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Abstract: Thin-film solid-state light-emitting devices have been fabricated by using blends of a trischelated
complex of ruthenium(ll) with 4,7-diphenyl-1,10-phenanthroline disulfonate ligands and lithium triflate
complexed poly(ethylene oxide). Charge injection occurs via an electrochemical redox mechanism and the
mechanism of light production is similar to electrogenerated chemiluminescence. Orange-red light is emitted
with a turn-on voltage of 2:53.0 V. At 6 V, devices reach luminance levels of about 100 édAith an
external quantum efficiency of 0.02% photons/electron. The admixed PEO acts both as a film processing aid,
giving uniform, homogeneous, and reproducible devices, and as a polymer electrolyte for ruthenium complex
and counterion diffusion. Devices reach about 50% of their maximum luminance within a few seconds, and
reach maximum luminance in about a minute. This behavior can be realized without the need of elaborate
charging schemes involving the use of elevated temperatures or solvent treatments that enhance ionic
conductivity. Devices of this type can be fabricated via conventional processing routes and conditioned to

high light ouput with a few simple voltage scans.

Introduction

The electrogenerated chemiluminescence (ECL) of both
inorganic (transition metal complexes) and organic systems in
liquid electrochemical cells has been studied in détai. Of
the inorganic systems, the trischelated complex of ruthenium-
(1) with 2,2-bipyridyl has attracted the most interest in recent
years!—916-23 |n this system, the excited Ru(bp¥)" species
is produced by the annihilation reaction between an electro-
generated + and 3+ species as follows:

Ru(bpy)®" + Ru(bpy)," <> Ru(bpy)’" + Ru(bpy)’™ (1)
Ru(bpy)™™ — Ru(bpy)™" + hv 2)

The Ru(bpy)** and Ru(bpyj™ species can be produced

potential wave between the reduction and oxidation potentials
of Ru(bpy)?" or at opposite electrodes via the use of thin-layer
DC electrochemical cel® An ECL efficiency,®gc,, of about
5% photons/electron has been reported for this sy8tébhe
ECL of ruthenium complexes has also been studied in aqueous
solutions. In this case, it is necessary to utilize redox active
additives that form reductants that can react with the oxidized
Ru(ll) complex such as the oxalate foar tripropylamine’:8
Ruthenium complexes offer a number of very desirable
features as light-emitting materials: they are chemically,
electrochemically, photochemically, and thermally stable. Also,
molecular engineering of the ligand system permits systematic
altering of the luminescence, redox, and film forming properties
of these materials. Moreover, the design criteria for tailoring
these materials are well established. It has been shown, for
example, thatbec, values are strongly dependent on the nature
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derivatives of tris(bipyridyl) and tris(1,10-phenanthroline)-
ruthenium(ll) complexes have been investigateH.?* The
highest®gc at room temperature (24%) has been reported for
the tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(ll) complex
in acetonitrile solutiod! At lower temperatures, thégc, of

this complex increases to 33%.

The ECL of organic systems has also been extensively
investigated. Of the organic systems, polycyclic aromatic
hydrocarbons such as diphenylanthracene and rubrene have
received the most attentidf.1> Polymer-based materials have
also been investigated. Recently, for example, Richter et al. have
reported on the ECL of films of the conjugated polymer,
4-methoxy-(2-ethylhexoxy)-2,5-poly(phenylenevinylene) in non-
aqueous solution®. An ECL efficiency of about 0.4% photons/
electron was obtained for this system. Pei et al. have reported
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that solid-state light-emitting electrochemical cells (LECs) based electrodes®3! To date, our best solid-state devices exhibit
on spin cast thin films of blends of poly(1,4-phenylenevinylene) external quantum efficiencies as high as®3%ithout utilizing

and lithium salt complexed poly(ethylene oxi¢fey are possible. any elaborate pre-charging process.

The mechanism of light production is similar to that described  This paper describes solid-state light emitting devices based
by Richter et af®> When externally biased, the polymer layer on thin film blends of a trischelated complex of ruthenium(ll)

is electrooxidized (p-type doping) at the anode and electrore- with 4,7-diphenyl-1,10-phenanthroline disulfonate ligands (Ru-
duced (n-type doping) at the cathode. Electrbole recom- (phen)s?") and poly(ethylene oxide) (PEO). Although the
bination occurs at a-pn type junction in the bulk of the film charge transport properties of ruthenium and osmium complexes
and light is emitted. This process is reversible. The function in a PEO matrix have been extensively studigdé the

of the PEO is to facilitate the transport of charge compensating application of these ruthenium complex/PEO blend systems as
counterions to the oxidized and reduced sites. Luminance valuessolid-state light-emitting devices, to our knowledge, has not been
of about 200 cd/rat 4 V and external quantum efficiencies as reported. The dielectric constant of amorphous PEO is about
high as 2% photons/electron were reported. 8 at 25°C%% and it increases with increasing salt concentratfon.

