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Summary This review summarizes advantages, recent progress and challenges related to the
quickly evolving research field of colloidal quantum dot integrated LEDs based on color conver-
sion. We start with presenting a short general introduction to the field of solid state lighting
and color conversion phenomena, which are essential for defining the requirements for high-
quality general lighting. Subsequently we continue with a brief description of the synthesis of
nanocrystal quantum dots and their optical properties together with the advantages of utiliz-
energy transfer
(FRET);
Color conversion;
Solid state lighting

ing them in LEDs as color convertors. Following this basic background, we review the recent
efforts on quantum dot integrated color-conversion LEDs, Förster resonance energy transfer
(FRET) converted LEDs and FRET-enhanced LEDs. Finally, we conclude with a future outlook on
semiconductor lighting and quantum dot integrated LEDs.
© 2011 Elsevier Ltd. All rights reserved.
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ne of the possible means to combat and prevent an
rreversible climate change is to reduce the atmosphere

ollution caused by the traditional energy production tech-
ologies. This may be achieved by increasing contributions
f alternative energy sources and their diversification as
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ell as by modernization of existing technologies, which is
he scope of several international programs showing already
ome promises and first positive results [1,2]. In addition to
he introduction of smart energy production technologies,
limate change combat may be greatly supported by the
eduction and optimization of energy consumption. Nowa-
ays sufficient and convenient lighting belongs to standard
onditions of life quality in most of the developing and

eveloped countries of the world. At the same time, lighting
n these modern societies consumes up to 19% of the total
nergy [2]. Reduction of this number to its half would have
omparable impact on the energy problem like introduction
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Quantum dot integrated LEDs using photonic and excitonic c

of wind power stations known as one of the popular alterna-
tive energy sources. For example, wind energy contributed
in the year 2009 to 7.58% of the total electricity consump-
tion in Germany [3], one of the countries with the most
developed programs supporting alternative energy sources.
But is it possible to increase the energy efficiency in light-
ing without significant decrease of life quality? One of the
answers to this problem is the introduction of novel light
sources replacing incandescent bulbs. Fluorescence lamps
were introduced as a solution to decrease the high energy
consumption of lighting [4]; however, their light quality
remains very low and further decrease in the energy con-
sumption is desired. Solid state light sources mainly known
as light emitting diodes (LEDs) are among the most attrac-
tive candidates for this purpose owing to the potential of
reducing the energy consumption (at least three times in
comparison to incandescent light) together with exhibiting
high quality lighting.

Although artificial lighting with LEDs presently attracts
enormous interest [5,6], it is admitted that for the high-
quality white light generation mixing red, green and blue
LED chip emissions is necessary. Although possible, the
presently low efficiency levels of green LEDs limit the appli-
cability of this approach [6]. Alternatively, in order to
achieve pleasant and healthy lighting conditions (e.g., warm
white light) by using LEDs as light sources, proper color
conversion layers based on phosphors absorbing UV or blue
light and re-emitting at longer wavelengths are developed.
Today’s traditional phosphors solely rely on the use of com-
binations of rare earth ions. While this conventional kind
of phosphors is good at photon conversion with high quan-
tum efficiency, there exist fundamental problems related to
their photometric performance. Among them are their large
emission bandwidth and inevitable emission tail towards
long wavelengths, as well as difficulty in controlling the
granule size, composition of layers and depositing uniform
films. These disadvantages result in undesired visible color
variations and complexity in tuning the color properties.
Moreover, the scattering problem arises due to the large
grain size causing color coordinates change over angle. On
top of these scientific issues, the monopoly on the supply of
the rare-earth elements emerges as a political issue poten-
tially threatening the photonics industry, including the solid
state lighting. Recently, China, currently being the main sup-
plier of rare-earth elements has announced restrictions on
the export of these materials [7]. Therefore, breaking the
dependence of the photonics industry on these elements
has become critical from a strategic point of view at the
global level. That is why a search for novel phosphor materi-
als exhibiting high emission quantum yields, spectral purity,
long-term photo- and thermal-stability and processability
(compatible integration) which do not suffer from monopoly
concerns, is a key and challenging task essential to modern
solid state lighting.

These aforementioned properties are generally inherent
to a class of nanomaterials named semiconductor nanocrys-
tals (NCs), alternatively also known as colloidal quantum
dots (QDs). In this review we analyze and summarize the

knowledge accumulated during the recent half decade on
the perspectives of using semiconductor QDs in form of thin
films and specially designed composite materials for the
purposes of light conversion. As we assume not all our
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igure 1 Spectral distribution of color matching functions [9].

eaders are familiar with the terminology and standards
ommonly used in the field of lighting and color convert-
rs, we will begin with a general introduction into the field
escribing the basic parameters used to characterize the
olor properties of the light. Consequently, we will explain
hy namely quantum dots may be considered as very promis-

ng candidates for color conversion and will give examples
f several concepts of utilization of QDs for these proper-
ies stressing on color mixing strategies, color design and
nhancement strategies, as well as on assembly approaches
ecessary to integrate QDs with LED platforms. Finally we
ill give an outlook summarizing perspectives of the appli-
ations of the concepts overviewed.

hotometric properties of white LEDs

hromaticity coordinates

ristimulus coordinates (x, y) represent the perceived color
f a light source by the human eye. In fact, the widely
eported (x, y) coordinates consist of x, y and z coordinates.
owever, since the z value is dependent on the x and y val-
es given by z = 1−x−y, it is not reported and instead a two
imensional chromaticity diagram of (x, y) suffices. The per-
eived color is determined by looking at the corresponding
oordinates on the standard CIE (Commission Internationale

l’Eclairage—The International Commission for Illumina-
ion) chromaticity diagram. CIE defines the international
tandards for color science, and the CIE 1931 color matching
unctions and chromaticity diagram (shown in Figs. 1 and 2,
espectively) are commonly used corresponding standards
n both industrial production and scientific research [5],
lthough there are also more recent ones. However, it is
lso worth mentioning that the color matching functions
re not unique and some other examples may be found
n literature [8]. Each tristimulus value corresponds to an
pproximate response of each type of the red-, green-, and

lue-sensitive retinal cones. Eqs. (1)—(3) are used to deter-
ine the strength of each perceived red, green and blue

olors (i.e., X, Y and Z, respectively), where x̄(�), ȳ(�) and
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Figure 2 CIE 1931 (x, y) chromaticity diagram [10].

(�) are the color matching functions and P(�) is the spectral
ower density.

