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ABSTRACT

We report a multilayer solution-processed blue light-emitting diode based on colloidal core/shell CdS/ZnS nanocrystal quantum dots (QDs).
At a low-operating voltage of 5.5 V, the device emits spectrally pure blue radiation at 460 nm with a narrow full-width-at-half-maximum bandwidth
of 20 nm and high brightness up to 1600 cd/m 2. Broad-band, long-wavelength emission from the polymer components and deep traps in the
QDs are minimized to less than 5% of the total emission.

Recent studies on the electroluminescence (EL) behavior of
colloidal nanocrystal quantum dots (QDs) of II-VI com-
pounds have suggested that quantum dot light-emitting diodes
(QD-LEDs) could provide a cost-effective alternative to the
forthcoming challenges of maximizing efficiency, brightness,
color saturation, area, and flexible substrate compatibility
for the next generation of flat-panel displays and solid-state
lighting.1-9 In particular, because of the extremely narrow
emission band of monodisperse nanocrystal QD populations
(full width at half-maximum (fwhm)∼ 18-30 nm), QD-
LEDs have been reported to produce color-saturated red and
green emissions of much higher spectral purities than those
of liquid crystal displays and organic light-emitting diodes
and even 30% greater than bulky cathode ray tubes that are
still favored for their excellent color rendition.4,6,8,9,10,11,12

Because the display system creates a variety of colors by

varying the relative intensities of the red-green-blue (RGB)
subpixels in each screen pixel cell, the enhanced color purity
of RGB QD-LEDs will result in an unprecedented improve-
ment in the number of colors that can be displayed. However,
such a prospect is dimmed by the slow development to date
of bright, color-saturated blue QD-LEDs.13

It is well established that the brightness of a display screen
is determined by the photometric brightness of the constituent
LEDs, which is defined as the wavelength-weighted power
emitted by a light source of unit surface area in a particular
direction (per unit solid angle), based on the luminous
efficacy of human vision14

whereLv is the luminance in Cd/m2, I is the radiant power
in W/sr, S is the surface area of the LED, andyj(λ) is the
luminous efficacy, specifying the average sensitivity of the
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human eye to light of different wavelengths. The blue
component (440-490 nm) of the visual spectrum is char-
acterized with low luminous efficacies, unlike its green and
red neighbors, ranging from 0.02 to 0.20, as compared to
∼0.80-1.00 for green (520-555 nm) light and∼0.20-0.70
for orange/red (590-640 nm) light. Therefore, a blue QD-
LED demands a higher radiant power,I, than green and
orange/red QD-LEDs of the same brightness to compensate
for the low-luminous efficacy. Other than brightness, the low
efficacy of blue emission also entails critical demands for
narrow emission bandwidth and “clean” spectral line shapes
of the QD-LED output to achieve the desired blue-saturation.

To date only a few blue QD-LEDs with maximum
brightness of∼125cd/m2 and fwhm bandwidthg32 nm have
been demonstrated.13,15,16,17Despite “blue” peak wavelengths
(440-478 nm) reported for those QD-LEDs, their emission
spectra inevitably exhibited significant tails extending into
the green and red region of the spectrum, the integrated
intensities of which often containg50% of the overall LED
radiance power. It is believed that the long-wavelength tails
accompanying the blue emission arise from the deep trap
emission of nanocrystals as well as the incomplete energy
transfer between QDs and the organic molecules comprising
the active region of QD-LEDs.13,15,16Because the luminous
efficacy of blue light is much lower than that of green light,
a broadband, long-wavelength tail beyond the blue portion
of the emission could make major contributions to the LED
brightness, making the blue emission of QD-LED far from
being saturated. The calculation using eq 1 has shown that
a “green” tail constituting only 20% of the total emission
power will simply double the overall brightness of a blue
QD-LED by adding an equal amount of green luminance to
the desired blue output.

