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Abstract: We report high-brightness, high-efficiency, solid-state light-emitting devices based on small-molecule
Ru(bpy}(PFs)2 and its derivatives. These devices operate at low voltage (as low as 2.5 V), suggesting a close
parallel with well-documented liquid electrogenerated chemiluminescence cells. We have realized luminance
levels as high as 1000 cdfmt only 5 V with spin-cast films and 200 cd?mt 3 V. Emitted light is red or
red-orange in color. At low voltage, external quantum efficiencies on the order of 1% are attainable. Luminance
levels and efficiencies of these magnitudes are unprecedented in solid-state Ed¢(bpged devices. A
significant time delay is observed between voltage application and device response, as previously reported.
We find that the low-voltage time delay can be circumvented using an initial high-voltage pulse, affording

nearly instantaneous high brightness.

1. Introduction

The bipyridyl and phenanthroline complexes of ruthenium-
(I), extensively studied in liquid electrogenerated chemilumi-
nescence (ECL) cells,!° have recently come to the fore as
solid-state light-emitters=2° High brightness and efficiency
(5—25%) have been realized with liquid ECL cells, and it is
expected that similar performance should be possible with solid-

state devices, as well, at low voltages. Several workers have ™" i ) -
oSolid-state devices could be considered more seriously for use

demonstrated that an electrochemical mechanism is operativ
in solid-state devices based on R#L (L = 2,2-bipyridine,

by Tokel and Bard for liquid cells.In the solid state, a
characteristic feature of this mechanism is a delay (on the order
of seconds to minutes) between application of a potential bias
and device respongéThis “charging” phenomenon is associ-
ated with relatively slow counterion redistribution. lon redis-
tribution is required in order to establish the mixed-valent redox
states needed for charge transport and light emissSi&tf the
“charging” time (time to maximum brightness) were shortened,

in practical flat-panel displays. To this end, Maness et al. have

bpy, or 1,10-phenanthroline, phen, etc.), as originally proposed reported instantaneous operation from polymeric Ru(@py)
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based films that had been “precharged” (while solvent-swollen
or at elevated temperature), but such preconditioned devices
produced very low light output (undetectable by the €yéy.
Elliott et al. recently reported luminance levels on the order of
25 cd/n? from similarly “precharged” Ru(bpyj™based polymer
films.15

These solid-state precharging schemes failed to produce the
high brightness and efficiency afforded by liquid ECL cells.
We have shown that solid-state thin-film devices based on Ru-
(I1) complexes can be activated to high brightness without any
elaborate solvent- or temperature-assisted precharging processes.
Luminance levels in the range of 5@00 cd/n? with external
guantum efficiencies of 1% have been achieved with spin-cast
films of Ru(bpy}?®™-based polyurethané3.High-efficiency
devices operating in the-13% range were realized with a Ru-
(bpy)?T-based polyester that had been assembled into thin films
by an aqueous layer-by-layer sequential adsorption préé¢e'ss.

All of our devices, however, required relatively high operating
voltages (typically>6 V) to achieve respectable luminance
levels 50 cd/n?). Thus, the full potential of these Ru(ll)
complexes to operate at high brightness, high efficiency, and
low voltages and with minimal delay time still had yet to be
realized.

We now report simultaneous satisfaction of all four criteria.
In this paper, we show that simple, single-layer, spin-cast films
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Figure 1. Light output as a function of time and applied voltage for
solid-state devices based on

of small-molecule Ru(bpyj™-based complexes exhiditimi-

nance leels as high as 1000 cd’mat only 5 V and more than ~ Chart 2
200 cd/m at 3 V. In addition, external quantum efficiencies as

high as 1% can be realized at low voltages. Thus, solid-state
devices with high brightness and efficiency have been achieved,

for the first time, at near-redox potentials (23.0 V), affording

devices with dramatically improved operating lifetimes. No 3-)
elaborate film fabrication or “charging” schemes are required,

and no reactive cathode materials (e.g., Ca, Mg) are needed.

