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Transition metal complexes have emerged as promising candi-
dates for applications in solid-state electroluminescent devices.
These materials serve as multifunctional chromophores, into
which electrons and holes can be injected, migrate and
recombine to produce light emission. Their device character-
istics are dominated by the presence of mobile ions that
redistribute under an applied field and assist charge injection.
As a result, an efficiency of 10 lm/W—among the highest
efficiencies reported in a single layer electroluminescent de-
vice—was recently demonstrated. In this article we review the
history of electroluminescence in transition metal complexes
and discuss the issues that need to be addressed for these
materials to succeed in display and lighting applications.

Introduction
Transition metal complexes, such as ruthenium tris-bipyridine
[Ru(bpy)3]2+, shown in Fig. 1, have been the subject of

extensive electrochemical and spectroscopic studies. The
interest in this class of materials stems from the fact that they
exhibit multiple stable oxidation states and have attractive
excited state properties.1 The observation of light emission in
electrochemical cells2 (called electrogenerated chemilumines-
cence) or by electron transfer processes, in general, has
prompted a great deal of studies of their optoelectronic
properties in solution.

In a parallel effort, organic light emitting diodes (OLEDs) are
being developed for applications in flat panel displays and
lighting.3 In the simplest configuration, an OLED consists of a
single layer of an organic semiconductor sandwiched between
two metal electrodes, the anode and the cathode (in forward
bias, the latter is biased negative with respect to the former).
Under the application of a forward bias, holes are injected from
the anode into the highest occupied molecular orbital (HOMO)
of the organic layer and migrate towards the cathode. In a
similar fashion, electrons injected from the cathode into the
lowest unoccupied molecular orbital (LUMO) of the organic
migrate towards the anode. When a hole and an electron meet in
the bulk of the organic layer, they may combine to form an

exciton. A fraction of these excitons recombine radiatively,
giving rise to light emission. The basic requirements from the
organic semiconductor are the ability to transport both electrons
and holes, and a high luminescence efficiency.

Transition metal complexes satisfy these requirements. Their
excellent stability in multiple redox states indicates that
electronic carriers can be readily injected and transported in
these materials. Their luminescence efficiency can be high,
evident from the fact that these materials have been used as
tracer dyes in sensor applications. In [Ru(bpy)3]2+, which is a
model compound for this class of materials, the highest
occupied molecular orbital (HOMO) is the t2g orbital of the
metal, while the lowest unoccupied molecular orbital (LUMO)
is the p* orbitals of the ligands. Electron transport in a
[Ru(bpy)3]2+ film is described as a series of redox reactions
involving electron hopping in the LUMO of the molecules.
Similarly, hole transport takes place through the HOMO. Light
emission arises from the p* ? t2g ligand to metal transition.4

In addition to satisfying the basic requirements of electronic
carrier transport and emission, transition metal complexes
feature ionic conductivity. For example, [Ru(bpy)3]2+ carries a
net 2+ charge, which is compensated by two counter ions such
as PF6

2 or ClO4
2. In a film, these counter ions are mobile at

room temperature, and dominate the device characteristics. In
this respect, electroluminescent devices made from transition
metal complexes are similar to the so-called light-emitting
electrochemical cells (LECs), fabricated by dispersing salts into
organic semiconductors.5 Transition metal complexes, how-
ever, are more stable than the dispersions used in LECs. Since
the ions are an integral part of their structure, they do not suffer
from phase separation.

The first solid-state electroluminescent device from a
transition metal complex was reported in 1996 by the MIT
group.6 Since then, tremendous progress has been achieved in
the performance of these devices,7–29 which today is close to
that of the best organic light-emitting diodes. As with every new
class of electroluminescent materials, questions arise regarding
(i) the ultimate limits of their efficiency, (ii) their response time,
(iii) the availability of multiple colours, as well as (iv) their
lifetime in devices. We begin this article by discussing the
device operation mechanism as we understand it today. We
shall then address these questions in four separate sections. One
has to keep in mind that the field of transition metal complex
electroluminescence is still in its early stages, and the
relationships among chemical structure, processing conditions
and device performance are still under investigation. Most of
the studies carried out thus far have been exploratory in nature
and have not rigorously pursued the link between materials
parameters and device performance. Keeping this in mind, we
will follow the brief history of the field and outline the steps that
led to today’s high-performance devices. We end by discussing

Fig. 1 Chemical structure of [Ru(bpy)3]2+.
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the challenges that remain to be addressed in order to ensure the
commercial viability of these materials in electroluminescent
devices.

We wish to note that this article deals only with solid-state
devices, where the transition metal complexes were used as
multifunctional chromophores. Hence, we do not include works
where transition metal complexes were utilized as luminescent
dopants in organic light emitting diodes, nor do we discuss
solution-based electroluminescent devices (so-called electro-
generated chemiluminescent devices).