=
∫

�

x̄(�)P(�)d� (1)

=
∫

�

ȳ(�)P(�)d� (2)

=
∫

�

z̄(�)P(�)d� (3)

The (x, y) and z chromaticity coordinates are calculated
rom X, Y, and Z by normalizing them with respect to their
um using Eqs. (4)—(6). Therefore, z can be extracted from
x, y) as shown in Eq. (6). The equal-energy locus located in
he center of the chromaticity diagram at (x, y, z) = (1/3,
/3, 1/3), but this might not be necessarily the desired
perating point, which rather depends on the targeted appli-
ation.

= X

X + Y + Z
(4)

= Y

X + Y + Z
(5)

= Z

X + Y + Z
= 1 − x − y (6)

olor temperature

he relation between the color and temperature stems from
he blackbody radiation. The (x, y) tristimulus coordinates of
he blackbody radiators form the Planckian locus as shown in
ig. 3 and the color temperature of a light source is deter-
ined by looking at the coordinates of the corresponding
lackbody radiation temperature, whose unit is Kelvin [5].

owever, in Fig. 3 the Planckian locus is only a small por-
ion of the (x, y) chromaticity diagram and there exist many
perating points outside the Planckian locus. If the coordi-
ates of a light source do not fall on the Planckian locus,

e
e
s
C

igure 3 Planckian locus shown in the (x, y) chromaticity
iagram [10].

he correlated color temperature (CCT) is used to define
he color temperature of a light source. CCT is calculated
y transforming the (x, y) coordinates of the light source to
u′, v′) by using Eqs. (7) and (8) [11], and by determining the
emperature of the closest point of the Planckian locus to
he light source on the (u′, v′) uniform chromaticity diagram
Fig. 4).

′ = 4x

−2x + 12y + 3
(7)

′ = 9y

−2x + 12y + 3
(8)

olor rendition, color rendering index and color
uality scale

olor rendering index (CRI) is a measure of the capability of
light source to reveal the true colors of the illuminated

bjects. CRI ranges from −100 to 100 [12]. The best color
endering index is 100, whereas the CRI of the poorest color
endition is −100. A high CRI (≥80) is required especially for
ndoor lighting, but for outdoor applications such as street
ighting a lower CRI is sufficient for future SSL application
s recommended by Sandia National Laboratories [6]. CRI of
test light source is a relative measure with respect to a

eference light source, for which blackbody radiators with
n excellent CRI of 100 are used in general. The incandes-
ent lamps, which are also blackbody radiators and used
or home and office illumination, have a perfect color ren-
ering capability. However, because of their low efficiency,
ountries including Brazil, the European Union, Australia,
anada, and Russia phase out incandescent light bulbs for
eneral lighting.

For the calculation of the CRI, CIE recommended 14 test
olor samples having unique spectral reflectivities among

ach other. The general CRI is calculated by using the first
ight of these colors [12]. The remaining six CIE test color
ample objects from 9 to 14 are used to further evaluate the
RI of the test light source. For test light sources blackbody
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Table 1 CQS and CRI of the current technologies and sim-
ulated LEDs [13—15].

Light source Color quality
scale

Color rendering
index

Incandescent 98 100
Mercury 53 53
Cool white fluorescence 61 59
RGB LED (470-525-630) 55 31
RGB LED (464-538-613) 85 80
RGB LED (467-548-616) 82 90
RGB LED (464-562-626) 78 59

Figure 4 Chromaticity diagram (u′, v′) along with the Planck-
ian locus [5].
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RGB LED (457-540-605) 74 80
RGB LED (455-547-623) 79 73

radiators with the same color temperature or correlated
color temperature are used depending whether the tristim-
ulus coordinates of the test light source is on the Planckian
locus or not. The color rendering index is calculated accord-
ing to the test color spectral reflectivity difference under
the test light source illumination and the reference light
source illumination.

Although the color rendering index is widely used in
the lighting community, it may have misleading results
when applied to LED spectra particularly for cool white
shades. Therefore, in this review we also provide infor-
mation regarding a new color rendition metric called color
quality scale (CQS) developed by Davis and Ohno [13—15].
The advantage of the CQS is that it provides a better scale
and understanding for the color rendering capability of LED
spectra while solving various problems of the CRI. Simi-
larly, the CQS is also based on the use of a reference light
source like the CRI. Different from the CRI, the CQS uses
15 reflective Munsell samples and it makes use of a satu-
ration factor, which becomes effective when a light source
enhances object chroma. In addition, the CQS ranges from
0 to 100. The range of the CQS is also more understand-
able because CRI <0 does not express any useful information.
Furthermore, the CQS value of a light source is calculated
by taking the root mean square of the color differences
of test samples, which are illuminated by the test and
reference light sources. CQS and CRI of the current tech-
nologies and simulated LEDs are analyzed and summarized in
Table 1. According to the analysis, although the CQS results
are in agreement with the CRI results for traditional lamps,
the CQS shows the color rendering capability of LEDs more
appropriately.

LER and LE

In the lighting community, the luminous efficacy of optical
radiation (LER) and luminous efficiency of the device (LE)
can be mistakenly misused because the device LE is some-
times also dubbed luminous efficacy, which is different than
that of optical radiation, the LER. The LER represents the
relative optical power of emission spectra useful for the

human eye compared to the emitted total optical power;
thus, its unit is lumen per optical Watt. On the other hand,
LE quantifies the same with respect to electrical power so
that its unit is lumen per electrical Watt. LER and LE are

S
i
b
v

igure 5 Eye sensitivity function spectrum (for light-adapted
ision) [9].

alculated by using Eqs. (9) and (10) [16], respectively,
here v(�) is the eye sensitivity function given in Fig. 5,
(�) is the spectral density (i.e., the light power emitted per
nit wavelength), I is the current injection level and V is the
pplied voltage level at the operating point of the LED (with
I being the electrical input power). LE can thus be com-
uted simply by multiplying LER by the power conversion
fficiency of the LED.