In this paper, we report on the design and processing of
QD-LEDs whose brightness and blue purity far exceed the
values reported earlier. The LED in this experiment was
configured with a multiple layer structure employing struc-
turally engineered core/shell CdS/ZnS QDs in the emissive
region. At a low operation voltage of 5.5V, the device emitted
spectrally pure blue with a strikingly narrow fwhm bandwidth
of 20 nm and a high brightness up to 1600 cd/m2. The long-
wavelength tail of the LED output was minimized to less
than 5% of the total emission, leading to the highly saturated
blue emission from QD-LEDs. The result of our blue-LED
study represents a significant improvement over the perfor-
mance of existing blue QD-LEDs and marks a further step
toward the practical application of QD-LED technology in
full-color display and solid-state lighting.

The core/shell CdS/ZnS QDs employed in our blue-LED
devices were synthesized with an approach modified from
that originally proposed by Protie´re et al.18 The oleylamine/
octadecene mixture was used to provide the solvent environ-
ment for the nucleation and growth of CdS crystalline cores
from cadmium oxide and sulfur precursors at elevated
temperatures (250-300°C). The interaction between amine
molecules and Cd2+ ions in the reaction was found to have
a profound impact on the core growth dynamics and led to
the substantially narrowed emission bandwidth when the

amine dose was properly controlled.19 The photolumines-
cence (PL) emission of CdS cores was tuned to a peak at
420 nm, and the fwhm bandwidth is only 16 nm, as shown
in Figure 1a. Upon the shell growth, the monomolecular
precursor of zinc ethylxanthate (Zn(ex)2) was used for its
reduced decomposition temperatures (140-150°C), allowing
for a sufficiently low shell-synthesis temperature (∼200°C)
to avoid any ripening of the core nanocrystals that could
lead to the spectral broadening of the emission peak of the
core/shell structures.18 Such a shell-synthetic strategy was
employed in the present study to overcoat CdS cores with
three monolayers (MLs) of ZnS shells and to red shift the
emission peak to 460 nm while retaining the narrow fwhm
bandwidth (∼18 nm) for the emission of core/shell CdS/
ZnS QDs (Figure 1a). For their use in the QD-LEDs, the
as-prepared core/shell CdS/ZnS QDs were subjected to a
multistep precipitation/redissolvation process of purification
and subsequently dried into solid powders. An important
observation in our study was that the involvement of any
free ligands in QD powder often introduced impurities and
cracklike/pinhole defects to the later spin-coated QD films,
leading to low yield and reduced efficiency in the fabricated
LEDs.20 The number of repeated purification steps therefore
had to be optimized to lower the free ligand concentration
in QD samples and at the same time to avoid the significant

Figure 1. (a) Photoluminescence spectra of CdS cores and core/
shell CdS/ZnS nanocrystal QDs stored in tetrachloroethylene
solvent. (b) Schematic of the device configuration of the blue QD-
LED. Inset I: fluorescent image of QD power under UV light. Inset
II: HR-TEM image of a core/shell CdS/ZnS nanocrystal QD. Inset
III: simplified energy diagram of the QD-LED device. The energy
band structure of QDs is approximated by that of the light-emitting
CdS cores.
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reduction of quantum yield of QDs as a consequence of the
loss of surface passivation when the amount of surfactant
molecules over the nanocrystal drops rapidly in the purifica-
tion process. In our experiment, the purified QD power
appeared stable for shelf storage, as shown in Inset I of
Figure 1a, and retains a high quantum yield∼25% in toluene
solution.

Noteworthy is that there are no noticeable deep trap
emissions over the entire visible range of the room-
temperature PL spectra for both CdS core and CdS/ZnS core/
shell QDs. This is in sharp contrast to early reports where a
significant portion of (or the whole emission of) CdS cores
were due to deep trap centers and only became suppressed
upon the growth of ZnS shells.15,18 The device quality of
the QD material prepared for our blue-LED processing is
further confirmed by the high-resolution transmission elec-
tron microscopic (HR-TEM) image of the nanocrystals, as
shown in Inset II of Figure 1a. In the TEM picture, the core-
shell QD exhibits an approximately spherical shape with a
diameter near 4 nm. The well-resolved regular lattice fringes

indicate the single crystalline nature of the core/shell
structures without detectable stacking faults and other defects.

