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Solid-state light-emitting devices (LEDs) were fabricated based on an amorphous film of
Ru(bpy)3(ClO4)2 (bpy ) 2,2′-bipyridine) about 100 nm thick on indium-tin oxide (ITO) with
printed low melting point alloys, such as Ga:In, Ga:Sn, and Bi:In:Pb:Sn, as cathodic contacts.
A device with the structure of ITO (e10 Ω/square)/Ru(bpy)3(ClO4)2/Ga:Sn produces a bright
red emission (3500 cd/m2 at 4.0 V) centered at 660 nm. This new method of making contacts
significantly simplifies the fabrication of an electroluminescence cell and has potential
application in the production of LEDs by inkjet or microcontact printing. LEDs based on
C12-Ru(bpy)3(ClO4)2, Ru(phenanthroline)3(ClO4)2, and Os(bpy)3(PF6)2 were also studied. Low
melting point alloy contacts were also used with cells based on tris(8-hydroxyquinoline)-
aluminum.

Organic solid-state light-emitting devices (OLEDs)
may eventually offer an alternative to inorganic semi-
conductor (e.g., GaAs) light-emitting diodes and liquid
crystal displays, perhaps affording flatter, brighter, and
more flexible displays at lower cost.1-5 There has been
a great deal of research aimed at the development of
new light-emitting materials.6-19 Among the materials
that have been studied, polymers based on trischelated

ruthenium(II) complexes have recently attracted con-
siderable attention.20-26 Attempts have been made to
increase the duration of operation and to improve the
performance of light-emitting materials with dopant in
the emitters,27-30 dopant in the hole-transport mater-
ials,31-34 electron-transport materials,35,36 transparent
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electrodes,37 and surface treatment of indium-tin oxide
(ITO).38,39 Furthermore, with the realization that the
overall improvement of the performance and durability
of LEDs is related to the improvement of the metal
contact, much research has been focused on understand-
ing the nature of charge injection from contacts,4-42

metal diffusion and quenching of luminescence,43-45 and
modification of metal contacts.46-48 The method com-
monly used to fabricate a cathodic metal contact relies
on vacuum evaporation of low work function metals or
alloys, such as Ca, Mg, Al, Ag, Mg:Ag, and Mg:In.

Like their polymer counterparts, LEDs employing
small molecules as emitters have also been of com-
mercial interest.1,6-10,13,15,17,18,27,49-52 In a recent paper,53

we reported on single-layer LEDs based on spin-coated

solid thin films of Ru(bpy)3(ClO4)2 (bpy ) 2,2′-bipyridine)
with a cathodic contact achieved by printing of a
low melting point alloy such as Ga:In, Ga:Sn, or
Bi:In:Pb:Sn. The current-voltage and luminance-volt-
age plots show a diode-like behavior with a turn-on
voltage of 2.3 V. A brightness of up to 3500 cd/m2 at 4.0
V bias and quantum and power efficiencies of 1.4% and
0.8%, respectively, were realized. The emission spectra
showed a maximum at 640-660 nm, and the emission
was clearly visible in a lighted room as a bright red
emission. In this paper we describe the fabrication and
testing of such cells in further detail. Recent work on
related cells has also appeared.54,55 LEDs based on
C12-Ru(bpy)3(ClO4)2, Ru(phenanthroline)3(ClO4)2, and
Os(bpy)3(PF6)2 are also discussed. We also show that
this method of making cathodic contacts works with
cells based on the more widely used tris(8-hydroxy-
quinoline)aluminum (Alq3).

