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White hybrid organic/inorganic light-emitting devicessLEDsd have been fabricated by using stable
red-emitting CdSe/ZnS core-shell quantum dotssQDsd covered with a trioctylphosphine oxide
organic ligand. The device-active structure consists in a host/guest system with a blue-emitting
polyfs9,9-dihexyloxyfluoren-2,7-diyld-alt - co -s2 - methoxy- 5-h2-ethylhexyloxyjphenylen-1,4-diyldg
sPFH-MEHd polymer doped with red-emitting QDs and a green emitting metal chelate complex
Alq3, with improved electron injection and transfer properties. A fairly pure white OLED with
Commission Internationale de l’Eclairage coordinates ofs0.30,0.33d is fabricated by accurate
control of the Förster energy and charge-transfer mechanisms between the different device
constituents obtained by tuning the concentration ratio of the QDs/PFH-MEH blend. In particular,
charge-transfer processes to CdSe/ZnS core-shell quantum dots are found to be the key element for
well-balanced white emission. Maximum external quantum efficiency up to 0.24% at 1 mA cm−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. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1921341g

I. INTRODUCTION

White organic light-emitting devicessOLEDsd have at-
tracted much interest for their potential applications in flat,
large area displays,1 and recently in the lighting industry. So
far, a number of white OLEDs have been fabricated.2–7 To
obtain white light, all the three primary colorssred, green,
and blued have to be produced simultaneously. Since it is
difficult to obtain all primary emissions from a single mol-
ecule, excitation of more than one organic species is often
necessary, thus introducing color stability problems. Due to
the different degradation rate of the employed organic com-
pounds, 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 combi-
nation with polymers, in the fabrication of LEDs.8–11 The
CdSe semiconductor quantum dotssQDsd exhibit a size-
dependent color variation due to quantum confinement ef-
fects, which covers almost the whole visible range.12 Addi-
tionally, 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 peculiar properties of organic materials, such as
flexibility and ease of processing, to give rise to a novel class
of low-cost hybrid white-emitting devices with improved
lifetime and color stability.13–16 However, despite the prom-
ise of these systems, so far, fewer studies have been reported
on hybrid white light-emitting devices based on QDs and the
emission mechanisms not yet deeply investigated. Host-guest
systems are typically employed to obtain white light emis-

sion by exploiting two mechanisms, namely, Förster energy
transfer17–19 and charge transfer.20,21 In the Förster mecha-
nism, 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-transfer mechanism,
an excited guest molecule is formed by the sequential trans-
fer of separate hole and electron charges to the guest mol-
ecule from different host molecules in the surrounding ma-
trix. All these processes have to be accurately controlled in
order to obtain white electroluminescence.

Here, we report a hybrid white light-emitting device
based on a blend of polyfs9,9-dihexyloxyfluoren-2,7-diyld-
alt - co -s2 -methoxy- 5-h2-ethylhexyloxyjphenylen-1,4-diyldg
sPFH-MEHd and CdSe/ZnS QDs and a layer of Alq3 that
combines the case of processbility of polymer materials,
good electron transfer and injection properties, and efficient
luminescence of metal chelate complexessAlq3d with the
narrow-band emission and color stability of QDs. A fairly
pure white OLED with Commission Internationale de
l’Eclairage sCIEd s0.30,0.33d and electroluminescencesELd
efficiency of 0.24%, to our knowledge the best value so far
reported for hybrid white light-emitting diodes based on
QDs, is realized via incomplete energy and charge transfer
by tuning the concentration ratio of the QDs/PFH-MEH
blend. Both the emission mechanisms have been investigated
by carrying out photoluminescence and electroluminescence
measurements on active structures with different QDs/PFH-
MEH ratio. We demonstrated that a balanced white emission
is obtained in hybrid ternary systems PFH-MEH:QDs/Alq3

when Förster energy transfer in the guest-host system is ac-
complished by charge transfer from PFH-MEH and Alq3 to
QDs during the electrical excitation.
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II. EXPERIMENT