ER =
(

683
lm

Wopt

) ∫
Popt(�)v(�)d�∫

Popt(�)d�
(9)

E =
(

683
lm

Wopt

) ∫
Popt(�)v(�)d�

VI
(10)

emiconductor quantum dot synthesis and
ptical properties required for high
hotometric efficiency
ynthesis of colloidal semiconductor QDs may be divided
nto two main classes: those prepared in organic solvents
y utilization of the hot injection approach [17,18] (or its
ariations) and those synthesized in polar media, mainly in
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ater [19—21]. Here, we are not going to describe synthetic
etails and make comparative analysis of the synthetic
trategies, these all may be found in the recent compre-
ensive reviews [18,22,23]. The most important for our
eview is the fact that growing knowledge on nanocrys-
al syntheses and post-preparative treatments allows for
lmost unlimited design of the chemical composition, shape,
ize-distribution, surface functionalization and optical prop-
rties of the semiconductor nanocrystals [22,23]. Among
he most attractive optical properties are strong, narrow,
nd tuneable (quantum confinement) photoluminescence
ith quantum yields in the range from 30- to over 90%
nd full-width at half-maxima (FWHM) of 20—50 nm in
he visible spectral region. Moreover, other important and
ttractive properties of the nanocrystal QDs are their high
xtinction coefficients (at least an order of magnitude
igher than organic dyes) and their stability (common for
norganic materials). Furthermore, the existence of func-
ional molecules (so-called ligands or stabilizers) on the
D surface which may be introduced during the synthe-
is or exchanged post-preparatively enables researchers to
esign their chemical compatibility with various solvents
nd coupling with other nanoparticles, surfaces and chemi-
al substances by means of electrostatic or covalent bonding
24]. The combination of all these favorable properties
akes QDs promising candidates for a variety of active appli-

ations in nanophotonics including color-conversion LEDs
23].

At the first glance it would seem that a material with
narrow emission spectrum is not the best candidate for
hite light generation. However, if one takes into account

he variety of the emitters available (including those of the
ame composition and surface functionality, but only differ-
nt in size) and the ability of the researches to combine
hem in composite structures and blends, the advantage of
he QDs for precise color design becomes much more obvious
25]. Recently a photometric study of ultra-efficient light
mitting diodes is reported exhibiting advanced CRI and LER
sing semiconductor QDs luminophores. Over 200 million
ystematically varied QD-LED designs have been simulated
o understand a feasible performance in terms of CRI vs.
ER and the results are demonstrated in Fig. 6 [26]. Accord-

ng to the results, warm-white LEDs with CRI >90 and LER
380 lm/Wopt at a correlated color temperature of 3000 K
re achievable via the proper spectral engineering of QD
uminophores.

e

g
p

Figure 6 Relations between (a) CRI and CCT,
H.V. Demir et al.

To achieve high performance, the selection of narrow
mitters is of great importance. For numerical analyses, we
nvestigated four color mixing designs to generate photo-
etrically high-quality white light [26]. In this study, we

ound out that only ca. 0.001% of over 200 million designs
an actually meet the high performance criteria of CRI >90
nd LER >380 lm/Wopt in the warm white region. Further
nvestigation of their average and standard deviation values
hat overcome these thresholds showed that the red wave-
ength should be strategically selected around 621 nm while
avelengths of other color components should be placed
round 465, 528, and 569 nm for blue, green, and yellow,
espectively. Except for the red component, the standard
eviation of all colors is about 10 nm, which allows for a rel-
tively large room to tune the peak emission wavelength.
owever, the optimal red wavelength is rather restricted;
he red emitter should not deviate from its targeted aver-
ge value as its standard deviation is only 2 nm. Looking
t FWHMs of all the four-color components, we again dis-
overed a striking difference between the red and other
olors. For blue, green, and yellow, the FWHM should be
round 44 nm, together with a standard deviation of ca.
nm, which leaves large enough room to tolerate relatively
road linewidths. However, the red FWHM should be sig-
ificantly narrower, with its average FWHM of 32 nm and
tandard deviation of 3.5 nm. Finally, the investigation of
verage relative photon counts of every color component
evealed that the blue needs to be weak in the spectrum
79.3 units out of 1000) whereas the red should be very
ominant (469.3 units out of 1000). Meanwhile, the green
nd yellow may take intermediate values (211.4 and 240.1
nits out of 1000, respectively). Their standard deviation
alue further pointed out that the exact weights of the
lue and red (and thus their balance) are very critical while
he end photometric performance is less sensitive to the
xact contributions coming from the green and yellow com-
onents as long as they are reasonably in the mid-range.
ig. 7 shows a LED spectrum generated using quantum dot
anophophors with these stated average values, given along
ith the resulting set of photometric figure-of-merits of
RI = 91.3, LER = 386 lm/Wopt, and CCT = 3041 K in the inset.
his shows that it is in principle possible to obtain spectrally

fficient, high-quality white light by using quantum dots.

In addition to these parametric analyses, we investi-
ated the fundamental relations and trade-offs between the
hotometric performance criteria. One interesting outcome

(b) CRI and LER, and (c) LER and CCT [26].
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Figure 7 Exemplary spectrum generated using quantum dot
nanophosphors (with the stated average values of the numerical
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analyses), together with the resulting photometric performance
[26].

of this study was to find that the high CRI comes at the
expense of significantly reduced LER, as depicted at differ-
ent CCT values (with ever increasing cost at a lower CCT) in
Fig. 8. An increased CRI requires decreasing the CCT. But,
cooler white light sources (i.e., higher CCTs) are needed
for increased LER values. Therefore, there is an intrinsic
trade-off pairwise between the LER and the CRI, and the
LER and the CCT when making a spectrally efficient, high
rendering, warm white LED. This effort requires careful
optimization.

Nanocrystal quantum dot-based
photonic-color-conversion LEDs

The operation of color conversion white LEDs is based on
the mutual use of LEDs and integrated color converting films.
When the LED is turned on it generates electroluminescence
and its electroluminescence pumps the integrated color con-
version layer, which in turn generates photoluminescence.

Consequently, the electroluminescence of the LED and the
photoluminescence of the color conversion layer collectively
generate white light.

Figure 8 Feasibility of CRI vs. LER at different CCTs using
quantum dot nanophosphors.
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ultilayered QD integrated LEDs

he use of combinations of QDs at different emission colors
nables color emission [27], which one can utilize to make a
onvenient adjustment and optimization of the white light
arameters, as reviewed here. To fine-tune the generated
hite light spectrum, the size and concentration of the QDs
nd the thickness and order of the QD films are needed to
e carefully adjusted. The size of the QDs determines the
olors that will contribute to white light generation. The QD
oncentration and the QD film thickness affect the level of
he photoluminescence by the color conversion layer and the
ransmitted electroluminescence by the LED. Furthermore,
he integration order of differently sized QD layers affects
he reabsorption of radiation by the previous QD layers.
herefore, the capability to set properly such device param-
ters allows us to obtain the aimed white light spectrum
aving high photometric quality [28].

