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1. Introduction

The advantages of the rapidly developing organic light-
emitting diode (OLED) technology[1] can be combined with
attractive properties of semiconductor nanocrystals (NCs).[2]

The optical properties of this class of lumophores are
determined by the quantum confinement effect,[3] so that
their emission color (Figure 1) and the electron affinity can be

controlled not only by the material choice but also by the size
which can be tailored during the synthetic procedure.

A typical semiconductor nanocrystal, which can also be
thought of as a colloidal quantum dot, consists of an inorganic
core, which is comparable to or smaller in size than the Bohr
exciton diameter of the corresponding bulk material, sur-
rounded (“passivated”) by an organic shell of ligands.[2] State-
of-the-art syntheses, which can be carried out either in organic
solvents[4] or in water,[5] provide different II–VI, III–V, and
IV–VI nanocrystals with variable size and a narrow size
distribution leading to narrow emission spectra (25–35 nm full
width at half maximum (FWHM) in solution) for which the
emission maximum is tunable from the UV to the near-
infrared spectral region.[6] We refer interested readers to some
recent[7–9] and less-recent[10,11] reviews on the synthesis of

semiconductor nanocrystals. Proper surface passivation leads
to improved chemical stability and high photoluminescence
(PL) quantum efficiencies of > 50% for so-called Type I
core–shell[12,13] nanocrystals, such as CdSe/ZnS, where the
large band-gap semiconductor (e.g. ZnS) overgrows the core
material epitaxially (CdSe) and the band edges of the core
material lie inside the band gap of the outer material. The
variety of surface chemistries possible with nanoparticles
enables their simple processing from different solvents and
facilitates their incorporation into different organic matri-
ces.[14] However, the conduction properties of nanocrystal-
only films are poor,[15–17] and it is difficult to achieve an
electrical contact to single nanocrystals because of their small
size. However, in general, their properties make nanocrystals
attractive materials for fabrication of hybrid semiconductor-
nanocrystal–organic LEDs with a highly saturated emission

Colloidal semiconductor nanocrystals are promising luminophores
for creating a new generation of electroluminescence devices. Research
on semiconductor nanocrystal based light-emitting diodes (LEDs) has
made remarkable advances in just one decade: the external quantum
efficiency has improved by over two orders of magnitude and highly
saturated color emission is now the norm. Although the device effi-
ciencies are still more than an order of magnitude lower than those of
the purely organic LEDs there are potential advantages associated
with nanocrystal-based devices, such as a spectrally pure emission
color, which will certainly merit future research. Further developments
of nanocrystal-based LEDs will be improving material stability,
understanding and controlling chemical and physical phenomena at
the interfaces, and optimizing charge injection and charge transport.
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Figure 1. Size-dependent photoluminescence of CdTe nanocrystals syn-
thesized in water (2–5 nm size range, the smallest particles emit
green, the largest red, the quantum efficiency is up to 60%).
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color. This property is of importance for the development of
full color large-area flat-screen displays.

This Review provides an overview of LEDs based on
semiconductor nanoparticles operating in the visible spectral
region, typically with an organic component, and is divided
into two parts which describe the devices processed from
organic and from aqueous solutions. The organic component
of the hybrid LEDs is either (and mainly) a conjugated
polymer, such as poly(para-phenylenevinylene) (PPV), a non-
conjugated polymer, such as polyvinylcarbazole (PVK), or
consists of small organic molecules, such as aluminum-tris-(8-
hydroxyquinoline) (Alq3). Nanocrystal-based LEDs emitting
in the near-infrared spectral range have been reviewed in a
previous publication.[6] In addition, we review some recent
progress in understanding the influence the unique morphol-
ogy of nanoparticle films and nanoparticle–molecule blend
films has on the performance of thin-film devices. This feature
is of particular relevance for LEDs in which high fields act on
the layers and electrodes and electrode decomposition effects
can be significant. This decomposition leads to a surprisingly
high mobility of elemental contaminants in the comparatively
porous hybrid layers, an issue that clearly needs to be
addressed when designing stable high-power nanoparticle-
based light emitters.

2. Nanocrystal-Based Devices Processed from
Organic Solvents

The first paper on hybrid nanocrystal/polymer LEDs
appeared in 1994.[18] Alivisatos and co-workers reported a
bilayer device comprising a thin layer of CdSe nanocrystals
deposited on a conducting support and a 100 nm thick layer of
a soluble PPV derivative. The structure was sandwiched
between an ITO-coated glass (anode) and an Mg/Ag elec-
trode (cathode). The device, which had a hole-transporting
PPV layer close to the ITO, and in which electrons were
injected into a layer of nanocrystals, and holes were injected
into a layer of polymer (forward bias), exhibited an emission
characteristic of the CdSe nanocrystals at an operating
voltage of only 4 V. The electroluminescence (EL) band
could be tuned from yellow to red by changing the nano-
crystal size. The current–voltage (I–V) characteristics were

determined by electron injection at the Mg/CdSe nanocrystal
interface, which constituted the current-limiting mechanism.
The recombination zone most likely lay within the CdSe
nanocrystal layer close to the CdSe/PPV interface. At higher
voltages, green emission from the PPV layer predominated,
giving rise to a voltage-dependent color of this device
(Figure 2).

