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We demonstrate quantum dot capped gold nanoparticle composite as emitting layer in quantum
dot light-emitting diodes to achieve enhanced efficiency.
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The coupling of localized surface plasmon resonance (LSPR) and excitons in nanomaterials can improve
the performance of nano-optoelectronic devices. We synthesized quantum dot (QD) capped gold (Au)
nanoparticle (NP) composite used as emitting layer in all inorganic quantum dot light-emitting diodes
(QD-LEDs). The photoluminescence (PL) peak of QD is fully overlapped with the absorption peak of Au
NPs to realize the maximum LSPR enhancement. The LSPR effect of QD-capped Au NPs has been
demonstrated by increased radiative emission, PL excitation intensity, and reduced exciton lifetime
carried out by time-resolved PL measurement. As a result, quantum yield of 60% for QD-capped Au NPs
has been realized and QD-LED has achieved remarkably enhanced power efficiency of 6.2 Im/W and
maximum brightness of 1005 cd/m? after various optimization conditions. These results demonstrate that
QD-capped Au NPs constitute an effective route for achieving high-performance optoelectronic devices.

1. Introduction

Quantum dot light-emitting diodes (QD-LEDs) have attracted
much attention in the past few years since they possess unique
properties of tunable emission wavelengths by controlling the
size of QDs, high color saturation, narrow full width at half
maxima (FWHM), solution process, and compatibility with
flexiblesubstrates™. In order to realize high-performance QD-
LEDs, it is necessary to explore novel materials technology,
device configurations, and new emitting materials. The use of
inorganic nanomaterials as the charge transport layer instead of
organic semiconductors, such as ZnO? TiO,®, NiO* and WO’,
opens the door to flexible, large-area, and stable QD-LEDs; on
the other hand, the conventional emitting semiconductors,
including CdSe/ZnS?*, ZnSe®, CulnSe,’, CdTe®,CdSe/CdS/znS°®,
and novel hybrid nanomaterials, such as QD-metal composites,
play a very important role in improving device performance of
optoelectronic devices due to nano-scaled architecture.

Recently, localized surface plasmon resonance (LSPR)
enhanced LED has been widely studied to break through the
bottleneck on the performance for displays application®. The
mechanism behind is the coupling effect between excitons and
surface plasmons, which results from the overlap of local
electromagnetic field of excitons in the emissive layer and
surface plasmons, leading to significant radiative emission
through effective energy transfer in LEDs'. As reported
previously, LSPR enhanced LEDs fabricated by incorporating
noble metallic nanoparticles (NPs) film into LEDs open up a new
class of highly efficient solid-state light sources™. The type,
shape, height, and density of the metal NPs determine the degree
of device performance enhancement. It is found that the

fluorescence increases as high as 30-fold for the QD film
deposited on a triangular gold array fabricated by electron beam
lithography (EBL) method®. However, the cost of device
so fabrication is so expensive due to complex processing, restricting
the widespread use and commercialization of the technology. On
the contrary, a low-cost and large-area fabrication using solution
process has attracted great attention for LSPR enhanced LEDs
based on QD-metal hybrid. Carbon-dot supported silver NPs are
ss used for achieving highly efficient polymer LEDs with a
luminous efficiency of 18.54 Im/W, which is ascribed to the
LSPR-induced enhancement™.
In this work, we present a novel, simple, and facile
technique for the synthesis of ZnCdSeS QD-capped gold (Au) NP
e hybrids. We also investigate the LSPR enhanced optical
properties of the hybrid nanomaterials in terms of experiments
and simulation. To demonstrate the potential applications of the
ZnCdSeS QD-capped Au NPs in optoelectronic devices, an all-
inorganic QD-LED with multiple layers was fabricated by a
es sSimple solution method, and exhaustively evaluated.

