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ABSTRACT: In this paper, we use a simple device architecture based on solution-processed
ZnO nanoparticles (NPs) as the electron injection/transport layer and bilayer structure of
poly(ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)/poly[9,9-dioctylfluor-
ene-co-N-[4-(3-methylpropyl)]-diphenylamine] (TFB) as the hole injection/transport layer
to assess the effect of shell thickness on the properties of quantum-dot-based light emitting
diodes (QD-LEDs), comprising CdSe/CdS/ZnS core−shell QDs as the emitting layer. QDs
with varying shell thickness were assessed to determine the best option of shell thickness, and
the best improvement in device performance was observed when the shell thickness was 2.1
nm. Thereafter, different emissions of QDs, but with optimized same shell thickness (∼2.1
nm), were selected as emitters to be fabricated into same structured QD-LEDs. Highly bright
orange-red and green QD-LEDs with peak luminances up to ∼30 000 and ∼52 000 cd m−2, and power efficiencies of 16 and 19.7
lm W−1, respectively, were demonstrated successfully. These results may demonstrate a striking basic prototype for the
commercialization of QD-based displays and solid-state lightings.
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1. INTRODUCTION

With the fast development of nanomaterial synthesis, especially
in luminescent inorganic semiconductor quantum dots (QDs),
a solid foundation which can provide high quantum efficiency
(with quantum yields (QYs) > 60%), high stability, low-cost,
and scalable production of QDs has been established for further
research toward many important applications.1−8 A new kind of
solid state lighting device which utilizes QDs as radiant
medium, usually being called quantum-dot-based light emitting
diodes (QD-LEDs), has now captured many researchers’
attention due to the unique characteristics such as pure color,
easy emission tunability, and feasibility of solution-process-
ability.9−18 As recently reported by us, the red and green
solution-processed (excluding electrodes) QD-LEDs with
greatly improved efficiencies have been demonstrated19 with
power efficiencies of 3.8 and 8.2 lm W−1 for red and green
devices, respectively. With inverted device structure and bias,
Kwak et al.20 demonstrated QD-LEDs with maximum luminous
efficiencies of 5.7 and 19.2 cd A−1 for red and green devices,
respectively.
It has been widely accepted that the efficiency of QD-LEDs is

mainly determined by the balance between hole and electron
injection rates and/or the efficient resonant energy transfer
(Föster energy transfer) from transporting layers in which
excitons are formed.12,19,21−24 These two factors largely depend
not only on the selection of core materials in QDs, but also on
the choice of shell materials for the core−shell QD emitters and
the condition of their band alignment with the charge injection

layers. Generally, a core−shell structure with wide band gap
shell has been used to keep stable emission from QD cores and
obtain high PL QYs,5−7 but the effect of shell thickness on the
performance of QD-LEDs still remains unclear, and such effect
might be very important for an in-depth understanding of the
emission mechanism for QD-LEDs and thus find effective ways
to improve the quality of QD-LEDs. Most recently, Pal et al.25

reported the assessment of CdS shell on the performance of
QD-LEDs comprising CdSe/CdS core−shell QDs and an
improved device performance was observed as the increase of
shell thickness. Therefore, the shell thickness of core−shell QD
emitter and its relationships with parameters such as the EL
luminance, power efficiency, external quantum efficiency
(EQE), and the charge injection rates of QD-LEDs deserve
intensive systematic evaluation.
Herein, we use a simple device architecture based on

solution-processed ZnO nanoparticles (NPs) as the electron
injection/transport layer (with the thickness of 25 nm) and
bilayer structure of poly (ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS)/poly [9,9-dioctylfluorene-co-N-[4-(3-
methylpropyl)]-diphenylamine] (TFB) as the hole injection/
transport layer to assess the effect of shell thickness on the
properties of QD-LEDs comprising core−shell QDs as the
emitting layer. QDs with varying shell thickness were assessed
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to determine the best option of shell thickness, and the best
improvement in device performance was observed when the
shell thickness was 2.1 nm. Thereafter, different emissions of
QDs, but with optimized same shell thickness (∼ 2.1 nm), were
selected as emitters to be fabricated into same structured QD-
LEDs. Highly bright orange-red and green QD-LEDs with peak
luminances up to ∼30 000 and ∼52 000 cd m−2 and power
efficiencies of 16 and 19.7 lm W−1, respectively, were
demonstrated successfully. The improvement in the balanced
injection of electrons and holes into QDs contributes to the
efficient exciton-involved radiative recombination within
emissive QD layers, which originates from the optimization
of QD shell thickness and results in high power efficiency
compared with previous reports.12,15,20,25 These results may
provide helpful references for the acceleration of QD-based
applications like full-color displays and solid-state lightings.

