdSe;_.S,/
Cd,Zn,_,S NPLs were used as an emitting layer (EML) at a
concentration of 4 mg mL™" and deposited using a spin coating
technique at 2000 rpm. The cross-sectional TEM image of
NPL-LED device is shown in Figure 4a. In our inverted LED
architecture, the multilayers consist of ITO as the cathode
(170 nm), a ZnO nanocrystal film (50 nm) as the electron-
injecting layer (EIL)/electron-transporting layer (ETL), an
emitting layer of core/shell NPLs (~20 nm), a 4,4-
bis(carbazole-9-yl)biphenyl (CBP) layer as the e—h-trans-
porting layer (HTL) (55 nm), molybdenum trioxide (MoO5)
as the e—hole-injecting layer (HIL) (8 nm), and Al (60 nm) as
the anode. CBP and MoO; have been deposited in a
continuous manner by vacuum evaporation. NPLs were
cleaned to reduce the ligand amount and then dispersed in
toluene to facilitate spin coating onto the ZnO electron-
transporting layer (ETL) without dissolution. Since ZnO
shows a high electron mobility of 1.8 X 107> cm®* V™' s™! and
CBP exhibits an outstanding hole mobility of 2.0 X 107> cm?
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Figure 4. (a) Cross-sectional HR-TEM images of inverted yellow NPL-LEDs, (b) CE, and (c) PE with respect to a given voltage for yellow NPL-
LEDs, (d) atomic force microscopy (AFM) image of yellow alloyed core/shell NPL films, (e) current density and luminance versus voltage for
yellow NPL-LEDs, and (f) EL spectra at various luminance values. Inset: a photograph of yellow NPL-LEDs under bias.

7879

https://dx.doi.org/10.1021/acs.chemmater.0c02630
Chem. Mater. 2020, 32, 7874—7883


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02630/suppl_file/cm0c02630_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02630/suppl_file/cm0c02630_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02630?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02630?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02630?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02630?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02630?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02630?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02630?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02630?fig=fig4&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c02630?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

V= §71,3 this hybrid device architecture can serve sufficient
charges, i.e., electrons and holes to reach the NPL EML and
then generate excitons for radiative recombination. Energy
levels of all layers are given in Figure S10.

To get more insight into the first yellow NPL-LEDs, the EL
performance has further been investigated for their current
efficiency. Regarding the CE, the literature thus far has not
been able to provide a solution through existing approaches to
the account for low CE. The maximum CE of NPL-LEDs is
around 10 cd A~LO®1723204%%5 Gince CE is an important
figure of merit to understand the luminescence quenching,*’
the poor CE hinders the insight into exciton dynamics in the
investigation of NPL-LEDs. In addition, the low CE results in
low PE. The maximum PE of NPL-LEDs cannot exceed the
benchmark value of 10 Im W™!; therefore, until now, no
evidence has been found that the NPL-LEDs would be a low
power consumption technology.

The maximum CE of yellow NPL-LEDs in our study is 18.2
cd A7! through the introduction of the extensive alloying
mechanism (Figure 4b and Table $6). The maximum PE is as
high as 14.8 Im W' (Figure 4c). Figure 4d shows the atomic
force microscopy (AFM) image of the yellow-emitting NPL
film, and the measured the root-mean-square (RMS) rough-
ness of the film is as low as 1.87 nm. The morphology of the
NPL film is greatly enhanced, reducing the surface roughness.
The maximum luminance of yellow NPL-LEDs is 46 900 cd
m™2, as shown in Figure 4e. To the best of our knowledge, all
of the CE, PE, and luminance are new record values for NPL-
LEDs. The maximum EQE of yellow NPL-LEDs is 5.5%
(Figure S8, Supporting Information), which is the highest for
NPL-LEDs with emission peaks below 600 nm. In addition,
the EL spectra of yellow-based NPL-LEDs at various
luminance values are shown in Figure 4f where stable
emissions are achieved, indicating great potential in real
applications.