Operation mechanism
In Fig. 2, typical characteristics of a transition metal complex-
based electroluminescent device are shown.18 The device was

fabricated by spin-coating a thin (ca. 100 nm thick) film of the
complex [Os(bpy)2L]2+(PF6

2)2, where L is cis-1,2-bis(diphenyl
phosphino)ethylene, on to indium tin oxide (ITO)-covered glass
and evaporating a gold top electrode. In contrast to organic
light-emitting diodes, where the current and radiance respond
almost instantaneously to an applied voltage, a voltage-
dependent lag time is observed. The current in Fig. 2 increases
slowly to a steady-state value, with a characteristic time that
decreases with applied voltage. The radiance initially follows
the current, but then decays at a rate that increases with
voltage.

These characteristics can be understood on the basis of the
interplay between electronic and ionic charges.30 Upon applica-
tion of a forward bias, the PF6

2 counter ions drift towards the
anode (ITO), where they accumulate and cause a lowering of the
barrier for hole injection. Holes are concomitantly injected in
the HOMO of [Os(bpy)2L]2+, which corresponds to the removal
of an electron from the t2g orbital of Os and the production of
[Os(bpy)2L]3+. At the same time, the presence of uncompen-
sated [Os(bpy)2L]2+ ions in the neighbourhood of the cathode
enhances electron injection, which takes place in the p* orbital
of the ligand and results in the formation of [Os(bpy)2L]+. As
more and more PF6

2 ions accumulate near the anode, hole and
electron injection are enhanced, giving rise to the increase in
current observed in Fig. 2. A steady-state is reached when the
PF6
2 ions attain their equilibrium distribution near the anode,

dictated by the applied voltage and the coulombic interactions
with the ionic and electronic charges in the device. In the
meantime, injected electrons and holes migrate towards oppo-
site electrodes. Emission results from the electron transfer
recombination of [Os(bpy)2L]3+ and [Os(bpy)2L]+, which
produces the excited state [Os(bpy)2L]2+* of the complex. A

higher applied voltage speeds up the accumulation of the PF6
2

ions at the anode, giving rise to a faster device turn-on (Fig.
2).

One important figure-of-merit of an electroluminescent
device is its (external) quantum efficiency (hQ), which is the
ratio of emitted photons per injected electron. It is given by:3

hQ = b·f·q (1)

where b is the fraction of injected electrons that combine with
holes to form excitons, f is the fraction of excitons that
recombine radiatively to produce a photon, and q is the fraction
of photons that escape waveguiding and propagate outside the
device. The first term, b, is determined by the magnitude and the
balance between the electron and hole currents. The second
term, f, is equal to the photoluminescence yield in the film.
Contrary to organic semiconductors, in which emission arises
almost exclusively from the decay of singlet excitons, the strong
spin-orbit coupling in transition metal complexes effectively
converts all excitons into triplets,4 which decay radiatively with
a yield f. Finally, the third term, q, depends on the refractive
indices, the absorption coefficients and the roughness of the
various layers.

Ion densities in these complexes are of the order of 1021

cm23. At such high densities, the potential drop caused by
accumulation of PF6

2 ions near the anode (and the subsequent
depletion near the cathode) can be large enough to decrease the
barriers for charge injection to such an extent that the contacts
become ohmic.30 As a result, every injected electron combines
with a hole to form an exciton (b = 1)31 and the device quantum
efficiency is determined by the photoluminescence yield of the
complex. In addition, the turn-on voltage (lowest voltage at
which light is emitted) can be as low as the HOMO/LUMO gap.
This is an advantage compared to OLEDs, which are usually
limited by charge injection and exhibit larger turn-on voltages.
The penalties associated with the existence of the ionic space
charge are the comparatively long turn-on time and the absence
of rectification.

At present, our understanding of the device operation
mechanism remains rather qualitative. Some early modelling
work7,21,32 as well as some experiments19,27,32,33 have been
performed to address issues such as the distribution of the
electric field inside the device and the spatial extent of the
recombination zone. As a first step towards achieving a
quantitative understanding, accurate determination of basic
device parameters, such as the barriers for charge injection and
the carrier mobilities, is needed.

Efficiency
The quantum efficiency is the figure-of-merit that is most
frequently used to benchmark electroluminescent device per-
formance. In Fig. 3, the evolution of the quantum efficiency of
transition metal complex-based devices is shown as a function
of time.6–29 The dramatic increase achieved in just a few years
came as a result of improved understanding of how the chemical
structure of the complexes and their processing into thin films
affect device performance. In this section, we discuss the
various materials, processing techniques and device geometries
that have been used in transition metal complex-based de-
vices.

The first solid-state electroluminescent device from a
transition metal complex was reported by Lee et al.,6 who used
a ruthenium poly-pyridyl complex. By incorporating sulfonate
groups at the para-positions of the complex’s 4,7-diphenyl-
1,10-phenanthroline ligands, they rendered the molecule solu-
ble in water, allowing for spin coating and layer-by-layer
processing techniques. Films were deposited by both methods
on ITO-covered glass, followed by evaporation of aluminium

Fig. 2 Characteristics of ITO/[Os(bpy)2L]2+(PF6
2)2/Au devices.
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electrodes, yielding sandwich-type devices. The quantum
efficiencies of these devices were relatively low, near 0.005%.
Introduction of the conjugated polymer poly(p-phenylene
vinylene) between the ITO and the complex was found to
increase the device efficiency to 0.05%.