2. RESULTS AND DISCUSSION
First, we choose to evaluate device performance by using same
size of CdSe cores with different thickness of shells.
Presynthesized zinc blende CdSe cores with PL at 503 nm
were used to grow high-quality CdSe/CdS/ZnS core−shell
QDs with varying shell thickness by “green” phosphine-free
method as reported in the literature.7,26 The detailed
characterization of QDs used here is describled in the
Experimental Section, and the results are presented in the
Supporting Information. Before being used in QD-LEDs,
purification of QDs was carried out. All CdSe/CdS/ZnS core−
shell QDs with QY higher than 60% were obtained in solid
powder form, whereas the QDs with the shell thickness of 1.8
nm were still in liquid solution due to their smaller size, with a
QY of 45% after purification. The structures and optical
properties of the QDs are listed in Table 1. The PL emission

peaks of CdSe/CdS/ZnS core−shell QDs (in toluene) are
located at 588, 592, 598, and 603 nm, respectively, with
corresponding full-width at half-maxima (fwhm) ranging from
28 to 40 nm, and their corresponding transmission electron
microscopy (TEM) and high resolution TEM (HRTEM)
images are illustrated in Figure 1. HRTEM images of core−
shell QDs indicated high crystallinity of individual QDs.
To evaluate the device properties with QDs of different shell

thickness, a structure to fabricate QD-LEDs is selected and
schematically shown in Figure 2a, with the devices consisting of

l a y e r s o f i n d i u m t i n o x i d e ( I T O ) / p o l y -
(ethylenedioxythiophene):polystyrene sulfonate (PE-
DOT:PSS) (40 nm)/poly[9,9-dioctylfluorene-co-N-[4-(3-
methylpropyl)]-diphenylamine] (TFB) (30 nm)/core−shell
CdSe/CdS/ZnS QDs (20 nm)/ZnO NPs (25 nm)/Al to
confine the exciton formation within the QD layer. Such device
structure and parameters for each layer are adopted from our
previous report with a little modification of using TFB to

Table 1. Information for CdSe Core, Structure, Total Shell Thickness, PL Positions and QYs of Core−Shell QDs after
Purification

sample core PL peak (nm) structure shell thickness (nm) PL peak (nm) QY after synthesis (%) QY after purification (%)

1 503 CdSe/3CdS/2.5ZnS 1.8 588 70 45
2 503 CdSe/3CdS/3.5ZnS 2.1 592 70 60
3 503 CdSe/3CdS/7.5ZnS 3.7 598 75 70
4 503 CdSe/3.5CdS/10ZnS 4.8 603 80 80

Figure 1. TEM images of CdSe/CdS/ZnS QDs corresponding with Table 1. (a) #1, 1.8 nm thickness shell (5.7 nm in diameter); (b) #2, 2.1 nm
thickness shell (6.3 nm in diameter); (c) #3, 3.7 nm thickness shell (9.5 nm in diameter); (d) #4, 4.8 nm thickness shell (11.7 nm in diameter).
(a1)−(d1) Corresponding HRTEM images of (a)−(d).

Figure 2. (a) Schematic illustration of layered QD-LEDs and (b)
energy level alignment for the layers constituting QD-LEDs.
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replace Poly-TPD.19 Since TFB possesses an even lower
HOMO level than Poly-TPD, the insertion of TFB layer may
doubtless reduce the barrier for the hole injection from
polymers into QDs. All layers were spin-coated onto the
patterned ITO substrate except for the Al cathode, which is
deposited through vacuum thermal evaporation. It has been
reported that the use of orthogonal solvents for adjacent layers
can successfully avoid physical damage of films caused by
sequential casting processes in such multilayer structures.19

The schematic energy level diagram of the QD-LEDs is
shown in Figure 2b. The ZnO layer can provide an efficient
electron injection channel as well as a hole blocking layer due
to relative ideal electron affinity of ∼4.3 eV and ionization
potential of ∼7.6 eV of ZnO NPs,19 leading to an improved
exciton formation and recombination within QD layer. The
thickness variation of CdS/ZnS shell can influence the energy
level of the core−shell QDs, and this inevitably impacts not
only the emissions of core−shell QDs, but also the injection
rates of holes and electrons and subsequently the luminaire
efficiency of QD-LEDs.
The normalized EL spectra of QD-LEDs based on four