Solid-state light-emitting devices based on an electrochemical In comparison to conventional macromolecules, this relatively
mechanism exhibit some interesting and desirable features. Inhigh dielectric constant makes PEO a reasonably effective
an ideal device, (1) the turn-on voltage should equal the band macromolecular solvent from the point of view of complex
gap of the electroactive emissive layer, (2) the device should dissolution. In Ru(phei?" complex devices, favorable ori-
operate equally well in both forward and reverse bias, and (3) entation and site-to-site distances of the redox molecules are
the turn-on voltage should be independent of film thickness and necessary for electron-transfer reactions. Hence, the microscopic-
electrode material. Hence, such devices offer a number of scale mobility of the redox molecules also has to be considered.
advantages over LED’s. However, it should be noted that there The use of PEO as a solid-state electrolyte for alkali metal‘$alts
are problems associated with going from a liquid state to a solid and redox moleculé$ 3 has been extensively studied. The
state electrochemical cell. For example, phase separation ofsolid-state electrolyte properties of PEO can therefore be
emitter and ionically conducting components and mass transportexploited to improve the slow device response times associated
limitations can result in slow device response times. with limited mass and ion transport.

As noted above, most ECL studies with ruthenium complexes I this paper, we will demonstrate how PEO can be used as
have been carried out in solution, where the complex is the @ processing aid in thin film devices based on small molecule
solute or is immobilized on an electrode surface via adsorp- uthenium complexes. Also, we will describe experiments
tion2%-24 or a polymeric matrié-1° Solid-state light-emitting ~ @imed at characterizing devices based on this blend system,
devices based on thin films of these ruthenium complexes haveincluding how the device operates as a function of blend
only recently been considered. The use of these materials inCoOmposition, film thickness, temperature, and electrode material.
display technologies clearly requires the development of high-
efficiency solid-state devices. Toward this goal, Maness et al.
have recently demonstraféd®that solid-state electrochemically The synthesis and purification of the Ru(pheti complex is
generated luminescence can be realized with ruthenium com-discussed in a previous pagét.In dilute solution, this material exhibits
plexes via the establishment of a frozen concentration gradienta photoluminescence quantum yield of approximately 10%. It has the
of RuM and R couples. In this process, the concentration s;ructure shqwn in Figure 1. P.EG)/I\Q, = 2900 g/mol) and Iithiym
gradient is electrochemically established under conditions that Uflate salt (LICRSQ;) were supplied by Aldrich and were used without
favor ionic conduction and subsequently frozen-in by a cooling further purification. Both the Ru(phge’" complex and the LICF

drvi q d It bi Th ¢ i fast SO; salt were dried under dynamic vacuum at 220for 48 h prior to
or drying step under a voltage bias. 1he net result IS a 1aster, oo - peo was dried under dynamic vacuum at@@or 48 h prior to

responding light emitting system that exhibits diode-like ;5e Al solvents were supplied by Aldrich and were used without
behavior and emission efficiencies as high as 0.1%. This fyrther purification or drying. Ru(ph&a?* solutions were prepared

approach to date, however, has only produced devices with aby dissolving the complex in 2-methoxyethanol to give concentrations
light output that is barely detectable by the eye, most likely - : -

due to the use of interdigitated electrodes with electrode spacingq_et(f(i)ggg ggo‘l_D('k'))LfgéyJi}fk.;H\?Qg?lg %GbRnLé??ﬂf ,'\;A:',ipng'l' ,\i:tﬁ'
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7). .
Foi= j; 271l cos@) sin@) do = 7L,

In our case, the light collected by the photodioBe,is only within
the emission angle®= 0 to 21°, so we integrate only over those limits
and obtainFi/Fex = 0.1284. We then divide our measured power
output by this factor and use the corrected poviiin the following

4Nat formula:

P/hy
Nex(%0) = /e

whereh is Planck’s constant; is the center frequency of the emitted
radiation,| is the current, an& is the elementary charge.