The effect of ionic conductivity was explored by Maness et
al.7 They reported on an electroluminescent device from a
polymeric ruthenium complex, poly[Ru(vbpy)3]2+, where vbpy
is 4-vinyl-4A-methyl-2,2A-bipyridine, and the PF6

2 counter ion.
Films of this material were prepared on Pt interdigitated
electrodes (planar-type devices) in either a solvent-swollen
state, where the material was ionically conducting, or in a dry
state. For the latter, the devices were prepared in the solvent-
swollen state, allowed to reach equilibrium under an applied
voltage, dried, and cooled to 0 °C to freeze-in the distribution of
counter ions. These devices exhibited diode-like characteristics,
consistent with the presence of a built-in potential in the
ruthenium film. In contrast, the solvent-swollen devices
exhibited no rectification. Quantum efficiencies of 0.025% and
0.03% were measured in devices with solvent-swollen and dry
films, respectively.

The same group used a highly viscous molten salt of a
ruthenium tris-bipyridine derivative to fabricate devices on
interdigitated Pt electrodes.8 A quantum efficiency of 0.2% was
measured at room temperature, where the devices did not show
any rectification. Cooling the devices down to 220 °C while
maintaining the applied voltage allowed them to freeze-in the
distribution of counter ions. These devices exhibited a rectifica-
tion ratio of 100.

A polyester with a ruthenium complex incorporated in the
main chain was investigated by Lee et al.9 and Wu et al.11

Devices were fabricated both by spin coating the polymer on
ITO-coated glass and by a layer-by-layer deposition, followed
by evaporation of aluminium top contacts. While the quantum
efficiencies of the best spin-coated devices were only 0.08%,
the layer-by-layer devices exhibited efficiencies of the order of
1% (and, in some devices, as high as 3.2%). As numerous
differences exist between the local environment in a uniform
film (spin-coating) and a stratified one (layer-by-layer deposi-
tion), it was difficult to pinpoint the reasons for the increased
efficiency in the stratified structures.

Also considering a ruthenium polyester were Elliott et al.10

Their sandwich-configuration devices with this active layer
yielded quantum efficiencies between 0.06% and 0.92%. Of
note was the fabrication technique used in these devices. The
top contact was formed by placing a gold mesh into a drop-cast,
monomeric film, followed by polymerization of the polyester.

Gong et al.12 were the first to make devices from a transition
metal complex using a metal centre other than ruthenium. They
reported electroluminescence in devices based on rhenium
complexes blended in polycarbonate, as well as devices based
on ruthenium complexes blended in poly(vinyl alcohol). The
quantum efficiencies of these devices were estimated to be on
the order of 0.1%. It should be noted that the Re compound
carries no net charge, therefore it exhibited device character-
istics typical of an OLED.

Lyons et al.13 investigated the addition of a solid electrolyte
in devices from ruthenium complexes. For that, they utilized the
ion conducting polymer poly(ethylene oxide) (PEO) and the salt
lithium triflate (LiCF3SO3). Sandwich-type devices, in which a
ruthenium complex was blended with PEO, exhibited a
maximum quantum efficiency of 0.02% when a 10:1 molar ratio
of PEO monomer units to ruthenium complex was used.
Preserving this ratio and adding lithium triflate (20:1 molar ratio
of PEO repeat unit to salt), these devices displayed similar
efficiencies. Various cathode metals such as Al, Au, Ag and Pt
gave devices with a similar turn-on voltage, indicating that the
ionic space charge was enough to enhance electron injection
and make it independent of the electrode work function.

Handy et al.14 demonstrated that high efficiency devices
could be realized by a single-layer, spin-coated film of a low
molecular weight ruthenium complex. In particular, they
reported efficiencies as high as 1% for a hydroxy-methylated
version of [Ru(bpy)3]2+(PF6

2)2. This particular work revealed
that device efficiencies varied somewhat with modification of
the bipyridine ligands. Furthermore, it was reported that acid-
etching the ITO electrode prior to device fabrication could
enhance the efficiency.

Continuing previous work involving layer-by-layer tech-
niques of processing polyester ruthenium complex films, Wu et
al.15 systematically varied both the thickness and concentration
of layers of polyester and poly(acrylic acid) (PAA). By
changing the pH of the ruthenium polyester and PAA solutions
during the deposition process, both the overall thickness of the
devices and the relative ratio of the polyester to PAA was
varied. The variation of the composition allowed the systematic
modification of the site-to-site distance of the ruthenium
complexes, which influences self-quenching effects and elec-
tronic mobility in the devices. By optimising thickness and
composition, quantum efficiencies as high as 3% were realized.
By simply changing the thickness of these films at the optimal
composition, the efficiency varied from 0.2% at 90 nm to 2% at
200 nm active layer thickness. The turn-on voltage was found to
be a function of the number of polyester/PAA bilayers present,
with 3 and 5 V turn-on voltages for 15 and 35 bilayer devices,
respectively. This was attributed to the high bulk resistance of
the multilayer films. It was shown that the order of voltage
sweeping, whether from forward bias to reverse or reverse bias
to forward, influenced the symmetry of the current vs. voltage
and radiance vs. voltage characteristics. Furthermore, by
changing the composition of the multilayers, devices that
exhibited light emission preferentially in either the forward or
reverse bias operation were fabricated.

