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a b s t r a c t

White organic light-emitting diodes (WOLEDs) offer a promising avenue to developing future energy-
saving solid-state lighting sources because of their intrinsic characters such as low driving voltages, high
brightness and efficiency, large area, etc. While commercialization of WOLEDs has attracted tremendous
interest in both academic and industrial communities, the discovery of highly efficient phosphors opens
up a good channel to meet this target. With the goal towards practical application, many design strate-
gies, including new materials synthesis, judicious design of device configuration, wise management of
charges/excitons in different active layers, development of sophisticated and low cost fabrication proce-
dures, etc. have been put forward to achieve high efficiency, good white color stability and quality. In this
review, the most recent progress and achievements in various research aspects of the phosphorescent
WOLED is presented. Practical applications are enumerated and illustrated by specific examples. The
major advances, ongoing challenges and future perspectives of this research frontier are also critically
discussed. The present work provides valuable clues to the specialists in the field to develop new routes
for future research development of WOLEDs.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

After the milestone work of C.W. Tang in the field of electrolu-
minescence [1], organic light-emitting diodes (OLEDs) are always
attracting high research enthusiasm from both scientific and indus-
trial communities for their thin-film, high-contrast, light-weight,
fast-response, wide-view-angle and low-power attributes, and
they have been regarded as one of the best flat panel display tech-
nologies that are capable of meeting the most stringent demand
of future display applications [2–20]. Besides the great potential in
display industries, another attractive application associated with
OLEDs as the next generation solid-state lighting sources with the
favorable energy-saving traits would lead to the prosperity of OLED
investigation [21–25]. OLEDs emitting white light had been realized
ca. 15 years ago by Kido and coworkers via mixing three fluorescent
dyes (blue, green and orange) into a single emission layer (EML).
White light with a broad spectrum was produced [26–33]. Further-
more, high brightness (3400 cd m−2) can be achieved at low driving
voltage (ca. 14 V). All these unique features would render white
organic light-emitting diodes (WOLEDs) ideal candidates for future
energy-saving lighting sources, since 90% of the consumed power
by a traditional incandescent bulb is actually converted into heat.
Lighting occupies a significant part of the world’s energy consump-

tion, with a large share still consumed by inefficient incandescent
lamps [34]. So, the guest for more efficient and environmentally
friendly solutions to the impending world energy shortage has
stimulated extensive research interest for WOLEDs as new gen-
eration ambient lighting sources.

At the early stage of WOLED research, fluorescent (singlet) emit-
ters are usually adopted to produce white light emission from
the as prepared devices [35–46]. However, the traditional singlet-
emitting (fluorescent) chromophores would favor a 3:1 ratio of
the non-emissive triplet states over singlet states according to
the quantum spin statistics prediction for the free charge-carriers,
which severely limits the device efficiency and has brought about
the bottle-neck problem of WOLEDs [47–54]. Fortunately, the
discovery of phosphorescent (triplet) emitters had made revolu-
tionary progress in improving the device efficiencies of WOLEDs
since they can harness both of the singlet and triplet excited
states for emission at room temperature [3]. Typically, it was the
highly efficient phosphors that made WOLEDs possible as the thin-
film solid-state lighting sources, in which efficiency is one of the
most important parameters for consideration. To date, these phos-
phorescent emitters are mainly derived from complexes of the
third-row transition metals (e.g. ReI, OsII, IrIII and PtII) for their
high spin-orbit coupling constants that are capable of facilitating
the triplet emission even at room temperature [55–64]. The unique
photophysical properties associated with IrIII and PtII ppy-type
(Hppy = 2-phenylpyridine) complexes, such as tunable emission
color, high phosphorescent quantum yield (˚p) and relatively short
triplet lifetime (�p), etc., would definitely put them in a promi-
nent position for developing low-cost lighting sources. All of these
advantages have stimulated researchers from both academic and
industrial organizations to develop WOLEDs. Recently, WOLEDs
with efficiency of 120 lm W−1 have been realized with highly effi-
cient phosphors under laboratory conditions and the efficiency is
even higher than that of fluorescent tubes widely in use nowadays
[65]. With all these efforts, the first products have been commer-
cialized in the market. In this review, we report the recent progress
in the exciting field of WOLEDs, especially those involving the phos-
phorescent device components.

2. The basics of WOLEDs

2.1. Efficiency

External quantum efficiency (EQE, �ext), current efficiency (CE,
�C) and power efficiency (PE, �P) are the common parameters
employed to characterize the performance of WOLEDs. EQE is
defined as the total number of photons emitted out of the device by
consuming per electron–hole pair injected into the devices. It can
be defined as follows:

�ext = �in�ph = �e−h�s−p˚i�ph

where �in is the internal quantum efficiency (IQE) that is defined
as the total number of photons generated inside the device per
electron-hole pair injected, �ph is the out-coupling efficiency, �e–h
is the ratio of electrons to holes (or vice versa) injected from oppo-
site electrodes to keep �e–h ≤ 1, �s–p is the fraction of the emissive
excitons, which is 0.25 for fluorescent emitter and 1.0 for the phos-
phorescent counterpart, ˚i is the intrinsic quantum efficiency for
radiative decay consisting of both phosphorescence and fluores-
cence.

The �C is generally employed to characterize the efficiency of
device which can be “evaluated” by the naked eyes. So, it is also
called luminous efficiency (�L) which is defined as follows:

�C = AL

J
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