A. Synthesis of CdSe/ZnS core/shell QDs

The CdSe/ZnS QDs were prepared according to standard
procedure.22,23

B. Fabrication of hybrid electroluminescence devices

The chemical structures of the active materials used in
the devices and a schematic diagram of the device structure
are shown in Figs. 1sbd and 3sad, respectively. Devices con-
sisting of ITO//PEDOT-PSS//PFH-MEH:CdSe/ZnS//
Alq3//Ca/Al were fabricated as follows. A hole-transporting
layer s100 nmd of polys3,4-ethylenedioxythiophened:
polysstyrenesulfonated sPEDOT-PSSd, used to lower the
hole-injection barrier at the indium tin oxidesITOd surface,
was spin-deposited onto the cleaned ITO-coated glass sub-
strates120 nm, 15Vd. The layer was then heated at 110 °C
for 10 min. Then, a layer of a 5-nm-sized CdSe/ZnS QDs
and PFH-MEH polymer blends100 nmd was spin coated
from a chloroform solution on the surface of the PEDOT-
PSS. QDs concentration was calculated using the Lambert-
Beer law: A=«LC, where A is the absorption peak for a
given sample,C is the molar concentrationsmol/1d of the
nanocrystals,L is fixed at 1 cm, and« is the extinction co-
efficient s5.943105 l /mol cm is measured at first exciton
peak; the diameter is 5.11 nmd.24 Finally, 10-nm-thick layer
Alq3, acting as electron-injecting/electron-transferring and
electron-emitting material, and a 50-nm-thick Ca cathode
covered with a 150-nm-thick Al layer were deposited by
thermal evaporation at a pressure of 4310−6 mbars. Three
devices with a different concentration ratio of the PFH-
MEH/QDs blend constituents and a reference one without
the Alq3 layer were fabricated.

C. Characterization

PhotoluminescencesPLd and excitation photolumines-
cencesPLEd measurements were performed on thin films and
CHCl3 solutions by using a Cary Eclipse fluorescence spec-
trophotometer with an intense xenon flash lamp. Absorption
sabsd measurements were carried out using a Cary 5000
UV-Vis spectrophotometer. The elctroluminescencesELd
spectra were measured by an Ocean optics CCDsS2000d
spectrometer. Voltage-luminance-current characteristics were
measured by using a Keithley source measurement unitsKei-
thley 2700 and Keithley 2400d with an amplified silicon pho-
todiode sRS 303-674, Hamamatsud. All the measurements
were performed at room temperature in air atmosphere.

III. RESULTS AND DISCUSSION

Host-guest systems are typically employed to obtain
white light, i.e., a higher-energy-emitting host materialsdo-
nord is doped with lower-energy-emitting guest materialssac-
ceptord to promote energy transfer from the host to the guest.
The rate of this energy transfer and Förster radius25 are given
in the following expressions:

kFörster= td
−1sR0/rd6,

R0
6 = aE

0

`

Fdsnd«asndn−4dn,

wheretd is the lifetime of the donor in the absence of the
acceptor,r is the distance between the donor and acceptor,R0

is the Förster radius, andFdsnd and«asnd are the fluorescence
and extinction spectra of the donor and acceptor, respec-
tively. According to this expression, the necessary condition
for Förster transfer occurance is not a negligible overlap of
the acceptor absorption and donor photoluminescence spec-
tra and a maximum distance between the two constituents of
30–50 Å. Both these conditions are verified for the host/
guest system PFH-MEH/CdSe:ZnS QDs, in which the two
components are closely intermixed in the blend and show
substantial abs and PL spectra overlapfsee Fig. 1sadg. A clear
spectral overlap between the PFH-MEH emission and the

FIG. 1. sad Absorptionsleftd and photoluminescencesrightd spectra for PFH-
MEH sdashd, Alq3 sdotd, and QDsssolidd; sbd chemical structures of com-
ponents and possible energy-transfer charge-transfer pathways.

