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Localized surface plasmon-enhanced green quantum
dot light-emitting diodes using gold nanoparticles

Na-Yeong Kim," Sang-Hyun Hong," Jang-Won Kandg,b NoSoung Myoung,*
Sang-Youp Yim," Suhyun Jung,” Kwanghee Lee,"™" Charles W. Tu,’
and Seong-Ju Park, ™"

We develop a localized surface plasmon (LSP)-enhanced CdSe/ZnS green quantum dot (QD)
light-emitting diode (LED) containing Au nanoparticles (NPs) embedded in a ZnO electron
transport layer. Au NPs blended in ZnO solution are directly spin coated onto the QD emissive
layer to provide strong coupling between LSPs in Au NPs and excitons in QDs, greatly
enhancing electroluminescence (EL). Photoluminescence (PL) and electroluminescence (EL)
intensities are greatly enhanced by 4.12 and 4.33-folds, respectively. Maximum PL and EL
enhancement ratio of 4.47 and 4.54 are observed at 535 and 532 nm, respectively and these are
similar to the LSP resonance wavelength of 536 nm for Au NPs in ZnO films. The results
indicate that the EL enhancement of the QD-LED is attributed to strong resonance coupling

between excitons in the QDs and LSPs in the Au NPs in ZnO films.

1. Introduction

Quantum dot (QD) light-emitting diodes (LEDs) have great
potential as the device for the next-generation large-area and
flexible displays by replacing organic light-emitting diodes
(OLEDs) and polymer light-emitting diodes (PLEDs). QDs are
superior to organic luminescent materials because of their
intrinsic  luminescent properties including narrow-band
emission (full width at half-maximum (FWHM) of 20-30 nm),
high color purity, good photostability, and high quantum
efficiency. The bandgap of QDs can be controlled by quantum
confinement effect, which is dependent on the size of QDs.
These advantages have extensively motivated the use of QDs in
broad research areas in the next-generation optoelectronic and
biomedical applications. In addition, QD-LEDs can be
fabricated via low-temperature solution processes that are
compatible with light-weight, flexible, organic substrates.'™
Despite their great potential for the future optoelectronic device,
QD-LEDs still have lower electroluminescence (EL) efficiency
compared with that of OLEDs because of electrical and
structural limitations. Many problems that should be overcome
to improve the device efficiency are inefficient carrier injection
due to the large potential energy barrier for injecting holes into
QDs (low valence band of -6 ~ —7 ¢V),” intrinsic QD photo-
luminescence (PL) quenching processes,® and poor outcoupling
efficiency by metallic cathodes.’

Surface plasmon (SP) resonance is one approach used to
improve the efficiency of optoelectronic devices such as LEDs
and solar cells.'®"® In particular, the collective oscillations of
free electrons in metal nanoparticles (NPs) at the interface
between NPs and a dielectric material are called localized
surface plasmon (LSP). Excitation of LSP resonance resulting
from strong absorption and light scattering induces a large
enhancement of light intensity due to the strong electric field
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near the metal NPs. However, the penetration depth of the
fringing field for LSP resonance associated with metal NPs can
be substantially smaller, tens of nm, compared with that for the
SP resonance related to a planar metal surface.' This means
that metal NPs should be located in close proximity to the
active region in a device to obtain strong SP coupling. Many
parameters such as the energy matching between the excitons
and SPs and the distance between the emissive materials and
metal NPs should be considered to control the enhancement or
quenching of luminescence.'”> Emission quenching dominant
process could occur at the metal surface by energy transfer
process from exciton to LSP when the emissive materials and
metal NPs are in very close distance (e.g., direct contact). H. Y.
Kin et al.,, and D. Shao et al. reported that the green defect
emission of ZnO is effectively quenched by the nonradiative
energy transfer to metal NPs and subsequently the band-edge
emission is increased by the excited electrons in Au NPs
transferred to the conduction band of ZnO.!%!” Therefore, to
change the SP induced nonradiative quenching into SP
enhanced luminescence, many researchers have investigated it
by introducing a thin space layer between metal NPs and the
luminescent material to prevent exciton dissociation. '
Numerous researchers have reported LSP-enhanced opto-
electronic devices containing metal NPs formed by thin-film
deposition and subsequent high-temperature annealing,'"??
patterned templates,'® or spin coating of metal NPs.”*** In the
case of thermal annealing, a high temperature of 500 °C is
generally required to form metal NPs. Such a high temperature
is not desirable for LEDs containing organic materials due to
the degradation of organic layers by high temperature process.
Recently, LSP-enhanced PLEDs containing colloidal metal NPs
embedded in a poly(3,4-ethylenedioxy-thiophene):poly(styrene-
sulfonate) (PEDOT:PSS) hole injection layer (HIL) have been
developed.** Considering the small penetration depth of a LSP
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fringing field, the LSP resonance coupling of metal NPs in
PEDOT:PSS can be hindered by a hole transport layer (HTL)
with a thickness of several tens of nanometers, which is located
in the region between the metal NP containing PEDOT:PSS
and emissive layers.