A subsequent paper from two groups at MIT[19] reported a
single-layer device where CdSe nanocrystals were homoge-
neously distributed within a polymer layer (70–120 nm thick)
of PVK as a hole-conducting component that additionally
contained an oxadiazole derivative (2-(4-biphenyl)-5-(4-tert-
butylphenyl)-1,3,4-oxadiazol (butyl-PBD)) as an electron-
transporting molecular species. The resulting volume fraction
of CdSe nanocrystals in a film sandwiched between ITO and
Al electrodes was 5–10%, a value below the percolation
threshold for charge transport to occur between the nano-
crystals. The photoluminescence and electroluminescence
spectra of the devices were reasonably narrow (< 40 nm
FWHM), nearly identical, and the emission maximum could
be tuned from 530 to 650 nm by varying the nanocrystal size.
The current–voltage traces showed near inversion symmetry,
and the electroluminescence in reverse bias showed no
change in the spectral line shape compared to that at the
forward bias, indicating that nanoparticles were not directly
involved in the carrier transport. Both the injection of
electrons and holes by tunneling through the organic ligands
were considered as excitation mechanisms of the nanocrystals
as well as FGrster energy transfer from excitations formed in
the organic host.

While the external quantum efficiencies of these first,
unoptimized devices were low, 0.001–001%[18] and
0.0005%[19] these studies showed in principal a possibility of
generating a spectrally pure electroluminescence from semi-
conductor nanoparticles in hybrid devices. In this case the
electroluminescence can be tuned by changing the physical
size of the nanocrystal rather than having to change the actual
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Figure 2. Voltage-dependent color of a CdSe nanocrystal/PPV device.
Reprinted from [18], Copyright 1994, with permission from Nature
Publishing Group.
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chemistry of the material as is often the case for organic
chromophores. Subsequently the same groups reported
bilayer devices based on core–shell nanocrystals.[20,21] The
devices reported in Ref. [20] consisting of a spin-deposited
layer of PPVon an ITO support and a spin-deposited layer of
core–shell CdSe/CdS nanocrystals adjacent to a Mg/Ag
electrode showed significant improvements over the core-
only CdSe-based devices, namely a factor of 20 increase in
quantum efficiency and a factor of 100 in lifetime. These
devices could be tuned to emit from the green to the red with
external quantum efficiencies of up to 0.22% at brightnesses
of 600 cdm�2 and current densities of 1 Acm�2, with operating
voltages of 4 Vand lifetimes under direct current of hundreds
of hours. Similar characteristics were reported in Ref. [21] on
a comparable bilayer device made of bare CdSe or core–shell
CdSe/ZnS nanocrystals spin-cast from toluene solution on a
PPV layer, which in turn was built up from aqueous solution
by the layer-by-layer deposition technique in combination
with polymethacrylic acid (PMA). The PPV/PMA film served
as a hole-transport layer and reduced the flow of electrons,
thereby moving the electron–hole recombination zone away
from the anode. The neat film of nanocrystals was the
electron-transport layer which also served as the exciton
recombination zone. Figure 3 shows size-dependent electro-

luminescence spectra of these devices employing bare CdSe
nanocrystals and demonstrating a color tunability over a
range of 80 nm. Evidently, there is still a considerable amount
of PPV emission. This emission is due to the fact that direct
recombination can also occur in the PPV layer.

Further examples of hybrid nanocrystal/polymer LEDs
emitting in the visible include single-layer devices constituting
ZnS nanocrystals synthesized in situ in a PMA–polystyrene
(PS) matrix doped with tetraphenylbenzidine as a hole-
transport material;[22] multilayer LEDs containing manga-
nese-doped ZnS[23] or isolated CdSe/ZnS nanocrystals cov-
ered by various organic ligands;[24] and CdSe/ZnS-based

LEDs, where the nanocrystal layers of different thicknesses
were deposited on an ITO substrate coated with poly(3,4-
ethylenedioxythiophene) doped with polystyrene sulfonated
acid (PEDOT:PSS) upon which various metal electrodes (Ba,
Al, or Au) were subsequently deposited.[25] The latter config-
uration has been improved by the same group using a hole-
conducting layer of PVK and an electron-conducting layer of
1,3,4-tris(2-N-phenylbenzimidazol)-benzene (TPBI).[26] Elon-
gated CdSe/CdS nanocrystals (nanorods) were embedded
between these layers in an oriented fashion, providing LEDs
emitting polarized light.[26] All-inorganic multicolor LEDs
based on CdSe/ZnS nanocrystal mono- or bilayers built into a
p-n junction formed from GaN charge-injection layers by
energetic neutral atom beam lithography have been real-
ized.[27] It was also shown that non-radiative energy transfer
from electrically driven InGaN/GaN quantum wells to semi-
conductor nanocrystals results in an efficient color conver-
sion.[28] The very recent development of the hybrid nano-
crystal/polymer multilayer LED configurations are based on a
monolayer of colloidal CdSe/CdS nanocrystals deposited by
spin-coating on top of thermally polymerized solvent-resist-
ant hole-transport layers where the use of multiple spin-on
organic layers improves the external quantum efficiency of
the LEDs to 0.8% at a brightness of 100 cdm�2.[29] In situ
thermal annealing of the nanocrystal layer improved the film
morphology, resulting in a better electrical injection from the
organic layers to the nanocrystals and giving in a three to
fourfold enhancement of the device efficiency, with emission
exclusively from the nanocrystals.[30] The issue of long-term
stability of brightly emitting nanocrystal-based LEDs emit-
ting in pure and saturated spectral colors has been addressed
in Ref. [31]