The maximum luminance values discussed in this paper refer to the
maximum values obtainable from a device prior to device failure
Figure 1. Structure of the trischelated complex of ruthenium(ll) with ~ (usually at 5-6 V). The maximum efficiencies reported, on the other
4,7-diphenyl-1,10-phenanthroline disulfonate ligands. hand, were typically derived from plots of light versus current. The

light versus current curves of these devices in nearly all cases were
in the range of 4 to 5% w/v. PEO and (PEOLICFsS0) solutions essentially linear from the onset of detection of 1 nW of light up to the
were prepared by dissolving the components in acetonitrile. (Ru- Maximum luminance levels (sometimes a slight rollover was observed
(phen)32+ + PEO+ L|CF3803) Solutlons were prepared by mixing at the hlghest V0|tageS) The S|OpeS Of SUCh curves were USed to
the appropriate Ru(ph8g* solutions and (PEQ- LiCFsSOy) solutions estimate device efficiency. Forward bias in this paper simply means
such that the 2-methoxyethanol/acetonitrile ratio was 4:1. In those casesthat the ITO electrode is biased positive whereas reverse bias means
where the additional electrolyte was added, the molar ratio of the PEO the aluminum electrode is biased positive. A typical electroluminescent
repeat unit to LICESO; salt was 20:1. All solutions were vigorously ~ SPectrum obtained from a thin film device based on the Ru(ptien
stirred overnight and then filtered with 0.48n filters prior to use. complex can be found in ref 30c.

Thin film devices were fabricated by spin coating from the
appropriate solution on patterned indium tin oxide (ITO) substrates with
use of a Headway Photoresist Spinner. The patterned substrates Tg explore the solid-state ECL behavior of Ru(phei, we
consisted of four parallel lines of ITO which were 2 mm in width and  first examined thin film devices comprised only of this material
2000 A thick. Spun cast films were further dried under dynamic sandwiched between ITO and aluminum electrodes. Figure 2

vacuum at 120C for 2 h. Films with thicknesses in the range of 500 shows light-voltage and currentvoltage curves for a typical

to 2500 A were prepared and examined in this study. Aluminum and o . .
silver top electrodes were deposited via thermal evaporation. Platinum ITO/Ru(phen)s**/Al device. In forward bias (ITO as the

top electrodes were deposited by e-beam evaporation. Top electrode@N0de), devices turn on uniformly at relatively low voltages,
were 2 mm in width and 2000 A thick. Typically, a single ITO .., 2.5-3.0 V. Maximum |luminance levels for such a device

substrate contained 16 pixels, with each pixel having an area of2 mm typically reach about 50 cdAnwith an external quantum
Thicknesses were determined with a Sloan Dektak 8000 profilometer. efficiency of about 0.01% photons/electron. Currently, the best
Room temperature device measurements were carried out in a dryboxdevices of this type have achieved luminance levels as high as
under a nitrogen atmosphere. Unless otherwise noted, all devices were200 cd/n? at efficiencies of about 0.05% photons/electron. Also
subjected to a preconditioning procedure prior to measurements. Thispote that the currerivoltage response is nearly symmetric about
protocol involved repetitive cycling (typically two to three cycles) over  ;arg hias and does not appear to reach any limiting currents at
the voltage range of interest at 100 mV/s until a stable response Washigh voltages as is frequently observed in DC operated ECL

observed. Currentvoltage, light-voltage, currenttime, and light™ jiq i devices. It can also be seen that light emission in reverse
time characteristics were measured with a Hewlett-Packard variable | . T . .
bias (Al as the anode) is negligible in these devices. The

voltage source with a Keithley digital multimeter and a Newport Optics . . L2 . . .
silicon photodiode. Low-temperature measurements were done by Mechanism of light generation in devices of this type is likely

attaching the sample to a liquid nitrogen coldfinger inside an evacuated Similar to the ECL mechanism outlined in egs 1 and 2. Hence,
Janis cryostat with the photodiode mounted to the exterior window. in forward bias, the Ru(ph&a®" species is generated at the
Temperature was regulated via a resistance heating unit mounted onlTO anode and the Ru(ph8s™ species is generated at the Al
the coldfinger and connected to a thermocouple feedback loop. The cathode. The ion annihilation reaction between these species
constant voltage-conditioned samples were preconditioned at roomproduces the Ru(ph8g?** excited species and light is emitted.
temperature with the same procedure as described above, allowed tqnder DC operation, the oxidized and reduced reactants are
stabilize at 4 V, and then cooled to the lowest temperature, generally ;

