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Contact issues in electroluminescent devices from ruthenium complexes

Alon A. Gorodetsky, Sara Parker, Jason D. Slinker, Daniel A. Bernards, Man Hoi Wong,

and George G. Malliaras®
Department of Materials Science and Engineering, Cornell University, Ithaca, New York 14853-1501
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(Received 11 September 2003; accepted 3 December 2003

We report on the temporal evolution of the current, radiance and efficiency of electroluminescent
devices based on films ¢Ru(bpy)]?* (PF;), (bpy is 2,2-bipyridyl) with various electrodes.

Under forward biagwith the bottom electrode wired as the anptlee device characteristics were
independent of the electrodes used. The situation was different under reverse bias, where differences
were observed in the steady-state as well as in the transient characteristics of devices with different
electrodes. The origin of this asymmetry is discussed.2@4 American Institute of Physics.

[DOI: 10.1063/1.1644918

In recent years, transition metal complexes have refRu(bpy)\;]“(Pl%h. We find that using different elec-
ceived attention as active layers for solid-state electrolumitrodes affects the device characteristics only in reverse bias,
nescent deVice%_.gThe prOtOtypical member of this famlly is where the PE counterions accumulate near the (mapo_
the complex [Ru(bpyk]®*(PF;),, where bpy is rated electrode. Reasons for this behavior are discussed.
2,2’-b|pyr|dyl In 1999, a group at MIT fabricated devices by The Synthesis otRu(bpy)s]z'*'(PFg)z as well as the
simply sandwiching a thin layer of this material betweendevice fabrication and characterization procedures are de-
indium—tin oxide(ITO) and Al electrodes and reported lumi- scribed elsewher®ITO as well as ITO coated with 5 A Pt
nance exceeding 300 cdfrat just 3 V! Significant advances |ayer were used as bottom electrodes. Pt was deposited on
have been achieved since then, as questions regarding thfp of the ITO through a shadow mask at a rate of 1 A/s
ultimate efficiency, response time, color tunability, as well asysing e-beam deposition. In addition to all cleaning steps
stability of this class of materials are being addressed. described in Ref. 8, the substrates received a final UV/ozone

The mechanism of device operation is similar to the sotreatment just before being moved into a nitrogen glove box
called light-emitting electrochemical cel§The PF coun-  for deposition of thel Ru(bpy)s]2*(PF;), films. The top
terions are mobile in the film and drift under the influence ofelectrodes consisted of 200 A thick Au, Ag, or Al films de-
applied bias and accumulate near the positively chargefosited via thermal evaporation at a rate of 1-5 A/s. The top
electrod€’. This accumulation of ionic charge creates a largeglectrode deposition and the subsequent device characteriza-
electric field, which enhances hole injectibrtoles are in-  tion took place inside a nitrogen glove box to avoid exposure
jected into the highest occupied molecular orbitdOMO)  of the samples to ambient.
of [Ru(bpy)]**, which is at,, orbital of the metal. At the The radiance was corrected for the difference in trans-
same time, the depletion of PHRons near the opposite elec- mittance of the Pt coated ITO electrode. This was done by
trode enhances electron injection. The latter are injected intgividing the radiance from such a device by 0.93, which is
the lowest unoccupied molecular orbitdLUMO) of  the transmittance of the Pt layer. The latter was measured at
[Ru(bpy)]**, which is a=* orbital of the ligand. The in- 33 nm, which is close to the emission pegk.,=609 nm
jected electronic carriers migrate towards opposite electrodes [Ru(bpy)]?* (PF),,8 using a He—Ne laser beam at nor-
and combine to form excitedRu(bpy)]*** molecules mal incidence. A similar correction was employed for the
which phosphoresce, and emit orange—red Ight. various top electrodes, where the influence of different re-