Trilayer hybrid nanocrystal/OLEDs with a single mono-
layer of CdSe/ZnS nanocrystals sandwiched between two
organic thin films have been introduced by two groups at
MIT.[32,33] In these devices, the luminescence function of the
nanoparticles was isolated from their participation in charge
conduction so that the organic layers transported charge
carriers to the vicinity of the nanocrystal monolayer from
which the narrow-band electroluminescence originated. This
set up differs frommost of the previously reported concepts in
which the nanocrystals had the dual function of both trans-
porting electrons and serving as the emissive layer. An
elegant phase-separation approach utilizes self-segregation of
trioctylphosphine oxide (TOPO) capped nanocrystals from
the aromatic molecules of the hole-transporting material
N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-
diamine (TPD). Spin-coating this mixture in chloroform onto
ITO substrates, led to the formation of a complete single
nanocrystal monolayer on top of a 35 nm thick TPD film. The
final device was formed by thermal evaporation of a 10 nm
thick layer of 3-(4-biphenyl)-4-phenyl-5-tert-butylphenyl-
1,2,4-triazole (TAZ), followed by a 40 nm thick layer of
Alq3 and a Mg/Ag electrode. The function of TAZ was to
block the holes and confine the excitons, leading to a
narrower emission band with lower contributions from the
TPD and Alq3 electroluminescence than in similar devices
without the TAZ layer (Figure 4). The external quantum
efficiency of the device without TAZ was approximately 50%

Figure 3. Size-dependent color of a CdSe nanocrystal/PPV device. PL:
photoluminescence, EL: electroluminescence. Reprinted from [21],
Copyright 1998, with permission from the American Institute of
Physics.
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higher than in the presence of TAZ and exceeded 0.4% for a
broad range of luminances. At 125 mAcm�2, the brightness of
the three-layer device was 2000 cdm�2 (i.e. 1.6 cdA�1), which
is a 25-fold improvement over the best reported nanocrystal-
based LEDs at that time.[20]

Although these devices exhibited a much faster response
time than previous systems, further studies are required to
establish whether the exceptionally high switching speeds
observed in all-organic LEDs can be matched by hybrid-
device structures. High switching speeds would be interesting
for implementing wavelength division multiplexing (WDM)
in optical communications, in which plastic-based LEDs are
particularly interesting owing to the possibility having the
emitter and detector directly incorporated onto the bent
surface of an optical fiber. The narrow band emission of
nanocrystals makes the color selectivity required for WDM
particularly feasible. In Ref. [33], additional studies on the
devices utilizing CdSe nanoparticles with variable ZnS shell
thickness have shown that FGrster energy transfer of excitons
from organic materials to the nanocrystals dominates the
electroluminescence process, rather than direct charge injec-
tion into nanocrystals. For the CdSe/ZnS-based devices with
thicker ZnS shells, external quantum efficiencies of 1.1%
were achieved.

A final interesting point in the monolayer-device structure
is the possibility of generating very high excitation densities at
a well-defined position. This ability could prove useful for
achieving the long sought-after goal of electrically pumped
lasing in an organic semiconductor. Color-saturated green-
emitting LEDs built by the same concept, with core–shell
alloyed CdxZn1�xSe/CdyZn1�yS nanocrystals as an active
monolayer have been demonstrated.[34] After these successful
developments, trilayer hybrid nanocrystal/polymer devices
were reported, comprising a film of CdSe/ZnS nanocrystals a
few monolayers thick sandwiched between films of PVK and
butyl-PBD.[35] All the layers were deposited by the spin-
coating technique from dissimilar solvents (organic or water).
These devices showed 20-times the external quantum effi-
ciency (0.2%) and less than half the threshold voltage of a
single-layer device based on the PVK/nanocrystal/PBD
blend. These improvements upon going from a blend to a

trilayer structure were attributed to more bal-
anced carrier conduction and to enhanced
recombination in the nanocrystal layer.

