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Abstract 

Ever since colloidal semiconductor quantum dots 
were known as nanocrystalline nonbleachable giant arti-
ficial atoms with facile color tunability, high color purity, 
and high photoluminescence quantum yield, the practi-
cally useful highly bright and efficient, thin flexible less-
than 6 V driven red-, green-, blue-, natural-look white 
light-emitting devices (R/G/B/white-LEDs), and UV light-
emitting devices have been realized. In addition, real time 
traceable bioconjugated quantum dot probes for bioimag-
ing were developed. . 
 
1. Introduction 

Colloidal quantum dots(CQDs) have given great atten-
tion for the last decades owing to their unique electrical and 
optical properties that depend on their size and shape, which 
is termed the “quantum confinement effect (QCE)” [1-2].  

Quantum dots are semiconductor nanocrystals (~1–100 
nm) or so-called giant artificial atoms with quantum con-
finement effect, quantized electron and hole states, and  
function-like densities of states. Compared with self-assem-
bled quantum dots under certain conditions during molecu-
lar beam epitaxy or metal organic vapor phase epitaxy, col-
loidal quantum dots by the wet chemical synthetic methods 
are promising for commercial applications, due to the facile 
scale-up and the convenient synthetic set-up. The spectra of 
colloidal quantum dots are inhomogeneously broadened due 
to fluctuations in quantum dot size, shape, and composition. 
Their typical inhomogeneous line widths are >20 meV, but 
can be reduced by the uniform size and shape, composition 
control. Due to their easy color tunability ranging from near 
ultraviolet to visible to near infrared, broad excitation profile 
and narrow spectral emission bandwidth, high photolumi-
nescence quantum yield, and optical multiplexing- multiple 
colors and intensities are combined to encode genes, pro-
teins and small-molecule libraries-, CQDs have currently 
been applied in bioimaging and electronic devices [3-4].  

Here, we report very bright, low-voltage driven, red-, 
green, blue-, white- quantum dot light-emitting devices 
(QLEDs), and ultraviolet QLEDs enabled by the direct  
exciton formation within QD active layers in an organic–in-
organic hybrid device structure and bioconjugate QDs for 
real time bioimaging. The practically useful highly bright 
and efficient, thin flexible less-than 6 V driven R/G/B/white-
QLEDs, and UV QLEDs, and bioconjugated quantum dot 
probes for bio-imaging were achieved. 
 
2. Method of Approach 

CQDs were synthesized by wet chemical methods, or so- 
called molecular beaker epitaxy. By tuning their sizes and 
shapes, we can control excitonic energies, and thus we can 
realize the desired absorption and emission. More specifi-
cally described, we produce artificial atoms, using the La 
Mer fast nucleation and slow growth, aggregating growth & 
oriented attachment (or epitaxial attachment) via specific re-
active facets, and Ostwald ripening processes.  

The QD surface are closely associated with the perfor-
mance, photostability, and solubility of CQDs. In order to 
achieve the high photoluminescence quantum yield and pho-
tostability, the surface states associated with surface atoms 
on CQDs were carefully passivated. Utilizing the reactivity 
differences in precursors, we produce the artificial atoms the 
structure of which have the core with energy-gradient shell 
that is helpful to suppress Auger recombination processes, in 
a large scale by single-step synthetic method [5-6].  Fig. 1 
shows the synthesis scheme for the CQDs having the core 
with energy-gradient shell structure.  
 

 
 
 
 
 
 

 
Fig. 1 Composition gradient shell growth using the reactivity differ-
ence between precursors 
 

With a layer-by-layer assembly method combined with 
the patterning method, we have fabricated various useful op-
toelectronic devices. The layer-by-layer (L-b-L) assembly 
employs specific interaction forces such as electrostatic in-
teractions, hydrogen bonding, or covalent bonding between 
each deposited layer. The multilayer films were fabricated 
by L-b-L assembly method using electrostatic interactions 
between each layer through the sequential deposition of op-
positely charged QDs onto the substrates. The L-b-L assem-
bly method ensured the formation of a homogeneous and 
uniform layer over a large area [7].  

The hybridization of QDs with conducting polymers or 
biomolecules through the chemical bonding between them 
were done to enhance good optical and electrical transport 
properties or to get good bioimaging probes. The uniformity 
and homogeneity of hybrid films were examined on both the 
nanometer and micrometer scales in terms of fluorescent op-
tical microscopy and cross sectional TEM analysis [8]. 

