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Abstract Electrical and the optical properties of organic
light-emitting devices (OLEDs) fabricated utilizing core/
shell CdSe/ZnS quantum dots (QDs) embedded in a poly-
vinylcarbazole (PVK) layer were investigated. An abrupt
increase of the current density above an applied voltage of
12 V for OLEDs consisting of Al/LiF/4,7-diphenyl-1,10-
phenanthroline/bis-(2-methyl-8-quinolinolate)-4-(phenyl-
phenolato) aluminium/[CdSe/ZnS QDs embedded in
PVK]/poly(3,4-ethylenedioxythiophene) and poly(styrene-
sulfonate)/ITO/glass substrate was attributed to the exis-
tence of the QDs. Photoluminescence spectra showed that
the peaks at 390 and 636 nm corresponding to the PVK
layer and the CdSe/ZnS QDs were observed. While the
electroluminescence (EL) peak of the OLEDs at low
voltage range was related to the PVK layer, the EL peak
of the OLEDs above 12 V was dominantly attributed to
the CdSe/ZnS QDs. The Commission Internationale
de I’Eclairage (CIE) chromaticity coordinates of the OLEDs
at high voltages were (0.581, 0.380) indicative of a red
color. When the holes existing in the PVK layer above 12 V
were tunneled into the CdSe/ZnS QDs, the holes occupied
by the CdSe/ZnS QDs combined with the electrons in the
PVK layer to emit a red color related to the CdSe/ZnS QDs.
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Introduction

Organic light-emitting devices (OLEDs) have become
particularly attractive because of their potential applica-
tions in promising full-color flat-panel displays [1, 2].
OLED displays have received much attention due to their
unique advantages of low driving voltage, low power
consumption, high contrast, wide viewing angle, low cost,
and fast response [3-5]. The prospects of the potential
applications of OLEDs have driven extensive efforts to
enhance their efficiency, and color stabilization, and life-
time. Even though a few studies concerning the fabrication
and the device performance of OLEDs fabricated utilizing
hybrid inorganic/organic nanocomposites containing semi-
conductor quantum dots (QDs) have been performed [6-9],
system studies on the electrical and the optical properties of
the OLEDs with inorganic/organic nanocomposites are
necessary for enhancing their efficiency and color stabil-
ization [10-12]. However, very few studies on the elec-
trical and optical properties of OLEDs with core/shell
CdSe/ZnS QDs embedded in the polyvinylcarbazole (PVK)
layer via a simple method have performed [12].

This paper reports for the electrical and optical proper-
ties of OLEDs fabricated utilizing PEDOT:PSS and CdSe/
ZnS QDs and PVK hybrid nanocomposites by using the
spin coating and small molecular and metal by using the
organic molecular beam deposition (OMBD) techniques.
Current density—voltage, luminance—voltage, photolumi-
nescence (PL), electroluminescence (EL) measurements
were carried out to investigate the electrical and the optical
properties of the OLEDs. The Commission Internatio-
nale de I’Eclairage (CIE) chromaticity coordinates for the
OLEDs with CdSe/ZnS QDs embedded in the PVK layer
were determined to investigate the emission color. The EL
mechanisms in the OLEDs fabricated utilizing hybrid
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CdSe/ZnS QD and PVK nanocomposites are described on
the basis of the EL spectra.

Experimental details

The sheet resistivity of the indium—tin oxide (ITO) thin
films coated on glass substrates used in this study was
15 Q/square. The ITO substrates were cleaned by using
acetone and methanol at 60 °C for 5 min, and then rinsed in
de-ionized water thoroughly. After the chemically cleaned
ITO substrates had been dried by using N, gas with a purity
of 99.9999%, the substrates were treated with an oxygen
plasma for 10 min. The OLEDs consisted of the following
structures from the top: an Al cathode electrode (120 nm)/a
LiF electron injection layer (0.7 nm)/a 4,7-diphenyl-1,10-
phenanthroline (BPhen) electron transport layer (25 nm)/a
bis-(2-methyl-8-quinolinolate)-4-(phenylphenolato) alumin-
ium (BAlq) hole blocking layer (10 nm)/a hybrid emitting
layer (EML) (80 nm)/a poly(3,4-ethylenedioxythiophene)
and poly(styrenesulfonate) (PEDOT:PSS) hole injection
layer (HIL) (40 nm)/an ITO anode electrode (100 nm)/a
glass substrate. The schematic diagram of the fabricated
OLED and the schematic energy band diagram of the
OLED are shown in Fig. la and b, respectively. The
PEDOT:PSS HIL was spun-coated at 4000 rpm and baked
at 200 °C to remove residual solvent. The hybrid EML was
spun-coated by using the solution consisting of 0.1 wt%
PVK in chloroform and 1 wt% CdSe/ZnS QDs in toluene at
2500 rpm and baked at 110 °C. The BPhen layer, the BAlq
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Fig. 1 Schematic diagrams of the a fabricated OLED and b energy