Experimental Section

The chemical structures of the major compounds are shown
in Figure 1. Commercially available Ru(bpy)3(Cl)2 (Aldrich)
was converted to Ru(bpy)3(ClO4)2 by a metathesis reaction with
an excess of NaClO4 (Fluka) and then recrystallized twice from
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Figure 1. Chemical structures of the major compounds.
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an ethanol + acetone (5:1) solution.56 The perchlorate salt was
then dried in a vacuum oven at 125 °C. The synthesis of the
derivative C12-Ru(bpy)3(ClO4)2 followed the procedure re-
ported previously.57 Ru(phenanthroline)3(ClO4)2 was prepared
according to the same procedure,56 converted from com-
mercially available Ru(phenanthroline)3(Cl)2 (Aldrich). Os-
(bpy)3(PF6)2 was synthesized using a procedure described
elsewhere.58 N,N′-Bis(3-methylphenyl)-N,N′-diphenylbenzidine
(TPD) and Alq3 were purchased from Aldrich. ITO substrates
(1.6 × 2.2 cm2, Delta Technologies, Ltd., 100 Ω/square except
where indicated) were cleaned by sonication in an 80 °C
ethanolamine + H2O (20:80) bath for 20 min, then rinsed and
sonicated several times in highly purified Millipore Milli-Q
water (18 MΩ cm), and dried in an oven at 95 °C. The structure
of a single-layer LED cell is shown in Figure 2. Thin films
(about 100 nm thick) of Ru(bpy)3(ClO4)2 were spin-coated onto
ITO substrates from a 4% (w/v) acetonitrile (Burdick &
Jackson, UV grade) solution at room temperature. The Ru-
(bpy)3(ClO4)2 solution was first filtered through a 0.2 µm nylon
syringe to remove any large particles. Films were heated in a
vacuum oven at 125 °C for at least 8 h. Thin films (ca. 80 nm
thick) of C12-Ru(bpy)3(ClO4)2 were spin-coated onto ITO sheets
from a 4% (w/v) pentanone solution. In some cells, TPD was
inserted between ITO and the emitter layer, where it func-
tioned as a hole-transport layer. In these cells, a 0.7% TPD
(w/v) xylene solution was used to form a 20 nm thin film by
spin coating. Ga:In (75.5:24.5 wt %, mp 15.7 °C) and Ga:Sn
(92:8 wt %, mp 20 °C) eutectic cathodes (ca. 3 mm diameter)
were printed on the top of the films at room temperature using
a syringe and then connected via a thin copper wire inserted
into the Ga:In or Ga:Sn contact. Both were then sealed with 5
min epoxy cement (Devcon, Danvers, MA). The light-emitting
active area (hereafter referred to as a contact) was about 7
mm2. Usually four contacts were fabricated for each LED, i.e.,
for each piece of ITO. In the preparation of the Bi:In:Pb:Sn
(49:21:18:12 wt %, mp 58 °C) contact, the alloy was first
melted, drawn into a syringe, kept in an oven at 80 °C, and
then printed on the top of the film. All eutectics were
purchased from Alfa Aesar. For comparison, vacuum-evapo-
rated aluminum contacts were also fabricated. For single-layer
LEDs based on Alq3, a thin film was spin-coated onto ITO from
a saturated Alq3 pyridine solution. Then, the same procedure
as that used in making a Ru(bpy)3(ClO4)2 device was followed.

Spin coating of the thin film was carried out by a Headway
model E101 spinner. All LEDs were fabricated in a laminar-
flow hood under ambient conditions. Current-voltage, lumi-
nance-voltage, current-time, and luminance-time charac-
teristics were measured at room temperature with an Autolab
GPES (General Purpose Electrochemical System, ECO Chemie
BV, The Netherlands) and a Newport Optical Power Meter
(model 1830-c) equipped with a 818-UV semiconductor detector
(1 cm2) connected to the Autolab GPES via its auxiliary second
ADC signal input ports. The reference and counter electrode

leads of the Autolab GPES potentiostat were connected
together to obtain the desired voltage at the LED electrodes.
The emission spectra were measured with a model CH210
CCD camera equipped with a monochromator and cooled to
-125 °C. The optical absorption spectra were measured with
a Milton Roy (San Leandro, CA) Spectronic 3000 diode array
UV-vis spectrophotometer. Digital photographs and optical
microscopy were recorded with an Olympus BH-2 microscope
equipped with a Pixera digital visual system. Digital fluores-
cence microscopy CCD pictures were taken with a confocal
optical microscope (Olympus SZX12) equipped with 470 nm
(excitation) and 515 nm long-pass (emission) filters. Atomic
force microscopy (AFM) images were captured using a Nano-
scope III with an AFM 619E-Z head (Digital Instruments,
Santa Barbara, CA) using a SiN tip in the contact mode.
Vacuum evaporation of Al contacts was carried out with an
evaporator from Vacuum Engineering Co., Inc.