In this study, we develop a LSP-enhanced green QD-LED
containing colloidal Au NPs embedded in a ZnO electron
transport layer (ETL). Because the penetration depth of the LSP
fringing field of Au NPs is very small, the direct spin coating of
colloidal Au NPs on top of a QD layer can enhance the LSP
resonance coupling between Au NPs and excitons in QDs. In
addition, embedding the Au NPs in a sol-gel-derived ZnO ETL
prevents the emission quenching of QDs by forming the thin
space between the QDs and metal NPs. The short distance
between QD excitons and LSP of Au NPs and suppression of
exciton quenching on the Au NPs lead to strong LSP-enhanced
photoluminescence (PL) and EL of the green QD-LED.

2. Experimental method

Preparation of QD, Au NPs and ZnO: The green emitting CdSe/
ZnS core-shell QDs and Au NPs used in the study were purchased in
Ocean Nanotech and Nanocs Inc., respectively. The QDs were
dispersed in toluene solvent with 10 mg/ml concentration and
applied into devices without any further purification. The Au NPs
with average diameter of 10 nm were dispersed in toluene solvent
with 0.01% concentration. Sol-gel ZnO used in this study was
synthesized according to literature procedures.”> Zinc acetate
dihydrate (Zn(CH3COO),-2H,0) was first dissolved in a mixture of
2-methoxyethanol and monoethanolamine (MEA) at room
temperature. The molar ratio of MEA to zinc acetate dihydrate was
kept at 1.0 and the concentration of zinc acetate was 0.35 mol/L. The
solution was stirred vigorously at 60 °C for 30 min under ambient
conditions to yield a homogeneous solution and then stored at room
temperature for 12 h to achieve a stable ZnO solution. The resultant
ZnO solution was filtered and blended with Au NPs with a volume
ratio of 5:1.

Device fabrication: The patterned ITO glass substrate was cleaned
in acetone, deionized water, and isopropanol sequentially for 10 min
each. PEDOT:PSS (Clevios P VP Al 4083, H. C. Stark) was spin
coated onto the ultraviolet ozone-treated ITO glass substrate at a rate
of 5000 rpm for 30 s and subsequently baked at 140 °C for 10 min
under ambient conditions. Poly-TPD(10 mg/ml, American Dye
Source, Inc.) dissolved in chlorobenzene was spin coated on top of
the PEDOT:PSS layer at a rate of 4000 rpm for 30 s, followed by
baking at 120 °C for 20 min in a nitrogen (N,)-filled glove box. A
green emissive layer of CdSe/ZnS QDs was spin coated onto the
poly-TPD layer and baked at 80 °C for 30 min in the N,-filled glove
box. The blended ZnO:Au NPs were spin coated on top of the QD
layer and subsequently baked at 150 °C for 10 min under ambient
conditions. A 100-nm-thick Al electrode was deposited on the ETL
by thermal evaporation under high vacuum condition (<10 Torr).