2. Experimental Section

Preparation of QD-capped Au NPs hybrid: The high-quality
green emitting ZnCdSeS QDs were synthesized according to a
method reported in the literature®. As a typical synthetic
70 procedure, 0.4 mmol of CdO, 4 mmol of zinc acetate, 15.5 mmol
of oleic acid (OA), and 30 mL of 1-octadecne were placed in a
100 mL round flask. The mixture was heated up to 150 <C and
degassed for 30 min, and further heated up to 310<C to form a
clear solution of Cd(OA), and Zn(OA), at high-purity
15 Nbatmosphere. At this temperature, a stock solution containing 4
ml of trioctylphosphine, 0.4 mmol of Se, and 4 mmol of S was

This journal is © The Royal Society of Chemistry [2014]
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quickly injected into the reaction flask. After the injection, the
reaction temperature was kept for 10 min to promote the growth
of QDs, and then cooled down to room temperature to stop the
growth. QDs were washed with acetone for three times, and
finally dispersed in chloroform at the concentration of 10 mg/ml.
The Au solution was prepared as reported **. After that, QDs
were transferred into Au aqueous solution and the process is as
follows. 5 mL of QDs in chloroform dispersed in mixed
chloroform: thioglycolic acid (TGA) (50 mL: 10 mL) was added
to the solution. The resulting reaction mixture was heated up to
60<C for 1 h and cooled down to room temperature. The TGA-
capped QDs were extracted by centrifugation at 6500 rpm. The
TGA-capped QDs were mixed with Au aqueous solution, and the
pH value was adjusted to 7~10 by adding tetramethylammonium
hydroxide (TMAOQOH), which was shaken for a period in order to
form QD-capped Au product. Finally, the solution with 10
mg/mL concentration of QD-capped Au was dispersed into H,O:
ethanol mixture (1:1 vol %). The photoluminescence quantum
yields (PLQYs) of the NCs were measured and estimated by
comparing their fluorescence intensities with those of primary
standard dye solutions (rhodamine 6G, QY=95% in ethanol) at
the optical density of below 0.05 at the same excitation
wavelength (480 nm).
Device Fabrication: ITO glass substrate with a sheet resistance
of about 20Q/square was cleaned by successive ultrasonic
treatments in detergent, de-ionized water, acetone, and iso-
propanol for 15 min, respectively, followed by ultraviolet ozone
treatment for 30 min. NiO film was fabricated according to the
previous report™®, which was used as hole transport layer (HTL)
with the thicknesses of 50 nm. The emissive layer of colloidal
ZnCdSeS QDs-capped Au was spin-coated on HTL (1000 rpm,
30 s) and annealed at 120<C for 30 min. Then a sol-gel ZnO:TiO,
solution was deposited onto QDs layer (4000 rpm, 30 s) and
annealed at 150 <C in air'®. Finally, a 100 nm aluminium (Al)
electrode was thermally evaporated under high vacuum (4>10
®Torr) on top of ZnO: TiO, ETL, followed by post-annealing at
100 <C for 20 min. The active area of the devices was defined by
a shadow mask of 4 mm? The devices are named as sample A and
B with QD and QD-capped Au as emitting layer, respectively.
Sample and Device characterization: The thicknesses of all
films were measured by using Filmetrics F20-EXR.The current
density-voltage (J-V) characteristics were measured with
Keithley-2400 source-meter and electroluminescence (EL)
spectra were recorded with Ocean Optics Maya 2000-PRO
spectrometer. The absorption and photoluminescence (PL)
spectra were measured by U-4100 UV-visible and NIR-300
spectrophotometer, respectively. Luminance-current density-
voltage (L-J-V) curves were measured using a system
incorporated with a Konica-Minolta CS-200 ChromaMeter. The
structural analysis of the samples was carried out using a Cs-
corrected high-resolution transmission electron microscope
(HRTEM, Titan 80-300, FEI, U.S.A.) with an information limit
15 of 80 pm operated at an acceleration voltage of 300 kV. The
TEM was equipped with a multiscan charge-coupled device
(CCD) camera system (Model 894, Gatan, USA) to record the
HRTEM images.

