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Abstract. Light-emitting diodes (LEDs) based on col-

loidal inorganic semiconductor nanocrystals (QDs)

represent a completely new technology platform for

the development of flat-panel displays and flat-panel

lighting systems. Their major advantages are the easy

tuning of the saturated color emission across the vis-

ible-NIR range and the high chemical and optical

stability of the nanocrystal composites. These charac-

teristics open the way to a new class of hybrid devices

in which the low cost, flexible technology of organic

LEDs is combined with the long operating lifetime of

inorganic semiconductor devices. However, so far, few

studies have been reported on white-LEDs based on

QDs. This review shows recent developments in the

general method for the fabrication of stable white-

LEDs comprising QDs with a potentially long lifetime.

Key words: Light-emitting diodes (LEDs); white emission; nano-

crystals; quantum dots (QDs).

All-organic white-LEDs have been investigated for

their potential applications to lighting industry and

backlighting applications [1–5]. The main advantages

of organic technology for white light generation with

respect to other competing technologies, such as GaN

based devices [6], stand in the possibility to fabricate

large area, eventually flexible, light emitting panels by

low cost fabrication techniques, such as evaporation

and spin-casting [7–11]. Inorganic LEDs are in fact,

intrinsically point sources requiring complicated and

expensive technological processes when integration

in diffused sources is required. To obtain white light

from organic systems, different approaches are com-

monly developed, namely, evaporation or co-evapora-

tion of multilayer structures [7–9], spin-casting of

different emitting compounds in a single active layer

structure [10, 11], exploitation of exciplex emission

[12] and, recently, the synthesis of single white emit-

ting molecules [13]. However, in most of these ap-

proaches, the purity of the color emission is strongly

affected by the different ageing rate of the active com-

pounds [7, 8]. In addition, short device lifetimes are

obtained due to heating, at the high luminance values

required for lighting applications (>1000 cd m�2). In

this scenario the integration of QDs into LEDs has

the potential to overcome most of these problems

and it turns out to be a rich field of scientific endeav-

our [14–19]. The broadly tuneable, saturated color

emission performance of QDs are unsurpassed by any

class of organic chromophores. Furthermore, the en-

vironmental stability of covalently bonded inorganic

nanocrystals is expected to increase the device life-

times at the high luminance=current regimes required

for lighting. Moreover, the high quantum yield and

narrow band emission of QDs satisfy the technologi-

cal requirements of flat panel displays and imaging

applications. However, despite of all the potentiality

of these systems, so far, fewer studies have been re-

ported on white-LEDs based on QDs and the emission� Author for correspondence. E-mail: giuseppe.gigli@unile.it



mechanisms not yet deeply investigated. This review

shows recent developments in the general method for

the fabrication of stable white-LEDs comprising QDs.

White-LEDs based on blue InGaN chips and QDs

Two main classes of white-LEDs have been so far

reported: multi and single-chip devices. Multichips

white-LEDs, constituted by a red-, a green- and a blue-

emitting chip, show three emission bands and possess

a good color rendering index (CRI). However, they

are expensive and need a relatively complex external

detector and feedback system because each chip

degrades at a different rate [20]. Single-chip white-

LEDs will be used as general lighting in the future

due to low cost and high luminescence efficiency.

Single-chip white-LEDs typically based on yttrium

aluminium garnet (YAG) doped with cerium combine

low fabrication costs and high efficiency. However,

such sources lack a red component giving low color

rendering index than that of multichips white-LEDs

[21]. To overcome this problem, novel phosphors, for

example, organic phosphors with flexibly selected

emission color and high luminescence efficiency have

been investigated [22–24]. White-LEDs produced by

combining a blue InGaN LED chip with phosphors

emit an intense bluish white light with optical out-

put levels reaching up to 2 mW at a drive current of

20 mA [25]. Nevertheless, the instability and long-

term reliability of organic materials are doubtful. On

the other hand, colloidal QDs have attracted inter-

est due to their high luminescence efficiency and

size-tunable band-gap characteristics [26–30]. Hence,

colloidal QDs seem to be suitable as phosphors in

white-LEDs. Chen et al. recently demonstrated novel

white-LEDs, using white-emitting SA(stearic)=TOPO

(trioctylphosphine oxide)-capped ZnSe QDs [31]. The

QDs were used as phosphors in a LEDs with a near-

UV InGaN chip acting as excitation source. The ZnSe

QDs were mixed with epoxy resin and coated onto

the InGaN chip. The device exhibited white emission

with a CIE of (0.38 and 0.41), as shown in Fig. 1. The

same authors also reported white-LEDs based on blue

InGaN chips and core-shell CdSe–ZnSe QDs [32].