120 K (=153°C), over the course of approximately 15 min while the CO?'tr:gufﬁrl:]S;yu;(Ti?;gﬁrja(tjee%ice performance of the Ru(phef

bias was maintained. Light and current were monitored during cooling. : . .
The samples cooled without an applied bias were not preconditioned complex can be further improved by blending with PEO. The

but were cooled as prepared, without ever experiencing a bias at roomPI€Nd composition was optimized with respect to both film
temperature. Forward and reverse bias data were generally obtainedluality and device performance. Figure 3 shows how the
on different devices due to stability considerations; however, similar external quantum efficiency of thin film devices varies as a
device performance was obtained when a single sample was used tdunction of increasing mol % of PEO repeat units. The device
generate both forward and reverse bias behavior. efficiency remains similar to that of the nonblended Ru(p&n
External quantum efficiencies were calculated on the basis of the complex until PEO/Ru(phé)?* molar ratios of about 10:1 (ca.
amount of light the photodiode captures from the front face of a device 90 mol % PEO repeat units), after which the device efficiency
by using the assumption that the emission is Lambertian. According starts to drop (at 99 mol % PEO (100/1 mol ratio), efficiency
to ca}lculatlons by _Greenham et _éﬂ.the total flux leaving a Qeylce = 0.0064%). This is not a surprising result for a system in
that is not waveguidedex, at a distancé. from the detector is: which electron hopping between redox centers is important.
(42) Greenham, N. C.; Friend, R. H.; Bradley, D. D. &v. Mater. Above this composition range, it appears that the critical
1994 6, 491. intermolecular distance for efficient electron hopping is ex-

Results and Discussion
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from each system.

for this material (i.e., 2.8 eV). These relatively low turn-on
voltages are a desirable feature in terms of power efficiencies.
In these devices, charge is injected across the electrode/emitter
interface via electrochemical redox reactions. Hence, ef-
fectively, one has facile charge injection across a low resistance

ceeded (there is not sufficient contact between the Ru(ll) o .
contact. This is in contrast to a nonelectrochemical based

molecules and/or the Ru(ll) molecules and the electrode surface™™ . . e
conjugated polymer LED device where charge injection into

to achieve efficient electron hopping). th st terial tpically vi i i h
The optimal blend composition was found to be about a 10:1 1€ resistive material oceurs typically via a tunneling mecha-

molar ratio of PEO repeat units to Ru(phgfi™ complex. nism: L .

Devices fabricated with this optimal composition were uniform, Although external quantum efficiencies are similar for the
homogeneous, and reproducible, giving a typical external rée types of devices (i.e. about 0.02% photons/electron), the
quantum efficiency of about 0.02% photons/electron. Itis worth PEO containing devices consistently give higher luminance
noting again that in the optimal blend compositional range, the levels, dgsplte the fact that the films of these devices contain a
external quantum efficiency is not much different from that of lower emitter conceptratlon tha}n the Ru(phei only devices.

a nonblended Ru(ph8* device. Although the external FO ex:gPpIe, maximum luminance levels for an ITO/(Ru-
quantum efficiency remains essentially constant at PEO/Ru- (Pher)s*"/Al de\z/lce are typically about 50 cdAywhereas the
(pher)z:2™ molar ratios less than 10:1, there are increasing ITO_/(Ru(phen)g + P,EO+ L'C,;F3SO3)/AI devices can be
problems of device nonuniformity, nonhomogeneity, and irre- €asily pushed to maximum luminance levels of about 100 cd/

Sy E . . ; ,
producibility with devices fabricated from blend compositions M- This observation reflects, in part, the better film quality of
with a lower PEO content. the blends. Devices based just on the Ru(pagncomplex

Figure 4 shows typical lightvoltage and currentvoltage exhibit a much higher incidence of low voltage device failure
curves for ITO/(Ru(phe?* + PEO)/Al and ITO/(Ru(phejs2+ and lower devicc_e yields a_nd th_ey break down more easily than
+ PEO+ LICF3S03)/Al devices under forward and reverse bias e Plends, particularly with thin films (500 A). In the PEO-

conditions. These devices were fabricated by using the optimal (r:]ontalnlng dewc(;j(_as, .gne. has fa Lnor; uniform film V‘ll'th almore
composition, i.e., a 10:1 molar ratio of PEO repeat unit to Ru- "omogeneous distribution of the u(pheft complex. In