Gao and Bard16 reported on sandwich-type devices based on
[Ru(bpy)3]2+ salts with a novel liquid metal electrode. The
devices were fabricated by spin-coating the organic onto ITO,
followed by printing of a gallium:indium eutectic contact. In
addition to a new cathode electrode, the use of a new counter
ion, ClO4

2, was also reported. At 3V forward bias, ITO/
[Ru(bpy)3]2+(ClO4

2)2/Ga:In devices exhibited quantum effi-
ciencies ranging from 0.4 to 1.8%. Under reverse bias, the
radiance was approximately five orders of magnitude less.
Inclusion of an aromatic hole transport layer between the ITO
and the ruthenium complex did not have a significant effect on
device performance.

Fig. 3 Evolution of the record quantum efficiency of electroluminescent
devices from transition metal complexes. The appropriate reference is
indicated next to each datum point.
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Extending the idea of polymer blending to [Ru(b-
py)3]2+(PF6

2)2 films, Rudmann and Rubner17 mixed this
complex with poly(methyl methacrylate) (PMMA), poly-
carbonate (PC), and polystyrene (PS). In the case of PMMA,
devices with varied volume content of PMMA dispersed in
[Ru(bpy)3]2+(PF6

2)2 were fabricated. A maximum quantum
efficiency of 3% was measured at a PMMA concentration of
approximately 25% vol., in sandwich-type devices using Ag
cathodes. Devices with Ag cathodes consistently performed
with higher efficiencies (2.5–3.0%) than those with Al contacts
(2.0–2.5%), and this disparity was believed to be due to the
greater tendency for electrochemical degradation of the latter
metal. In addition, devices were tested using a pulsed voltage
drive consisting of the superposition of an ac and a dc voltage.
Under such driving conditions, the devices showed improved
efficiencies over dc driving. It was postulated that this
improvement might be because of the additional time given for
the excited states to relax back to the ground state, reducing
overpopulation of the triplet excited states.

Electroluminescence in complexes of osmium were reported
by Bernhard et al..18 Devices based on [Os(bpy)2L]2+(PF6

2)2,
where L is cis-1,2-bis(diphenyl phosphino)ethylene, were made
using ITO and Au electrodes and exhibited a quantum
efficiency of the order of 1%. The efficiency was found to
increase with thickness and decrease with increasing voltage.
The former was attributed to quenching of emission near a
contact, while the latter to degradation.

A single-crystal device based on a ruthenium complex was
reported by Liu and Bard.19 The device was made by repeatedly
injecting a nearly saturated solution of [Ru(bpy)3]2+(ClO4

2)2 in
acetonitrile between two ITO slides separated by 1 mm,
followed by evaporation of the solvent. The resulting device
yielded a quantum efficiency of 3.4%. In addition, it exhibited
a turn-on voltage similar to that in devices made from thinner,
spin-coated films, clearly demonstrating that ions dominate the
device performance. Despite the symmetric current vs. voltage
characteristics, the radiance was asymmetric. This was attrib-
uted to asymmetric self-absorption of the emitted light, due to
the fact that emission takes place closer to one of the electrodes.
The latter is true when electrons and holes have different
mobilities.30

Furthering their study of ruthenium complexes and polymer
blends, Rudmann et al.20 investigated blends of [Ru(bpy)3]2+

and two of its derivatives in PMMA. Various counter ions
(PF6

2, ClO4
2, and BF4

2) were used in blends that contained
about 25% vol. PMMA. All films reported produced devices
with quantum efficiencies in excess of 2.5% under dc driving,
with one of the complexes yielding an efficiency of 4.8%.
Under pulsed driving, the efficiency increased by about 20%,
with the dinonyl-substituted complex exhibiting a 5.5% effi-
ciency, which remains the highest reported quantum efficiency
for a transition metal complex-based device to date.

Gao and Bard23 investigated the influence of electrode
conductivity on the characteristics of [Ru(bpy)3]2+(ClO4

2)2

devices with ITO and Ga:In contacts. Using ITO with sheet
resistance of 100 W/8 and 10 W/8 did not result in any
difference in the quantum efficiency. However, the current and
the radiance were significantly greater in the devices with the
low resistivity ITO. Using ITO that was heavily doped with In
yielded even greater current and radiance, as did applying a 10
nm gold film over the ITO electrode. In addition to the Ga:In
alloy contact mentioned above, Ga:Sn and Bi:In:Pt:Sn liquid
contacts were reported to give device characteristics similar to
Ga:In. Furthermore, the fabrication of functional devices with a
printed Hg cathode were demonstrated.

