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lonic transition metal complexes have emerged as promising candidates for applications in solid-state
electroluminescent devices. This is due to the fact that a single, solution-processable layer sandwiched
between two air-stable electrodes can yield high-efficiency devices. In this paper we demonstrate tuning
of the emission of these devices in the red part of the spectrum by dispersing an ionic osmium complex
into an ionic ruthenium complex matrix. This is shown to lead to devices that are more efficient than
those from pristine films of the matrix or the dopant alone. These devices also show improved stability
compared to devices based on the matrix and feature an emission spectrum that can be tuned by the
concentration of the dopant.

Introduction electroluminescence in the orange-red part of the speétrim.
Color tuning can be achieved by changing the metal center
or the ligand, a pathway that has been explored in neutral
transition metal complexés By this approach, devices that
emit in the yellow and green paft of the spectrum were
recently demonstrated for iridium iTMCs.

A different approach to tuning the emission from devices
based on iTMCs is demonstrated here by means of doping
with phosphorescent guests. Introduction of dopants in
organic films is a common way to tune a number of device
properties in organic light-emitting diodes (OLEDS) such as
the color of emission and the device efficierdéy:’ The use

lonic transition metal complexes (iTMCs), such as
[Ru(bpy)]?"(PRs). (Where bpy is 2,2bipyridine) and its
derivatives are the focus of much research as materials for
solid-state electroluminescent deviée$.In such devices,
electrons and holes, injected from two metal electrodes into
a thin layer of the complex, recombine and give rise to light
emission. A key feature of these multifunctional materials
lies in the fact that the counterions (PJredistribute under
an applied bias so as to facilitate the injection of electrons
and holes? As a result, devices from iTMCs can operate

efficiently, even with air-stable electrodes, and show low : .
operating voltage5External quantum efficiencies up to 5.5% of phosphorescgnt dopant.s gave rnse FO. anew era m_OLEDs
have been reported in single-layer devices processed fromand led to large Increases in deyme e_ffmmﬁ’g@olortunmg
solution® As with any new class of electroluminescent by means of doping involves d|spersmggh|ghly quo'rescenF
materials, to be commercially viable iTMCs must show, or phosphoresqent moleculg (dopant) in an organic semi-
among other things, emission that covers the visible spec—condu.Ctor matrix. The matrix transpprts charge while the
trum. Devices based on ionic ruthenium complexes show emission is delegated to the dopa_mt, either via energy transfer
(excitons are formed on the matrix) or by sequential electron
* Corresponding author: tel (607) 255-1956; fax (607) 255-2365: e-mail @Nd hole capture by the dopant (electrons and holes are

gggwl@cornell.edtfi. s sai 4 Engincer transferred from the matrix to the dopant). Separating the
: Bi‘;gmiﬂi of “éﬁ;‘i;‘g;f;;%”gi:;icgng;g;‘;fy'ﬁg- processes of charge transport and emission allows their
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In this paper we explore the addition of a phosphorescent 1 1

dopant, namely, the ionic osmium complex [Os(pBEM)
(PR7)2 (where phen is 1,10-phenanthroline), into devices
of [Ru(bpyx]?"(PFs)2. The choice of [Ru(bpy)? (PR )2

as a matrix is consistent with the fact that this complex,
which shows bright emission in the orange region of the
spectrum, is the most well-studied material in iTMC devites.
The osmium complex that was used as the dopant emits in
the red part of the spectrum but with a rather low quantum
yield.® A distinguishing feature of this dopanmatrix
system is that since both materials are ionic, large amounts
of [Os(phenj]?*(PRs™), can be dissolved in films of 0.01 L , , , , ,
[Ru(bpy)]?"(PFs ™). with no visible aggregation. In addition, 300 400 500 600 700 800
since they both have the same counterions(PRve expect et Absoroton and zNa"e'T_”gt; (”“_") _ RUGEY)
no significant change in the ionic conductivity of the matrix 'gure 1. Absorption and (normalized) emission spectra of [Ru

upon the addition of small amounts of the dopant. Addition (PF")z and [Os(phen]"(PFy"): films.