Results and Discussion

Ru(bpy)3(ClO4)2 Thin Film Characteristics. Fig-
ure 3 is the optical absorption spectrum of a Ru(bpy)3-
(ClO4)2 thin film on ITO, indicating a maximum ab-
sorption at 455 nm. The optical microscope image of the
Ru(bpy)3(ClO4)2 thin film in Figure SI 1 shows a
relatively smooth and uniform surface. The AFM image
of the film topography on ITO in Figure SI 2 (upper)
shows a roughness of about 40 nm. A 100 nm thin film
thickness was determined by making a light scratch on
the surface and measuring the AFM line profile across
it [Figure SI 2 (lower)].

A transmission electron microscope image of the Ru-
(bpy)3(ClO4)2 films [Figure SI 3 (upper)] suggests that
the films are amorphous [also confirmed by the X-ray
diffraction pattern of the film, in Figure SI 2 (lower)].
The Ru(bpy)3(ClO4)2 films are solid, i.e., contain no or
trace solvent, as can be seen from the differential
thermal analysis of the thin film in Figure SI 4.

Ru(bpy)3(ClO4)2-Based LEDs. Figure 4 (upper) is
a photograph showing emission from two contacts of a
single-layer LED with the structure (+)ITO/Ru(bpy)3-
(ClO4)2/Ga:In(-) at a voltage bias of 3.0 V. Unless
otherwise mentioned, the ITO contact in experiments
was positive, and this will be termed the forward bias
direction. The bright red emission was clearly visible
in a lighted room. A similar emission was obtained for
the LEDs using Ga:Sn, Bi:In:Pb:Sn, or Al as the contact.
Figure 4 (lower) shows the emission spectrum of the
LED using Ga:In as the cathodic contact, indicating a
maximum emission at 660 nm, a half-maximum width
of 140 nm, and a relatively long tail toward the red.
There was, at most, a very small (ca. 10 nm) blue shift
when the voltage bias increased from 3.1 to 9.4 V. This
emission spectrum was essentially the same at the
photoluminescence spectrum of the thin film.
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Figure 2. Structure of the single-layer LED cell.

Figure 3. Optical absorption spectrum of a Ru(bpy)3(ClO4)2

thin film on ITO.
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Figure 5 (upper) shows the current-voltage and
luminance-voltage plots of a single-layer LED (+)ITO/
Ru(bpy)3(ClO4)2/Ga:In(-) (forward bias). The LED showed
a turn-on voltage of about 2.3 V for both current and
emission. The device reached a luminance level of 500
cd/m2 at 3 V and a maximum luminance of 2000 cd/m2

at about 4.5 V. Plots of external quantum efficiency and
power efficiency as a function of voltage bias in Figure
5 (lower) show that with a voltage bias above 2.3 V the
quantum efficiency and power efficiency rapidly increase

with voltage. At about 3.0 V, they reached maximum
values of 1.4% and 0.8% (equivalent to about 1-2 lm/
W), respectively, and then slowly decreased with a
further increase in voltage. Results from a group of
LEDs prepared by the same procedure showed consider-
able variations in an external quantum efficiency rang-
ing from 0.4% to 1.8% and power efficiencies from 0.2%
to 1.2% [Figure SI 5 (upper and lower left)].