(pher)s2". Devices were preconditioned as described in the addition, the higher current d_ensities possible with the blend
Experimental Section. In those cases where additional elec-SyStems (and hence_ hlghe_r_ light levels) may also refle_ct the
trolyte was added, the molar ratio of the PEO repeat unit to enhanceq nanoscopic moblllty of the .Ru(p'r)ér‘r gomp]ex N
LICF3SO; salt was 20:1. lonic conductivities as high as 40 the less rigid PEO matrix. Such mobility most likely involves
Slcm have been reported for this electrolyte system (PEO rotational and/or translational motions of the emitter that allow
LICF3S0y) at room temperatur. Comparing Figures 2 and for the establishment of molecular organizations more suitable

4, one can see that, in forward bias, these devices turn onfor elecf[ron hopping. . . .
consistently at about 2-83.0 V. This is close to the band gap Consider now the reverse bias behavior of these devices. The

current-voltage response is nearly symmetric about zero bias,

(43) Walker, C. W., Jr.; Salomon, M. Electrochem. Sod993 140,
3409. (44) Parker, 1. DJ. Appl. Phys1994 75, 1656.
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plots for an ITO/Ru(phery?*/Al device held &6 V applied bias. 1600 (B) 100
as expected for a device operating via an electrochemical s 1400-_ Js0 -
mechanism. This is in contrast to polymer LED devices where > - g =
rectification ratios greater than 4@re commort® However, E poof 430 =
the light-voltage plots are asymmetric about zero voltage. For = i 1 70 &
the ITO/Ru(pheh)s2T/Al devices, light emission in reverse bias g 1000 [ ] §
is negligible. With the ITO/(Ru(pheép?™ + PEO + LiCFs- § 800 d60 =
SG;)/Al devices, however, the situation is somewhat changed, 8 L J
where luminance levels of-43 cd/n¥ are observed in reverse 600 1 1 1 1 50
bias. The absence of light is somewhat surprising considering 0 0.5 1 L5 2 5
that the current densities are sufficiently high for light emission. TIME (mins)

This would suggest that extensive quenching of the Ru- rjgyre 6. Light—time (open circles) and currentime (filled circles)
(pherf)s**" occurs in the device during reverse bias operation piots for (a) an ITO/Ru(pheh}* + PEO/AI device, and (b) an ITO/
or that competitive oxidation of the Al electrode is preventing Ru(phen)?" + PEO+ LiCFsSOy/Al device held 46 V applied bias.
the formation of the Ru(phé&a®" species that are needed to
generate the light-emitting Ru(phs#*™ excited state. for efficient electron transfer. Hence, the obvious “charging”
Murray et al. have shown that the electron hopping rates effect associated with these devices is due to either limited
associated with the different redox reactions of the Ru(ll) counterion diffusion or limited ruthenium complex mobility or
complex can be substantially differef§t3¢ In addition, Bard both.
et al. have reported that conductive metal electrodes act as more Figure 6 shows the currentime and light-time curves for
effective quenchers of Ru(phgst*" than semiconductor elec- | TO/(Ru(pher)s?" + PEO)/Al and ITO/(Ru(phep?* + PEO
trodes such as IT@.Thus, differences in electron hopping rates  + LiCF;S0;)/Al devices held at a constant voltage of 6 V. One
could result in the light emission being spatially prone to the would expect that when Ru(phgi+ is dispersed in an ionically
Al electrode under reverse bias conditions and hence a higherconductive PEO matrix with enhanced Ru(pher mobility
level of electrode quenching. This does not appear to be thethe device response times would be faster (as well as higher
case, however, as we have found that perfectly symmetric current densities), and indeed this is found to be the case. At
devices (in both light and current) can be realized by using more a constant voltage, the devices reach about 50% of their
electrochemically inert electrodes such as platinum. It therefore maximum luminance within a few seconds and reach maximum
appears that electrochemical oxidation of the Al electrode occursjuminance in about 30 s. Although the dynamic response of
during reverse bias operation and severely limits the amount of the blend devices is improved, these are still relatively slow
Ru(phen)s®* created. responding devices compared to those based on conjugated
It should be noted that recent experiments carried out in our polymers.
laboratory have shown that when suitable interfaces are created Figure 6 also shows that at constant voltage, the light output
between the Ru(ll) complex and the Al electrode, completely of these devices starts to decay after about 45 s of operation.
symmetric devices also can be realized with ITO/Ru(ll)/Al At 6 V, we have found that it takes about-2 h for the light
devices® With suitable device engineering, it is therefore output to decay to half its maximum value. At 4 V, devices
possible to obtain fully symmetric devices from these Ru(ll) can be operated for more than 100 h in either a nitrogen
complexes, even in very thin films<@000 A). atmosphere or in air and still produce light detectable by the
Figure 5 shows the currentime and light-time plots eye?® Over this time period, the light output typically drops
obtained when an ITO/ Ru(ph@st*/Al device is maintained  from about 10 to 1 cd/fand then appears to stabilize at the
at 6 V. Devices were preconditioned as described in the lower luminance level.
Experimental Section. Under a constant voltage, the devices |t js interesting to note that ITO/(Ru(phgstt + PEO)/AI
turned on essentially immediately; however, a further 1.5 to and ITO/(Ru(phefs?" + PEO+ LiCF3SOs)/Al devices charge
2.5 min was required for the device to reach maximum in roughly the same time. Both LiCl and LiClGomplexed
luminance and current density. The dynamic response of thesepEQ containing devices show similar results. These findings
devices is determined by mass transport rates (counterion andsyggest that, at least within the time frame of these experiments,