In addition to nanoparticle-based LEDs with
monochromatic emission, white-light-emitting
devices have also attracted much interest,[36]

both for their potential application in large
area displays and in the lighting industry. To
achieve white emission, the three primary colors,
or two complementary colors, must be com-
bined. White hybrid organic–inorganic light-
emitting devices have been fabricated by using
stable red-emitting CdSe/ZnS core–shell nano-
crystals covered with a TOPO organic ligand.
The device-active structure consists of a host–
guest system with a blue-emitting poly[(9,9-
dihexyloxyfluoren-2,7-diyl)-alt-co-(2-methoxy-
5-{2-ethylhexyloxy}phenylen-1,4-diyl)] (PFH-

MEH) polymer doped with red-emitting nanocrystals and a
green-emitting metal chelate complex Alq3, which improves
the electron injection and transfer properties.[37] A fairly pure
white OLED with Commission Internationale de lMEclairage
(CIE) coordinates of (0.30, 0.33) is fabricated by accurate
control of the FGrster energy transfer and charge-transfer
mechanisms between the different components. Maximum
external quantum efficiencies up to 0.24% at 1 mAcm�2 and
11 V in air atmosphere are reported, showing that hybrid
LEDs can be a promising route towards more stable and
efficient light-emitting devices for lighting applications.

In another recent publication,[38] LEDs with a broad
spectral emission generated by electroluminescence from a
mixed-monolayer of red, green, and blue emitting nano-
crystals in a hybrid organic–inorganic structure have been
realized. Independent processing of the organic charge-
transport layers and the nanocrystal luminescent layer
allowed for precise tuning of the emission spectrum without
changing the device structure. The tuning is carried out simply
by changing the ratio of different color nanocrystals in the
active layer. This tuning resulted in white nanocrystal-based
LEDs that exhibited external quantum efficiencies of 0.36%
and emitted at CIE coordinates of (0.35, 0.41).

In a recent publication we have shown that surface-
passivated nanoparticles, such as CdSe/ZnS core–shell nano-
crystals could be used to fabricate white-light emissive LEDs
by combining the green to red emissions of the nanocrystals
with blue emission from organic molecules.[39] As a blue–
green emitting organic material 2,7-Bis[2-(4-diphenylamino-
phenyl)-1,3,4-oxadiazole-5-yl]-9,9-dihexylfluorene (BADF)
was chosen because of its relatively low turn-on voltage for
electroluminescence and high photoluminescence quantum
efficiency of 86%.[40] Two OLED architectures, A and B
(Figure 5), were studied. For Device A, a hole-injection layer,
poly(3,4-ethylenedioxythiophene) doped with polystyrene
sulfonated acid (PEDOT:PSS), was spin-coated onto the
ITO prior to the deposition of the organic materials. The
blend solution was spin-coated to make 100 nm thick films.
Calcium (40 nm) and aluminum (100 nm) circular top electro-
des, 2 mm diameter, were then thermally evaporated, sequen-
tially, and at a pressure of about 10�6 mbar. In the case of

Figure 4. Electroluminescence spectra and schematic structures of two kinds of trilayer hybrid
nanocrystal/organic molecule LEDs (with and without TAZ layer). Reprinted from [32], Copyright
2002, with permission from Nature Publishing Group.
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Device B, a color-conversion layer was formed on the
uncoated (non-ITO) side of the substrate. Poly(methyl
methacrylate) (PMMA) was added to the nanocrystal solu-
tion (33 gL�1) and the resulting mixture was dropped onto the
glass surface and dried in an atmosphere saturated with
chloroform vapor (to retard the vaporization of the solvent).
The planar density of the solution, 50 mLcm�2, resulted in a
15 mm thick layer. After this layer was fully dried, the ITO
side of the substrate was cleaned by rubbing the surface using
acetone-soaked cotton balls. PEDOT:PSS was then spin-
coated and the fabrication method for Device A was fol-
lowed, but using BADF instead of the BADF:nanoparticle
blend

Figure 6 shows the electroluminescence emission of
Device A (ITO/PEDOT:PSS/BADF:nanoparticle-blend/Ca/
Al). The spectrum of the pure BADF device is also given for
comparison. The red emission from the CdSe/ZnS nano-
particles is clearly evident, together with the blue–green
emission from BADF. The electroluminescence from the pure
BADF device showed a vibronic spectrum with peak posi-
tions at 459, 487, 521, and 557 nm. In the BADF:nanoparticle
system, the photoluminescence emission spectrum of BADF
and the absorption spectrum of CdSe/ZnS overlap satisfying

the necessary condition for FGrster energy transfer, so that the
nanoparticles can be excited by both charge transfer and
energy transfer from the organic dye.[41] An interesting
feature in Figure 6 is the decrease in the green emission
(electroluminescence peaks at 521 and 557 nm) and the
increase in the blue emission (459 nm) of the blended-layer
devices compared to the pure BADF OLED. This green
emission originates from oxidative keto-type defects which
form fluorenones, which are generally populated by electron
trapping in electroluminescent devices. The nanocrystals
serve as lower energy electron traps and therefore reduce
the green emission arising from recombination on the
fluorenones, enhancing the color purity.

Figure 7, top shows the CIE 1931 color coordinates of the
BADF:nanoparticle-blend Device A, for which the electro-
luminescence spectrum was shown in Figure 6. The color
coordinate moved to the blue region as the bias increased, and

Figure 5. Schematic device architectures of two nanoparticle (NP)
based OLEDs. Reprinted from Ref. [39], copyright 2007, with permis-
sion from IOPP.