different types of QDs listed in Table 1 are shown in Figure 3a.
All the FWHMs are below 40 nm and exhibit slightly red-
shifted emissions compared with corresponding PL spectra
(Figure S1, Supporting Information). Major emissions
originating from the CdSe/CdS/ZnS QDs were detected and
no noticeable parasitic emission from adjacent TFB layer at 430
nm was observed until the shell thickness more than 4.8 nm
was adopted (Figure 3a). This can be attributed to increased
electron injection into TFB, which might be facilitated by the
barrier formed in the path for electron injection into CdSe
cores with thicker shell and the continuous shallow surface
conducting path formed in the shell.
Figure 3b and c compare the current density−voltage (J−V)

and luminance−voltage (L−V) characteristics of QD-LEDs
with different shell thicknesses of 1.8 nm (#1), 2.1 nm (#2), 3.7
nm (#3), and 4.8 nm (#4). The J−V and L−V characterisics

indicated that all four QD-LEDs showed high current density of
∼2 × 103 mA cm−2 and comparable brightness as the driving
voltage approached 10 V, since such a bias was enough to
eliminate the barriers formed by different shell layer thickness.
However, QD-LEDs with 2.1 nm shell thickness (#2) showed
the lowest current density with a driving voltage range between
2 and 8 V, whereas QD-LEDs with 1.8 nm (#1) and 3.7 nm
(#3) shells showed similar current density level. This
phenomenon indicates the realization of the highest exciton
recombination efficiency in QD emissive layer due to balanced
injections of holes and electrons. QD-LEDs with 4.8 nm (#4)
shell showed the highest current density among all four devices.
For instance, the current density of the #4 device reached ∼90
mA cm−2, which is more than 1 order of magnitude higher than
that of the #2 device, indicating the current might bypass the
QD layer and cause large leakage current together with TFB
emission due to less coverage of QD layer formed by large QD
particles. As indicated in Figure 3c, while all four devices
showed similar turn-on voltage, the #4 device showed the
highest luminance in the voltage region of 2−5 V, which was
supposed to be owing to the parasitic TFB emissions under low
bias. The #2 device, however, displayed the highest luminance
as the driving voltage went beyond 5 V, where the highest
luminance of ∼28 000 cd m−2 was obtained at 10 V.
Since these four devices showed slightly different EL peaks,

EQE would be a more objective parameter for the comparison
of effects of shell thickness on device efficiency, regardless the
factor of human visual perception of brightness. Figure 3d
shows the EQE plots of all four QD-LEDs as a function of
current density. It can be seen that as the shell thickness
increased from 1.8 to 2.1 nm, improved EQE was observed
across the current density range from 0.1 to 2000 mA cm−2.
The peak EQE reached 1.39% for the 2.1 nm shelled device
versus 0.48% in the 1.8 nm shelled device. As the shell thickness
exceeded 2.1 nm, the EQE decreased with increasing shell
thickness, and the maximum EQE reached 0.51% and 0.30% for
devices using 3.7 and 4.8 nm shelled QDs, respectively.

Figure 3. (a) Normalized EL spectra of QD-LEDs with different shell layers; (b) current density−voltage (J−V) plots; (c) luminance−voltage (L−
V); and (d) EQE characteristics of QD-LEDs using core−shell QDs with different shell thickness as emitters.
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Therefore, it can be seen that the performance of QD-LEDs
shows great dependence on the shell thickness of core−shell
CdSe/CdS/ZnS QDs. Not surprisingly, core−shell QDs with
2.1 nm shells showed the highest EQE with the same core size.
This trend is distinct from previous report of QD-LEDs, where
different shelled CdSe/CdS QDs were used.25 Obviously, 2.1
nm shells make the core−shell QDs reach a compromise
between shell protection or exciton confinement effects and
hole injection barrier induced by wide bandgap shell materials.
When the thickness of shell is as thick as 4.8 nm, strong TFB
emission can be observed. This implies two effects when a
thicker shell over 2.1 nm is employed. On one hand, thicker
shell makes the energy step between TFB and QDs a
prominent blocking factor for the injection of holes into
QDs. On the other hand, more continuous electron transport
path is formed within thicker ZnS shell, which facilitates the
electron leakage from QD to TFB. Both effects will inevitably
lead to poor efficiency and bad color purity.
It is believed that the shell thickness will affect the balance in

the injection of charges into the QD layer by changing electron
and hole injection barrier at the charge transport layer (CTL)/
QD interfaces as well as the conducting path for respective
carriers. Core−shell QDs with 2.1 nm shell can provide more
balanced charge injection, while too thin or too thick shells may
cause imbalanced injection of electron and hole and result in
reduced exciton formation and recombination efficiency. Based
on the above results, the EL performance of core−shell QDs
with various core emission colors but same 2.1 nm shell
thickness were further investigated based on the same QD-LED
structure shown in Figure 2. The composition details, PL peaks,
fwhm’s, and QYs of these core−shell QDs are listed in Table S1
in the Supporting Information; the corresponding TEM/
HRTEM images and related powder XRD patterns are shown
in Figure 4 and Supporting Information Figure S2.