levels of the OLEDs. The energy level of 0 eV indicates a vacuum
level
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layer, and the cathode metal layer were deposited by using
OMBD techniques at a substrate temperature of 27 °C and a
system pressure of 5 x 107® Torr. The growth rates of the
organic layers and the metal layers were approximately 0.1
and 1 nm/s, respectively, which were controlled by using a
quartz crystal thickness monitor. After organic and metal
depositions, the OLEDs were encapsulated in a glove box
with O, and H,O concentrations below 1 ppm. The lumi-
nance was measured by using a chromameter CS-1000
(Minolta), and the EL spectrum was measured by using a
luminescence spectrometer LS50B (Perkin-Elmer).

Results and discussion

Figure 2 shows the current densities as functions of the
applied voltage for the OLED with (filled squares) and
without (open squares) CdSe/ZnS QDs. While the current
density of the OLEDs increases with increasing applied
voltage up to 10 V, the current density at the applied
voltage range between 10 and 11 V slightly decreases.
The current density—voltage curve below 11 V is domi-
nantly attributed to the PVK film, and the decrease of the
current density between 10 and 11 V is due to the forma-
tion of the space charge in the PVK film. However, the
current density above an applied voltage of 12 V abruptly
increases, which is attributed to the existence of the CdSe/
ZnS QDs [13-15]. Current density—voltage measurements
for the Al/LiF/BPhen/BAlq/PVK/PEDOT:PSS/ITO/glass
substrate device without CdSe/ZnS QDs, denoted by empty
squares, were performed to compare with the device with
CdSe/ZnS QDs under the same conditions. The bias current
gradually increases with an increase in the applied voltage
without a kink in the current density—voltage curve.
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Fig. 2 Current densities as functions of the applied voltage for the
OLEDs with (filled squares) and without (open squares) CdSe/ZnS
QDs
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Because the electron and hole injection barrier between
the PVK and the CdSe/ZnS QDs is very large, almost all of
the excitons are formed in the PVK, resulting in blue
emission. Because the electric field applied to the interface
of the PVK and the CdSe/ZnS QDs increases with
increasing applied voltage, the excitons generated in the
PVK are quenched. The exciton quenching at the interface
of the PVK and the CdSe/ZnS QDs produces more free
carriers, resulting in a dramatic increase of current density.
Because excitons in the CdSe/ZnS QDs increase due to the
lowering of the charge injection barrier of the CdSe/ZnS
QDs at high voltages, the red emission intensity related to
the CdSe/ZnS QDs slightly increases.

Figure 3 shows the luminance as a function of the
applied voltage for the OLEDs with CdSe/ZnS QDs
embedded in the PVK layer. While the luminance of the
OLEDs increases with increasing applied voltage up to
8 V, the corresponding luminance decreases with increas-
ing applied voltage from 8 to 12 V. While the luminance
below 12 V is dominantly attributed to the PVK layer, the
small luminance intensity corresponding to the CdSe/ZnS
QDs above 12 V is observed. The luminance intensity
related to the CdSe/ZnS QDs increases with increasing
applied voltage. While the recombination zone of the
OLED:s is located at the CdSe/ZnS QDs:PVK nanocom-
posites, the luminance of the CdSe/ZnS QDs embedded in
the PVK layer is very low due to the poor coverage and the
low energy transfer probability of CdSe/ZnS QDs in the
EML.

Figure 4 shows the PL and the absorption spectra for
CdSe/ZnS QDs in a toluene solution and for the PVK film
deposited on the glass substrate. The PL peaks at 636 and
390 nm shown in Fig. 4 are attributed to the CdSe/ZnS
QDs and the PVK film, respectively. Even though the
energy bandgap of the PVK film is 3.5 eV, the PL peak of
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Fig. 3 Luminance as a function of the applied voltage for the OLEDs
utilizing hybrid CdSe/ZnS QD and PVK nanocomposites
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Fig. 4 Photoluminescence and absorption spectra for the a PVK and
b CdSe/ZnS QDs in a toluene solution

the PVK film is shifted to lower energy due to the existence
of the exciton binding energy in the PVK layer. Because
the size of the CdSe/ZnS QDs used in this study is
approximately 5 nm, the PL peak corresponding to the
CdSe/ZnS QDs shifts to higher energy due to the quantum
confinement effect, resulting in the appearance of the red
emitting PL peak [16, 17].

