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The authors report the fabrication of very high efficiency near-infrared (NIR) organic light-emitting
diodes (LEDs) based on a series of terdentate cyclometallated phosphorescent Pt(IT) complexes
PtLCl as the emitting layer. The LEDs exhibit exclusive NIR excimeric phosphorescence peaking
between 705 and 720 nm for three different organic ligands (L). Due to the high excimer emission
quantum Yyields of these Pt complexes and to confinement of the recombination zone within the
emission layer, unusually high external quantum efficiencies from 9.8% to 10.7% photons/electron
and a high forward light output exceeding 15 mW/cm? were achieved. © 2007 American Institute

of Physics. [DOL: 10.1063/1.2430926]

The development of organic light-emitting diodes
(LEDs), based on sublimed small molecules, has proceeded
rapidly since the initial work by Tang and VanSlyke.1 Due to
promising prospects for next generation of lighting and dis-
play technology, most efforts have been directed towards
light emission in the visible ramge.2 However, other applica-
tions, e.g., in communications or biomedicine, call for opto-
electronic devices operating in the near-infrared (NIR) spec-
tral range. Various approaches have been explored for
obtaining infrared emission from organic LEDs. The use of
rare earth complexes and small optical gap polymers has
been attracting interest since lanthanide ions such as Er’* or
Nd3* reveal NIR emission,* and the polymer emission ex-
tends to a wavelength of 1000 nm. > One of the most impor-
tant shortcomings of the NIR LEDs is poor quantum effi-
ciency and low power output. For example, a forward light
output of 100 wW/cm? and only 0.1% of external quantum
efficiency have recently been reported for NIR electrophos-
phorescence with a peak value at 720 nm from blends of
polymeric host and an iridium (III) organic complex.6
A dispersion of inorganic indium arsenide-based nanocrys-
tals in conjugated polymers has been employed to improve
the quantum efficiency by not more than =0.5%
photon/electron.7

In this work, we have fabricated highly efficient (>10%
photon/electron) organic electroluminescent devices using
neat film emitters made of terdentate cyclometallated phos-
phorescent Pt(IT) complexes PtL"Cl which exhibit exclusive
NIR excimer emission peaking at wavelengths between 705
and 720 nm for different ligands, L" (n=1,2,3). The synthe-
sis of PtL"Cl has been described previously.8 The LED struc-
ture and materials used along with their energy level posi-
tions are shown in Fig. 1. Commercially available indium tin
oxide (ITO) with a sheet resistivity of 20 {}/sq on glass sub-
strates was used in the device fabrication process. In the
device architecture two hole- and exciton-blocking layers

YElectronic mail: cocchi @isof.cnr.it
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(CBP and OXA) were introduced to confine the electron-hole
recombination and emission processes within the emitting
layer of neat PtL"Cl emitters. A 70 nm thick hole-
transporting layer of [N,N’-bis (3-methyl)-1,1’-biphenyl-
4,4' diamine (TPD)]:[bisphenolpol-A-polycarbonate (MW
32000-36000) (PC)] (Aldrich and Polysciences Inc., respec-
tively) blend was spun on top of the ITO from a 10 mg/ml
dichloromethane solution at room temperature. It was fol-
lowed by a vacuum evaporated 20 nm thick hole-blocking
layer of 4,4’-N,N’-dicarbazole-biphenyl (CBP). The active
emissive layers of the three Pt complexes reported in Fig. 1
were evaporated under a vacuum of 107 hPa on top of the
CBP layer. Subsequently evaporated on them was a 30 nm
thick layer of 3,5-bis[5-(4-tert-butylphenyl)-1,3,4-oxadiazol-
2-yl]-benzene (OXA) (Syntech) which served as an electron
transporting, and hole- and exciton-blocking layer. Each
layer thickness was measured with a Tencor Alpha Step 200
profilometer. The opposing electrodes of calcium, used to
inject electrons, were deposited on the electron transporting
layer of OXA by thermal evaporation in vacuo. The highest
occupied molecular orbital (HOMO) levels of all the com-
pounds were estimated from their oxidation potentials. The
oxidation potentials were determined by cyclic voltammetry
using the standard calomel electrode (SCE) in 10-3M dichlo-

CHgy L' R=
Q H 2 R= C(O)OCH,
- Ry 1 R= CH,

|
@ OCHS 2.1 eV cl
26
N | 323.1eV 2 v 2
] N \. € Ca
OO0k} .
TPD:PC |
]
ITO @I PtLCI s N)\HQ/@\;N\‘
49ev 2
5.4eV
o 56-5.5 eV . Cou
7.0ey

70nm  20nm 60nm 30nm

FIG. 1. Energy level diagram of the EL devices and molecular structures
of the materials used. For chemical names of the materials see text.