Figure 6. Electroluminescence spectra of the Device A (see Figure 5)
with blended BADF layer. The electroluminescence for a pure BADF
OLED is shown for reference; In: normalized intensity. Reprinted from
Ref. [39], copyright 2007, with permission from IOPP.

Figure 7. Top: CIE color coordinate of Device A (see Figure 5) at
various applied voltages. The coordinate of NTSCD65 white was
included for comparison. Below: the same plot for Device B (see
Figure 5). Reprinted from Ref. [39], copyright 2007, with permission
from IOPP.
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as the red emission, evident in Figure 6, decreased. The CIE
color coordinates were (0.340, 0.321), (0.299, 0.308), and
(0.260, 0.291) at 13, 15, and 17 V, respectively. The blended-
layer OLED gave good white emission. However, the device
efficiency was more than an order of magnitude less than that
of the pure BADF device. This result means more than 90%
of the emission ability of the blue–green emitter was
effectively lost. The variation in the relative intensity of
nanoparticle emission with the applied bias is a further
problem, as the emission color will change with the intensity.
A possible solution to this is to separate the organic semi-
conductors and nanoparticles, this was achieved in Device B
(nanocrystal/glass/anode/organic-material/cathode; Figure 5)
with the nanocrystal layer on the backside of the substrate.
The CIE color coordinates of the Device B structures were
(0.335, 0.465), (0.315, 0.447), and (0.307, 0.438) at 4, 5, and 6 V
(Figure 7, bottom). The purity of the white emission was poor,
with a color on the green–yellow boundary of white. This
color was a result of the relatively low red emission from the
nanoparticles. The maximum external quantum efficiency of
the BADF device with the color-conversion layer was 0.41%
at 8.6 mAcm�2 whereas that of the pure BADF device was
0.25% at 32 mAcm�2. The current and power efficiencies for
Device B structures were 0.51 LmW�1 and 0.96 cdA�1 (at
5.9 V and 100 cdm2), respectively, compared to figures of
0.35 LmW�1 and 0.70 cdA�1 (at 6.3 Vand 100 cdm�2) for the
pure BADF OLED.

The increase in the efficiency of the Device B structures is
intriguing. However, we are convinced that this is a real effect
and not the result of device-to-device variations. In fact, a
similar phenomenon has also been observed by Duggal and
co-workers when a color-conversion layer consisting of
organic dyes and phosphor particles was placed on the back
side of the substrate.[42] Generally, a modification to the
backside of the substrate (e.g. using a lens layer) is needed to
achieve such an efficiency increase (the refractive indices of
glass and PMMA are very similar). Duggal et al. explained
the effect by the scattering of light by phosphor particles. It is
possible that our PMMA:nanocrystal mixture resulted in a
similar process. However, as the nanoparticles used in this
system are much smaller than the wavelength of the emitted
light, any scattering will probably originate from clusters of
nanoparticles.

In Table 1, we summarize the most important examples of
nanocrystal-based LED configurations reported in the liter-
ature.

3. Nanocrystal-Based Devices Processed from
Aqueous Solution

Another interesting class of nanocrystals are those
synthesized in aqueous solutions. The state of the art
syntheses allow for the fabrication of efficiently emitting
nanocrystals (photoluminescence quantum efficiency 30–
60%), such as, ZnSe nanocrystals (UV-blue spectral
region),[43] CdTe nanocrystals (visible),[5,44,45] CdHgTe and
HgTe nanocrystals (NIR).[46] Water-soluble CdTe nanoparti-
cles have been incorporated into pre-formed films of electro-
chemically polymerized polyaniline,[47] and polypyrrole has
been electrochemically deposited from aqueous solution
within the pores of drop-cast CdTe nanocrystal films.[48]

Both of these device geometries led to visible-light emission
at low biases of 2.5–3 V. Nanocrystals synthesized by the
aqueous approach can be made charged at specific pH values
because of the free functional groups on the ligand molecules
(typically -COOH or -NH2 in case of thioacids and thio-
amines). This feature allows processing of nanoparticles by
the layer-by-layer assembly approach. This technique, which
is based on alternating adsorption of oppositely charged
species, was originally developed for positively and negatively
charged polyelectrolyte pairs, either insulating[49] or conduct-
ing,[50] and was later extended to the assembly of polymer-
linked nanocrystals.[51] The method is very general and
produces large-area high-quality homogeneous films almost
irrespective of the substrate or the nanocrystal materials used,
along with nanometer scale control over the thickness and
composition.

The first hybrid nanocrystal-based LED made by the
layer-by-layer assembly was reported in Ref. [52]. It was
formed by stacking 20 alternating double layers of a precursor
of PPV (pre-PPV) and CdSe nanocrystals capped by thio-
lactic acid, and subsequent thermal conversion of pre-PPV
into PPV. The device emitted white light originating mainly
from recombination through nanoparticle trap sites. It had a
turn-on voltage of 3.5–5 Vand an external quantum efficiency

Table 1: Summary of different nanocrystal-based LED configurations.

LED architecture External
efficiency

Nanocrystal materials,
emitting wavelength

Ref.