3. Results and discussion
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The chemical synthesis processes for the ZnCdSeS QD-capped
Au NP composites are summarized graphically in Fig. 1.
ZnCdSeS QDs are dispersed in aqueous solution by exchanging
ligand from oleic acid to TGA, as shown in Fig. 1(a). The Au
NPs were negatively charged due to the citrate ions adsorbed on
the surface of Au NPs, as shown in Fig. 1(b). Therefore, the QDs
are bonded with Au NPs via ionic interaction because the QDs
were positively charged while Au NPs were negatively charged™,
as shown in Fig. 1(c). Fig. 1(d) shows the photo of a vial of
ZnCdSeS capped Au aqueous solution, separated from
chloroform, exhibiting green emission under 365 nm excitation
light.

(a) j\( .

®) .
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Fig.1. (a) Schematic of ZnCdSeS QD capped TGA after ligand
exchanging.(b) Schematic of Au capped by citrate. (c) QD capped Au via

ionic interaction. (d) Photo of a vial of ZnCdSeS capped Au
aqueoussolution, separated from chloroform, exhibiting green emission
under 365 nm excitation light. The magnified ligands show TGA and
citrate capped QD and Au.

It is observed that the ratio of QD to Au and pH value of the
hybrid solution have significant effect on the PL intensity, as
shown in Fig. 2(a) and (b). As the volume ratio of QD to Au
reduced, the PL intensity firstly increased to the maximum value
and then decreased. When the ratio of QD to Au was adjusted to
16.7:1, the PL can reach the maximum value. There are two
competing processes: LSPR and fluorescence (Forster) resonance
energy transfer (FRET) process in QD-Au system'*. The LSPR
process can be able to result in a more effective QD excitation
and FRET process causes the fluorescence quenching. When the
amount of Au NP is low, the LSPR process is dominated, leading
to the enhancement of PL intensity. On the other hand, at a high
amount of Au NPs, FRET process is dominated, resulting in the
quenching of PL intensity*. Meanwhile, the pH value also plays
an important role in LSPR enhancement. PL intensity is stable
until pH value reaches 9~10. The reason is that thioglycolic acid
is a liquid with a pK,;(-COOH) ranging from 3.55 to 3.82 and
pK2(-SH) from 9.30 to 10.23Y. As the pH value is higher than 9,
the thiol group (-S) anchored to QD is more stable, leading to the
increased PL intensity of QD-Au composite. Fig. 2(c) presents
the TEM image of Au NPs dispersed in water with an average
diameter of 20 nm. The HRTEM image, as shown in Fig. 2(d),
indicates that ZnCdSeS QDs were uniformly dispersed in water

100 With an average diameter of ~4 nm. Fig. 2(e) and 2(f) show the

HRTEM images of QD-capped Au NPs with the ratio of QD to
Au of 16.7:1, and the pH value of 9~10. The Au NP was found to
be surrounded by ZnCdSeS QDs, which is the evidence of the

2| RSC Ady, [2014], [vol], 00-00
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ligand bonding between QD and Au NP. Close-packed
monolayers of QDs can be produced on the substrate after the
solvent evaporation, and the QD-Au hybrid follows a similar
trend™®, as shown in Fig. 2(e). However, Au NP was observed to

3}

It is inferred that the chemical reaction only occurs between QDs
and Au NPs, not among QDs.
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Fig. 3(a) shows the absorption and PL spectra of Au NPs,
ZnCdSeS QDs, and ZnCdSeS QD capped Au NPs in aqueous
solution. The ratio of QD and Au is fixed at 16.7.1 and the pH

1s value is 9~10. The absorption spectra clearly display the first
excitonic transition peaks at 520 nm and 522 nm for QD and Au
NP, respectively. Meanwhile, the PL spectrum shows a Gaussian-
shaped peak located at 538 nm with a narrow FWHM of 30 nm
for QDs and QD-Au NPs. The LSPR enhancement will be
maximized when the excitation energy is close to the LSPR
absorption peak of Au NPs™. It is found that the PL intensity is
enhanced for the QDs at the presence of Au NPs, implying that
an interaction between QDs and Au NPs exists due to the LSPR
from Au NPs. Meanwhile, according to the rhodamine 6G
reference and the area of PL curves in Fig. 3(a), the PL QY of
QDs with TGA at room temperature was 48%; while that of QD-
Au NPs with TGA was increased to 60%.