By using this approach Nizamoglu et al. demonstrated
uneable white light generation utilizing combinations
f cyan-, green-, yellow- and red-emitting CdSe/ZnS
ore—shell nanocrystals on a blue-LED [28]. Four differ-
nt white LEDs are fabricated that include combinations
f (1) yellow-emitting nanocrystals (�PL = 580 nm) on a blue
ED (�EL = 440 nm) with (x, y) = (0.37, 0.25), CCT = 2692 K
nd CRI = 14.69; (2) cyan- and red-emitting nanocrystals
�PL = 500 and 620 nm) on a blue LED (�EL = 440 nm) with (x,
) = (0.37, 0.28), CCT = 3246 K and CRI = 19.65; (3) green-,
ellow- and red-emitting nanocrystals (�PL = 540, 580 and
20 nm) on a blue LED (�EL = 452 nm) with (x, y) = (0.30,
.28), CCT = 7521 K and CRI = 40.95; and (4) cyan, green, yel-
ow and red nanocrystals (�PL = 500, 540, 580 and 620 nm)
n a blue LED (�EL = 452 nm) with (x, y) = (0.24, 0.33),
CT = 11,171 K and CRI = 71.07 shown in Fig. 9. Chen et al.
ave achieved a better CRI by using QD luminophores.
he authors combined blue InGaN chips with red- and
reen-emitting colloidal core/shell CdSe/ZnSe QDs with the
hotoluminescence (PL) quantum efficiency (QE) exceeding
0%. The fabricated white LED exhibits a CRI of 91 at the
qual-energy point with tristimulus coordinates of (0.33,
.33) [29].

Tuneable white light generation with combinations of QDs
llows the QD integrated LEDs to be used in any specific
pplication via proper spectral engineering. In one of the
ecent papers, QD-LEDs are prepared for indoor lighting,
hich is one of the most important lighting applications
ecause of the demand for warm white light sources with
igh color rendering indices [25]. To meet these needs, QD
ybridized warm-white LEDs are promising candidates to
chieve CCTs below 4000 K for warm-white light generation
nd a CRI above 80 for future solid state lighting applica-
ions [30]. To generate such a high quality white light, green-
nd red-emitting CdSe/ZnS core-shell QDs emitting at 555
nd 613 nm are hybridized on a blue InGaN/GaN LED emit-
ing at 452 nm. The advantage of using QD luminophores is
he elimination of far red emission (>650 nm) because of
heir narrow linewidths. As a result, high LER values become
chievable. However, when conventional phosphors are used

or color conversion, a strong emission tail beyond 650 nm is
bserved, which significantly decreases the LER. Thus, opti-
ally efficient white light generation necessitates the use of
Ds instead of conventional phosphors.
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Figure 9 Luminescence spectra of (a) yellow-emitting QDs integrated on a blue LED at 440 nm, (b) cyan- and red-emitting QDs
on the blue LED at 440 nm, (c) green-, yellow- and red-emitting QDs on the blue LED at 452 nm and (d) green-, cyan-, yellow- and
red-emitting QDs on the blue LED at 452 nm at increasing current levels, and (x, y) coordinates of the hybrid white LED and pictures
of the resulting hybrid white LED and used QDs [28].

Figure 10 Luminescence spectra of Samples 1—3 at different current injection levels. Reprinted with permission from Reference
[25]. Copyright 2008 American Institute of Physics.
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Figure 11 Zoomed (x, y) tristimulus coordinates of Sam-
ples 1—3. Blue curve denotes the Planckian locus (chromaticity
points of the blackbody radiator) whereas the black line is the
border of the (x, y) chromaticity diagram. The inset shows the
(x, y) tristimulus coordinates on the CIE chromaticity diagram.
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Furthermore, to obtain high quality white light, black-
body radiators with low CCTs are explored and their spectra
are mimicked using QDs because they have a natural
CRI of 100 with a warm white appearance. In Fig. 10
the blackbody radiation at the color temperature of the
implemented hybrid warm-white LEDs (Samples 1—3) are
illustrated. To generate warm white light, the red con-
tent is required to be raised, while keeping the spectrum
within the white region. The luminescence of the first QD-
LED corresponds to (x, y) = (0.37, 0.30), LER = 307 lm/Wopt,
CRI = 82.4, and CCT = 3228 K. This CCT value brings the gen-
erated color in the warm-white region and also its CRI is
higher than 80, which fulfills the requirement for future
lighting applications [3,13,26]. Furthermore, the LER rises
above 300 lm/Wopt, which is a significantly high optical
efficiency for warm-white LEDs. The second QD-LED is gen-
erated by increasing the ratio of the red-emitting QDs.
The corresponding emission spectrum leads to (x, y) = (0.38,
0.31), LER = 323 lm/Wopt, CRI = 81.0, and CCT = 3190 K. Since
the integrated number of red-emitting QDs is increased,
the emission turns into a warmer white shade with a lower
CCT while keeping the LER above 300 lm/Wopt. Further
increase of the red-content results in (x, y) = (0.37, 0.30),
LER = 303 lm/Wopt, CRI = 79.6, and CCT = 1982 K. In this case,
the (x, y) coordinates reach almost the edge of the white
region, as shown in Fig. 11, meaning that this operating point
is one of warmest white light points.

Another important application of QD-LEDs is the display
backlighting, which makes use of their spectral tuneabil-
ity. Samsung Advanced Institute of Technology reported on
the synthesis of QDs with high QE, hybridization of these
efficient emitters on a blue LED and integration of white
LEDs into a 46-inch LCD TV backlighting unit [31]. For
these green- and red-emitting QDs CdSe//ZnS/CdSZnS and
CdSe/CdS/ZnS/CdSZnS are synthesized with their reported
in-solution QE of 100% and 95%, respectively (where //
means alloy between two materials). The high QE of these

QD emitters also prove a significant reduction of surface
states and their blinking free behavior. After integrating
these green- and red-emitting QDs (with optical densities of
0.035 and 0.0035) on a blue LED in the silicone encapsulant,

t
t
t
s

Figure 12 (a) Light intensity spectra (solid line) and brightness (ha
Inset: Color triangles of the QD-LED (white) and the phosphor-LED
of a 46 inch LCD TV panel and a quarter of the white QD-LED back
Copyright 2010 WILEY-VCH Verlag GmbH & Co. KgaA, Weinham.
eprinted with permission from Reference [25]. Copyright 2008
merican Institute of Physics.