The performance of organic electroluminescent deviceglectances was removed. This was done by assuming that
is dominated by the process of charge injectidfihe latter  photons are emitted with equal probability in the forward
is strongly dependent on the barrier height at the interfac@irection(where they exit through the ITQand in the back-
between the electrode and the orgatiiés a result, high  ward direction(where they get reflected by the top electrodes
(low) work function metals are used in organic light-emitting and exit through the ITD The reflectance of the various top
diodes for efficient holdelectron injection!* However, as electrodes(0.83 for Ag, 0.69 for Al and 0.41 for Auwas
mentioned above, the redistribution of ionic charge inmeasured at normal incidence, at 633 nm, and the radiance
[Ru(bpy)]** (PF;), devices enhances the injection of both was scaled to that from a hypothetical device with a 100%
electrons and holes. In this letter, we investigate the inﬂuenc%flecting top electrode. These corrections were necessary in
of different electrodes on the steady-state as well as the trarder to allow a guantitative comparison among devices with
sient characteristics of electroluminescent devices fromgifferent electrodes. As a result, the values presented in Figs.
1 and 2 are not the true external quantum efficiencies, since
“Author to whom correspondence should be addressed; electronic maif'€y have been normalized according to the above procedure.

george@ccmr.cornell.edu Two device runs are discussed in this letter. In the first
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T T ' ' ' ‘ holes, while electrons are injected from the top electrode.
e s ' e Overall, the data are virtually identical within each device
7 L/”f 7 run, which signifies that holéelectron injection is not af-

. 4 fected by the choice of bottorftop) electrode. The fact that

! | ! : ! ! charge injection is independent of the electrode used indi-
cates that the barrier lowering induced by the ionic space
charge is significantly strong to make the contacts ohmic
regardless of the electrode work functiriTherefore, elec-
tron and hole currents are balanced in this bias configuration
and the devices operate at their maximum efficiency, which
is determined by the photoluminescence vyield of the
. T 1 T T T T [RU(bpyk]er(P'%)z film.12
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L . Lo s s s 0 o res.ult, there is no nged to use low WOTK fur)ctlon mgtals,
0 0 40 60 80 0 20 40 60 %0 which are the Achilles heel of organic light-emitting
Time (min e (min diodes™ The two bottom electrode8TO and Pt covered
a, 3V Bias b. -3V Bias

ITO) also inject holes with the same efficiency, as seen in
FIG. 1. Temporal evolution of the current, radiance and efficiency of Fig, 2(a). Coating ITO with ultrathin Pt films is known to

ITO/[Ru(bpy)]** (PF;), /M devices under forwarda) and reverseb)  increase the former’s work functidfiin particular, Pt coated
bias. M stands for Al, Ag, or Au. The radiance and efficiency under revers !