Red or red-orange luminance of this intensity is unparalleled

in neat films of nonpolymeric emitters at these voltages. In
addition, we suggest a simple means to minimize device
response time using short, high-voltage pulses, followed by
operation at lower voltages.

111

2. Experimental Section b.)

The synthesis of Ru(bpy)" derivative | (Chart 1a) has been
described earlie¥, and a more efficient synthesis has been outlined by
Kocian et ak* The latter procedure was followed in this work. The
Cl~ salt of | was recrystallized from THF/4D; commercially available
Ru(bpy}Cl, was used as received (Alfa Products). Counterion exchange
to PR~ was accomplished via a metathesis reaction in whiahd|l
(Chart 1b) were precipitated from aqueous solutions of the correspond-allowed to cool to room temperature under vacuum. An aluminum
ing CI- salts and an excess of MPFs, washed with water, and dried. cathode was thermally evaporated on tOp of the film in 2-mm-wide,
The esterified ligands employediith andlV (Chart 2) were generated ~ 1-in. strips to complete the device. In this way, a light-emitting active
en route to the hydroxymethylated ligandi® The overall syntheses ~ area (hereafter referred to as a “device”) of 6 fnmas defined. Device
of Il andIV were similar to that of and will be outlined in a future ~ testing was computer-automated using the Labview (National Instru-

publication. ments, Austin, TX) program and performed in a glovebox in a nitrogen
Using a photoresist spinner (Headway Research Inc., Garland, TX), €nvironment. Power was supplied by a Keithley 230 programmable
thin films of -1V were spin-cast onto 1-inx 1-in. ITO (indium tin voltage source. Unless otherwise indicated, devices were ramped to

oxide)-patterned glass substrates from filtered 4% (w/w) pyridine and held at the stated voltage. The voltage sweep rate used was 0.5
solutions. The substrates had been sputtered with ITO (which servedV/5 s. Current flow was measured using a Hewlett-Packard 34401A
as the anode) by Donnelley Applied Films (Holland, MI) and patterned Multimeter, and the emitted light intensity was measured using a
into 3-mm-wide strips by DCI, Inc. (Olathe, KS). Prior to spin-casting, Newport 1830C optical power meter. Calculation of external quantum
the substrates underwent ultrasonic cleaning in 2@/Hysol solution efficiencies for these devices was described eatlier.

for 10 min, followed by three 10-min ultrasonication steps p®OHbnly. . .

The ITO substrate used fdV was cleaned more rigorously by 3. Results and Discussion

immersion h 1 M HCI for 1 min, follqwed t_)y extensive rinsin_g with One of our best performers to date is the hydroxymethylated
water. After the substrates were dried with compressed air, filtered Ru(bpy)?" derivativel (Chart 1), originally developed for the

pyridine was added to the substrates and spun off at 7000 rpm to rinse - . . .
off any particulate. Solutions df, Il , andlll were spun on at 1500 synthesis of the polyurethariésnentioned earlier. Figure 1

rpm for 30 s (yielding 7068-1000-A films), andlV was spun at 1000 shows that devices fabricated frdmeach luminance levels in
rpm for 30 s (yielding a 1800-A film). After spinning, all films were  the 609‘1000 cd/m range when biased at 4 or 5_V- At (_)nly 3
annealed under dynamic vacuum for several hours to remove residualV, luminance levels in excess of 200 cd/are easily realized.
pyridine. Specifically, samples were placed in a vacuum oven, the oven This figure also shows that these high luminance levels are
was evacuated, and the temperature of the oven was ramped up to 100eached in a relatively short time at the highest voltages (about
°C. (The oven requires roughll h toreach 100°C.) Two hours after 2 min at 5 V), but only after about 20 min at the lower voltages.
the ramping was started, the oven was turned off, and the samples werepevice operation at such low voltages supports an electrochemi-
(21) Kocian, O.; Mortimer, R. J.; Beer, P. Detrahedron Lett199Q cal mode of operation and suggests a close parallel with liquid
31(35), 5069. cell operationt. Tokel and Bard reported an oxidation potential
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Figure 3. Light output as a function of time and applied voltage for
a device based oh An initial voltage pulse to 4.4 V was applied,
followed by operation at 2.8 V. With this protocol, the device operates
at low voltage and high brightness with minimal delay time.