A multilayer structure of ITO/poly(3,4-ethylenediox-
ythiophene) poly(styrenesulfonate) (PEDOT/PSS) (25 nm)/
hole transport layer (HTL) (45 nm)/QDs (∼3 MLs)/Al (150
nm) was employed in the fabrication of the blue QD-LEDs,
with stripe-patterned ITO/PEDOT/PSS as the anode, poly-
(N,N′-bis(4-butylphenyl)-N,N′-bis(phenyl)benzidine) (poly-
TPD) spin-coated from chlorobenzene solution as the HTL,
QD layer spin-coated from a toluene solution as the emissive
layer, and shadow-mask-evaporated Al lines as the cathode.
The fabricated QD-LED devices, each with a surface area
of 4 mm2, were defined by the intersection of the orthogo-
nally aligned stripes of ITO and Al electrodes. The energy
level diagram of the device was plotted in Inset III of Figure
1b. The highest occupied molecular orbit level of Poly-TPD
is ∼5.2 eV, close to the work function of the ITO/PEDOT
anode, which facilitates the hole transport from the anode
to the emissive QD layer. The conduction band-edge of the
CdS/ZnS QDs was determined from the measured optical
band gap in combination with an effective mass approxima-
tion calculation.21 There is no barrier for electron injection
between the Al cathode and the emissive QDs.

In the earlier reported fabrication of blue QD-LEDs, QDs
were blended with HTL molecules such as 4,4′-N,N′-
dicarbazolyl-biphenyl andN,N0-diphenyl-N,N0-bis(3-meth-
ylphenyl)-(1,1 0-biphenyl)-4,4 0-diamine (TPD) prior to the
spin-cast deposition of device-active regions.13,15,16,17Con-
sequently, each emissive QD was partially or completely
surrounded by organic molecules allowing for the direct
energy transfer from organic molecules to QDs for enhanced
LED quantum efficiencies. Because there were excitons
created in the organic molecules, however, the incomplete
energy transfer often led to the broad organic emission that
deteriorates the color purity of blue QD-LEDs. In the present
device processing the deposition of the HTL layer is
separated from that of the QD layer resulting in a poly-TPD/
QD bilayer structure. When the QD thickness is optimized

Figure 2. Measured current density and luminance of a blue QD-LED as functions of the applied voltage (I -V andP-V). The inset plots
the LED luminance efficiency vs the injection current density.

Figure 3. Electroluminescence spectrum of the QD-LED measured
at the bias of 5.5 V. Insets: photomicrographs of the LED surface
recorded at the brightnesses of 100 and 1600 cd/m2.
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(equivalent to∼3 MLs), radiative recombination of electrons
and holes can be largely confined in the QD region for a
more saturated blue emission of QD-LEDs. Poly-TPD
exhibits an intrinsic resistance to nonpolar organic solvents
such as toluene and xylene, allowing the solution casting of
QD films over poly-TPD surfaces. In addition, the lumines-
cence efficiency of poly-TPD is substantially lower than that
of the QDs, which helps to minimize the residual organic
emission in the LED output. The similar strategy has been
applied in the early development of red QD-LEDs for
organic-free emission.22 The exclusion of an Alq3 electron
transport layer in the device configuration serves the same
purpose.