Sample and device characterization: Photoluminescence (PL)
spectra of QD layer were recorded using a F-7000 FL spectrometer
(Hitachi, Inc.) equipped with a 365 nm Xenon lamp as the excitation
source. The electrical and optical characteristics of the QD-LEDs
such as current density—voltage (J-¥), luminance-voltage (L-V), and
electro-luminescence (EL) were recorded using a PR-650 spectra-
scan colorimeter (Photo Research, Inc.) coupled with a Keithley
2400 source measurement unit. The photo-detector equipped in the
PR-650 is located on top of the device with a distance of 355 mm
and the emission area of all the QD-LEDs was 4.64 mm®. All the
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light emitted in the forward direction was collected by focusing the
light using magnification lens. All the device performance was
measured in a dark-box for blocking stray lights at room temperature
under a nitrogen ambient. For time-resolved photoluminescence
(TR-PL) measurement, the sample excitation at 400 nm was
achieved by a frequency-doubled Ti:Sapphire laser (Chameleon
Ultra II, Coherent) with a pulse duration of 150 fs equipped with an
external pulse-picker to reduce the repetition rate at 3.6 MHz. The
fluorescence radiation was spectrally filtered to a narrow bandwidth
and focused into the entrance slit of a 300 mm spectrograph (Acton
SpectraPro 2300i, Princeton Instruments) with a spectral resolution
of about Inm. Then PL lifetime was monitored with a picosecond
streak camera (C11200, Hamamatsu Photonics).

3. Results and discussion

Figures 1(a) and (b) show the schematic device structure and
band diagram of the QD-LED with a multilayered structure of
patterned indium tin oxide (ITO)/PEDOT:PSS (40 nm)/poly
(N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl) benzidine (poly-
TPD) (~50 nm)/CdSe/ZnS core-shell QDs (~20 nm)/ZnO:Au
NPs (~30 nm)/Al respectively. ZnO was used as an ETL in the
QD-LEDs because of its high electron mobility and air/
moisture stability compared with those of organic ETLs.

Poly-TPD

PEDOT:PSS

(b) k poly-TPD

ITo

PEDOT:PSS

Energy (eV)

-7 CdSelZnS QDs OO

ZnO: AuNPs

Fig. 1. (a) Schematic device structure and (b) energy level diagram of a
CdSe/ZnS QD-LED with colloidal Au NPs embedded in a ZnO film.

Figure 2(a) shows a plan-view transmission electron
microscopy (TEM) image of Au NPs coated by drop casting on
a copper grid. The Au NPs have a size distribution in a range of
5 to 14 nm with an average diameter of 9 nm. To estimate the
density of the Au NPs in ZnO, the ZnO:Au NPs blended film
with a thickness of ~15nm was spin-coated on the copper grid
under the same condition used in device fabrication. The TEM
image of the ZnO:Au NPs blended film depicted in Fig. 2(b)

Fig. 2. Plan-view TEM images of (a) Au NPs dispersed in toluene and
(b) a ZnO:Au NP blended film.
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reveals that the Au NPs are randomly distributed in the ZnO
film and the average density is 1.7 x 10" cm™.

Figure 3 shows the PL intensity of a QD film and the
ultraviolet-visible (UV-VIS) absorption spectra of Au NPs
dispersed in toluene, ZnO, and ZnO:Au NPs films on ITO glass
substrates. The maximum PL peak intensity of QD film was
observed at a wavelength of 553 nm with a narrow FWHM of
35 nm. For efficient exciton-LSP coupling, the SP absorption
wavelength of the metal NPs should be matched with the PL
emission wavelength of the QD film. The SP resonance
absorption peak of Au NPs dispersed in toluene was observed
at 520 nm, which could be used as the good candidate for metal
NPs in this study. To investigate SP absorption of the Au NPs
embedded in a ZnO film, a blended solution of ZnO and Au
NPs was coated onto an ITO glass substrate and baked at
150 °C to remove the residual solvent. As shown in Fig. 3, the
absorption spectrum of the resulting ZnO:Au NPs film reveals
that the SP peak of the Au NPs is shifted from 520 to 536 nm
and becomes broader in the ZnO ETL layer. The shift of the
absorption peak of Au NPs to a longer wavelength is mainly
caused by the changes in the size distribution of Au NPs and
dielectric constant of the media surrounding the Au NPs (ZnO
instead of toluene). Although the ZnO ETL was obtained by the
sol-gel method at a low annealing temperature of 150 °C,
thermal treatment can increase the size of Au NPs and change
their size distribution through the coalescence of Au NPs
induced during annealing process.’*?’ Kreibig et al.*®*
reported that the SP resonance peaks are red-shifted when the
dielectric constant (g,,) of the surrounding media is increased.
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Fig. 3. Normalized PL intensity of a green QD film coated on ITO glass
and absorption spectra of colloidal Au NPs dispersed in toluene, ZnO
and ZnO:Au NPs films.