Ru(phen)s?*") and electron hopping rates. The electron hopping |arge scale counterion diffusion does not play the limiting role
rates themselves may, in turn, be tied to the rate of molecularjn determining charging times.

motions, as close proximity of molecular orbitals is necessary

(46) Howie, D.; Rubner, M. F. Unpublished results, Massachusetts
(45) Braun, D.; Heeger, A. Appl. Phys. Lett1991, 58, 1982. Institute of Technology.
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temperature setup and therefore captures less of the emitted

30 0.35 light). Thus, in contrast to the behavior described by Maness,
) 2wl 103 current is observed to flow readily upon applying a reverse bias
- q 025 E at these very low temperatures, suggesting that the initially
E 10} 102 = created concentration gradient is readily erased in these thin
= 105 film devices within the time frame of the measurements. This
Zz 0 4 01 = . . . . . ..
= £ is an interesting observation when one considers that ionic
~ Ty q065 = mobility at these very low temperatures should be highly
2 10 guenched and yet it is still possible to readily obtain high current
e R densities (in the 1530 mA/cn? range at 180 K) in both the
forward and reverse bias. At these low temperatures, an
individual device can also be repeatedly cycled from forward
(B) to reverse bias more than 10 times, maintaining the same, nearly
L5 r—r——r—r—r—r—rrrrTr—r 035 symmetric current values on each cycle and approximately the
< 1} 4 03 same light output in forward bias.
2 05 L 105 = Devices were also tested at low temperature without the
E 102 % preliminary 4 V positive bias (see Figure 7B for a sample curve).
= 'F 105 = In this case, the samples were not conditioned as described in
g s} 101 f the Experimental Section but were cooled as made, without ever
= 1 1005 = experiencing a voltage bias until reaching the desired temper-
3 i 910 ature. The current densities in these films were more than 2
15_8 4 '6 . '4 . '2 . (') . ; . ; . ; o -0.05 orders of magnitude smaller than the room-temperature values,
VOLTAGE (V) leading to light levels lower than the detection limit of the simple

hotodiode setup used. However, even though these measure-
Figure 7. Light—voltage (open circles) and currentoltage (filled P P ' g

circles) plots for (a) an ITO/Ru(pheg)t + PEO/AI device at 180 K ments were mad_e In som_e c_ases ".“?re. thari befbw theT,
preconditioned wh 4 V at 295 K and (b) afiTO/Ru(phen)?" + PEO/ of the PEO ma_tnx where ionic njobmt_y is severely qu_enched,
Al device at 200 K without voltage treatment at room temperature.  theése unconditioned samples still maintained the basic charac-

teristics of the room-temperature devices, i.e., comparable
To explore this issue further, we examined the temperature maximum current densities (about 1.5 mAfat 200 K) in

dependence of these devices with and without a constant voltageboth the forward and reverse bias within the time resolution of
preconditioning step. As noted in the Introduction, Maness et the measurement. This result is in distinct contrast to the
al. have recently described a procedure by which a serial behavior observed by Maness et al. in which no light and current
concentration gradient of the Rl and R#' couples is  was observed if a voltage was not applied during cooling. It
established in a solid-state film of a Ru(ll) complex through therefore appears that, although the establishment of a serial
the application of a voltage under conditions of relatively high frozen concentration gradient in forward bias does appear to
ionic mobility. This mixed valence state concentration gradient result in higher current densities, and therefore higher light
is then “frozen-in” by lowering the temperature of the sample output at lower temperatures, it is not the only means by which

to remove the ionic mobility while holding the voltage in place. charge can be transported in these thin film devices.
The devices then exhibit diode-like behavior with fast response To obtain more information about the origins of this interest-

ymmetrc aurrent charactenstics of a normal slecttochermical 9 JeVIce fesponse, we examined the temperature dependence
Y of the charging effect observed in these films (vide Figure 6).