The PL, EL spectra and images of the QD-LEDs are
presented in Figure 5. The orange-red and green devices
exhibited EL peak wavelengths at 592 and 560 nm, respectively,
and no emission from TFB was observed. The emission peaks
of the LEDs red-shifted by 4−7 nm in wavelength relative to
their corresponding PL measured in the chloroform solution
due to the Föster energy transfer in close-packed QD solids.27

The EL fwhm’s of orange-red and green QD-LEDs were
measured to be 35 and 44 nm, respectively. The insets of Figure

5 show the optical photographs of orange-red and green with
brightness of ∼1000 cd m−2.
The current density-luminance-voltage (J−L−V) character-

istics of the orange-red and green emitting QD-LEDs are
shown in Figure 6. Both devices showed efficient charge
injection and low turn-on voltage. The turn-on voltages
(driving voltage at L = 0.1 cd m−2) for orange-red and green
QD-LEDs are 1.96 and 2.0 V, respectively. This is consistent
with what we have observed in QD-LEDs with ZnO NPs as
electron transport/injection layer.19 The maximum luminance
reaches ∼30 000 and ∼52 000 cd m−2 at driving voltages lower
than 10 V for orange-red and green devices, respectively. For
QD-LEDs utilizing all-solution process to fabricate transport
and emission layers (i.e., except the electrodes of ITO and Al),
these results can be comparable with the highest luminances for
orange-red and green which have ever been reported. Due to
more balanced charge injection into the QD with optimized
shell thickness, improved efficiencies for both colors are
achieved compared with the previous reports for QD-LEDs
based on similar device architectures.19,20 Both devices showed
high power efficiencies of 16 and 19.7 lm W−1 for the orange-
red and green, respectively (Figure 6). To the best of our
knowledge, these values are the highest among the recent
reports on all-solution processed QD-LEDs. The EQEs for
both QD-LEDs are also shown in Figure 6. With 2.1 nm shell
thickness, the maxima of EQE of 3.7% and 4.1% were achieved
for orange-red and green device, respectively. Table 2
summarizes the detailed performance parameters of the two
QD-LEDs in the present study. Such high luminance and
efficiency of QD-LEDs is owed to the optimized matching of
hole/electron injection through the appropriate choice of shell-
thickness and the resulting matching of energy band alignment
achieved by the existing device architecture.

3. CONCLUSION
In summary, we used a simple device architecture based on the
all-solution-processable materials to assess the effects of shell
thickness on the properties of QD-LEDs comprising CdSe/
CdS/ZnS core−shell QDs. Significant improvements were
detected in device performance when 2.1 nm of multishell was
used. This improvement in the balanced injection of electrons
and holes into QDs contributes to the efficient exciton-involved
radiative recombination within emissive QD layers, and is
supposed to originate from the choice of suitable shell material
and shell thickness. Furthermore, highly bright orange-red and
green QD-LEDs with fixed shell thickness of 2.1 nm have been
successfully demonstrated, with maximum luminances up to
∼30 000 and 52 000 cd m−2, and power efficiencies of 16% and
19.7%, respectively. These results signify a remarkable progress
in QD-LEDs and may offer practicable platforms for the

Figure 4. TEM images of QDs that correspond to Table S1 in the
Supporting Information. The diameters of orange-red and green QDs
are 6.3 nm. Inset: corresponding HRTEM images of core−shell QDs,
indicating high crystallinity of individual QDs. Scale bars for insets are
5 nm.

Figure 5. Normalized PL (solid lines) and EL (dashed lines) spectra
of QD-LEDs. Insets: Photographs of QD-LEDs.
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realization of QD-based full-color displays and solid-state
lighting.