heir QEs dropped to 59% and 39%, respectively. This effi-
iency drop can be explained by the introduction of defect
enters because of broken ligands or interaction with encap-
ulants at high temperatures above 150 ◦C. Furthermore,
eabsorption and scattering effects due to aggregation of
Ds may also contribute to this efficiency drop. The resul-
ant spectra of the white LED are given in Fig. 12a having
x, y) tristimulus coordinates of (0.24, 0.21) with a CCT of
00,000 K and LE of 41 lm/Welect. For the purposes of com-
arison, a blue LED is hybridized with an Eu-doped �-SiAlON
reen phosphor and an Eu-doped CaAlSiN3 red phosphor.
his phosphor based white LED has an LE of 40 lm/Welect.
lthough the radiation power of the phosphor is better than

hat of the QDs, a considerable amount of the radiation from
he blue LED and the red phosphor could not contribute to
he LER (because of being on the lower sides of the eye sen-
itivity function). As a result, the LE remains significantly

tched area) of the QD-LED (blue) and the phosphor-LED (grey).
(yellow) compared to NTSC1931 (black). (b) A display image

lights (inset). Reprinted with permission from Reference [31].
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Figure 13 Luminescence spectra of onion-like
CdSe/ZnS/CdSe core/shell/shell heteronanocrystals hybridized
on a blue light emitting diode driven at different levels of
current injection at room temperature, along with a picture of
the resulting hybrid QD-white LED while generating white light.
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ow. In addition to this advantage of QD-LEDs over phosphor
EDs, the QD-LEDs define a wider color gamut. The area
f the RGB triangle of the white QD-LED exceeds the area
f the National Television System Committee (NTSC) color
pace (104.3%) whereas the phosphor-LED can cover only
5.6%, meaning that a better color quality can be obtained
y using QD-LEDs. The display image of a 46-inch LCD TV
anel and a quarter of the white QD-LED backlights are
hown in Fig. 12b.

An important question that should be answered about
ight sources is the lifetime because it has a direct effect
n the cost of the lighting systems. It has been shown by
ang et al. that the half-lifetime of the silicone encap-
ulated QD-LEDs is beyond 15,000 h, which is comparable
o the typical lifetimes guaranteed by mobile display sys-
ems [31]. Another finding of this work has been that
he emission peaks did not change upon an excitation for
200 h, which is also important to preserve the designed
pectrum.

ual-color emitting QD integrated LEDs

ual-color emitting nanostructures based on quantum wells
QWs) are investigated as another white light generation
ource. The main aim of this approach is to obtain a con-
rollable broad band emission from individual QDs so that
hite light emission with high photometric quality can be
enerated. As an interesting example, Chen et al. fabri-
ated a blue/green two-color emitting LED based on the
ixture of two kinds of epitaxially grown QWs. The red-

mitting QDs were further integrated on top of this LED for
hite light generation. However, this LED exhibits different
olor properties at various current injection levels because
f the electron and hole injection imbalance. At relatively
ow (high) current injection levels, the electroluminescence
f green-emitting (blue-emitting) QW dominates [32]. As
possible solution to the color stability issue, Nizamoglu

t al. hybridized dual-color emitting QD-QW CdSe/ZnS/CdSe
ulti-layered heteronanocrystals on InGaN/GaN LEDs for

igh-quality white light generation [33]. Generally, white
EDs are achieved by using combinations of single color
mitting QDs, but novel dual-color emitting QD-QW hetero-
anocrystals also offer advantages in terms of white light
eneration via integration of a single type of QDs only. These
eteronanocrystals are composed of a CdSe QD core sur-
ounded by a ZnS shell and then a CdSe shell again. Sapra
t al. have previously showed white light generation using
hese dual (cyan and red) QD emitters in toluene solution
34]. However, the CRI of the generated spectrum was low
nd these white emitters were not integrated into devices.
or the proper white light generation, specially designed
ual color (green and red) emitting QDs were fabricated and
ntegrated on a blue LED. The emission spectra and true
olor image of the operating LED are provided in Fig. 13
33]. These spectra correspond to chromaticity coordinates
f (x, y) = (0.36, 0.30), and have a photometric perfor-
ance of LER = 278 lm/Wopt, CCT = 3929 K, and CRI = 75.1.

he main reason of this lower photometric performance
ompared to the integration of QD multilayers is the dif-
culty in the control of emission spectra of dual-color
mitting QDs.

e
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Q
t

eprinted with permission from Reference [33]. Copyright 2008
merican Institute of Physics.

rap-rich QD integrated LEDs

rap-rich QDs are also employed for white light generation.
he emission from trap states being due to surface defects
overs the entire visible spectrum. When these QDs are
umped, white light generation is achieved via recombina-
ion through the interband and mid-gap states. High quality
hite light generation in the above mentioned examples is
enerally achieved with the combined luminescence from
Ds emitting at different colors on a blue LED, for which also
he transmitted intensity coming from the blue LED needs to
e properly adjusted. As a conceptual progress, integration
f white emitting QDs on near-UV LEDs provides an easier
evice fabrication and engineering. To generate and tune
hite light, CdS QDs were integrated by drop-casting and the

x, y) tristimulus coordinates were properly tuned to warmer
CT with an increased number of hybridized QDs as shown

n Fig. 14 [35]. The last sample leads to the optical prop-
rties of (x, y) = (0.35, 0.40), CCT = 4718 K and CRI = 74.9. In
nother study, Gosnell et al. deposited CdSe QDs on a near-
V LED and the optical properties of white light for various
D layer thicknesses were investigated as summarized in
able 2 [36]. High-quality white LEDs with a CRI even higher
han 90 were acquired using these QDs, but the LE appeared
o be less than 5.3 lm/Welect meaning that the power conver-
ion efficiencies are less than 2%. Although these QDs allow
or easy fabrication and engineering, their efficiencies are
imited.

o-integration of QDs, polymers and phosphors on
EDs

nother color-conversion LED method is the blend of
Ds and other light-emitting materials (e.g., poly-
ers) [36,37]. In a recent study blue-emitting 9,9-bis(2-
thylhexyl)polyflourene is used with green-, yellow- and
ed-emitting CdSe/ZnS core/shell QDs together [38]. Since
Ds suffer from low efficiency in the blue region of the spec-
rum, relatively more efficient blue-emitting polyflourene



Quantum dot integrated LEDs using photonic and excitonic color conversion 641

Table 2 Luminous flux (in lumens) of nanocrystal-polymer films excited by near-UV LEDs emitting at the wavelengths of 365,
385, and 405 nm for various film thicknesses divided by the output power of the UV-LED alone (in W), as well as the corresponding
CIE chromaticity coordinates and CRI. A symbol of ‘‘—–’’ in the CRI column is used to indicate that the spectrum is too imbalanced
to be considered as white light [36].