FIG. 2. PL and PLE spectra of the film for device ITO//PEDOT-PSS//PFH-
MEH:CdSe/ZnS//Alq3//Ca/Al with the ratio of PFH-MEH:CdSe/ZnS
=100:1 and absorption spectrum of PFH-MEH film.
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QDs absorption and between the Alq3 PL and QDs abs is
also observed. The possible Förster energy-transfer pathways
between different components are indicated in Fig. 1sbd. In
order to obtain white emission, all these processes have to be
accurately controlled and, in particular, incomplete energy
transfer from the host PFH-MEH to CdSe/ZnS QDs has to be
induced. To this aim a detailed characterization of the emis-
sion mechanisms has been performed by the photolumines-
cencesPLd and photoluminescence excitationsPLEd mea-
surements on bilayers of PFH-MEH:CdSe/ZnS//Alq3 with a
relative concentration of PFH-MEH/QDs of 100:1sFig. 2d.
Two emission bands at 635 and 420 nm are observed while
exciting at 370 nm, which originate from the CdSe/ZnS QDs
and PFH-MEH, respectively. Negligible emission is instead
observed from Alq3. The weakness of the QDs and Alq3

band evidences the excessive PFH-MEH concentration and a
limited energy transfer to the two low-energy-emitting spe-
cies. PLE spectra with detection wavelengths fixed at 420
and 630 nm, corresponding to the emission peaks of PFH-
MEH and CdSe/ZnS QDs, respectively, overlap the absorp-
tion of PFH-MEH, showing that the emission of CdSe/ZnS
QDs originates mainly from the excitation energy transferred
from PFH-MEH.

Electroluminescence measurements have been carried
out on ITO//PEDOT-PSS//PFH-MEH:CdSe/ZnS//Alq3//
Ca/Al structuresfsee Fig. 3sadg. In Fig. 4 the EL spectra for
different PFH-MEH:CdSe/ZnS concentration ratios are re-
ported. Contrary to the PL spectrum when a 100:1 ratio is
used, a strong quenching of the PFH-MEH emission and an
increase of the Alq3 and QDs bands is observed. This sug-
gests the occurence of novel and more efficient transfer

mechanisms from the blue-emitting polymer and green-
emitter Alq3 to the lower-energy-emitting species QDs. In
particular, in the case of electrically driven devices, in addi-
tion to the Förster energy transfer, several charge-transfer
pathways can occur. Possible pathways leading to emissive
states are shown in Fig. 5.

The physical basis for a charge transfer was studied ex-
tensively by Marcus,26 and a first-order model of the rate of
transfer between the donor and acceptor molecule is given in

kct = n0 expf− bsr − r0dgexpsDG* /kTd,

wheren0 is a collision frequency,r is the distance from the
donor to the acceptor,b andr0 are measures of the electronic
coupling between the donor and acceptor, andDG* is the
free-energy barrier. Since the hopping mechanism requires
overlap of the molecular orbitals of the donor and host mol-
ecules, charge transfer is typically limited to a maximum
distance of 5–10 Å. Such distances exist between blended
PFH-MEH and QDs and at the interface
Alq3/PFH-MEH:QDs. However, in core-shell QDs the
ligands which is bind to the nanocrystal surface act as barri-
ers to electron charge transfer in the semiconductor core.
Thus, we expect an efficient electron charge injection in QDs
only at the interface with the Alq3, which is characterized by
much higher electron transporting and injecting properties.

In order to achieve white EL emission, the different
color components have to be accurately balance by control-
ling both the Förster energy-transfer and charge-transfer
mechanisms. To this aim we fabricated devices with different
PFH-MEH:QDs concentration ratios, namely, 200:1 and
300:1. At low QDs concentrations300:1d, the possible path-
way are processes I and II. Process I involves the transfer of

FIG. 3. sad The device configuration,sbd proposed energy-level diagram of
the device ITO//PEDOT-PSS//PFH-MEH:CdSe/ZnS//Alq3//Ca/Al.