Figure 6 (upper) shows the current and luminance
curves vs time upon application of a 3.0 V voltage step.
The time delay for the rise of the emission was only
about 0.02 s, with about 1-2 s needed to reach the
maximum luminance output. Variations in delay time
for maximum emission were observed among the de-
vices, ranging up to 1-5 s. The emission began to
decrease soon after it reached the maximum, as shown
by a time course of both the current and luminance
[Figure 6 (lower)]. Typically, the luminance declined by
more than 50% in 1 h. The intensity of the emitted light
continued to decrease over several hours and then
maintained a nearly steady level. After 5 h the emission
was still visible with an intensity of about 20 cd/m2. The
higher the applied voltage, the shorter the delay time
for the emission rise and the shorter the time for
emission to decay to half its initial value. In contrast to
the rapid decrease of the luminance, the current fell
slightly, if at all, during operation.

Influence of a TPD Hole-Transport Layer. For
comparison, we also investigated LEDs with TPD as a
hole transporter inserted between the ITO and the
Ru(bpy)3(ClO4)2 layer: (+)ITO/TPD/Ru(bpy)3(ClO4)2/
Ga:In(-). Results of a group of 20 bilayer LEDs showed
about the same performance as that revealed in Figure
SI 5 (right). Thus, a TPD layer did not significantly
improve the performance of the LED cells in terms of
brightness or lifetime. The performance appears to be
governed largely by the quality of the Ru(bpy)3(ClO4)2
thin films formed on ITO substrates.

Influence of ITO Resistivity. We typically used
ITO with a resistivity of 100 Ω/square. To understand

Figure 4. Photograph (upper) showing red emission from two
contacts of a single-layer LED ITO/Ru(bpy)3(ClO4)2/Ga:In.
Emission spectrum of a single-layer LED ITO/Ru(bpy)3(ClO4)2/
Ga:In (lower).

Figure 5. Current-voltage and luminance-voltage plots of
a single-layer LED (+)ITO/Ru(bpy)3(ClO4)2/Ga:In(-) (upper).
The voltage scan rate was 0.05 V/s. External quantum ef-
ficiency and power efficiency as a function of the voltage bias
(lower).

Figure 6. Current and luminance transient curves upon
application of a 3.0 V voltage bias for the LED ITO/Ru(bpy)3-
(ClO4)2/Ga:In (upper). Same but over 2 h (lower).
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the influence of ITO resistivity on the performance of
LEDs, we tested similar LEDs fabricated by the same
process mentioned above but using 10 Ω/square ITOs.
Figure 7 shows the current-voltage and luminance-
voltage plots of a single-layer LED with the structure
of (+)ITO (10 Ω/square)/Ru(bpy)3(ClO4)2/Ga:In(-). The
LED showed current-voltage and luminance-voltage
behavior very similar to those with 100 Ω/square ITO,
though with a greater current density and hence emis-
sion, at a relatively low field, reaching 3500 cd/m2 at
4.0 V voltage bias. Quantum and power efficiencies
showed no improvement over those obtained using 100
Ω/square ITO. For LEDs using more heavily In-doped
10 Ω/square ITO, holes were injected more efficiently
from the ITO into the Ru(bpy)3(ClO4)2 layer, resulting
in a significant increase of the intensities of current
(injected holes from the anode and electrons from the
cathode) and emission (by recombination of holes and
electrons).

Figure 8 indicates that a much higher current density
(hence a greater emission intensity) was obtained with
an LED (+)ITO/Au/Ru(bpy)3(ClO4)2/Ga:Sn(-), with about
a 10 nm semitransparent gold film inserted between the
ITO and the Ru(bpy)3(ClO4)2 film. For this device a
luminance as high as 5000 cd/m2 at 3.5 V was realized.
Gold, in all probability, is a better hole injecting
material than ITO. As a result, at the same field, more
holes were injected from the ITO/Au side into the
Ru(bpy)3(ClO4)2 film and, hence, more holes and elec-
trons recombined, resulting in an enormous increase in
both current and emission. However, as with LEDs
using different ITOs, there was no significant difference
in lifetime between the devices with an Au film inserted
between the ITO and the Ru(bpy)3(ClO4)2 film and those
without one.