Thickness (�m) 365 nm 385 nm 405 nm

lm/W (x, y) CRI lm/W (x, y) CRI lm/W (x, y) CRI

6 2.7 0.24, 0.17 —– 3.1 0.21, 0.09 —– 2.2 0.18, 0.02 —–
21 4.5 0.28, 0.26 88 4.1 0.23, 0.14 —– 4.2 0.19, 0.06 —–
61 4.9 0.35, 0.37 86 5.1 0.31, 0.28 82 3.8 0.23, 0.13 —–

143 5.0 0.40, 0.42 84 5.3 0.38, 0.38 82 3.1 0.31, 0.26 74
220 4.5 0.41, 0.42 88 4.7 0.39, 0.38 87 3.1 0.35, 0.33 90
418 4.7 0.44, 0.43 88 4.5 0.41, 0.39 86 2.6 0.37, 0.34 88

1212 3.9 0.46, 0.45 86 4.1
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Figure 14 (x, y) chromaticity diagram of white emitting CdS
nanoluminophores tuned with their amount hybridized on the
LED [35].

is a perfect candidate to achieve high-quality white light.

By using this combination, white light generation with
a CRI of 83.0 is acquired. In another study, eminently
greenish-yellow-emitting Sr3SiO5:Ce3+, Li+ and high qual-
ity TOP/TOPO/HDA-capped CdSe QDs are integrated on

m
d
o
a

Figure 15 Photographs of (a) an as-prepared CdSe QD- and Sr3S
white light-emitting LED operated at 5 mA and 20 mA, respectively. R
WILEY-VCH Verlag GmbH & Co. KgaA, Weinham.
0.42, 0.39 84 2.5 0.38, 0.34 86

blue LED [39,40]. The white LEDs exhibited an LE of
4.0 lm/Welect, a CCT of 8864 K and an excellent CRI of 90.1
39]. Jang et al. demonstrated a bright three-band white LED
hich is based on CdSe/ZnSe quantum dots and Sr3SiO5:Ce3+,
i+ phosphors, as shown in Fig. 15 [39]. The hybrid white
ED performance corresponds to a LE of 26.8 lm/Welect, a
CT of 6140 K, and a CRI of 85. Also, as an example of appli-
ation of Cd-free QDs for white light conversion properties
iegler et al. showed a white LED with a CRI of 86 by coating
he blend of red-emitting silica-coated InP/ZnS nanocrystals
ith green-emitting Sr0.94Al2O4:Eu0.06 converters and yellow
2.94Al5O12Ce0.06 on a blue LED [41].

RET-converted LEDs

n this part, we focus on the utilization of Förster-type reso-
ance energy transfer (FRET) from quantum wells (QWs) to
Ds for white light generation. Since the excitons generated

n the QWs can be directly, efficiently and nonradiatively
ransferred to QDs via FRET, a lower number of integrated
articles are needed for color conversion. Furthermore, the
E of the hybrid device does not directly depend on the
xternal QE of the QWs. Indeed, as opposed to electrolu-

inescence, the excitons of QWs pump the QDs via FRET
irectly, i.e., without recombining in the QWs. Utilization
f FRET requires short distances between the donor and
cceptor which means that thin QD layers are needed. This

iO5:Ce3+, Li+ phosphor-based white LED, (b and c) the same
eprinted with permission from Reference [39]. Copyright 2008
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Figure 16 Schematic of the hybrid quantum-well/nanocrystal
structure. The structure consists of an InGaN/GaN quantum-
well heterostructure with a monolayer of TOPO/TOP-capped
CdSe/ZnS core/shell nanocrystals on top of it. Electron—hole
pairs generated in the quantum well can experience nonradia-
tive energy transfer into the QDs by Förster-type, dipole—dipole
interactions. The emission properties of the QDs excited by
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injection is allowed despite a thin barrier layer of ca. 3 nm.
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RET are determined by the QD size. Reprinted by permission
rom MacMillan Publishers Ltd: Nature [44]. Copyright 2004.

rings about another important advantage: the QE of a thin
D layer is higher with respect to a thicker layer [42].
herefore, this novel method opens up a new possibility for
fficient white LED applications.

Förster-type nonradiative pumping of a color conversion
ayer is first proposed and theoretically investigated by Agra-
ovich et al. [43]. As in the case of a direct dipole—dipole
nteraction, the energy transfer rate increases while the
verlap integral between the emission of the donor and the
bsorption of the acceptor increases and it is also a highly
istance dependent process, which is strong up to a distance
f about 10 nm. Afterwards, Achermann et al. showed the
rst experimental demonstration of energy-transfer pump-

ng of semiconductor QDs using an epitaxial quantum well

44]. CdSe/ZnS core/shell QDs were hybridized on top of
n InGaN/GaN quantum well with a thin GaN capping layer
ca. 2 nm) using Langmuir—Blodgett technique (Fig. 16).

A
a
r

igure 17 (a) Schematic cross section of the nonradiative energy
nd (c) electroluminescence spectrum (2 mA driving current) displa
W (blue solid circles) and QD (red squares) emission intensities vs.

approximately the ratio of the two intensities) is independent of
opyright 2006 American Chemical Society.
H.V. Demir et al.

his nanostructure exhibited a FRET efficiency of 55% at
oom temperature. Thereafter, Rohrmoser et al. demon-
trated the temperature dependence of exciton transfer
rom a single InGaN quantum well to colloidal CdS nanocrys-
al quantum dots. In this structure, the FRET efficiency
s affected by two competing mechanisms: The increase
f the temperature reduces the localization of excitons.
n the other hand, as temperature increases nonradiative

ecombination channels within the quantum well start to
e effective, which has an opposite effect on the energy
ransfer. Resultantly, an optimum transfer efficiency of 65%
s obtained at 60 K [45]. Itskos et al. studied the distance
ependence of the energy transfer process from a QW to a
hin polyfluorene film (specifically poly(9,9-dioctylfluorene-
o-9,9(di4-methoxyphenyl)fluorene) [46]. Nizamoglu et al.
emonstrated white light generation by integrating red-
mitting QDs on a cyan-emitting wafer. In that work, the
uminescence of the QDs in the hybrid system is raised by 63%
ith respect to the only QDs case as a result of strong FRET

rom QWs to QDs. The emitted warm white color is mapped
o (x, y) = (0.42, 0.39) with a CCT of 3135 K [47]. However,
ne of the most important challenges for FRET utilization is
ts application to electrically driven LED devices.