Layer-by-layer deposited alternating layers of nanocrystals and polymers 0.1–0.5% CdTe, 540–660 nm [55,57]

Blended single layer of nanocrystals and polymers 0.0005% CdSe, 530–650 nm [19]

Bi-layer devices of separated thin films of nanocrystals and organics 0.22% CdSe/CdS, CdSe/ZnS, 530–650 nm [20,21]
0.8% [29]

Tri-layer devices with a monolayer of nanocrystals sandwiched between organic layers 0.2–1.1% CdSe/ZnS, 530-650 nm [32,33,35]

Blended single layer of nanocrystals and polymers 0.24% CdSe/ZnS, White light [37]
Bi-layer devices of separated thin films of nanocrystals and organics 00.41% CdSe/ZnS, White light [39]
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of 0.0015%. The subsequent paper from the same group[53]

compared single-layer CdSe nanocrystal-based devices utiliz-
ing conducting (PPV) or non-conducting (poly(allylamine
hydrochloride) (PAH)) polymers and demonstrated the
possibility to build up vertically structured bilayer CdSe
nanocrystal/PAH–PPV/PAH LEDs. These devices showed a
predominant emission either from the preferentially hole-
transporting PPV or from the preferentially electron-trans-
porting CdSe nanocrystals, depending on the polarity of the
applied field and the effective position of the recombination
zone. The lifetime of the PPV emission in the bilayer device
was considerably extended, which may be due to the
consumption of trace oxygen by CdSe nanocrystals. CdSe
can bind oxygen to its surface which may prove beneficial in
two ways: Firstly, nanocrystals could help reduce the level of
oxygen in organic semiconductors, where oxygen is detri-
mental to operation, and secondly, molecular oxygen can
actually lead to a dramatic enhancement in fluorescence
efficiency from the nanoparticles as a result of more efficient
neutralization following an undesired photochemical charg-
ing event.[54]

Electroluminescence of different colors (from green to
red; Figure 8) was obtained from layer-by-layer assembled

LEDs based on thioglycolic acid capped CdTe nanocrystals of
different sizes and poly(diallyldimethylammonium chloride)
(PDDA).[55] In spite of the use of an insulating polymer,
external quantum efficiencies of 0.1% were achieved. Light
emission was observed at current densities of 10 mAcm�2 and
at exceptionally low onset voltages of 2.5–3.5 V (i.e. only just
above the band gap of the CdTe nanocrystals). The electro-
luminescence onset showed a dependence on the thickness of

the film, indicating field-dependent current injection. The
internal charge transport in these devices can be considered as
a hopping transport between nanocrystals which act as an
electron-transporting material; the transport is driven by the
external electric field. The electroluminescence of bilayer
devices, in which each layer consisted of 20 alternating double
layers of CdTe nanocrystals, with a bimodal size distribution,
and PDDA, showed emission from the nanoparticles close to
the ITO electrode. Layer-by-layer assembled LEDs based on
water-soluble CdTe nanocrystals and PPV were also
reported.[56]

Recently, results pertaining the development of a red-
emitting electroluminescent device based on thiol-capped
CdTe nanocrystals in combination with PDDA has been
reported.[57] The results show that the quality and uniformity
of the emissive multilayer were crucial to achieve better
efficiencies while the electrical characterization proves that
current and electroluminescence are electric-field dependent.
From the analysis of the device cross section it was estimated
that each PDDA/CdTe bilayer is around 3 nm thick. This
value is in agreement with the mean size of the CdTe
nanocrystals used, as derived from their absorption spectra. A
number of samples were produced consisting of 30, 40, and 50
bilayers. The current–voltage characteristics and the device
light output were measured under normal laboratory con-
ditions, that is, devices were not sealed or packaged. Figure 9
shows current–voltage characteristics for several devices
made of 30, 40, and 50 bilayers. The curves show a clear
correlation between voltage and the number of layers. All the

Figure 8. a) Fluorescence spectra of CdTe nanocrystals aqueous solu-
tions excited at 400 nm; b) Electroluminescence spectra of correspond-
ing CdTe/PDDA films. Reprinted from Ref. [55], copyright 2000, with
permission from the American Institute of Physics.

Figure 9. Current–voltage characteristics of 30, 40, and 50 bilayer
CdTe/PDDA devices. The curves span regularly from lower to higher
voltages in accordance with the number of layers; this suggests a field
dependency of the current, as the number of layers determines the
thickness d of the emissive layer and thus the electric field V/d. The
small change in switch-on voltage for each subset of samples is
attributed to variations at the multilayer–electrode interface. Reprinted
from Ref. [57], Copyright 2007, with permission from the American
Institute of Physics.
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devices had an emissive area of 4 mm2. The samples showed
stable currents and the light output was recorded at opera-
tional current densities in the range of 100 mAcm�2, two
orders of magnitude lower than reported in Ref. [55]. The
lower magnitudes and improved temporal stability of the
currents are due to the improved uniformity and homogeneity
of the nanoparticle multilayers. This contributes to the
reduction of the leakage current through structural defects
and pinholes in the film and to the stabilization of the device
against localized high-field areas prone to electrical break-
downs.