Different Cathodic Contacts. In addition to Ga:
In, we used other low melting point alloys, Ga:Sn and
Bi:In:Pt:Sn, as cathodic contacts. Figure SI 6 is a
photograph showing emission from two contacts of a
single-layer LED with the structure ITO/Ru(bpy)3-
(ClO4)2/Ga:Sn(-) at 3.0 V. The bright red emission was
clearly visible in a lighted room. Figure SI 6 (lower) is
a photograph showing emission from two contacts of a
single-layer LED ITO/Ru(bpy)3(ClO4)2/Bi:In:Pt:Sn at 3.0
V. Ru(bpy)3(ClO4)2-based LEDs using Ga:In, Ga:Sn, and
Bi:In:Pt:Sn as cathodic contacts show very similar
performances in current-voltage and luminance-volt-
age behavior, turn-on voltage, and emission spectra.
Evaporated Al and printed Hg were also used as
cathodic contacts, and visible red emissions were ob-
tained for those LEDs using Al and Hg contacts.

Mechanism of Electroluminescence (EL). We
present a detailed model of the EL process in these films
elsewhere.55 In brief, the EL mechanism in the solid
state is proposed to occur by an electrochemical process,
similar to the electrogenerated chemiluminescence (ECL)
mechanism in solution arising from the annihilation of
Ru(bpy)3

3+ (holes in the solid state residing mainly on
the Ru) and Ru(bpy)3

+ (electrons in the solid state
residing mainly on the bipyridines). As described else-
where,55 establishment of the needed fields at both
contacts requires some mobility of the ClO4

- with
electrons injected from the cathode and holes from the
anode. Hopping of holes and electrons, between
Ru(bpy)32+ sites, forms RuIII(bpy)33+ and RuII(bpy)2(bpy-)+

sites, and where these meet in the film, the annihilation
reaction produces RuII(bpy)3

2+*. The balance between
electron injection and hole injection governs the quan-
tum efficiency; excess electrons or holes migrate to the
opposite electrode without undergoing the annihilation
reaction.

Mechanism of Emission Decay. An important
problem with the possible application of Ru(bpy)3-
(ClO4)2-based LEDs is their relatively short lifetime (on
the order of a few hours), and experiments were
undertaken to understand the emission decay mecha-
nism. Because the results discussed above were ob-
tained with LEDs fabricated and tested under ambient
conditions, we tested LEDs, formed by spin coating in
the ambient, in a dry Ar atmosphere but found no
significant improvement in lifetime. We also changed
anode materials from ITO to ATO (antimony-doped
tin oxide) and Au, again noting no improvement in
emission lifetime. Furthermore, we found that LEDs
using various cathodic contacts, such as Ga:In, Ga:Sn,
Bi:In:Pt:Sn, Al, and Hg cathode contacts, showed similar
emission decays.

We also studied the effect of cell operation lifetime
on the photoluminescence of the film. Figure SI 7 is a
photoluminescence confocal microscope CCD picture of
a four-contact LED (+)ITO/Ru(bpy)3(ClO4)2/Ga:Sn(-).
The contact at the upper right corner, operated for 100
h at 4.5 V bias, showed no or very weak fluorescence,
while the other contacts that remained at open circuit
showed intense red-orange emission. The emission
intensity decreased with operation time and was notice-
ably decreased after 1 h of operation and almost
completely quenched after 72 h (Figure SI 8).

Figure 7. Current-voltage and luminance-voltage plots of
a single-layer LED using 10 Ω/square ITO as the substrate,
i.e., ITO (10 Ω/square)/Ru(bpy)3(ClO4)2/Ga:In. The voltage scan
rate was 0.05 V/s.