Bernhard et al.24 explored devices of [Ru(bpy)3]2+(PF6
2)2

and complexes with the bpy ligand modified with various
aliphatic side chains at the 4 and 4A positions. ITO and Au

electrodes were used as the anode and cathode respectively in
sandwich-type devices. The devices were found to exhibit the
same current and radiance regardless of the direction of the
applied field (Fig. 4), indicating that both contacts were ohmic

for both electron and hole injection. This allowed an estimate of
the photoluminescence efficiency of the films. Comparison
with the photoluminscence yield of the complexes in solution
indicated that self-quenching of the luminescence was small,
and it was minimized with di-n-pentyl and di-tert-butyl (dtb)
side chains. Among these compounds, a maximum quantum
efficiency of 0.75% was reported for [Ru(dtb-bpy)3]2+(PF6

2)2

devices.
Leprêtre et al.25 investigated the addition of lithium salt/

crown ether solid electrolytes in sandwich-type devices of a
binuclear ruthenium complex. The salts, lithium triflate or
lithium trifluoromethylsulfonyl-imide (Li-TFSI), and the ether
18-crown-6, mixed at a 0.5 molar ratio, were added to the
binuclear ruthenium complex. Below 33% wt. of salt/crown
ether in the ruthenium complex, no radiance was observed.
However, at higher concentrations the devices functioned at
0.02% quantum efficiency regardless of the amount of electro-
lyte. The radiance was maximal for 75% wt of salt/crown ether.
Devices with the Li-TFSI salt showed improved efficiencies
over those with lithium triflate. This improvement was
attributed to the larger charge delocalization on this anion,
which results in a salt with a higher conductivity. Finally, it was
reported that the insertion of a conducting polymer layer
between the ITO electrode and the ruthenium layer did not
significantly change the device efficiency.

Recently, Slinker et al.26 reported on the first device based on
an iridium metal complex, namely [Ir(ppy)2(dtb-bpy)]+(PF6

2),
where ppy is phenyl pyridine and dtb-bpy is 4,4A-di-tert-butyl-
2,2A-dipyridyl (dtb-bpy). Devices were fabricated in a sandwich
structure using ITO and Au electrodes and yielded quantum
efficiencies of 5% under reverse bias operation at 3V (with the
ITO biased negatively). The efficiency was an order of
magnitude lower under a forward bias of 3V. The difference
was attributed to asymmetric injection—it was suggested that
the ionic space charge was not enough to make the contacts
ohmic in these devices. Under reverse bias, a power efficiency
of 10 lm/W was reported, which is among the highest power
efficiencies reported in a single layer electroluminescent
device.

The effect of moisture exposure on device efficiency was
investigated by Kalyuzhny et al.27 using [Ru(bpy)3]2+(BF4

2)2

films. Devices were prepared under an inert atmosphere, then
tested either in air or in a dry box for comparison. The maximum
quantum efficiencies of devices tested in air were found to be

Fig. 4 Temporal evolution of the current (top set of curves) and the radiance
(bottom set of curves) of ITO/[Ru(bpy)3]2+(PF6

2)2/Au devices at forward
and reverse bias, indicating no rectification. From Ref. 24.
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about two times higher than those for devices tested in the dry
box. This was attributed to the fact that water or moisture serves
to balance charge carrier injection, at least in the initial stages of
operation.

Lee et al.28 investigated the influence of the thickness of a
[Ru(bpy)3]2+(PF6

2)2 layer on the quantum efficiency in sand-
wich-type devices with ITO and Au electrodes. A decrease from
1% to less than 0.01% was observed when the thickness of the
ruthenium film varied from 192 to 46 nm. The decrease was
monotonic, indicating the absence of strong microcavity effects.
Spectroscopic measurements indicated that the yield of photo-
luminescence of [Ru(bpy)3]2+(PF6

2)2 films on quartz substrates
exhibits only a small variation with thickness, from 2.2% in 200
nm thick films to 1.8% in 17 nm thick films. The large decrease
of the quantum efficiency was therefore attributed to quenching
of excitons near the electrodes and to triplet-triplet annihilation,
which is more pronounced in thinner devices due to the higher
current densities.

Barron et al.29 reported on devices based on polyamidoamine
dendrimers containing pendant [Ru(bpy)3]2+ groups, sand-
wiched between ITO and Au electrodes. The quantum effi-
ciency showed a monotonic decrease with dendrimer genera-
tion, which was attributed to a decrease in the yield of
photoluminescence with dendrimer generation. The latter trend
was also observed in solutions of these materials. By comparing
the yield of photoluminescence in film and in solution, the
degree of self-quenching was extracted for these materials.

Turn-on time
In this section we discuss the influence of materials processing
and device conditioning on the turn-on time. The latter is
loosely defined as the time it takes to reach the peak radiance
and reflects the speed at which these devices can be operated.

The first mention of a turn-on time was by Lee et al.6 in a low
molecular weight ruthenium poly-pyridyl complex. A “charg-
ing” effect was noted, where devices took 30 s to 2 min to reach
90% of their maximum output. The turn-on voltages ranged
from 2.5–3.5 V regardless of film thickness, indicating
pronounced ionic space charge effects.

Manness et al.7,8 investigated devices where the distribution
of counter ions was frozen-in while the devices were operating.
This was achieved by first drying and then cooling solvent-
swollen polymeric ruthenium films, and by cooling low
molecular weight ruthenium complexes. These devices ex-
hibited nearly instantaneous turn-on, and showed similar
quantum efficiencies as in the original state, in which the ions
were mobile. Sustained reverse biasing, however, resulted in the
breakdown of the frozen concentration gradients and the
improvement in the turn-on time for these devices was reduced.
At elevated temperatures, fast reversal of steady-state concen-
tration gradients upon reversing bias was attributed to counter
ion redistribution times much closer to electron hopping
times.