The best efficiencies were recorded for the 30-bilayer
devices. As the number of layers increases, higher voltages are
required for light emission, lowering the efficiency. For the 30-
bilayer devices (Figure 10), a maximum radiant power of

141 nW was measured at current densities of 350 mAcm�2 (I
� 4.05 mA) and 3.3 V. The insets (a) and (b) in Figure 10 show
the emission spectrum centered at 630 nm and a photograph
of the device operating on a laboratory bench, emitting a clear
red light. Assuming monochromatic emission, the maximum
radiant power corresponds to an external quantum efficiency
of 0.51% and to luminous efficiencies of 0.8 LmW�1 (3.37 N
10�5 Lm) and 0.4 cdA �1(5.37N10�6 cd); the brightness peaks
reaches it maximum at 1.42 cd m�2. This value represents a
fivefold improvement with respect to a similar device in
Ref. [55].

It can be noted that the efficiencies and figures of merit
from the devices that we tested are below that required for a
commercial device. However, a review of other display

technologies shows that, for example, the initial OLED
devices were operating at 1.5 LmW�1 at an operating voltage
of 10 V (original paper by Tang and Van Slyke).[58] These
OLED type devices are now becoming a commercial reality
and so it seems possible that with a similar development effort
this new type of nanocrystal–LED device architecture could
also become a niche commercial product.

4. Diffusion-Related Degradation Mechanisms in
Semiconductor Nanocrystal LEDs

Gao et al.[53] have described damage in hybrid polymer/
nanocrystal devices caused by the current-assisted oxidation
of the aluminum cathode. In the case of OLEDs, the
formation of dark spots has been related to the localized
delamination of metallic cathodes, caused by electromigra-
tion at high operational fields.[59,60] Furthermore, Gautier
et al.[61] found that field-induced damage to ITO electrodes
can lead to device failure. Hirose et al.[62,63] reported the
spontaneous diffusion of reactive metals such as indium and
aluminum deposited on top of the organic layer. Schlatmann
et al.[64] studied the diffusion of the underlying indium into
organic layers in OLEDs prior to device operation. Chao
et al.[65] explained the field-induced diffusion as a conse-
quence of the decomposition of the ITO. We studied
electrode-diffusion-related degradation mechanisms in nano-
crystal/polymer composite LEDs of the sort described
above.[66] The film thicknesses of the different materials are
35 nm, 220 nm, and 130 nm for aluminum, multilayer, and
ITO, respectively. Each substrate had up to six identical
independently addressable devices with an active area of
4 mm2 (Figure 11). Four of these devices were biased at 4.0 V
for 15 s, two under moderate vacuum (10�5 mbar), and the
other two in air.

The electric field was approximately 1.8 N 107 Vm�1 and
measured currents were below 1 mA (25 mAcm�2) in all cases,

Figure 10. Efficiency values for the best performing 30-bilayer CdTe/
PDDA device. The device showed an electroluminescence turn on at
2.5 V and the maximum light output was obtained at 3.3 V and
350 mAcm�2, with a peak radiated power of 141 nW corresponding to
an external quantum efficiency of 0.51%. Taking into account the
wavelength of emission (i.e. 630 nm), the luminous efficiencies reach
0.4 cdA�1 and 0.81 LmW�1. The insets show a) the emission spectrum
of a 30-bilayer device and b) a view of the emissive area while the
device is operated in standard laboratory conditions without sealing or
packaging. Reprinted from Ref. [57], Copyright 2007, with permission
from the American Institute of Physics.

Figure 11. The structure of a device consisting of a composite CdTe/
PDDA multilayer sandwiched between an aluminum cathode and an
ITO anode. Device currents were 25 mAcm�2 (maximum), with an
applied bias of 4 V (or 107 Vm�1). The areas analyzed with SIMS are
marked with black squares. The device’s active area is that where
cathode and anode cross (A1). Two different types of passive areas
were studied: aluminum plus multilayer (P1), and multilayer plus ITO
(P2). Reprinted from Ref. [66].
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and dropped by 80–100% over the measurement period.
Compositional depth profiles were acquired by secondary ion
mass spectrometry (SIMS). The species examined were Al27

+,
In115

+, and O16
� . The composition profiles were taken in both

active and passive areas. Active areas were those where the
cathode and anode cross, and across which the field is applied.

The aluminum depth profiles for the areas A1 and P1 are
shown in Figure 12. The vertical discontinuous lines are added

to indicate the boundary between organic and inorganic
material. Both A1 and P1 areas showed an aluminum peak
near the top surface of the sample. This small peak is
associated with the passivating oxide film that forms on
aluminum when exposed to the air. After this feature the
intensity stabilized, with little variation between the readings
from active and passive areas. It is reasonable to link this
region to the “bulk” of the cathode film. After a small peak at
the interface between the cathode and the organic multilayer,
the aluminum intensity falls sharply in the passive area, and
remains practically zero for the rest of the analysis. However,
in the active area the aluminum intensity in fact increases at
the interface with the multilayer and decreases gradually
across the whole composite film. This profile is attributed to
the diffusion of aluminum atoms during the biasing of the
device. Any possible influence that pinhole formation during
cathode deposition has on the aluminum distribution within
the organic layer can be discarded because of the sharp
aluminum edge in the depth profile shown by the adjacent P1
area (see Figure 11). It is important to remember that the
variation in composition with sample depth results in differ-
ent milling rates of the ion beam. Thus, the actual amplitude
of the interfacial peak in the active areas following the
cathode/multilayer interface must not be interpreted in terms

of an aluminum abundance higher than in the bulk of the
electrode (which would clearly be unreasonable), but as a
change in the chemical nature of the materials present at that
depth.