According to the TEM results, there are many possibilities
regarding the number of QD-Au NPs that can be formed,;
accordingly, we performed the simulation using the three-
dimensional finite-difference time-domain (FDTD) method by
varying the number of QD-Au NPs (from 1 to 4) [Fig. S2 (ESI)'].
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be capped by monolayer QD after the hybrid solution was diluted.

The electric field enhancement as high as 100 fold at the gap can
be obtained between the Au NPs and the surface of Au. Thus, the

s simulation demonstrates that the QD-Au hybrid structure can
enhance the PL intensity due to LSPR effect.
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Fig.3. (a)Absorption spectra and PL spectra exicted under 480 nm. (b) PL
40 spectra of  NiO/QD filmand NiO/QD-Au film. (c) TRPL spectra of
NiO@QD film and NiO@QD-Au film with fitting curves excited under a
325 nm laser source.
Fig. 3(b) shows the PL spectra of the films composed of
QDs with and without Au NPs deposited on NiO as HTL.
45 Obviously, the PL intensity of the NiO/QDs-Au film is 4-5 times
higher than that of the NiO/QDs film at the excitation wavelength
of 325 nm due to the LSPR enhancement. To further elucidate the
decay dynamics of QD-capped Au NPs, we carried out time-
resolved PL (TRPL) measurements. The TRPL spectra of films
so prepared by pristine QDs and QD-capped Au NPs are shown in
Fig. 3(c). It is obvious that the exciton lifetime is reduced upon
the incorporation of Au NPs. The average exciton lifetimes of
NiO/QDs-Au and NiO/QDs are estimated to be 2.3 and 3.2 ns,
respectively (Table. S1, ESI) *. Therefore, TRPL measurement
ss provides the direct evidence of the enhanced spontaneous
emission rate of QDs induced by LSPR on Au NPs, which can be
ascribed to near-field enhancement. Meanwhile, the spherical
shape of Au NPs could result in the high electric field intensity
distribution around Au NPs [Fig. S2 (ESI)], which facilities to
e extract the LSPR energy as light and thereby enhances the
electroluminescence (EL) intensity™®.

This journal is © The Royal Society of Chemistry [2014]
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Fig. 4. (a) Schematic of the device structure. (b) The corresponding
energy band diagram of a plasmonic QD-LED. (c) Current density versus
driving voltage. (d) The EL spectra of sample A at the voltage of 9 V and
sample B at the voltage varying from 5-9 V. (e) Luminance versus driving
voltage and power efficiency versus driving voltage. (f) Luminance
versus operating time for sample A and B.

The schematics of our device structure and corresponding
energy level diagram are shown in Fig.4 (a) and (b). The device
consists of patterned ITO as anode, a 50 nm NiO layer as HTL, a
30 nm QD layer as emissive layer with 3 to 4 closely packed QD-
capped Au NP monolayers, a 40 nm ZnO: TiO, layer as ETL, and
a 100 nm Al layer as cathode. The concentration of QDs is 10
mg/ml with the ratio of QD to Au of 16.7:1, and the pH value of
9~10.

The all-inorganic QD-LED structure was designed to
achieve efficient electron and hole injection from the electrodes
to the QD layer. More importantly, NiO and ZnO effectively
block electrons and holes from passing through the QD-Au layer
in terms of the energy levels of the constituent layers [Fig. 4(b)].
The optical bandgap of hybrid ZnO: TiO, is determined as 3.4 eV
and QD capped Au is calculated as 2.39 eV. A small injection
step of 0.4 eV exists for the injection of electrons from Al to the
QD layer since the hybrid ZnO: TiO, has an electron affinity of
4.3 eV, slightly higher than the work function of Al (4.1 eV). On
contrast, the barrier between valance bands (VBs) of NiO and
QDs is higher than 1 eV. However, it is reported that the barrier
for hole injection is much smaller (~0.1-0.5 eV) since the
ionization energy of QD was measured to be 1 eV shallower than
that derived from the value of ultra violet photoelectron
spectroscopy measurement (6.5-6.9 eV)?. Meanwhile, the
conduction band (CB) of NiO can effectively block injected
electrons, confining the charges within the QD layer. Compared
to the conventional HTL PEDOT: PSS with an HOMO of 5.0 eV
and a LUMO of 3.4 eV, the hole injection of NiO is expected to
be better than that of PEDOT: PSS. The surface morphology and
roughness of NiO and QD-capped Au revealed by AFM images
are measured as 3.5 nm and 2.5 nm, respectively (Fig. S3, ESI)