Device conditioning to alter the turn-on time was also
explored by Elliott et al.10 in a ruthenium polyester that was
polymerised while the device was operated. By pre-biasing,
removing the voltage for 5 minutes and then reapplying a
voltage, the devices took only 2 minutes to reach their steady-
state—a fairly short time for a polymeric material. This was
attributed to the in-situ polymerisation, which helped lock-in, at
least partially, the counter ion concentration gradient.

Lyons et al.13 demonstrated a decrease in the turn-on time of
devices from ruthenium complexes upon blending with PEO.
The turn-on time at an applied voltage of 6 V decreased from 2
minutes (pristine complex), down to less than 30 seconds for the
films blended with PEO. The improvement was attributed to the
increased ionic mobility upon blending with PEO. In contrast to

previous work,7,8 devices that were cooled below the glass
transition temperature were found to exhibit symmetric current
vs. voltage characteristics, indicating that ion concentration
gradients can be readily erased. In addition, it was found that at
room temperature, both the current and the radiance would
continue to increase upon an application of a constant voltage.
In contrast, steady-state was reached faster at low temperatures.
This was attributed to the existence of two “modes” of charge
transport: one which is slow and active at all temperatures, and
another which is fast but only active to about 250 °C.

Handy et al.14 demonstrated a simple scheme to decrease the
turn-on time of devices based on a low molecular weight
ruthenium complex. The turn-on time in these devices was
found to be 2 minutes at 5 V, but upwards of 20 minutes at lower
voltages. The turn-on time was decreased by the use of a pulsed
biasing technique (Fig. 5). A short pulse at a higher voltage was

used to turn the device on, followed by a lower voltage that was
used to drive the device for extended times, where the decay of
the radiance with time was slower (more on that in the lifetime
section).

The effect of various ligands on the turn-on time was also
discussed in the same publication, where it was shown that
complex, bulky ligands lead to longer turn-on times. The
scaling of the turn-on time with film thickness was found to be
different for materials with different ligands.

Very fast turn-on was reported by Gao and Bard16 in ITO/
[Ru(bpy)3]2+(ClO4

2)2/Ga:In devices. These devices reached
their maximum radiance within 1–2 s at just 3 V. This was an
improvement compared to devices based on [Ru(b-
py)3]2+(PF6

2)2, which, at 3 V, showed a turn-on time exceeding
10 min.14 Rudmann et al.,20 reported a faster turn-on in devices
from [Ru(bpy)3]2+ and similar complexes by using smaller
counter ions. The time to reach 50% of maximum radiance in
devices with BF4

2 and PF6
2 counter ions were < 1 s and

several minutes, respectively.
Buda et al.21 considered the effects of environment on turn-

on time. They observed that devices prepared in a dry box
showed longer response times than devices prepared under
ambient conditions. Furthermore, the difference between dry
box and ambient was greater for small ions. For BF4

2 the
difference was several orders of magnitude, whereas for AsF6

2

the difference was only a factor of 3–4. The results were
attributed to changes in the counter ion mobility upon exposure
to moisture. A solvation shell is generated around the counter
ions by absorbed water, with the effect being greater for smaller
ions because of the higher charge density.27

Leprêtre et al.25 investigated the turn-on time of devices
based on blends of a binuclear ruthenium complex with a
lithium salt/crown ether electrolyte. For blends containing 50%,
66% and 75% wt. electrolyte, the turn-on times were up to 45
min, 20–30 min and 2 min, respectively. The decrease in the

Fig. 5 Light output as a function of time and applied voltage. An initial
voltage pulse of 4.4 V was applied, followed by operation at 2.8 V. From
Ref. 14.
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turn-on time was associated with an increase in the ionic
conductivity of the blends. The turn-on time decreased when
anions with larger charge delocalization were used, which was
attributed to increased ionic conductivity. Finally, coating the
ITO with a conducting polymer was found to increase the turn-
on times, attributed to the increased resistance of the elec-
trode.

Barron et al.29 reported on the transient behaviour of devices
from polyamidoamine dendrimers containing pendant
[Ru(bpy)3]2+ groups. Both the ionic and the electronic mobil-
ities were found to decrease with dendrimer generation, as
manifested by the increase of the turn-on time and the decrease
of the steady-state current, respectively. Of note is the fact that
by tuning the dynamic response of the material, the various
regimes in the transient behaviour of the current were observed,
as predicted by theory.30

Colour
The demonstration of multiple colours has so far received little
attention, despite the fact that red, green and blue are required
for applications in full colour displays and lighting. The
majority of electroluminescent devices based on transition
metal complexes reported thus far exhibit orange-red emission,
with emission spectra having a maximum wavelength lmax

between 600 and 650 nm.
Some effort has been focused towards achieving saturated red

colour. Handy et al.14 demonstrated that attachment of ester
groups to the ligands of [Ru(bpy)3]2+ increases lmax to 690 nm.
Similarly, Gao and Bard16 demonstrated electroluminescent
devices with lmax of 690 nm by replacing one of the ligands in
[Ru(bpy)3]2+ with bpy(COOC12H25)2.