Two-band white-LEDs were demonstrated by using

blue InGaN chips assembled with yellow-emitting

CdSe–ZnSe QDs. Nevertheless, QDs have a narrow

spectral band, so the color rendering index of these

binary complementary color white-LEDs was low

(color rendering index CRI¼ 50). This problem has

been overcome by exploiting the broad color tunabil-

ity of QDs by varying their size. Three-band white-

LEDs, containing a blue InGaN chip, green-emitting

QDs, and red-emitting QDs were fabricated with CIE

coordinates of (0.33, 0.33) and CRI of 91, as shown in

Fig. 2.

White LEDs based on CdSe–ZnS nanocrystals

coated on an InGaN-GaN quantum-well

Recently, the fabrication of phosphor-free, single-chip,

all-semiconductor white-LEDs has become an impor-

tant trend due to the disadvantages of low quantum ef-

ficiency, complex synthesis process, patent control and

Fig. 1. Luminescence spectrum of a near-UV InGaN=white-emit-

ting QDs white-LEDs (with the copyright permission from AIP)

Fig. 2. Three-band white-LEDs combined a blue InGaN chip,

green and red-emitting CdSe–ZnSe QDs (with the copyright per-

mission from IEEE Intellectual Property Rights Office)
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environmental issue of phosphors for white light gen-

eration [33–36]. For this purpose, multiple-wavelength

LEDs by stacking InGaN-GaN quantum wells (QWs)

of different compositions and=or geometries have been

deeply investigated [33, 34]. In order to obtain white

light with a high rendering index by mixing primary

colors, currently the major difficulty is the low emis-

sion efficiency of the red-emitting InGaN compounds

to integrate in the blue- and green-emitting structures.

An alternative approach is the use of novel photon

down-conversion materials for converting blue photons

into red light, with improved stability characteristics

with respect to organic phosphors. Recently, it has been

proved that the use of CdSe–ZnS nanocrystals for such

conversion is quite attractive [37–39]. Basically, such

QDs can efficiently absorb light in the range from UV

through blue and re-emit red light. Its absorption and

emission spectra can be easily tuned through control-

ling its size. Chen et al. first demonstrated the fabrica-

tion of a blue=green two-wavelength LED by stacking

four different QWs. Then, they show white-LEDs by

coating CdSe–ZnS nanocrystals on such a two-wave-

length LED for converting blue photons into red

light [40], as shown in Fig. 3. The suppression of blue

light is due to the conversion of blue photons into red

light through the CdSe–ZnS nanocrystals.

Organic–inorganic hybrid white-LEDs based

on polymer===QDs nanocomposites

To obtain white light, all the three primary colors (red,

green and blue) have to be produced simultaneously.

Since it is difficult to obtain all primary emissions

from a single molecule, excitation of more than one

organic species is often necessary, thus introducing

color stability problems. Due to the different degrada-

tion rate of the employed organic compounds, the

emission color of the device can in fact change with

time. Recently, several groups have reported the use

of II–VI semiconductor nanocrystals, such as CdSe,

in combination with polymers, in the fabrication of

LEDs [41–43]. CdSe semiconductor QDs exhibit a

size-dependent color variation due to quantum con-

finement effects, which covers almost the whole vis-

ible range. Additionally, the fluorescence efficiency

and, in particular the stability of the nanocrystals,

can be greatly improved by modifying the particle

surface. These characteristics can be merged with pe-

culiar properties of organic materials, such as flexibil-

ity and ease of processing, to give rise to a novel class

of low cost hybrid white-LEDs with improved life-

time and color stability.