ZnO film is known to have a dielectric constant (¢) in the range
of 7.5-10.>3% The sol-gel-derived ZnO film surrounding the Au
NPs have a larger dielectric constant than that of toluene
(en=2.38) and this also can lead to the red-shift of the SP
resonance peak of the Au NPs in ZnO films. Figure 3 shows
that the PL spectrum of the QD film agrees well with the SP
resonance spectrum of the Au NPs embedded in ZnO, and large
enhancement of the PL and EL from QDs is anticipated due to
the LSP resonance coupling between the Au NPs and QDs.
Figure 4(a) depicts PL spectra of QD/ZnO films with and
without Au NPs in the ZnO ETL. The PL intensity of the QD
film with Au NPs is enhanced by 4.12-folds at 553 nm
compared with that of the QD film without Au NPs. The large
enhancement of PL intensity is attributed to the efficient

This journal is © The Royal Society of Chemistry 2012
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resonance coupling between the excitons of QDs and the LSP
in Au NPs. In this study, the Au NPs are embedded in ZnO
ETL with a thickness of ~30 nm and small amount of Au NPs
are in a direct contact with QDs because the Au NPs are
randomly distributed in the ZnO ETL. This may lead to the PL
quenching via nonradiative energy transfer. However, the
quenching process by the resonant energy transfer is a very
short-range effect and the quenching process decreases much
faster with distance than the enhanced electromagnetic field in
QDs by Au NPs possibly responsible for the PL enhancement.”
The large enhancement of PL intensity of QDs by Au NPs in
ZnO ETL indicates that many Au NPs embedded in ZnO are
located at a distance for the efficient exciton-LSP resonance
coupling which can override the quenching process. Figure 4(b)
shows the PL enhancement ratio, [5,/Ig, Where I, and I s are

=3—QDIZn0
=g=QD/Zn0:Au NPs

—
Q

2000

1500

1000

500

PL intensity (a. u.)

1 1 1 1 1
500 525 550 575 600

475 650
(b) Wavelength (nm)
-
[
< s
<
= 40
Q
= 35F
©
[
E 3.0
£ 25} Max L :
° enhanceient rati
g 2.0 3
B oy S, Max. LSP wavelength %,
r— of the ZnO:Au NPs film
@
1.0
= . ) A ) . .
o

500 525 550 575 600 625 650

Wavelength (nm)

L}
——abizno .
——QD/ZnO:Au NPsj]

°

Intensity (a.u.)

50 100 150

Time (ns)

Fig. 4. (a) PL intensity of spin-coated QD films on ITO glass substrates
with and without Au NPs in the ZnO ETL. (b) PL enhancement ratio,
Iau/Ires, Of the films shown in (a). (¢) Time-resolved PL measurements
of the QD film/ZnO ETL with and without Au NPs in the ZnO ETL.
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the PL intensities of QD films with and without Au NPs in the
ZnO ETL, respectively. The PL enhancement ratio as a
function of wavelength shows the wavelength for the maximum
PL enhancement which cannot be obtained by simple
comparison of two PL spectra in Fig. 4(a). A maximum PL
enhancement ratio of 4.47 is observed at 535 nm, which is very
close to the SP resonance peak at 536 nm for Au NPs
embedded in ZnO ETL. This result indicates that the maximum
PL enhancement ratio of 4.47 can be attributed to resonance
coupling between the excitons of QDs and LSPs of Au NPs. To
further verify the origin of the PL intensity enhancement, we
performed time-resolved PL (TR-PL) measurement of the QD
film/ZnO ETL with and without Au NPs by using a frequency-
doubled Ti:Sapphire laser with an excitation wavelength of 400
nm as shown in Fig. 4(c). It is noted that the fast decay time of
the PL emission of the QD layer without Au NPs in ZnO layer
is 8.86 ns, and the decay time is decreased to 7.13 ns by
incorporation of Au NPs into ZnO layer. The faster decay time
of QD layer with Au NPs indicates that the spontaneous
emission rate in QDs is enhanced by forming a fast
recombination path due to the resonance coupling between QD
excitons and LSPs on the Au NPs.
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Fig. 5. (a) Current density-voltage (J-V) and (b) luminance-voltage (L-
V) characteristics of QD-LEDs with and without Au NPs in the ZnO
ETL. (c) EL intensity of QD-LEDs with and without Au NPs in the
ZnO ETL at 7.5 V. (d) EL enhancement ratio, Ia./Ires, of the QD-LEDs
shown in (c).