Figure 5 shows the EL spectra for OLEDs measured at
applied voltages between 9 and 14 V. The dominant EL
peak at 390 nm for OLEDs appears, which is in reasonable
agreement with the PL peak of the PVK film. The lumi-
nance peak corresponding to the PVK layer above an
applied voltage of 12 V disappears, and the very broad EL
peak around 650 nm related to the CdSe/ZnS QDs appears.
The EL peak position related to the CdSe/ZnS QDs, as
observed from the EL spectra, is almost same as the cor-
responding PL peak shown in Fig. 4. Because the maxi-
mum level of the valence band of the CdSe/ZnS QDs
below 12 V is lower than the highest occupied molecular
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orbital (HOMO) level in the PVK, almost all holes in the
PVK layer combine with the electrons injected from the
BPhen layer, resulting in a blue emission of the PVK.
However, when the applied voltage approaches to 12 V,
the tunneling probability to the electronic subband state of
the CdSe/ZnS QDs from the HOMO levels of the PVK
increases. The tunneling holes in the CdSe/ZnS QDs
combine with the electrons in the PVK layer, resulting in a
red emission of the CdSe/ZnS QDs. However, the exciton
quenching effect due to the hole tunneling and the poor
coverage of the CdSe/ZnS QDs decreases the luminance
intensity of the OLEDs. When a positive voltage is applied
to the OLEDs, after the holes injected from the ITO elec-
trode are transported to the PEDOT:PSS HIL, they move to
the PVK layer through the hopping mechanism [18]. The
holes actually encounter CdSe/ZnS QDs with increasing
applied voltage to a certain value. The holes tunnel through
the ZnS shell into the valence band of the CdSe QDs,
resulting in the formation of an internal electric field along
the direction of the applied voltage and consequently the
sharp increase in a bias current. Thus, the electrical char-
acteristics at low applied voltages are dominantly attributed
to the hole transport. Because the electron injection at high
bias voltage is enhanced bias voltages, the recombination
center might be restricted to CdSe/ZnS QDs. Even though
the PL peak related to the PVK layer and the absorption
peak corresponding to the CdSe/ZnS QDs are overlapped,
this result cannot be clarified by using the Forster energy
transfer mechanism. While the EL peak corresponding to
the CdSe/ZnS QDs at low voltage is not observed, only the
EL peak appears above 12 V, as shown in Fig. 5 [19, 20].
These results indicate that the EL mechanism of the CdSe/
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Fig. 5 Electroluminescence spectra for the OLEDs utilizing hybrid
CdSe/ZnS QD and PVK nanocomposites measured at the applied
voltages between 9 and 14 V
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Fig. 6 CIE coordinates of the applied voltage for the OLEDs
utilizing hybrid CdSe/ZnS QD and PVK nanocomposites

ZnS QDs is dominantly related to the electrons and holes
injected into the CdSe/ZnS QDs.

Figure 6 shows the CIE coordinates of the OLEDs with
CdSe/ZnS QDs embedded in the PVK layer. The CIE
coordinates are shifted from the (0.185, 0.292) corre-
sponding to the PVK layer to the (0.581, 0.380) related to
the CdSe/ZnS QDs. While the CIE coordinates of the
OLEDs with CdSe/ZnS QDs embedded in the PVK layer at
low voltage are located at the blue region, those of the
OLEDs at high voltage are existed in the red region.
Therefore, the CIE coordinates of the OLEDs at high
voltage correspond to a stabilized red color, indicative of
the red emission characteristics of the CdSe/ZnS QDs.

Summary and conclusions

The electrical and the optical properties of the OLEDs
fabricated utilizing CdSe/ZnS QDs embedded in the PVK
layer were investigated. The abrupt increase of the current
density above an applied voltage of 12 V for OLEDs was
attributed to the existence of the CdSe/ZnS QDs. The PL
peak corresponding to the CdSe/ZnS QDs shifted to higher
energy due to the quantum confinement effect, resulting in
the appearance of the red color. While the dominant peak
of the EL spectra for the OLEDs at a low voltage range was
related to the PVK layer, the dominant peak above 12 V
was attributed to the CdSe/ZnS QDs. The emission color of
OLEDs with CdSe/ZnS QDs embedded in the PVK layer
was varied from the blue to the red region with increasing
applied voltage. While the CIE coordinates of the OLEDs
with CdSe/ZnS QDs embedded in the PVK layer at a low
operating voltage were located at the blue region, those at a
high operating voltage were existed in the red region.
The luminance of the OLED with CdSe/ZnS QDs embed-
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ded in the PVK layer was very low due to the poor cov-
erage and the low energy transfer probability of CdSe/ZnS
QDs in the EML. These results indicate that OLEDs fab-
ricated utilizing core/shell CdSe/ZnS QD and PVK hybrid
nanocomposites as an EML hold promise for potential
applications in full-color displays.
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