The current-voltage characteristics of QD-LEDs were
measured with a Keithley 4200 semiconductor parameter
analyzer. An Ocean Optic UV-vis-NIR spectrophotometer
was used to study the LED output spectra. To determine the
photometric brightness (cd/m2) of the QD-LED, the diode
output power was first measured with a Newport 1830-C
power meter and a Newport 818SL silicon photodetector that
was directed at a fixed distance toward the ITO glass side
of the QD-LED. The LED luminance (brightness) and
luminous efficiency was then calculated from the known
portion of the forward emission and the LED output spectra.
Images of LED output were recorded with a Sony DFW-
X700 FireWire color charge-coupled device camera coupled
with a C-mount lens. All the measurements were performed
under ambient conditions.

Figure 2 plots the measured current density and luminance
of the QD-LED as functions of the applied voltage (I -V
andP-V). The onset voltage, which is defined as the bias
voltage applied to an LED producing a brightness of 0.1 cd/
m2, is as low as 2.5 V. The LED luminance reaches 1600
cd/m2 at a bias of 5.5 V. The low-operating voltage and the
high brightness achieved in our blue QD-LEDs became
comparable to that of red and green QD devices, closing

the performance gap between blue and red/green QD-
LEDs. The inset of Figure 2 shows the luminance efficiency
versus injection density. A maximum luminance efficiency
of 0.506 cd/A was achieved atI ) 70.8 mA/cm2, corre-
sponding to the LED brightness of 351 cd/m2. While the
measured efficiency appears lower than the value reported
by Jun et al.,16 it is associated with a narrow band blue
emission that is featured by a small luminous efficacy of
∼0.06 as compared to the large efficacy (∼0.95) of the high-
intensity green tail presented in the emission of Jun’s blue-
LEDs.

Figure 3 shows the EL spectrum of the device at the
brightness of 1600 cd/m2. The LED emission peaks at 460
nm with the measured fwhm bandwidth is as narrow as 20
nm. The spectral characteristic of the LED output resembles
that of the PL emission of the QD solution except for a small
shoulder in the UV region due to the residual emission from
the poly-TPD (λpeak∼ 410 nm). There is no noticeable shift
of the peak wavelength between the EL and PL emission.
The integrated intensity of the broad, long-wavelength tail
over the green and red spectral regions has been reduced to
less than 5% of the total emission of the device, ensuring
the spectral purity of blue light output from the QD-LED.

It is worth mentioning that the narrow bandwidth (∼20
nm) of the blue QD-LEDs reported herein is comparable to
that of epitaxially grown, single-crystal III-V compound
devices,23 such as (Al,Ga)N blue LEDs, reflective of the
inherently inorganic, crystalline nature of CdS/ZnS QDs used
as the emissive elements of our LED device. This compares
favorably to the organic LEDs, the emission of which is often
featured with a large bandwidth (g60 nm). The inset shows
the photomicrographs of the LED surface taken at 100 and
1600 cd/m2, respectively. At high brightness, the LED image
becomes whitish due to the saturation of the camera sensor
pixels, while the periphery region glows blue as a result of
the back scattering.

Figure 4. Electroluminescence spectrum of the QD-LED measured at the bias of 6.5 V. Inset: photoluminescence spectrum of CdS/ZnS
QDs in the LED active region measured at 77 K.
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When the voltage applied to the LED device was increased
beyond 5.5 V, there was a distinct rise of a broad peak in
the long-wavelength regime. The integrated intensity of the
broad peak became∼50% of the total LED emission at the
bias of 6.5 V, as shown in Figure 4. It is speculated that this
long-wavelength signal arises from the deep-level emission
from the quantum dots as a consequence of irreversible defect
formation under high current-injection (∼0.6 A/cm2 at 6.5
V-bias).18,24 This was verified by the low-temperature PL
study of the emissive QDs in the device active region, as
shown in the inset of Figure 4. At 77 K, other than the strong
band-edge PL emission, a broadband PL signal of a deep
transition was identified, centered at∼610 nm, which
matches well with the long-wavelength peak of the EL
emission under high bias. A further study on the high current-
induced deep-level emission from QDs is currently under-
way.
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