of +1.63 V [Ru(llI/lI)] and a reduction potential of1.09 V
[Ru(li/m] for Ru(bpy)sCl. (vs Ag wire reference) in agueous
solution?! This indicates a redox potential (difference in formal
potentials for the two redox couples) of 2.72 V which is close
to the lowest potential applied in this study (2.5 V, which
produces ca. 50 cdAh In the solid state, the Ru(ll) complex
is oxidized to Ru(lll) at the anode and reduced to Ru(l) at the
cathode, as described earlié#314 Excited-state Ru(ll)*, a
product of the reaction between Ru(lll) and Ru(l), decays
radiatively to produce red-orange lighty{zx = 630 nm). The
required PE~ counterion redistribution is slow at low bias,
accounting for the sluggish device operation exhibited in Figure
1.
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Figure 4. Light output as a function of time and applied voltage for
devices based oh.
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Figure 5. Device efficiency (%, external) as a function of time and
applied voltage foll .

voltage by the slower “charging” route. The use of such a
voltage protocol overcomes, to a large extent, the sluggish device
response ordinarily observed at lower voltages.

Devices based ohare not unique in their performance. The
same basic device characteristics are exhibited by many small-
molecule derivatives of Ru(bpy, as well as by the unmodified
version of this well-studied materiall (Chart 1). Light and
efficiency versus time plots generated at different voltages for
Il are shown in Figures 4 and 5. While their luminance levels
were comparable, devices based lonere generally more
efficient than those based dh. At best, the latter operated at

While the devices were more luminescent when operated at0.3—0.4% efficiency (4 V), compared to 1% (2.5 V) in the

higher voltage, their external quantum efficiency and stability
over time were better at low voltage. As shown in Figure 2,
external efficiencies of 1% and roughly 0.3% were realized at
2.5 and 5V, respectively. With regard to device stability, the
emitted light intensity &3 V dropped to one-half its maximum
value 2 h after the potential was first applied (i.B;z = 2 h)
but exceeded 10 cdhfior 40 h of continuous operation. &,
of only 5 min was observed at 5 V.

Figure 3 demonstrates that devices basetl can be driven

former. Figure 5 shows that the 2.5-V efficiency of a device
based orll reached only~0.05% after 1 h. Like the devices
based onl, however, those based dh could be induced to
readily produce high luminance levels at low voltage with an
initial high-voltage pulse. Preliminary work with suggests

that such a pulsing scheme affords devices that can be operated
for up to 120 h with luminance levels in excess of 10 cd/im
general, the long-term stability ¢f was somewhat better than
that ofl. After 40 h of continuous operation at 3 V, for example,

nearly instantaneously to respectable luminance levels. This wasthe emission fronl still exceeded 25 cd/fn

accomplished with a simple procedure involving a pulse to high
voltage followed by operation at a lower voltage. In Figure 3,
the bias was initially pulsed to 4.4 V for a few seconds and

The structures of two other promising derivatives are shown
in Chart 2. Lumophoredll andIV, esterified versions off ,
produce light of a more technologically useful red colbn

then lowered to 2.8 V. The net result was the nearly immediate = 690 nm), rather than the red-orange emission (630 nnh) of

realization of a luminance level of 100 cdmThe device

andll. Other worker&23have measured a similar red shift in

efficiency was roughly the same as that measured at the lowersolution photoluminescence from the ethyl ester analogue of
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Figure 6. “Charging” profile of a device based dn(®) relative to
vV (O).