Of note is the work of Welter et al.,34 who reported devices
based on a poly(p-phenylene vinylene) (PPV) derivative doped
with a binuclear ruthenium complex. Under forward bias, these
devices emit red light from the ruthenium complex, [Ru-
(ph4)Ru]4+, which consists of two Ru(bpy)3

2+ units and four p-
phenylene units as spacers. Under reverse bias, the devices
emitted green light from the PPV. Asymmetric charge injection
was proposed as a reason for the colour change upon the
direction of the applied field.

Recently, Slinker et al.26 reported devices based on [Ir(p-
py)2(dtb-bpy)]+(PF6

2). These devices not only exhibited yellow
emission (lmax = 560 nm) under forward bias (Fig. 6), marking

the first device based exclusively on a transition metal complex
to emit at wavelengths below orange-red, but also exhibited a

different colour (lmax = 590 nm) when driven in reverse
bias.

Lifetime
The lifetime of the electroluminescent devices under operating
conditions, as well as their lifetime under storage are important
figures of merit. Some attention has been paid to understanding
the factors that control the lifetime of transition metal complex-
based devices under operating conditions. Results are usually
expressed by means of the half-life time, t1/2, which indicates
the time it takes for the radiance to decay to half of its maximum
value under constant voltage driving conditions. The lifetime is
limited by degradation processes such as oxidation of the metal
electrodes or decomposition of the complex. Since lifetime is
strongly affected by the environment in which the devices are
operated, it is difficult to compare data among different groups.
In this section we outline trends that have been observed in the
device lifetimes.

Maness et al.7,8 were the first to consider the lifetime of
transition metal complex devices. They noticed that the
degradation of the radiance emitted from a device based on a
polymeric ruthenium complex was faster at higher applied
voltages. The reduction of [Ru(bpy)3]+ species to [Ru(bpy)3]0

was cited as the reason for this degradation. The decay of diode-
like behaviour over time was also studied in devices with
frozen-in concentration gradients.

Elliott et al.10 explored how the lifetime changed with device
type. They found that planar-type devices made with inter-
digitated arrays had a considerably shorter lifetime than
sandwich-type devices.

Handy et al.14 reported that the lifetime of devices based on
[Ru(bpy)3]2+(PF6

2)2 and similar complexes was strongly linked
to the applied voltage. For example, in one of these complexes,
t1/2 decreased from 2 hours to 5 min when the voltage was
increased from 3 V to 5 V. The lifetime was found to be affected
by the ligand. By varying the ligand, complexes with t1/2 of 30
hours and 240 hours at 3 V were reported.

Rudmann and Rubner17 showed that driving the devices
under a 50% duty cycle improved lifetime. It was suggested that
the reason for the improved stability was a change in the
distribution of the counter ions compared to that under dc
driving. In the same paper, they reported on the effects on the
lifetime of using a low molecular weight ruthenium complex in
PMMA, PC, and PS. It was found that t1/2 varied from 700 h in
the pristine film, to 500 h in the PC blend, to 900 h in the PPMA
blend, to 1100 h in the PS blend. The differences were attributed
to the quality of the film, suggesting that pinholes are a source
of degradation. Furthermore, it was noted that devices with Al
cathodes exhibited degradation upon storage in the off state. In
contrast, devices with Ag cathodes were found to be stable upon
storage in a dry box.

Crystalline [Ru(bpy)3]2+(ClO4
2)2 films fabricated by Liu and

Bard19 showed no degradation in performance over the course
of 74 h of continuous operation at 3.5 V. This represented a
considerable improvement compared to the lifetime of devices
based on amorphous films of the same complex.16

The influence of the counter ion on the lifetime of low
molecular weight ruthenium complex devices was studied by
Rudmann et al.20 Results showed that larger ions lead to longer
device lifetimes, while smaller more mobile ions lead to shorter
lifetimes. As a result, a trade-off between the turn-on time and
the lifetime was observed.

The degradation of devices with Al cathodes was studied
extensively by Rudmann et al.22 using a combination of X-ray
photoelectron spectroscopy and secondary ion mass spectros-
copy (Fig. 7). It was found that degradation of these devices was

Fig. 6 Electroluminescence spectra from devices with ruthenium, osmium
and iridium complexes under forward bias. ITO and Au where used as
electrodes.
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the result of a redox reaction between the metal and [Ru(b-
py)3]2+(PF6

2)2.
Gao and Bard23 studied the degradation of devices based on

low molecular weight ruthenium and osmium complexes by
systematically varying the electrodes. Devices with various
anodes (ITO, antimony-doped tin oxide, Au), and various
cathodes (Ga:In, Ga:Sn, Bi:In:Pt:Sn, Hg, Al) showed similar
lifetimes, indicating that the degradation arises from the
complex. By comparing the optical absorption spectrum of
devices before and after operation, changes that were consistent
with the build-up of an emission quencher were noticed.
[Os(bpy)3]2+(PF6

2)2 devices were found to exhibit a longer
lifetime than comparable devices made with [Ru(b-
py)3]2+(PF6

2)2.
Bernhard et al.24 used air stable electrodes such as ITO and

Au electrodes to make devices with [Ru(bpy)3]2+(PF6
2)2. The

device lifetime was independent of the polarity of the applied
voltage (Fig. 4), indicating that degradation is associated with a
reduction of the photoluminescence yield of the ruthenium
complex over time, rather than a change in the injection or
transport of carriers.