FIG. 4. Electroluminescence spectra for the device ITO//PEDOT-PSS//PFH-
MEH:CdSe/ZnS//Alq3//Ca/Al with different ratio sPFH-MEH:CdSe/ZnS,
c%d.

FIG. 5. Possible pathways leading to
emissive states in device ITO//
PEDOT-PSS//PFH-MEH sPFd:CdSe/
ZnS//Alq3//Ca/Al. Radical cation,
radical anion, and singlet excited-state
molecules are indicated bysd+•, sd−•

and ssd* , respectively.
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a hole from a PFH-MEH cation radicalsPF+•d to a Alq3

anion radicalsAlq3
−•d. Process II involves the transfer of an

electron from a Alq3 anion radicalsAlq3
−•d to a PFH-MEH

cation radicalsPF+•d. Both the mechanisms result in excited
Alq3 and PFH-MEH molecules which can decay radiatively,
originating blue and green EL emission. Negligible red emis-
sion instead originated from the amount of QDs. By increas-
ing the concentration of CdSe/ZnS QDssconcentration ratio
200:1d, the possible pathways are processes I, II, and III. A
relevant additional role is assured by the following pro-
cesses: Förster energy transfer to QDs from excited PFH-
MEH and Alq3 molecules sequential charge transfer of a hole
from PFH-MEH followed by the transfer of an electron from
Alq3 or charge transfer of an electron from Alq3 followed by
the transfer of a hole charge from PFH-MEHsprocess III in
Fig. 5d. An efficient emission at the three primary colors is
thus obtained from PFH-MEH, Alq3, and QDs with a bal-
anced white spectrum with CIEs0.30,0.33d. In Fig. 6
voltage–currentsV–Id and voltage–luminancesV–Ld charac-
teristics of the device ITO//PEDOT-PSS//PFH-
MEH:CdSeZnSs200:1d///Alq3//Ca/Al are reported. Maxi-
mum luminance of 8310−2 mW/cm2 at 20 V and a turn-on
voltage of 9 V are measured in air atmosphere. Maximum
external quantum 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 OLEDs based on QDs. Such im-
proved values can be explained by considering the device
energy-level diagram in Fig. 3sbd. Work functions, band
gaps, and electron affinities of ITO, Ca, Al, PEDOT-PSS,
PFH-MEH, CdSe/ZnS QDs, and Alq3 are taken from
literature.8,9,11In these QD-based LEDs, holes are considered
to be injected from the ITO electrode through the
PEDOT:PSS layer into the polymer hole conductor and are
eventually transported to the QDs. Similarly, the electrons
are considered to be injected from the Ca/Al cathode into the
Alq3 and are eventually transported to the QDs. Since the
high electron affinity of QDs the electrons are better confined

within the surface of PFH-MEH:QDs/Alq3, thus enhancing
the balance between opposite carriers in the region where a
more efficient radiative exciton recombination can occur.

IV. CONCLUSIONS

Hybrid organic/inorganic light-emitting devicessLEDsd
have been fabricated by using stable red-emitting CdSe/ZnS
core-shell quantum dots blended in a blue emitting PFH-
MEH polymer. A thin layer of an electron-injecting and
electron-transporting metal chelate complex Alq3 is used to
accurately control and balance the Förster energy-transfer
and charge-transfer processes between the different active
components, allowing a fairly pure white OLED with CIE
s0.30,0.33d and EL efficiency of 0.24%. These results are a
first step towards a novel class of hybrid devices for lighting
applications combining the stability properties of colloidal
inorganic nanocrystals with the flexibility and case of fabri-
cation of organic LED technology.
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