An organic–inorganic hybrid white-LEDs based on

polymer=QDs nanocomposites comprising a blue-emit-

ting polymer, PDHFPPV, and CdSe nanoparticles was

reported by Kim et al. [44]. Figure 4 shows the EL

spectra of the ITO=CdSe:PDHFPPV=Li:Al device

measured while applying 10 V. They obtained white

emission at bias voltages below 10 V. The partial

energy transfer that occurs from the polymer to the

QDs enables the QDs emit red light, whose conjunc-

tion with the blue light emitted from the polymer,

Fig. 3. EL spectra of white-LEDs after CdSe–ZnS nanocrystal

coating on a two-wavelength LED at various injection current

(with the copyright permission from IEEE Intellectual Property

Rights Office)

Fig. 4. EL spectrum of the ITO=CdSe:PDHFPPV(6:1 by wt.)=Li:

Al device (with the copyright permission from World Scientific

Publishing Co., Pte. Ltd.)
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allows the device to generate white emission. The

blue-emitting matrix polymer also provides a simple

device preparation process due to its high process-

ability. This result suggests that the simple blending

method can be employed to obtain polymer-based

white-LEDs.

Host–guest systems are typically employed to ob-

tain white light emission by exploiting two mecha-

nisms, namely, F€oorster energy transfer [45–47] and

charge transfer [48–51]. In the F€oorster mechanism,

dipole–dipole coupling results in a nonradiative trans-

fer of the singlet excited-state energy from a donor

molecule to an acceptor molecule. In the charge-tans-

fer mechanism, an excited guest molecule is formed

by the sequential transfer of separate hole and elec-

tron charges to the guest molecule from different host

molecules in the surrounding matrix. All these pro-

cesses have to be accurately controlled in order to

obtain white electroluminescence. In this context we

recently demonstrated that a balanced white emission

can be obtained in hybrid ternary systems PFH-

MEH:QDs=Alq3 when F€oorster energy transfer in the

guest–host system is accomplished by charge transfer

from PFH-MEH and Alq3 to QDs during the electrical

excitation [43]. The chemical structures of the used

components and possible energy-transfer, charge-

transfer pathways are shown in Fig. 5. Electrolumi-

nescence measurements have been carried out on

ITO==PEDOT-PSS==PFH-MEH:CdSe=ZnS==Alq3==
Ca=Al structures. In Fig. 6 the EL spectra for different

PFH-MEH:CdSe=ZnS concentration ratios are report-

ed. In order to achieve white EL emission the different

color components have to be accurately balanced by

controlling both the F€oorster energy transfer and charge

transfer mechanisms. To this aim we fabricated de-

vices with different PFH-MEH:QDs concentration ra-

Fig. 5. Chemical structures of components and possible pathways leading to emissive states in device ITO==PEDOT-PSS==PFH-MEH

(PF):CdSe=ZnS==Alq3==Ca=Al
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tios, namely 200:1 and 300:1. At low QDs concentra-

tion (300:1), the possible pathway are process I and II.