Leprêtre et al.25 found that the addition of lithium salts in
ruthenium-based devices decreased their lifetime. This was
attributed to a fabrication environment that was unprotected
from water and oxygen, and possibly the gradual degradation of
the anion. Coating the ITO anode with a conducting polymer
layer was found to increase lifetime. This was attributed to a
combined effect of slowing down the release of oxygen and
indium from ITO into the organometallic film and of planarisa-
tion of the electrode surface (which decreases the occurrence of
microscopic shorts).

One of the most thorough investigations of device degrada-
tion was reported by Kalyuzhny et al.27 Devices from
[Ru(bpy)3]2+(BF4

2)2 films were prepared under an inert
atmosphere, then tested in and out of a glove box. It was found
that unipolar carrier injection led to no degradation, indicating
that degradation requires the formation of the [Ru(bpy)3]2+*
species. Moreover, it was found that exposure to the ambient
has a negative effect on device stability and that degradation is
potentially the result of some first order irreversible reaction
between a charged state of the complex and oxygen or moisture.
By monitoring the photoluminescence alongside the electro-
luminescence in planar devices, it was determined that
degradation occurs in a relatively thin region of the organic film
close to the cathode. As a result it was proposed that degradation
was the result of the generation of a quencher. It is noted that

[Ru(bpy)2(H2O)2]2+ in small amounts has been known to
considerably decrease emission efficiency and may be the
quencher in this system.

Outlook
Electroluminescent devices based on transition metal com-
plexes offer several attractive features. Due to the multi-
functional nature of these materials, efficient devices can be
fabricated by simply sandwiching a single, solution-processed
layer between two metal electrodes. The availability of mobile
ions enables the use of air-stable electrodes, which is a big
advantage compared to traditional OLEDs. Numerous studies of
their electrochemical and spectroscopic properties provide an
extensive knowledge basis that can help understand and
optimise device performance.

Devices with ohmic contacts can be easily fabricated due to
the enhancement in charge injection brought by the mobile ions.
In these devices, the quantum efficiency is not limited by the
magnitude and the balance of the electron and hole currents, but
solely by the photoluminescence yield of the complex. This
limit has already been reached in devices based on [Ru(bpy)3]2+

and a few other similar complexes.24 However, even more
efficient devices can be expected by using complexes with a
higher yield of photoluminescence: For example, a ruthenium
complex that exhibits a solution photoluminescence yield of
40% (compared to 6% for [Ru(bpy)3]2+, in solution24) has been
reported.35 Careful studies where the efficiency of electro-
luminescence is compared to the photoluminescence yield of
the film are important to understand bottlenecks in device
efficiency and should be pursued whenever possible. In addition
to using complexes with more efficient emission, engineering of
the device can be performed to increase the fraction of extracted
photons.36,37

The long turn-on time of these devices remains a challenging
issue. Although turn-on times of the order of a second have been
demonstrated in some devices, their response remains too slow
for most display applications, where video rate is required.
Clearly, more research needs to be done to better understand the
ultimate limits of the turn-on time in these materials. To this
extent, careful experiments seeking a quantitative under-
standing of the relationship between ionic conductivity and the
turn-on should be performed. The use of pre-biasing schemes,
as well as the formation of counter ion concentration gradients
are promising ways to decrease the turn-on time.

The issue of colour tunability has not yet been addressed. The
vast majority of complexes reported in literature photo-
luminesce in the orange-red part of the spectrum. It should be
noted, however, that a few complexes with photoluminescence
in the blue part of the spectrum have been reported38,39 and it is
a matter of time until they are tested in electroluminescent
devices. It remains to be seen whether efficient injection can
still take place from air-stable electrodes in materials with a
large HOMO/LUMO gap.

As far as lifetime is concerned, devices based on transition
metal complexes are at an advantage compared to OLEDs.
Transition metal complexes are intrinsically more stable
towards redox reactions compared to most organic semi-
conductors. In addition, due to the fact that air-stable electrodes
can be used, oxidation of the metal is no longer a concern.
Encapsulation technologies developed for OLEDs can be
directly applied to devices from these materials, if necessary. Of
concern is the trade-off between the lifetime and the turn-on
time, observed by Rudmann et al.20 and by Leprêtre et al.25 It is
not clear at this moment whether this trade-off is related to the
nature of the specific counter ions used in these devices or it
represents a general trend. Further research is needed to address
this issue.

Fig. 7 Light emission vs. time of pristine and blend devices with PMMA, PC
and PS. All blend devices contain about 25% vol. of polymer. All devices
were operated at 5 V and 50% duty cycle at 1 kHz. The lines are
extrapolations to determine t1/2. From Ref. 17.
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Perhaps the first commercial endeavour of these devices will
be in applications where turn-on time and colour are not very
important, while low cost (hence simple fabrication) and low
power consumption (hence high efficiency) are required.
Monochromatic alphanumeric displays and backlights (such as
the one shown in Fig. 8) fall in this category. With further

progress on the turn-on time and the colour tunability,
applications in full colour displays and lighting will be within
reach.
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