The exceptionally high performance of yellow NPL-LEDs
can further be elaborated. First, the HIS-grown as-synthesized
yellow CdSe;;5S025/ZnS NPLs possess a high QE of 85%,
which remains as high as 82% even after three times washing
processes that are necessary for NPLs as the emitters of
colloidal LEDs to improve the charge injection.’ In fact, our
QE is higher than most of the previously used emitters in NPL-
LEDs.®%717234%445 guch a high QE guarantees the excellent
device performance since the device efficiency is directly
proportional to the QE.*” Second, the film morphology of
EMLs has an important impact on the performance of
solution-processed LEDs, which can be characterized through
the measurement of the surface roughness of EML films
utilizing AFM.* To make an evaluation at the similar
conditions to those of LED architectures, NPL films were
spin-coated onto ZnO. As shown in Figure 4d, the root-mean-
square (RMS) roughness of the yellow CdSe;;5S,,5/ZnS NPL
film is as low as 1.87 nm, which is superior to the previous best
RMS roughness of NPL films (2.23 nm).”® Therefore, the
outstanding film morphology of CdSe;sS;,s/ZnS NPLs is
another factor to ensure the high device performance. Third,
the electron barrier-free characteristic between ZnO and
CdSe75S025/ZnS NPLs together with the low hole barrier
between CdSey-5Sp,s/ZnS NPL and CBP (Figure S10)
enables the efficient charge injection and balance,” which is
essential to the high device performance. Particularly, the small
interface barrier between the NPL EML and charge transport
layers reduces the charge accumulation, which prevents the
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nonradiative Auger recombination,*® further ensuring the high
device performance.

To realize the continuous emissions of NPL-LEDs, the
performances of green, orange, red, and deep-red NPL-LEDs
have been examined. Impressively, the maximum EQE of deep-
red NPL-LEDs is as high as 13.7%, which is presented in the
Supporting Information (Figure S8 and Table S6), which may
be attributed to the excellent charge balance since almost no
barrier exists between the ZnO and CBP and the deep-red
NPLs (e.g., the valance band maximum (VBM) of deep-red
NPLs is ~5.9 eV, while the conduction band minimum
(CBM) of deep-red NPLs is ~4.0 €V).* In addition, the turn-
on voltage for deep-red NPL-LEDs is very low (2.4 V).
However, the maximum CE, PE, and luminance of deep-red
NPL-LEDs are lower than those of other-color devices.
Besides, the color stability of deep-red NPL-LEDs is poorer
relative to that of other-color devices (Figure S9). Therefore, a
more controlled effort is required to achieve the tradeoff
among EQE, CE, PE, luminance, and color stability for NPL-
LEDs of different colors. Additionally, further studies are being
carried out to synthesize bright, stable, and high-QE blue-
emitting NPLs, which will enlarge the continuous emission
spectral window. We envision that the efficiency and simplicity
of the HIS process have a clear advantage over previous
techniques that offered low optical performance characteristics.

Growing interest together with different structures, mod-
ification of the synthesis recipe, or development of
heterostructures using HIS-grown core/shell NPLs will
provide and also potentially offer better optical performance
than that achieved by the QDs. It is also important to note that
the remarkable feature of the NPLs over QDs in LED
applications is their physical geometries to enable better light
outcoupling. While QD-LED device efficiency reached the
theoretical limit of ~20%, the low outcoupling factor in QD-
LED for the spherical QDs is the main challenge to further
improve the device efficiency. However, NPLs offers a possible
solution to enhance light extraction efficiency by their in-plane
orientation due to their geometrically anisotropic nature.*’
Unity in-plane orientation™’ and transition dipole moment
distribution®’ have been recently reported using core/shell
NPLs. The theoretical EQE of the NPL-LED device is
predicted as ~40%.*”°" Therefore, there is a definite need for
further research to demonstrate spectrally wide color spanning
and efficient NPL-LED devices to break the light outcoupling
efficiency limitation of 20% for NC-based LEDs using the
opportunity of unity in-plane orientation of the NPLs. This can
be a future direction for the ongoing works on colloidal NPL-
based LEDs.

B CONCLUSIONS

In conclusion, we addressed the noncontinuous spectral tuning
of the colloidal NPLs by the introduction of novel
heterostructure architectures of alloyed core/shell and alloyed
core/alloyed shell NPLs synthesized by hot-injection methods.
These architectures possess the capability to fine tune the
emission across a wide spectral range from green to deep-red
regions with high stability and spectrally narrow line widths. In
this context, the highly efficient NPLs with spectral tunability,
covering the broad range from the green to deep-red spectral
region, have been successfully demonstrated. Besides green,
orange, red, and deep-red LEDs, for the first time, we reported
yellow NPL-LED with the CE surpassing 18.2 c¢d A™', PE
reaching 14.8 Im W™, and luminance exceeding 46 900 cd
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m~2. These results are by far the best performance of NPL-
LEDs with color tunability and continuous emission in the
visible range, paving the way for their possible utilization in
future NPL-based LEDs.
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