device. If the voltage is not applied at room temperature, very — . : . .
! - - o This was accomplished by scanning the voltage of a device to
little light or current is detected upon biasing at the lowered : » .

6 V, recording the “instantaneous” 6 V value, waiting 5 s, and

temperature. The authors show that the final “preconditioned” recording the change that occurs in current over this time interval
device operates by a process involving the transport of charge g the chang i
(voltage maintained at 6 V). At room temperature, we find that

via a voltage-gradient-driven electron hopping. If the mixed both + and liaht steadilv i hen the device is t d
state is already in place, the forward bias response time is no oth current and ight Steadily increase when the device 1S turme
on and held at this constant voltage. At lower temperatures,

longer limited by the ionic mobility of the system and the reverse ! ; - ;
bias response is completely shut off when the device is driven NOWever, this charging hysteresis completely disappears and the

opposite to the built-in gradient. device can be cycled reproducibly and repeatedly to constant

Following a protocol similar to the one described by Maness CUrrent values in both the forward and reverse bias at greater
et al.28we applie a 4 V positive bias to our thin film devices ~ than 20 V/s. This behavior is observed in both Ru(gjéh

and held it while cooling to temperatures as low as 126-K53 only and PEO-blend samples and in both constant-voltage
°C), a temperature that is well below the glass transition of PEO Preconditioned and neat samples. As illustrated in Figure 8,
(about—50°C). Devices were then scannex@ V in positive the onset of this charging hysteresis (observed by heating from

or negative bias. Although, as expected for a thermally activated low temperature) for a voltage preconditioned device containing
hopping process, the current levels were more than an order ofthe PEC-Ru(ll) blend occurs around 26@20 K, close to the
magnitude lower than what was observed at room temperature,glass transition temperature of PEO. However, a similar onset
the basic device characteristics remained unchanged, i.e., curreriemperature is observed in the Ru(ph€r only preconditioned
and light in the forward bias, and current of comparable devices (see Figure 8), indicating that this transition from a
magnitude in reverse bias but no light. These device charac-dynamically fast device with no observed charging behavior to
teristics are seen in Figure 7A (note that the absolute light outputdistinct charging behavior is not related to an increase in ionic
cannot be compared with the results presented in previousmobility brought about by the segmental motions activated in
figures because the diode is farther from the sample in the low the PEO chains.



12106 J. Am. Chem. Soc., Vol. 120, No. 46, 1998 Lyons et al.

= 35 05 g Itis clear that the behavior observed in thin film devices can
E 3L = be quite different from that observed in devices with larger
= sl 1% > electrode spacing$:2° This, in turn, suggests that different
= < dos S strategies may be needed to optimize the performance of thin
~ 2F = film devices based on Ru(ll) complexeMlost importantly, this
S Br < 02 E work clearly shows that elaborate charging schemesliging
« IF ~ the use of eleated temperatures or sant treatments that
g s 1% ) enhance ionic conduelity are simply not needed in these thin
2 0 = film devices. Deices of this type can be fabricateda

100 300 corventional processing routes and conditioned to high light

150 200 250
TEMPERATURE (K)
Figure 8. Current chargingtemperature plots for preconditioned scans.

(filled circles) and untreated (open circles) ITO/Ru(phgn)+ PEC/ The thin film nature of these devices is clearly important.

output and reproducible beh#r with a few simplevoltage

Al devices. Each sample was ramped@ V and held for 5 s. The
difference between the current values before and after the voltage hold
is plotted versus temperature.