An electrically pumped LED using nonradiative energy
ransfer has been demonstrated by Achermann et al. as
hown in Fig. 17a [48]. For this system a single monolayer
f CdSe/ZnS core/shell nanocrystals has been integrated on
n InGaN/GaN quantum well. The implementation of this
ybrid device is difficult because of two conflicting factors.
he rapid decrease of the FRET interaction with increasing
W-QD separation forces the use of very thin QW barrier

ayer (i.e., coupling is proportional to d−4). However, if a
ery thin barrier layer is used, the current injection into
he QW becomes a problem. As a solution to this problem,
n inverted LED design is used such that a diode struc-
ure of n-i-p is grown instead of a regular p-i-n structure
s shown in Fig. 17a. Since the n-doped GaN layer has a
igher carrier mobility than the p-doped region, current
s illustrated in Fig. 17c, the emission of the QW at 420 nm
nd that of the QDs at 590 nm are clearly observable. The
atio between the QD and QW emission intensities is 13%

transfer (ET)-LED structure, (b) LED under electrical excitation
ying both QW (420 nm) and QD (590 nm) emission bands. Inset:
driving current, indicating that the color-conversion efficiency
current [48]. Reprinted with permission from Reference [48].
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Figure 18 Schematic diagrams of the hybrid QD-LED etched
to different levels: through the MQW (top) and only down to the
p-AlGaN layer (bottom). Reprinted with permission from Refer-
e
W

t
H
s
L
i
e
h
t

Quantum dot integrated LEDs using photonic and excitonic c

which is independent on the applied current injection levels.
The device color conversion efficiency corresponds to nearly
10%. When compared to the case without FRET having a color
conversion efficiency of 3.5%, this is a significantly higher
value. Therefore, FRET mediated excitonic color conversion
is beneficial to achieve highly efficient LEDs.

Although Achermann et al. demonstrated an efficient
way of color conversion, exciton transfer was limited. This
is because only one quantum well could contribute to the
color conversion through the nonradiative energy transfer
process. As a solution, Chanyawadee et al. used an epi-
wafer having holes with elliptical cross-sections that reach
down to the active QWs. This work uses LED structures
following standard microfabrication and additional nanopat-
terning techniques including nanoimprint lithography as well
as plasma etching such as inductively coupled reactive ion
etching (ICP-RIE). The dimensions of the elliptic holes had
large enough cross sections so that the drop-casted QDs
can fill into the holes with a 450 nm depth. This architec-
ture, which is referred to a deep-etched LED, is shown
in Fig. 18 [49]. This design enables the QDs to be posi-
tioned in close proximity with multi-QWs so that excitons
can be injected to the QDs. To compare with the deep-
etched LED, another LED has also been fabricated as shown
in Fig. 18 (bottom). In this reference LED, the wafer is
shallowly etched by 150 nm and the QDs are far from the
multi-QW region to prohibit energy transfer. The disadvan-
tage of the deep-etched LED is that its electroluminescence
(EL) is not as strong as the shallow etched LED because
of the defect states in the active layer introduced dur-
ing etching. Deep-etched LED and shallow-etched LED have
comparable EL at 7 mA and 3.8 mA, respectively (Fig. 19).
However, for the same EL intensity of QW emission, the QD
emission of the deep-etched LED is higher than the shallow-
etched LED because of the additional exciton transfer from
QWs to QDs. The color conversion efficiency of the deep-

etched LED is 20%, which is 43% times higher than that of the
shallow-etched LED, doubling the value reported by Acher-
mann et al. [48]. With this structure an energy transfer
efficiency of 82% is achieved, which is significantly higher

c
w
e
s

Figure 19 QD emission enhancement and energy-transfer efficien
bare shallow-etched LED (dotted blue line) and the bare deep-etched
blue line (solid pink line) represents the corresponding EL of the hybr
left (right) panel shows emission of the hybrid shallow etched (deep
emission intensity in the absence of QDs. (b) Red solid circles represe
the deep-etched LED injection current. Blue solid circles represent
shows the emission of the QDs only in the hybrid shallow-etched (dee
Copyright 2010 WILEY-VCH Verlag GmbH & Co. KgaA, Weinham.
nce [49]. Copyright 2010 WILEY-VCH Verlag GmbH & Co. KgaA,
einham.

han the previously reported levels for QW-QD systems.
owever, just 18% of the generated excitons experienced
uch a high energy transfer efficiency. To make efficient
EDs, the ratio of excitons transferred to QDs needs to be
ncreased. Therefore, novel system architectures are nec-
ssary to increase the exciton transfer ratio while achieving
igh energy transfer efficiency. Here, it is also worth men-
ioning that the illustration in Fig. 18 presents an idealized

ase where the holes are completely and neatly stuffed
ith QDs. The variations in this QD distribution might be
xpected to affect the final FRET efficiency of the material
ystem.

cy of the hybrid color-conversion LED. (a) QW emission of the
LED (dotted pink line) at 3.8 and 7 mA, respectively. The solid

id QD/shallow-etched LED (hybrid QD/deep-etched LED). Inset:
-etched) LED for injection currents that produce the same QW
nt the effective nonradiative energy transfer efficiency versus
the enhancement of the QD emission. Inset: left (right) panel
p-etched) LED. Reprinted with permission from Reference [49].
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Figure 20 (a) Absorbance (optical density, OD) and photoluminescence (PL) spectra of the CdTe QDs of four different sizes used
to prepare the layer-by-layer assembled samples. The sizes are chosen such that the emission spectrally matches the excitonic
absorption of subsequently larger QDs. All spectra are taken in aqueous solution and vertically shifted for clarity. (b) Schematic
sketch of the REF sample, which consists of seven layers of red-emitting, 3.5-nm large CdTe QDs. For the REF sample the energetic
positions of the highest occupied nanocrystal orbital (HONCO) and the lowest unoccupied nanocrystal orbital (LUNCO) are sketched.
Each excitation remains in the layer where it is created because of the absence of a gap gradient. (c) Sample CET consists of
subsequent layers comprising green, yellow, orange, red, orange, yellow, and green-emitting QDs. For the CET sample the HONCO
and LUNCO are also sketched, visualizing the cascaded band gaps used to facilitate cascaded energy transfer [50]. Reprinted with
p ical