IV, relative to that of Ru(bpyj*. Luminance levels in the 50
600 cd/n? range and device efficiencies of 8:0.4% are typical
for lll andlV at 3—5 V. Film thicknesses for devices based on
Il and IV were roughly 700 and 1800 A, respectively. For
comparison, the devices based loand Il described earlier
employed 808-1000-A films. The 3-V charging times, however,
are considerably longer for bothl andIV (roughly 1.5 and
20 h, respectively) than fdrandll (15—20 min). In addition,
devices based oill and IV have significantly enhanced
operating lifetimes relative to those basedlandll . At 3V,

ti2 values of roughly 30 (extrapolated) and 240 h were
determined fotll andlV, respectively. A longer charging time
might be expected folV, given that the spin-cast film dV
was roughly twice as thick as the films ofof Il . Since the
electric field @ 3 V is smaller across the thicker film d¥/,
one might assume that counterion redistribution would be slower
as a result, leading to the significantly longer charging time
exhibited bylV . However, a device based on a film lofvith

a thickness comparable to thatldf (~1700 A) still exhibited

a 3-V charging time of 30 min, only-510 min longer than
those for the thinner-film devices df discussed earlier. The
light vs time profile for a device based on this thicker 1700-A
film of I, relative to that oflV, is shown in Figure 6. Hence,
film thickness is not the sole source of the longer charging time.

Handy et al.

efficiency of IV may actually be higher than what would be
observed using unetched ITO. In any event, charging times do
not appear to be affected by etching. More device testing and
spectroscopic work are required to confirm and explain all of
these observations.

4. Conclusion

In summary, high brightness, high efficiency, and good
stability have been realized with thin-film solid-state devices
based on Ru(bpy}" complexes at very low voltages. Device
fabrication and operation are remarkably straightforward. Emit-
ted light is red-orange in color fdrandll and very intense. At
2.5V, devices based dn a hydroxymethylated derivative of
Ru(bpy}(PFs)2, operate with a luminous efficacy of 1.4 Im/W
(0.6 cd/A), making particularly attractive for flat-panel display
application. Previous attempts to realize practical solid-state Ru-
(I)-based devices have employed films which were excessively
thick or that possessed inadequate ionic conductivity. When thin
films based on small molecules are employ&ad applied bias
close to the redox potential of the emitter is sufficient to both
induce counterion migration and effect the required redox
reactions.At slightly higher voltages, charging times decrease
dramatically, but they do so at the expense of device efficiency
and stability. If high voltage is applied only briefly, however,
followed by normal operation at low voltage, the charging time
requirement can be virtually eliminated. The exact high voltage
required for this pulsing technique is a function of the degree
to which the device had been previously conditioned. That is,
this technique is more effective in devices that have been
recently operated, and less so in “fresh” devices which have
never been operated.

By replacing one or more ligands on Ru(bg{PF). with
another closely related, esterified bipyridine ligand (asllin
andlV), the color of emission can be shifted from red-orange
(Amax = 630 nm) to a more technologically useful red color
(690 nm) with little change in luminance and with a concomitant
10—100-fold increase in device stability. Preliminary results
suggest that other alternative biasing schemes (such as imposing
an ac field over a dc bias across “precharged” films) also extend
device lifetime severalfold at comparable brightness. Using
thicker films of | spin-cast onto acid-etched ITO, we have
recently achieved luminance levels in the range of-3000

The true mechanisms responsible for the more sluggish devicecd/n? and 1% efficiencyat only 3-3.5 V. Without such

response and improved operating stabilityllih and IV are
currently under investigation. Solid-state photoluminescence

processing modifications, devices which operate at 1% ef-
ficiency produce luminance levels of only 50 cd/vide supra).

measurements suggest that electrogenerated excited states mahese intriguing new results invite further exploration of better

be more effectively quenched in thin films offi and IV,
accounting for the lower device efficiencies. On the other hand,
we have evidence to suggest that device efficiency is improved
somewhat by acid-etching the ITO prior to spin-casting. As
noted in the Experimental Section, the ITO substrate used for
IV was immersedn 1 M HCI for 1 min, while substrates used
for I, Il, and Il were not. As such, the observed device

(22) Cook, M. J.; Lewis, A. P.; McAuliffe, G. S. G.; Skarda, V.;
Thomson, A. JJ. Chem. Soc., Perkin Trans.1®84 8, 1293.

(23) Wacholtz, W. F.; Auerbach, R. A.; Schmehl, R.IHorg. Chem.
1986 25, 227.

processing techniques, and continued improvement in these
small-molecule devices is expected.
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