Figure 8. Current-voltage and luminance-voltage plots of
a single-layer LED with a semitransparent gold layer inserted
between ITO and the emitter layer, i.e., ITO/Au/Ru(bpy)3-
(ClO4)2/Ga:In. The voltage scan rate was 0.05 V/s.
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The Ru(bpy)3(ClO4)2 compound itself is thermally
stable and does not appear to decompose after 100 h of
operation. Figure 9 (dotted line) shows the optical
absorption spectrum of a fresh ITO/Ru(bpy)3(ClO4)2 film
before operation. A Hg contact was made to the same
ITO/Ru(bpy)3(ClO4)2 film and an 8.0 V voltage bias was
applied, resulting in a bright red emission which
decayed with time. After 5 h of operation, the Hg contact
was removed and the optical absorption spectrum of the
ITO/Ru(bpy)3(ClO4)2 film in the same region was mea-
sured again. This is shown in Figure 9 (solid line). No
significant decrease in the absorbance of Ru(bpy)3(ClO4)2
was observed. However, the optical absorption spectrum
of the film after operation showed two peaks.

The results suggest the buildup of a quencher during
operation. It is also possible that migration of metal ions
from the contacts into the film and impurities in the
film play a role in the process. Further experiments
along these lines are currently underway.

C12-Ru(bpy)3(ClO4)2 and Ru(phenanthroline)3-
(ClO4)2. We also fabricated LEDs with a spin-coated
single layer of C12-Ru(bpy)3(ClO4)2 or Ru(phenanthro-
line)3(ClO4)2 as the emitter and printed Ga:Sn as the
cathodic contact. Although a clearly visible red emission
was generated for both LEDs, their luminance and
efficiencies are much less than those using Ru(bpy)3-
(ClO4)2 as the emitter. The emission spectra of two LEDs
using C12-Ru(bpy)3(ClO4)2 and Ru(phenanthroline)3-
(ClO4)2, respectively, are given in Figures SI 9 and SI
10.

Os(bpy)3(PF6)2. Red emission is seen from the single-
layer LED (+)ITO/Os(bpy)3(PF6)2/Ga:Sn(-) (see Figure
SI 11). The lower part of Figure SI 11 shows the
emission spectrum of this LED, with a maximum at
about 700 nm. Although the intensity and efficiency of
these cells was also much smaller than those obtained
using Ru(bpy)3(ClO4)2 as the emitter, the emission
lifetime was much longer. Figure 10 shows the time
course of the current and luminescence.

Alq3. Alq3 has been extensively studied as a compo-
nent of LEDs. These cells behave as typical semiconduc-
tor LEDs and utilize low work function cathodes, like
Ca. Low melting point alloys as cathodic contacts have
not been investigated. To see if such a cathode would

work, a single-layer LED, (+)ITO/Alq3/Ga:Sn(-), was
constructed. This emitted visible green-yellow light upon
the application of a forward voltage bias. Its emission
spectrum, with a maximum at 550 nm, is shown in
Figure 11. Printed low melting point alloys may, there-
fore, prove useful in LEDs employing small molecules,
or perhaps polymers, as light emitters.

Conclusions

We have demonstrated high brightness (3500 cd/m2

at 4.0 V) and low voltage driven LEDs (turn-on voltage
of 2.3 V) based on an amorphous film of Ru(bpy)3(ClO4)2
as the emitter and using printed low melting point
alloys such as Ga:In, Ga:Sn, and Bi:In:Pb:Sn as cathodic
contacts. The relatively short emission lifetime (hours)
is probably due to quenching of the Ru(bpy)3(ClO4)2
excited state by species formed in the film during
operation.
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Figure 9. Optical absorption spectrum of an ITO/Ru(bpy)3-
(ClO4)2 film before operation (dotted line). In the same area, a
Hg contact was made, and a 8.0 V voltage bias was added for
5 h, then the Hg contact was removed, and an optical
absorption spectrum of the ITO/Ru(bpy)3(ClO4)2 film in the
same area was measured (solid line).

Figure 10. Current and luminance curves against time upon
application of 5.0 V voltage bias for the LED ITO/Os(bpy)3-
(PF6)2/Ga:Sn.

Figure 11. Emission spectrum of a single-layer LED ITO/
Alq3/Ga:Sn.
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