© 2007 American Institute of Physics
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FIG. 2. (a) Absorption (ABS), photoluminescence (PL) at \.,.=350 nm, and
photoexcitation at A =650 nm spectra of a 60 nm thick neat PtL'CI film. The
PL spectrum of a polycarbonate film containing 6 wt % of PtL'Cl is dis-
played for comparison (dashed line). (b) Electroluminescence spectra re-
corded at the applied voltage of 10 V for devices presented in Fig. 1. The
peak positions of the spectra are given in the left-upper corner of the figure.

romethane solutions for TPD, OXA, and CBP. For all of
these three compounds fully reversible oxidation waves have
been observed with a scan speed 100 mV/s. The lowest un-
occupied molecular orbital (LUMO) levels were estimated
from ionization potentials and electronic absorption bands.
Their values are within +0.1 eV in agreement with those
reported previously for TPD (Ref. 9) and CBP.'® The oxida-
tion potentials of the complexes were determined using the
SCE in 1073M acetonitrile solutions. In all cases irreversible
oxidation waves have been observed with a scan speed
300 mV/s. Electrochemical data for the reduction potential
of PtL"Cl (E[rf’d:—l.% V vs Fc*/Fc) (Ref. 11) locate its
LUMO at 3.17 eV below the vacuum level. Device charac-
terization was carried out in argon atmosphere at room tem-
perature. The spectral characteristics of the materials and de-
vices under study were measured with a Perkin-Elmer
Lambda 19UV/VIS/NIR spectrometer and a StellarNet spec-
troradiometer, and a single-photon IBH model 5000 counter
was employed for the time resolved luminescence measure-
ments. The current-voltage characteristics of the devices
were measured with a Keithley source measure unit model
236, under continuous operation mode, while the light output
power was measured with an EG&G power meter.

Figure 2 compares the photoluminescence (PL) and
electroluminescence (EL) spectra of neat PtL"Cl emitters
(n=1,2,3) displayed along with their absorption and photo-
excitation spectra. A 100% pure film of PtL'Cl, representa-
tive of the behavior of all PtZ"Cl complexes in solid state,
shows only a broad featureless PL band extending from
620 to 760 nm with a full width at half maximum of 140 nm
and peak at about 680 nm [Fig. 2(a)]. The infrared portion
(above 750 nm) constitutes about 40% of the total emission
output. On the other hand, the emission of PtL'Cl obtained at
low concentration (6 wt %) in a polycarbonate matrix shows

Appl. Phys. Lett. 90, 023506 (2007)

TABLE 1. Photophysical properties (all measurements were carried out in
argon atmosphere at room temperature) of the studied Pt complexes in neat
solid films.

Pt complex 7o (us)? Tor. HOMO  LUMO
(60 nm thick films) (£0.05 us) (x0.07) (eV)* (eV)©
PLICl 0.98 0.24 5.53 3.07
PtL2Cl 1.07 0.35 5.57 3.17
PtZ3Cl 1.10 031 547 3.08

“The excimer lifetime 7, obtained from fit to the monoexponential decay
of PL.

"Calculated using standard BASF LumogenF Red 300.

“Derived from redox potentials (Ref. 12).

a structured blueshifted spectrum characteristic of molecular
phosphorescence observed in solutions.*!" The absence of
the molecular phosphorescence in the emission spectra of
neat films suggests the bimolecular-based weakly bound
dimer or excimer excited states to be responsible for their
broad band structureless emission spectra. The photoexcita-
tion spectrum, shown in Fig. 2(a), provides evidence of di-
rect sensitization of the excimerlike emission via the *m-7"
excited state of the single molecule. The absorption and ex-
citation spectra in the film are not significantly different from
those in solution, and there is no compelling evidence for the
presence of ground-state aggregates or dimers. The PL quan-
tum efficiency (7p;) and excimer lifetimes along with
HOMO and LUMO levels for all three complexes under
study are summarized in Table I.

While the absorption is underlain by monomolecular
electronic transitions, the PL [Fig. 2(a)] and EL [Fig. 2(b)] of
neat PtL"Cl films exhibit bimolecular-based excimer radia-
tive relaxation. No monomolecular phosphorescence is ob-
served due to the efficient formation of excimers under both
optical (PL) and electrical (EL) excitations of the neat
vacuum-evaporated Pt complex films studied. Like phospho-
rescent molecules of the cyclometallated complex of plati-
num (II) (2-(4’,6’-difluorophenyl)pyridinato-N, C?)acetyl
acetate (FPt1), molecules of PtL"Cl have a planar structure,
facilitating formation of triplet excimers."? The triplet char-
acter of the excimer state is confirmed by the luminescent
decay which, like that for FPtl,13 shows measured lifetimes
about 1 us. Exclusive NIR emission with peaks of 705 nm
(PtL3C1), 715 nm (PtL>Cl), and 720 nm (PtL'Cl) is observed
for EL, corresponding to the Commission Internationale de
L’Eclairage coordinates of x~0.68 and y~=~0.31.