F

Q
c
s
u
f
r
s
d
a
s
i
a
c
t
b
b
r
v
o
Q
s
t
s
s
a
y
t
s
f

r
i
d
e
e
e
t
B
b
c

o
o
t
t
l
c
l
f
[
d
u
a
o
c
c
u

ermission from Reference [50]. Copyright 2004 American Chem

RET-enhanced LEDs

Ds usually exhibit lower quantum efficiencies in films as
ompared to their in-solution quantum efficiencies. As a pos-
ible solution, higher band gap inorganic capping shells are
sed but these shell barriers also do not necessarily per-
ectly isolate the QDs unless they are thick enough. In a
ecent study Franzl et al. showed a cascaded energy transfer
tructure made of QDs with funnel-like band gap profiles and
emonstrated that the funnel structure recycles trapped
nd otherwise lost electron—hole pairs increasing the emis-
ion intensity [50]. In that work, CdTe QDs were synthesized
n water with a thioglycolic acid as short-chain capping
gent. Positively charged poly[diallyldimethylammonium
hloride] (PDDA) was used as a polyelectrolyte to assemble
he QDs in a layer-by-layer architecture with a funnel-like
and gap profile. CdTe QDs with four different diameters
etween 1.7 and 3.5 nm emitting green, yellow, orange and
ed colors were utilized (Fig. 20a). As a result of this size
ariation, a spectral overlap occurs between the emission
f the QDs with smaller diameter and the absorption of the
Ds with the larger diameter which is one of the neces-
ary conditions for FRET. In-solution quantum efficiencies of
he samples were in the range of 8—34%. For the reference
ample, seven layers of red-emitting QDs were deposited as
hown in Fig. 20b (for which the sample is named as REF). For
funnel-like band gap profile, subsequent layers of green-,
ellow-, orange-, red-, orange-, yellow-, and green- emit-
ing QDs are deposited as indicated in Fig. 20c (where the
ample is dubbed CET). The quantum efficiency obtained
or the REF sample was ca. 2%, which is much lower with

f
o
e
e

Society.

espect to the QEs of the QDs in solution. In other words,
n this QD film about 98% of the excited electron—hole pairs
o not experience interband recombination and the trapped
xcitons recombine through midgap defect states. How-
ver, it was shown that the CET sample exhibited four-fold
nhanced red color emission than the REF sample, although
he REF sample contains seven times more red-emitting QDs.
y using such strong FRET processes, trapped excitons can
e recycled and can be used to enhance the emission of color
onversion layers.

For LED applications, QDs are hybridized as a mixture
f QDs and polymer matrix, or a mixture of QDs and an
rganic capping layer on top of the QD layer to isolate
he QDs. The quantum efficiency enhancement in nanocrys-
al solids is critically important for their efficient use as
uminophors on color-conversion LEDs. Furthermore, recy-
ling of trapped excitons reveals emission increase in the QD
ayer. Thus, in a recent study, the optimum QE enhancement
or QD close-packed films was explored for LED applications
51]. The QE enhancement was investigated as a function of
onor—acceptor QD ratios as shown in Fig. 21. The authors
sed cyan-emitting CdSe/ZnS core/shell QDs as the donors
nd green-emitting QDs as the acceptors with spectral
verlap and dot—dot interspacing satisfying the necessary
onditions for efficient FRET. The control groups of samples
onsisting of only cyan- and of only green-emitting QDs were
sed as the base line and these points are presented at the

ar edges of the plot in Fig. 21 for visualization purposes. All
f the cyan- and green-emitting QD hybrids exhibit quantum
fficiency enhancement because of the recycling of trapped
xcitons. A maximum quantum efficiency enhancement of
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Figure 21 QD donor—acceptor ratio dependent quantum effi-
ciency enhancement of the donor—acceptor hybrid solid films
consisting of cyan- and green-emitting CdSe/ZnS core/shell
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QDs. Reprinted with permission from Reference [51]. Copyright
2009 American Institute of Physics.

17% is achieved when the donor—acceptor ratio is 1:1 while
having a FRET efficiency of 48%.

The mixture of green- and yellow-emitting QDs with such
an optimized donor—acceptor ratio was integrated on a
near-UV LED (Fig. 22) [52]. The QE of this energy gradient
structure was found to be 13.2% higher compared to the cor-
responding control groups which is again a consequence of
the recycling of trapped excitons. The violet tail of the near-
UV emission balanced out the green and yellow emission for
white light generation and the operating point of the hybrid
LED corresponded to (x, y) = (0.44, 0.40) and a CCT = 2872 K.
This work demonstrates enhanced white light generation via
FRET and showcases the first application of FRET enhanced

white LEDs.

Similarly, this idea may be also applied to green LEDs
to remedy the green-gap problem [3]. Indeed, integration

Figure 22 Luminescence spectra of mixed green and red-
emitting CdSe/ZnS core/shell nanocrystals integrated on a
near-UV InGaN/GaN LED. Insets show the evolution of the opti-
cal power with increasing current injection, a true color image
of the hybrid LED, and its (x, y) tristimulus coordinates [52].
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f QD layers with an energy gradient towards green emis-
ion on an efficient near-UV LED platform ends in a 19.5%
E enhancement of a QD layer whose QE reaches to
5% [53].

uture outlooks and conclusion

n conclusion, here we reviewed the recent developments
egarding QD-integrated light emitting diodes, which are
ased on the color conversion phenomenon, after a brief
ntroduction to color science, photometry and optical prop-
rties of QDs. As a concluding remark to the discussed issues,
e can add that the most promising and attractive fea-

ures of colloidal QDs for color conversion applications are
heir narrow but precisely tuneable emission spectra, their
ery high photoluminescence quantum yields, their stability
nherent to inorganic substances as well as the possibility
o adjust their surface functionality, which allows liter-
lly unlimited design of functional composites and hybrid
tructures. Considering these advantages, QDs offer a very
ignificant contribution to this developing field in order that
he future forecasts regarding the replacement of tradi-
ional light sources by light emitting diodes can be realized.
specially, the broad emission spectra problem of phos-
hors, and cost and green gap issues of multichip LED
pproaches can be by-passed by the integration of QDs
nto light emitting diodes; as a result, the targeted perfor-
ance levels of 200—300 lm/Welect can be realized in the

ear future [54]. Since the large scale QD synthesis has
een succeeded in recent years [55], achieving the mass
roduction of QD-LEDs with such an extraordinary perfor-
ance might be possible. However, there are still some

spects of QDs that need further development. One of these
hallenges is the reduction of the potential toxicity of quan-
um dots, as the most successful examples of this kind of
aterials are cadmium-based. Existing alternatives such as

nP or ZnTe QDs suffer from relatively low stability and
oderate quantum yields. Therefore, more research in the
irection of improving these material systems or other possi-
le candidates is to be needed. Another important challenge
s the compatibility of QDs with the silicone matrix typi-
ally used for the fabrication of conversion layers in the
ED industry. For solving this problem, a proper surface
esign and protecting shells are necessary so that the QDs
re dispersed in silicone without any deterioration of the
hotoluminescence and stability. As an alternative to the sil-
cone, the exploration of other polymeric candidates, which
re compatible with QDs, can be proposed as an important
esearch subject that will open new possibilities for the
se of QDs in LEDs. Despite these difficulties, some com-
anies such as Evident Technologies and Nanosys Inc. had
lready introduced their QD integrated LEDs, though not yet
or large-scale general lighting. In case these challenges are
vercome, the quantum dots should be expected to attain
dominant place in the lighting industry within one or two

ecades.
cknowledgement
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