of the phosphorescent dopant in this system is shown to lead Results and Discussion

to devices that are more efficient than those from pristine

films of the matrix or the dopant alone and feature an Figure 1 shows the absorption and emission spectra
emission spectrum that can be tuned toward the red part ofM€asured in pristine films of the two complexes. The
the spectrum. Preliminary studies also show improved ruthenium complex shows strong absorption with peaks

stability of the doped devices compared to [Ru(Bl8YjPRs ). around 290 and 450 nm, corresponding to ligand-to-ligand
devices. (r—m*) and metal-to-ligand charge transfer (MLCT) transi-

tions, respectively? The emission, which arises from a
Experimental Section ligand-to-metal charge-transfer transiti%?nshow_s a maxi-
. mum at 610 nm. The absorption of the osmium complex
The synthesis of [Os(phefj*(PR"). and [Ru(bpy}]?(PFs)2 shows similar peaks, with the—s* transitions at 270 nm
and their device fabrication and characterization procedures havegng the MLCT absorption band peaking around 500 nm but
been reported earliéf> Doped films were prepared by mixing aiher hroad and with good overlap with the emission of

appropriate amounts of ruthenium and osmium complexes in o _ . o
solution to yield [Ru(bpyJ2+(PRs-)s films (matrix), doped with ~ LRU(PPYXI*"(PFs)2. Such overlap between the matrix emis

0.5%, 1%, 5%, 10%, and 20% (wiw) [Os(phgA)(PFs)s (dopant). sion and dopant absorptlo_n is necessary for efficient energy
The films were clear, showing no evidence of dopant aggregation. fransfer (one should keep in mind, though, that the absorption
For the fabrication of devices, films were cast from acetonitrile Of the osmium complex in solid solution might be different).
solutions (at 24 mg/mL) onto prepatterned ITO substrates (Thin Finally, the emission of the osmium complex is shown to
Film Devices, Anaheim, CA), yielding films 96100 nm thick, as peak at 710 nm.

measured by profilometry. Immediately before the film deposition, The normalized photoluminescence spectra from solid
the ITO substrates were cleaned in a deionized water bath followedsolutions of 1% and 5% (w/w) of the osmium complex into
by UV/ozone treatment. The spun films were dried in a vacuum the ruthenium complex films are shown in Figure 2 (top
oven fa 8 h at 80°C, before a 20 nm thick Au layer was deposited panel). The spectra of pristine [Ru(bglff(PR). and

through a shadow mask that defined six devices per substrate. All [Os( 2+ N\ & .
: - phenj]?"(PF7): films are also shown for comparison.
devices were prepared from the same stock of [Ru@pyPR )2 At 1% doping, we observe two peaks of nearly equal

and [Os(phen)?"(PR7), and the same bottle of acetonitrile solvent, . - .

to achieve good device-to-device reproducibility. Devices based Intgns_lty "_it 610 and 675 nm. At 5%, most_ of th_e_ matrix
on the same material but fabricated on different substrates showed®Mission is quenched as seen by the peak intensities at 610
a variation in their efficiency that was on the order of 10%. A and 695 nm. At such low dopant concentrations, most of
calibrated S2000 Ocean Optics fiber spectrometer was used tothe incident energy is absorbed by the matrix, and a fraction
obtain electroluminescence spectra, and a UDT S370 optometerof it is subsequently transferred to the dopant. What is
coupled to an integrating sphere was used to obtain the radiant flux.interesting and potentially useful is the shift seen in the
A Keithley source-measure unit was used to drive the devices, with emission of the [Os(phes}¥", which peaks at 675 nm in

the ITO electrode wired as the anode. The photoluminescencethe 1% film, and at 695 nm in the 5% film, compared to
spectra were measured on referenc;g films deposited on quartzz1o nm in the pristine [Os(phefd"(PR), film. Similar
substrates by use of a SPEX 1681 Minimate-2 spectrofluorometer.shiftS have been observed in the emission of laser dyes doped