The EL and PL spectra of the neat films are shifted by
about 40 nm [cf. Figs. 2(a) and 2(b) for PtL'Cl]. We assign
this shift to the different contributions of the charge-transfer
(CT) resonance component of the overall triplet excimer
state described by a function®

MM, =) M My)ex + ¢ °[MMy)er, (1)

expressing the quantum mechanical mixing of the excimer
formed by the exciton resonance (EX) interaction,
MMy ex=a; *M{My)+a, [MM,), and that resulting
from the CT resonance interaction, 3|M1M2)?:T
=b, *IMIM;)+b, ’[M]M3}), between two  molecules
(M;,M,) of the emissive material. Whereas the coefficients
¢, and ¢, determine the contributions of the EX and CT
interaction components to the excimer, the coefficients a;
and a, are the amplitudes of the two component state of the
EX configuration emerging as a result of the excitonic reso-
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FIG. 3. External EL quantum efficiency [¢,;"] vs applied field (a) and
driving current density (b) for devices described in Fig. 1. The Lambertian

angular distribution of the emission has been assumed in the calculation of
(ext)
PeL -

nance between states °|M;M,) and *|M;M,) with the excita-
tion localized either on the molecule M; or on molecule M,,
respectively. Furthermore, the coefficients b, and b, deter-
mine the amplitudes of two extreme CT states, °|MTM;) and
3 IM{M3). The relation between amplitudes of function (1)
and thus the excimer energy depends on the distance be-
tween molecules M; and M, and their mutual orientation.
The states with a negative CT resonance energy component
have the lowest energies.2 The direct electron-hole recombi-
nation mechanism of the excimer formation favors the low-
energy CT states to dominate the excimer character (1), ob-
served as a redshift in the EL emission spectrum.

The maximum room temperature external quantum effi-
ciency of the devices in Fig. 1 is ¢g; =(10.5+£0.5)% photons/
electron at a current density 10 mA/cm? or an electric field
10% V/cm (Fig. 3). It is nearly quadruple the efficiency re-
ported for the triplet excimer red (=600 nm) emission from
an organic LED based on another Pt(IT) complex FPt1," and
as much as 100 times larger than that from an organic LED
based on molecular electrophosphorescent complex of
Ir(1ID),° emitting in the NIR (720 nm) region of the electro-
magnetic wave spectrum. Even at low current densities
(down to 10™* mA/cm?), the @ exceeds these figures by 2
and 60 times, respectively, as seen in Fig. 3(b). A high for-
ward light output reaching 15.9 mW/cm? has been detected
at ~100 mA/cm? with ¢p; =8.5% photons/electron and lu-
minous efficiency=5.5 cd/A for PtL3Cl.

The field (current density) dependence of the external
quantum yield displayed in Fig. 3 can be understood in terms
of the field-dependent optical external coupling (&), width of
the recombination zone (w), and the emission efficiency of
the excited species [¢,(F) — 7 for F— 0],

Appl. Phys. Lett. 90, 023506 (2007)

o = £Pro, (1 + wid,) ™, (2)

where Pr=1 is the probability of producing a triplet exci-
mer, and d, is the thickness of the emitter layer. The increas-
ing field imposes narrowing and shifting of the recombina-
tion zone towards the strongly hole-blocking layer of OXA
(cf. Fig. 1). A similar effect has been observed earlier with
classical bilayer Alqgs-based LEDs."* The concomitant in-
crease of the light output coupling factor ¢ is expected as the
narrowing near-OXA region recombination zone moves “the
center of gravity” of the emissive species away from the
air/ITO glass interface forming side waveguiding modes re-
sponsible for light losses in the photon flux detected 5perpen-
dicular to the planar cell through the ITO anode.”” While
both of them lead to a field increasing apparent quantum
efficiency, the field decrease in ¢, (F), caused by the field-
assisted dissociation, and quenching of excited states by the

injected charge lead to a reduction of @g:),m the latter being

a dominating factor at high electric fields. As a result a non-
monotonic behavior of the external EL efficiency with elec-
tric field is observed.

In conclusion, we have fabricated a series of devices
utilizing terdentate cyclometallated Pt(IT) complexes as emit-
ters. Their solid state neat films have excellent characteristics
coupled to highly efficient exclusive NIR excimer emission,
demonstrating that the efficient excimer phosphorescence
can be used to fabricate highly efficient NIR excimer elec-
trophosphorescent diodes.

This work was supported by the Italian CNR Project No.
PM.P04.004.002, MIUR-FIRB Project No. RBNEO19H9K,
and by the European COST Project No. D35-0010-05.
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