Process I involves the transfer of a hole from a PFH-

MEH cation radical (PFþ�) to a Alq3 anion radical

(Alq3
��). Process II involves the transfer of an electron

from a Alq3 anion radical (Alq3
��) to a PFH-MEH cat-

ion radical (PFþ�). Both the mechanisms result in

excited Alq3 and PFH-MEH molecules which can

decay radiatively, originating blue and green EL emis-

sion. Negligible red emission is instead originated

from the low amount of QDs. By increasing the con-

centration of CdSe=ZnS QDs (concentration ratio

200:1), the possible pathway are processes I–III. A

relevant additional role is assumed by the following

processes: F€oorster energy transfer to QDs from excit-

ed PFH-MEH and Alq3 molecules, sequential charge

transfer of a hole from PFH-MEH followed by trans-

fer of an electron from Alq3 or charge transfer of

an electron from Alq3 followed by transfer of a hole

charge from PFH-MEH (process III). Efficient emis-

sion at the three primary colors is thus obtained from

PFH-MEH, Alq3 and QDs with a balanced white spec-

trum with CIE (0.30, 0.33). Maximum External Quan-

tum Efficiency of 0.24% is measured at 1 mA cm�2

and 11 V, to our knowledge the best results so far

reported for hybrid white-LEDs based on QDs. In

these QDs based white-LEDs, holes are considered

to be injected from the ITO electrode through PED-

OT:PSS layer into the polymer hole conductor and are

eventually transported to the QDs. Similarly, the elec-

trons are considered to be injected from Ca=Al cath-

ode into the Alq3 and are eventually transported to the

QDs. Since the high electron affinity of QDs the elec-

trons are better confined within the surface PFH-

MEH:QDs=Alq3, thus enhancing the balance between

opposite carriers in the region where more efficient

radiative exciton recombination can occur. In partic-

ular, charge transfer processes to CdSe=ZnS core-

shell quantum dots are found to be the key element

for well balanced white emission. These results are

a first step towards a novel class of hybrid white-

LEDs for lighting applications combining the sta-

bility properties of colloidal inorganic nanocrystals

with the flexibility and ease of fabrication of organic

LED technology.

Bright white-LEDs only from binary or ternary

nanocrystals composites

The key element for a high performance hybrid device

in which QDs act as lumophores is the occurrence of

efficient exciton recombination in the inorganic nano-

crystals. This is usually inhibited by the poor electron

conduction of the inorganic species which limits ex-

citon formation [52, 53]. Therefore low EL efficiency

is observed in QDs=polymers blend based devices

[54, 55]. The phase-segregation technique proposed

by Coe et al. allows for the fabrication of high effi-

ciency hybrid monochromatic emission devices, but it

involves a narrow QDs size distribution to form high-

coverage monolayers, which is compatible only with

monochromatic emitting QDs-LEDs [17, 56]. To date,

efficient QDs-LEDs that emit white light only from

nanocrystals are still a challenge due to the lack of

proper fabrication techniques. To obtain white light,

all the primary colors (blue – B, green – G and red – R)

have to be produced simultaneously. In order to obtain

efficient simultaneous emission from different sizes of

QDs composites, we recently propose a novel device

structures in which exciton formation in the inorganic

QDs is not exclusively obtained by direct charge

injection but by the accurate control of both the ener-

gy=charge transfer mechanisms from the organic host

[57]. We demonstrated the first efficient hybrid light-

emitting device, with near white emission from che-

mically and optically stable ternary nanocrystal com-

posites dispersed in an organic matrix. White bright

emission is obtained from homogenous blends, with-

out phase segregation between the active ternary QDs

composites and the organic matrix, exploiting the

energy transfer and charge-trapping properties of the

different species. The proposed approach is a new

general method for the fabrication of potential long

operating lifetime, high efficiency white-LEDs. The

Fig. 6. EL spectra for the device ITO==PEDOT-PSS==PFH-

MEH:CdSe=ZnS==Alq3==Ca=Al with different ratio (PFH-MEH:

CdSe=ZnS, c%)
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structure of the devices and the emission mechanisms

are shown in the Fig. 7a and c. As a control, another

device structure (Fig. 7b) with binary QDs composites

was made. The EL spectrum at 13 V is shown in Fig. 8a.

Spectral peaks at wavelengths of 490, 540 and 618 nm

are attributed to the emission of lake blue, green and

red quantum dots, respectively, in agreement with the

PL spectra of the isolated QDs in the solid state (see

Fig. 8b). A complete quenching of the CBP band is

observed in the EL spectrum, resulting in efficient

emission at the three primary colors from the QDs,

giving rise to a balanced near white overall emission

[CIE (0.32, 0.45)] at 13 V. Furthermore, the color

coordinates do not remarkably change with increasing

Fig. 7. The structures and simplified energy level diagram of devices and possible exciton creation mechanisms. (a) The structure of the

device: ITO==PEDOT:PSS==CBP:QDs(B,G,R)==Alq3==Ca=Al. (b) The structure of the device: ITO==PEDOT:PSS==CBP:QDs(B,R)==
Alq3==Ca=Al. (c) Proposed simplified energy level diagram of devices and possible exciton creation mechanisms on the QDs: (I) charge-

trapping and (II) F€oorster energy transfer
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the operating voltage in the range 10–28 V. This sug-