4. EXPERIMENTAL SECTION
4.1. Synthesis of CdSe/CdS/ZnS Core−Shell QDs with

Orange-Red and Green Emission. For the synthesis of CdSe
core, 10 mL (1 mmol) Se precursor (see the Supporting Information)
and 50 mL of paraffin oil were heated to 280 °C under nitrogen flow
in a 250 mL flask. Next, 6 mL of Cd Precursor I (see the Supporting
Information) was injected and temperature was lowered to 260 °C for
QDs growth. The growth of shell was prepared according to the
previous literature of our group.26 A typical synthesis was performed as
follows: 80 mL of ODE and 20 g of ODA were loaded into a 1000 mL
reaction vessel. The CdSe QDs in hexanes (2.8 × 10−6 mol) were
added, and the system was kept at 100 °C under N2-flow for 30 min
then heated up to 240 °C for the shell growth. The evolution of the
absorption and PL spectra of CdSe with 13.5-layer CdSe/3.5CdS/
10ZnS core−shell QDs are shown in Figure S3 (Supporting
Information); corresponding TEM/HRTEM, XRD, and energy-
dispersive X-ray spectroscopy (EDS) are shown in Figures S4−S6
(Supporting Information), respectively. Other emissions for CdSe/
CdS/ZnS QDs were achieved by changing the thickness of ZnS shell.
The evolution of the absorption and PL spectra of green emitted
CdSe/1.5CdS/5ZnS core−shell QDs are shown in Figure S7
(Supporting Information).
4.2. Fabrication and Characterization of QD-LEDs. QD-LEDs

were fabricated on patterned ITO coated glass substrates, and the
processes were similar to those reported in our previously published
reports.21 In short, the cleaned ITO glass substrates were spin-coated
with PEDOT:PSS (AI 4083) and baked at 150 °C for 15 min in air.
Then, they were transferred to a N2-filled glovebox for spin-coating of
the TFB, QDs, and ZnO NP layers. ZnO NPs were obtained from
NanoPhotonica, Inc. and used after being filtered with a 0.45 μm
PVDF filter. TFB solution (1.5 wt %) in chlorobenzene and spin-

coating process of 2000 rpm for 30 s followed by baking at 110 °C for
30 min were used for the hole-transport TFB layer. QDs (∼10 mg
mL−1) in toluene and ZnO NPs (30 mg mL−1) in ethanol were spin-
coated with spin speeds of 1000 and 4000 rpm to achieve layer
thicknesses of ∼20 and ∼25 nm, respectively. The top Al cathode (100
nm thick) was then deposited to form an active device area of 4 mm2.
Details of characterization techniques can be found in the Supporting
Information.

4.3. Characterization. UV−vis absorption and PL spectra were
measured with an Ocean Optics spectrophotometer (mode PC2000-
ISA). PL QYs were determined by comparison of the integrated
fluorescence intensity of the QD samples in solution with that of
standard of known QYs (coumarin 540, QY = 78% in ethanol;
rhodamine 590, QY = 95% in ethanol). TEM studies were performed
using a JEOL JEM-2010 electron microscope operating at 200 kV.
Phase determination of the products was carried out on an X-ray
diffractometer (Philips X′ Pert Pro) using Cu Kα radiation
(wavelength = 1.54 Å). EDS was performed on a Hitachi S-3400N
scanning electron field emission microscope. An Agilent 4155C
equipped with a calibrated Newport silicon photodetector was used to
measure the current−luminance−voltage characteristics. The electro-
luminescence spectra were recorded using an Ocean Optics high-
resolution spectrometer (HR4000).

■ ASSOCIATED CONTENT

*S Supporting Information
Experimental materials, preparation of precursors, detail
synthesis of CdSe/CdS/ZnS core−shell QDs, TEM and
HRTEM of CdSe/CdS/ZnS QDs, PL spectra of CdSe/CdS/
ZnS QDs, absorption and PL spectra upon consecutive growth
of CdSe/3.5CdS/10ZnS core−multishell QDs, powder XRD
patterns, EDS spectra of CdSe cores, and core−shell QDs. This

Figure 6. Plots of the measured current density−luminance−voltage (J−L−V), EQEs, and power efficiencies (P) as a function of luminance
characteristics of orange-red (a) and green (b), QD-LEDs with QDs possessing an optimized shell thickness of 2.1 nm.

Table 2. Comparison of Emission Peak Wavelength (λmax), fwhm (nm), Turn-on Voltage (VT), Maximum Luminance (Lmax),
External Quantum Efficiency (ηEQE), Power Efficiency (ηP), and Luminous Efficiency (ηA) of QD-LEDs

color λmax (nm) fwhm (nm) VT (V) Lmax (cd m−2) ηEQE (%) ηp (lm W−1) ηA (cd A−1)

orange-red 592 35 1.96 30 000 3.7 16 12
green 560 44 2.0 52 000 4.1 19.7 16.4
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