Figure 13 shows the oxygen profiles of the same areas A1
and P1 of Figure 12. Both profiles showed a first peak at the
surface in contact with air, indicating the presence of a surface

oxide, as described above for aluminum. Both intensities then
decayed smoothly with increasing depth into the cathode,
showing similar intensities for both active and passive areas.
As with aluminum, the differences between active and passive
areas start at the interface between the cathode and the
multilayer. The active area presented a clear second oxygen
peak just after the interface; that peak was also present in the
passive area P1, but the readings were around 85% lower
than in the active area. The agreement in the data collected
from the different devices indicates a homogeneous compo-
sition for active and passive areas before any of the devices
were biased. We therefore conclude that the second peak in
area A1 must have evolved while the device was biased. The
evolution of this peak is associated with a change in chemical
environment for the aluminum, indicating the presence of
incorporated oxygen. The additional oxygen in area A1 is
related to the oxidation of the diffused aluminum, as a result
of oxygen absorption from the environment surrounding the
device (at an environmental pressure of 10�5 mbar there
should be enough oxygen present to oxidize the diffusing
aluminum). This diffusion of environmental oxygen into
polymeric layers during device operation has already been
reported for other structures.[53,60] The active area also
presented a third oxygen peak deeper into the organic layer
that is absent from the profile of the P1 area. The peak,
however, is present in the P2 area and is thus associated with
the ITO anode.

Figure 12. Aluminum depth profiles from areas A1 (circles) and
P1 (line) of the device shown in Figure 11. The broken vertical lines
mark the interfaces between the electrodes and the multilayer. The
location of these interfaces is an indication only, derived from AFM
and white light interferometry (WLI) measurements. Although the
aluminum has been negatively biased, it can be seen that there is a
significant diffusion of aluminum into the composite in area A1. This
diffusion is caused by the strong applied field. Electromigration is
ruled out because of the low current densities measured during the
biasing of the devices. Reprinted from Ref. [66]

Figure 13. Oxygen depth profiles from the areas A1 and P1 as in
Figure 12. The intensity of the peak beginning at the cathode/multi-
layer interface is substantially higher in the active area, denoting an
extra content of oxygen at this region. This extra oxygen is associated
with the oxidation of the diffused aluminum. The oxygen peak in A1
near the interface with the anode is due to the diffusion of oxygen
from the ITO. Reprinted from Ref. [66].
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The indium depth profile determined in the active area is
shown in Figure 14 together with, for reference, that of
oxygen. It can be seen that substantial indium contamination

is found in the organic multilayer. The indium penetration
depth (corresponding to an indium count lower than 1% of
the peak value) is approximately equivalent to 65% of the
multilayer thickness. The shape of the indium profile matches
the third oxygen peak, suggesting that this oxygen is
associated with the diffused indium in the form of indium
oxide. Indium diffusion into the organic multilayer can also be
detected in area P2, with a penetration of 40% of the
thickness of the multilayer. Indium diffusion is therefore
present even in areas in which a field has not been applied—in
contrast to the case of aluminum. The indium penetration is
carried an additional 25%further into the composite on the
application of an electric field.

It is concluded that the diffusion of metallic ions from the
electrodes is a mechanism involved in the degradation of
devices built with organic layers or composites. The diffusion
of indium has previously been identified as a cause of defects
that lead to device degradation. In this case a cathode
diffusion mechanism resulting exclusively from the applied
field was found which can induce structural defects even in
low-current regimes. Field-driven aluminum diffusion and
oxidation has been shown to produce an insulating barrier
that reduces the conductivity of the device, causing irrever-
sible device failure. Suitable cathodic diffusion barriers
compatible with electron injection might result in an improve-
ment of device lifetime and performance, both in OLED and
hybrid organic-semiconductor–inorganic-nanoparticle sys-
tems.

5. Conclusions

Research on semiconductor nanocrystal-based LEDs has
achieved a remarkable development in just one decade,

resulting in more than two orders of magnitude improvement
in the external quantum efficiency and providing highly
saturated color emission. Although the device efficiencies are
still over an order of magnitude lower than those of the purely
organic counterparts, there are a number of potential
advantages associated with nanocrystal-based devices, such
as the possibility to achieve a spectrally pure emission color
which will certainly merit future research. A variety of device
configurations have become available including the promising
sandwich architecture comprising only one monolayer of
nanocrystals which serve exclusively as emitters. Further
technological improvements of nanocrystal/organic LEDs
aimed at optimizing charge injection and transport are bound
to follow.
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