Shell 

Core 

Composition gradient shell 

Core Core Core 
Reaction  
Time 

 B-4-01 (Invited)
Extended Abstracts of the 2017 International Conference on Solid State Devices and Materials, Sendai, 2017, pp95-96

- 95 -



   The semiconductor quantum dots are very stable inor-
ganic nanocrystals, so they have a valence band edge located 
deeply (~ -6 to -7 eV) due to strong chemical bonding. We 
introduce easily processable, high-performance, red, green, 
and blue (RGB), or UV QLEDs with the inverted device 
structure. The inverted device structure consists of the pat-
terned ITO (cathode), ZnO nanoparticle film as an electron 
injection layer (EIL) and an electron transporting layer 
(ETL), organic conjugated molecules as a hole transporting 
layer (HTL), MoO3 as a hole injection layer, and Al (anode). 
 
3. Results and Discussions, Conclusion 

We synthesized various types of colloidal QDs, 
CdSe@CdS@ZnS, CdSe@ZnS, and Cd1−xZnxS@ZnS as the 
red, green, and blue & UV emitters, respectively, possessing 
high photoluminescence (PL) quantum yields (70−80%) at 
room temperature, by the wet chemical method described 
earlier. In addition, for the purpose of bioimaging, highly lu-
minescent and cost-effective quantum dot (QD)-neutravidin 
(NTV) bioconjugates were synthesized to probe the tyrosine ki-
nase B (TrkB) receptors distributed in the cultured hippocam-
pus neurons. QD-protein bioconjugates were also synthesized 
to study the structural and functional plasticity of Aplysia 
mechanosensory presynaptic neurons in relation with the 
mechanism underlying learning and memory [9-10]. 

Such toxic elements as Cd, Pb, and Hg are restrained by 
the restriction of hazardous substances (RoHS) directive. 
Since then, our research group have sought environmentally 
benign and highly photoluminescent CQDs such as  
In1-xGaxP@GaPZnS alloy-core with chemical composition 
gradient shell.  

Single or multicolored QLEDs in a large-area array were 
fabricated by the L-b-L assembly method ensuring the for-
mation of a homogeneous and uniform layer over a large area 
combined with patterning techniques such as inkjet printing or 
micro contact printing (CP). One of the most advantageous 
features of QLEDs fabricated from QD multilayer films is the 
facile scale-up capability to larger areas without any additional 
elaborate optimization processes.  

The creation, recombination, annihilation, and separation, 
transport of excitons were investigated in colloidal quantum 
dot-embedded carbon-based matrix. The optimum thickness 
of the exciton-recombination zone was found to be 1.2 to 
1.5 monolayers for the best QLED performance. And thus,  
2 monolayers of QD active emission region are more than 
good enough in QLED devices. The light emission in vari-
ous QLEDs was enabled by the direct exciton formation 
within gigantic artificial atom-embedded active layers in a 
conducting polymer matrix. If the hole mobility through a 
conducting polymer is improved or new crystalline conduct-
ing polymers are applied, then we still have a room to en-
hance further the performance of QLEDs.  

The thin flexible highly bright, efficient, low-voltage driven 
red, green, blue, and natural white light-emitting devices 
(R/G/B/white-LEDs), have been accomplished. The lumi-
nances of red-, green-, and blue-emitting devices are 23040, 
218800, and 2250 cd/m2 at the maximum, respectively. In ad-
dition, the external quantum efficiencies (EQEs) of the RGB 
devices were 7.3, 5.8, and 1.7%, respectively. White-QLEDs 

with a luminance of 5,000 cd/m2 at an applied bias less than 6 
V and external quantum efficiency of 1% or more have been 
successfully realized. Genuine UV-emitting QLEDs with a 
2.5-nm-sized CdZnS ternary core and a ZnS shell were 
achieved. The irradiance is as high as 2.0−13.9 mW/cm2 at the 
peak wavelengths of 377~390 nm, several orders of magni-
tude higher than that of any other thin-film UV LEDs devel-
oped so far. Practically useful, thin flexible RGB-, White-, and 
UV- quantum dot light-emitting devices are shown below in 
the Fig. 3. 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Thin Flexible RGB-, White-, and UV- Quantum Dot 
Light-Emitting Devices: RGB QLEDs (left); White- or Nat-
ural Look QLEDs (middle); UV-QLEDs (right) 
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