Current density-voltage (J-V) of the green QD-LEDs are
presented in Fig. 5(a). Both QD-LEDs with and without Au
NPs in the ZnO ETL exhibit rectifying diode behavior and the
current densities of the devices with and without Au NPs are
almost same. Figure 5(b) shows the luminance-voltage (L-V)
characteristics of the green QD-LEDs. Turn-on voltage of 3.0 V
is observed in the devices with and without Au NPs. The
maximum luminance of QD-LEDs with and without Au NPs in
the ZnO ETL is 1183 and 388 cd/m?, respectively at the same
applied voltage of 7.5V. The similar J-J curves and the same
turn-on voltage of these QD-LEDs with Au NPs indicate that
the Au NPs in the ZnO ETL do not provide any additional
electrons which may contribute to the increase in the carrier
injection in the device. Figure 5(c) shows the EL spectra of the
QD-LEDs with and without Au NPs at 7.5 V as a function of
wavelength. The EL intensity of the QD-LED with Au NPs is
considerably enhanced by 4.33-folds at 552 nm compared with
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that of the QD-LED without Au NPs. The large enhancement of
EL intensity without any peak shift can be attributed to an
efficient resonance coupling between the excitons in the QDs
and LSPs in the Au NPs by a resonance energy matching
between them as shown in Fig. 3. To further understand the
origin of the EL enhancement observed in Fig. 5(c), the EL
enhancement ratio, I, /Ig., where I,, and I, are the EL
intensities from QD-LEDs with and without Au NPs in the ZnO
ETL, respectively, is plotted as a function of wavelength in Fig.
5(d). A maximum EL enhancement ratio of 4.54 is observed at
532 nm, which is close to the wavelength of the maximum PL
enhancement ratio for QD films with Au NPs as shown in Fig.
4(b). These results indicate that the maximum PL and EL
enhancement ratios originate from the same mechanism of LSP
resonance coupling between excitons in the QDs and LSPs in
Au NPs embedded in the ZnO ETL. This study suggests that
the further improvement of QD-LEDs is expected by strong and
efficient LSP-exciton coupling which can be achieved by
accurate matching of both PL wavelength of QDs and SP
wavelength of metallic NPs through precise control of the size
of both QDs and metallic NPs, and the optimization of distance
between QD and metal NPs for high LSP-QD coupling effect.

Conclusions

In summary, we investigated LSP-enhanced CdSe/ZnS
green QD-LEDs containing colloidal Au NPs embedded in a
ZnO ETL that is located close to the QD film. PL and EL
intensities were substantially enhanced by 4.12 and 4.33-folds,
respectively, by the Au NPs in the ZnO ETL. The electrical
properties of the QD-LED with Au NPs were almost identical
to those of the reference QD-LED, indicating that the enhanced
performance of the QD-LED with Au NPs was not associated
with improved carrier injection efficiency induced by the
incorporation of Au NPs in the ZnO ETL. The maximum PL
and EL enhancement ratios of 4.47 and 4.54 were observed at
535 and 532 nm, respectively, which are very close to the SP
resonance absorption peak at 536 nm of Au NPs embedded in a
ZnO ETL. The TR-PL results also demonstrate that the faster
decay time of green QD-LEDs with Au NPs can be due to
resonance coupling between excitons and LSPs. These results
indicate that the enhanced performance of green QD-LEDs with
Au NPs is attributed to the increase of the spontaneous
emission rate by strong LSP resonance coupling of Au NPs
with CdSe/ZnS QDs.
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