In the thickness range that we have currently explored (500 to
2000 A), the turn-on voltage remains essentially constant(2.5
3.0 V) as do the device response times and external quantum
efficiencies. However, at thicknesses greater than 2000 A the
All of these results suggest that there may be at least two y,n_on yoltage shifts to higher values. For example, a 2500 A
modes of charge transport active in the thin films examined in nick emitter layer device has an initial turn-on voltage of about
this study: one that is relatively fast and remains active down 4 v/ This effect can be explained in terms of an additional
to very low temperatures and one that is much slower and is fjjm resistance arising from limited ionic and electronic
only active down to about 220 K—50 °C). At room conductivities. Device response times are also slower and the
temperature, the faster mode of charge transport gives rise to a@xternal quantum efficiency begins to decrease. Clearly, as
nearly instantaneous light emission whereas the slower modesuggested above, the thin film nature of these devices is quite
is responsible for the “charging effect” that further increases important in determining device behavior, which can change
the current flow and hence light output at constant voltage. The dramatically as one moves into a thicker film regime.
charging behavior exhibited above 220 K is likely coupledto a  Finally, as expected for an electrochemically driven process,
relatively sluggish ionic transport process involving a micro- we have found that device turn-on voltage is not influenced by
scopic rearrangement of the counterion population and thethe type of cathode used to fabricate the devices. Devices
establishment of a more conductive mixed valence state fabricated with metals such as Al, Au, Pt, and Ag all exhibit
concentration gradient. Recall, however, that in the voltage turn-on voltages in the 2:53.0 V range. As noted earlier,
preconditioned devices, it is still possible to readily reverse the devices fabricated with Pt electrodes exhibit completely sym-
current flow by app|y|ng a reverse bias even at temperatures metric device behayior in bOth ||ght -and current, as is expected
well below the point that the charging behavior is no longer for an electrochemically active device. In recent experiments
observed. Thus, the higher current densities realized at low in Our laboratory, we have also found that patterned conducting
temperatures as a result of the preconditioning step are observe®lymer films can be utilized as the working anode of these
in both the forward and reverse bias, suggesting that it is possibledeVices with similar results. These electrode materials are
to repeatedly erase the preestablished concentration gradien'lme.res“ng from the point of view of flexible light-emitting
established in the forward bias at temperatures where ionic devices.
mobility should be highly quenched. This seems unlikely given
what is known about the transport behavior of these materials
and therefore indicates that an alternative mechanism may be We have demonstrated that thin-film light-emitting devices
needed to explain these results. More detailed studies arebased on blends of Ru(pHgi™ + PEO+ LICF3SO; can be
currently underway. conveniently fabricated. PEO functions both as a film process-

Clearly, much more work is needed to fully understand the ingl aid, gilvintg lunif(;rmRandhr;or;ogegeous tde_vices,gr?d as a
mechanisms of charge transport operating in these thin film polymer electrolyte for u(p and counterions. arge

; o injection is via an electrochemical redox mechanism. The

devices. We anticipate that many of the effects that we have . . A .
observed are related directly to the very large electric fields mechanism (.)f “g.ht generation is likely §|m|lar o electrogen-
that tpicall lied devi bout 5 \V/ erated chemiluminescence. These devices offer a number of

a:jarr]e yﬁlcaﬂy applie acfrois a gwge @ 8 00 A gm)'h interesting and desirable features. Relatively low turn-on
and the thin film nature of these devicesZ ). Suc voltages of 2.5-3.0 V are observed. Turn-on and operating
conditions favor relatively facile ionic transport, at least at the voltages are independent of film thickness up to 2000 A. In
nanoscale level, and thereby may allow for the establishment 5qgition. electrode materials such as Al Ag, and Pt (and
of a voltage gradient driven transport process that is readily conceivably any stable conductive material) can be used, with
reversed. It is also possible that, in addition to the expected reverse bias light output possible with electrochemically inert
redox conduction known to occur in these materials, there is materials such as P%. At 6 V, luminance levels of 100 cd/fn
also some level of charge transport that is facilitated via an can be obtained with an external quantum efficiency of about
electron hopping process not involving mixed redox states as 0.02%. Devices reach about 50% of their maximum luminance
is found in other small molecule and polymericelectron within a few seconds, and reach maximum luminance in about
systems. The somewhat faster charging times observed in the30 s. Preliminary investigations of the temperature-dependent
blend systems (with and without any added salt) also seem tobehavior of these devices indicate that their thin-film nature
indicate that the ability of the Ru(ll) complex to undergo local- - —

| lecular reorganizations may help to facilitate a more (47) Results to be submitted for publication. il

SCQ € mo g : y P (48) We thank a reviewer of this paper for pointing out the possibility
optimum electron hopping process. of aluminum oxidation when operating in reverse bias.

Summary
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