Th itation length for all photolumin nce (PL) m re- . . . . ’

e excitation wavelength for all photoluminescence (PL) measure- ;0 i semiconductor films and have been attributed to
ments was 470 nm. The preparation of the solutions, the deposition lidostat Vatio®2. This i | ¢ lvat
of the films, and the device characterization were conducted in a sol 'S, ate so V&_I '0_ T 1S .'S ana qgous 9 S V"fl 0-
dry nitrogen glovebox, to minimize exposure to moisture and CNromism seen in liquid solutiorf3 leading to differential

oxygen. The samples were briefly exposed to ambient conditions Stabilization of the ground and excited states. Here the

before and after the drying step and during the photoluminescence

measurements. (19) Kalyanasundaram, ®hotochemistry of Polypyridine and Porphyrin
ComplexesAcademic Press: London, 1992.
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Figure 3. Temporal evolution of the external quantum efficiency devices
made with the pristine and the 5% doped film un@eV forward bias.
800 900 (Inset) Dependence of peak efficiency on dopant concentration.

700
Wavelength (nm)
Figure 2. (Top panel) Normalized photoluminescence spectra of doped metal-ligand bond stability and ligand field splitting energy
and pristine films under 470 nm excitation. (Bottom panel) Normalized expected by a complex utilizing a third-row transition

electroluminescence spectra from devices made with doped and pristine 18.24-25 . L
films at 3 V. (Inset) Bias dependence of the emission spectrum for the 1% metal® The device based on the doped film is shown

doped film. to be the most efficient, showing an order of magnitude
) . higher efficiency than the device made with the pristine
metat-ligand excited states of [Os(phe}i) undergo energy  ogmiym complex. This indicates that substantial self-quench-

shifts dge to increasing self—p(zlarization (from other [Os- ing takes place in pristine [Os(phef¥ (PFR")s films. The
+\ i + — H i
(phen)]*") inside the [Ru(bpy]*(PFs"). matrix, leading ooy external quantum efficiency in this device reaches

to a change in the energy gap and the observed behavior0_75% (with a luminance of 220 cd?rat 3 V applied bias

Norm_al@zed electroluminescence spectra of devices madeand with 120 mA/cr flowing through the device), which
from pristine and doped films and driveh &V are shown is high for a highly red EL devic& 2’ The dependence of

in Figure 2 (bottom panel). The spectra from these devicesthe (peak) quantum efficiency on the degree of doping is
are identical to the film photoluminescence, indicating that shown in the inset of Figure 3. The dependence is the

the same optical transitions and energy exchange meChanisméxpected one for addition of phosphorescent dopants, with

are involved. The solid-state solvation shift of the [OS- yhe jecrease observed past 5% attributed to self-quenthing.
(phen)]?" emission seen in photoluminescence is also present

in the electroluminescence. By 5% doping, nearly all of the Conclusions

emlsslljon_ IS (f:omlnghfrom [O_s(p_lrjr?]ﬂﬁlwnh Iver_y little In conclusion, we explored the addition of phosphorescent
contribution from  the matr|>_<. he electro uminescence dopants in electroluminescent devices based on an ionic
spectra were found to vary with bias, as shown in the inset transition metal complex. By use of [Ru(bglp (PFs )2 as

of Figure 2 for the film with_l% doping. Increas_ing the_ bi{:ls the matrix and [Os(phegf" (PR, as the dopant, devices
from 2.'5 bf?hV Iead; to ank|ncr6e1aose m;he r;alatlve ?rznlsssmﬂ with emission that can be tuned by the dopant concentration
Intensity of the matrix peak at 610 nm by a factor of 2. Such o fabricated. Their efficiency was found to be higher than
increases of the matrix emission with bias are attributed to that from devices based on pristine films of the matrix or
saturation of the dopant excited stategis expected, the the dopant. Preliminary studies suggest that device stability

effect was found to be much smaller for the 5% doped film was improved upon addition of the phosphorescent dopant.
(data not shown).
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