bias for the device with the Al top electrode was below the noise floor of our TO films prepared earlier in an identical way to that de-
detector. scribed here were found to have a 0.6 eV higher work func-
tion than plain ITOY” However, as evident in Fig.(8), this
one, all devices had an ITO bottom electrode and differenghange in work function of the bottom electrode does not
top electrodes. The temporal evolution of the current, radifesult in any enhancement in hole injection. Therefore,
ance and efficiency of these devices is shown in Fig. 1. In théhere is no need to use electrodes with a work function
second run, the devices had Au top electrodes, and ITO or ptigher than that of ITO for efficient hole injection in
coated ITO as bottom electrodes. The data from these déRu(bpy)]**(PFy), devices.
vices are shown in Fig. 2. The thickness of the  The situation is markedly different under reverse bias
[Ru(bpy)]?"(PF;), films in the first and second device [Figs. Xb) and 2b)]. In this configuration, the RFcounter-
runs was 1055 and 90-5 nm, respectively. ions accumulate near the top electrode, which injects holes,
We first discuss the data under forward bias, where thavhile electrons are injected from the bottom electrode. In
bottom electrodéITO or Pt covered ITQis biased positive Fig. 1(b), the current is shown to depend on the top elec-
with respect to the top one. The relevant data are shown ifode, changing in order(Al) >1(Ag)>1(Au). This indi-
Figs. 1@ and 2a). In this configuration, the RFcounteri- cates that hole injection depends on the metal, in contrast
ons accumulate near the bottom electrode, which injectwith what was observed under forward b[#sg. 2a)]. The
scaling of the currents is the opposite of what one would
anticipate based on work function values. Au has the highest
work function, but injects holes least efficiently. Possible
causes of such behavior are discussed in more detail below.
The fact that changing the hole-injecting electrode leads to a
change in total device current indicates that the devices in
Fig. 1(b) are not current balanced; rather, the current is domi-
T _ T nated by holes?
; An even larger variation is observed in the radiance of
the devices, shown in Fig.(). The device with the Al top
electrode does not show any emission under reverse bias.
R , . . This is in agreement with earlier observations by Rudman
and Rubnet.In addition, a visible change of the Al electrode
was obvious to the naked eye after 90 min at reverse bias.
The mechanism probably involves electrochemically induced
oxidation of the Al(which is promoted in this bias configu-
§ ration) followed by hydrolysis of[ Ru(bpyk]?* to form
. ™ . L - [Ru(bpy)(H,0),]2*. The latter compound has been identi-
Time (min) Tie (min) fied as a quencher ifRu(bpy)]?" based device¥ The
a. 3V Bias b. -3V Bias radiance of the device with the Ag electrode is lower than
FIG. 2. Temporal evolution of the current, radiance and efficiency ofthat of _th_e d.EVICe with the Au electrode, and decays TaSter
M/[Ru(bpy)s]2* (PF; ), /Au devices under forwarth) and reverséb) bias.  t00. This indicates that Ag electrodes are also susceptible to
M stands for ITO or Pt coated ITO. a similar degradation mechanism, although at a diminished
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rate compared to Al. Au, on the other hand, appears to b&on injection. As a result, fewer uncompensated
stable in the time scale of the experiment. [Ru(bpy)]?* ions are needed near the ITO contact to make
Abkowitz et al*® recently studied the influence of metal it ohmic. Over time, however, both devices reach the same
deposition on the characteristics of devices based on organairrent and also show the same maximum radiance and effi-
semiconductors. Measurements of injection efficiency reciency. This indicates that, at steady state, the density of
vealed that top electrodes are usually inferior injectors comuncompensatefiRu(bpy)]?>* ions near the bottom contact
pared to bottom ones. Namely, when an organic semiconduds the same. Coating the ITO with Au instead of Pt resulted
tor was sandwiched between two Au electrodes, the bottorin the same trendnot shown herg
Au contact(which was formed by solution casting the or- In conclusion, we have fabricated electroluminescent de-
ganic on top of a Au electrofievas ohmic, while the top one vices based on films dfRu(bpy);]?* (PF; ), with different
(which was formed by evaporation of Au on the orgami@s  top and bottom electrodes. Under forward bias, where the
found to be current limiting. The inferior injection from the PF; counterions accumulate near the bottom electrode, the
top contact was attributed to deposition-induced damage alevice behavior was independent of the electrodes used. This
the organic film just below the surface of the top electrbtle. indicated that the devices operated at their optimal point. The
The exact nature of the damage remains eluSiteannidis  situation was quite different under reverse bias, where the
et al* studied this effect further and found top Au contactsPF; counterions accumulate near the top electrode. Different
evolve over time and eventually“heal,” i.e., reach the sametop electrodes were found to inject holes with different effi-
injection efficiency as bottom ones. ciency. The same was true for bottom electrodes, however,
A similar mechanism, where deposition-induced damagenly at earlier times. The differences between forward and
takes place at theRu(bpy)]?* (PF;),/top electrode inter- reverse bias are consistent with damage induced in the
face, can explain the observed differences between forwartRu(bpy);]?* (PF; ), /top electrode interface during metal
and reverse bias data. Damage at the interface might be rdeposition.
lated to effects such as decomposition of fRu(bpy)]?* ] ) .
molecules, crystallization of theRu(bpy)s]2* (PF; ), film _Thls work was supported by the National Science Foun-
below the electrode surface, and diffusion of metal into thedation (Career Award No. DMR-0094047nd by the Cor-
[Ru(bpy)s]2* (PF; ), film. These effects, in turn, can inhibit nell Center for Materials Resear(@CMR), a Materials Re-

efficient packing of PE counterions near the top electrode, S€arch Science and Engineering Center of the National
and lead to incomplete cancellation of the barrierScience FoundatiotGrant No. DMR-9632276

for hole injection. This would result in hole current that
is less than that injected from an ohmic contact, and it
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