gests that in the EL spectrum a novel and more effi-

cient transfer mechanism from the host material CBP

and the electron transfer layer Alq3, to the lower en-

ergy emitting species QDs, occurs. Possible pathways

leading to emissive states are shown in Fig. 7c. In our

device, holes are injected from the ITO contact through

the PEDOT:PSS layer into the CBP host matrix, and

are transported towards the QDs. Similarly, electrons

are injected from the Ca=Al cathode into the Alq3

and are transported to the QDs. Then exciton gener-

ation on QDs occurs via two parallel processes: (I)

charge-trapping and (II) F€oorster energy transfer from

CBP and Alq3. In the former process, electrons may

be trapped in the QDs owing to the relative energy

alignment of the LUMO levels of CBP, Alq3 and QDs,

thus, efficient exciton formation on the QDs can occur

after recombination with high mobility holes. In the

latter process, excitons form on organic molecules

CBP (IIa) and Alq3 (IIb), then undergo F€oorster energy

transfer to the lower-energy QDs sites, where they

can recombine radiatively. The different EL and PL

spectra evidence that in our hybrid QDs-LEDs charge-

trapping is a dominant process for the exciton forma-

tion, in agreement with the poor charge conduction

properties of CdSe=ZnS core-shell QDs [49, 50],

and the excellent electron injection=transfer proper-

ties of Alq3. In order to achieve white EL the different

color emissions from QDs have to be accurately

balanced by controlling both the F€oorster energy trans-

fer and charge-trapping mechanisms, in relation to

QDs PL efficiency and concentration. In Fig. 8c volt-

age-current (V-I) and voltage-luminance (V-L) char-

acteristics for the device ITO==PEDOT-PSS==CBP:

QDs(B, G, R)==Alq3==Ca=Al are reported. The max-

imum brightness of the device is 1050 cd m�2 at

58 mA cm�2, which corresponds to a current efficien-

cy of 1.8 cd A�1, and a turn-on voltage of 6 V are

measured in air atmosphere. To our knowledge, this

is the highest efficiency hybrid device with white

emission only from ternary QDs composites, whose

luminance satisfies lighting application requirements

(i.e. 1000 cd m�2). As a control, a device structure

(Fig. 7b) with only blue and red emitting QDs has

been fabricated. EL spectrum demonstrates that the

emission is only from QDs composites, and Alq3

functions only as an electron injection and transfer

layer. The maximum brightness of the device is

1500 cd m�2 at 62 mA cm�2, which corresponds to a

current efficiency of 2.2 cd A�1. As a result, hybrid

white emitting LEDs have been fabricated by using

three CdSe=ZnS QDs of different size blended in a

CBP organic matrix. An accurate control and balance

of the F€oorster energy and charge-trapping processes

between the different active components, allowed the

first high efficiency hybrid device with emission orig-

inating only from the inorganic components. The pro-

posed device provides a potential and general method

to fabricate long lifetime electroluminescent devices

combining the advantages of organic technology in

terms of costs and flexibility and of inorganic materi-

als in terms of stability. Color coordinates and light

quality can be optimized by a further fine control of

the QDs composites.

Fig. 8. EL and PL spectra and characteristics of the ternary QDs device. (a) EL spectrum for the device: ITO==PEDOT:

PSS==CBP:QDs(B,G,R,c%¼ 18:2:1)==Alq3==Ca=Al. (b) PL spectra corresponding to isolated lake blue, green and red QDs, which

measured in solid state. (c) V-I (dot), V-L (circle) characteristics of the device. Inset: a photo taken from the working device
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Conclusion

This review shows recent developments in the general

method for the fabrication of stable white-LEDs com-

prising QDs with a potentially long lifetime. As a

result, we discussed: white-LEDs produced by com-

bining a blue InGaN LED chip=or an InGaN-GaN

two-wavelength QWs LED with colloidal QDs as phos-

phors; organic–inorganic hybrid white-LEDs wherein

a QDs layer, a hole transport layer and=or electron

transport layer simultaneously emit light to achieve

white emission; QDs with different sizes simulta-

neously emit light at different wavelength to achieve

white emission.
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