T Therefore, the QD-LED architecture described here has been
0 demonstrated to facilitate the transport of holes and electrons into
the QD-capped Au layer.
Fig. 4(c) shows the current density-voltage (J-V) of sample
A and B under forward bias. The devices exhibit low turn-on
voltage of 2.6 V for sample B and 5.6 V for sample A. Fig. 5(d)
s compares the EL spectra of sample B at 5, 7, and 9 V and that of
sample A at 9 V. It can be seen that the emission intensity for
sample B at 528 nm increases with the driving voltage, which is
as nearly 4-fold high as that for sample A. Fig. 5(a)-(c) shows the
photos of operating devices for sample A and sample B with the
so Commission Internationale de I’Enclairage (CIE) coordinates,
shown as Fig.5(d). The color of sample A is inside the NTSC
standard color triangle, while sample B lies outside but near it.
Compared to sample A, the color of sample B is more saturated,
which is located outside the National Television System
ss Committee (NTSC) color standards. The EL emission for
identical QDs exhibits a slight red shift, compared with the PL
emission (as shown in Fig. 3a), likely attributed to the inter-dot
interaction, as observed previously in closely packed QD solids,
and also likely attributed to the electric-field-induced Stark
o0 effect® %,

0.2

03 04 05 06 07 08

Fig.5. (a)-(c) CIE coordinates of sample A and B under different applied
voltage with (d) the National Television System Committee (NTSC) color
standards (circle).

65 Fig. 4(e) shows the brightness and power efficiency of
samples A and B. Sample A has the maximum power efficiency
of 2.22 Im/W. However, sample B obtains the maximum power
efficiency of 6.2 Im/W and the maximum brightness of 1005
cd/m?. The stability of the unencapsulated samples A and B at 10

70 mA/cm? is shown in Fig. 4(f) with repeated testing of 8 times.
The lifetime for sample A is reduced sharply. After operation for
80 h, the luminance decreases by 29% for sample B; however, the
luminance of sample A is totally degraded.

As discussed above, the reason for improving the

75 performance of device is attributed to the increased QY value of
QD-Au hybrid and the faster electron transfer rate in plasmonic
QD-LED. Expect for that, coupling effect between excitons and
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surface plasmons leads to significant radiative emission via
effective energy transfer in organic LED (OLED)? and polymer
LED (PLED)™ 2. In addition, for the hybrid emitter, the
enhanced luminance of QD-LED is originated from the enhanced
optical gain caused by the SPR effect of the hybrid®.

Conclusions

In summary, we have demonstrated, the solution-processed
stable LSPR enhanced QD-LED by using ZnCdSeS QD capped
Au NPs as green emitters. The proposed LSPR enhanced
nanostructure is designed by using Au NPs, densely surrounded
by compacted QDs, whose PL peak is overlapped with the
absorption peak of Au NPs. This hybrid is beneficial for LSPR
enhancement because the lifetime of TRPL is reduced and PL
intensity for QD-capped Au NP is enhanced. LSPR enhancement
is affected by as the position of QD and Au, the concentration
ratio of QD to Au NPs, and pH value of QD-Au hybrid solution.
After optimization of QD and Au NP, nearly 3-fold enhancement
in the power efficiency of QD-LED has been achieved. Our
results offer a promising approach for further developing high-
efficiency and stable LSPR enhanced QD-LEDs using all
inorganic materials.
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