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Efficient Organic
Electrophosphorescent
White-Light-Emitting Device with a
Triple Doped Emissive Layer**

By Brian W. D’Andrade, Russell J. Holmes, and
Stephen R. Forrest*

The use of organic light-emitting devices (OLEDs) for gen-
eral purpose illumination is being given careful consideration,
since OLED power efficiency is now approaching that of
incandescent bulbs.!! The ultimate goal is to demonstrate a
device that has an efficiency exceeding that of fluorescent
bulbs, which are among the most power-efficient illumination
sources available. Here, we discuss three principle means for
achieving a high external power efficiency!® (np) white OLED
(WOLED): using thin layers for low voltage operation, effi-
ciently confining charge and excitons within the emissive layer
(EML), and using direct triplet exciton formation on a blue
dopant with a high quantum yield. Additionally, we examine
the energy transfer process between dopants, and investigate
the dependence of outcoupling efficiency on absorption and
reflection losses. A WOLED that combines these strategies,
resulting in power efficiencies equal to or exceeding those of
the best incandescent light sources, is also described. The de-
vices have a peak total power efficiency of (42+4) ImW™" at
low intensities, falling to (14+2) ImW™ at a drive current of
10 mA cm™ (corresponding to 0.8 Imcm™ for an isotropic il-
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lumination source). The Commission Internationale de
L’Eclairage®’ (CIE) coordinates shift from (0.43,45) at
0.1 mA cm™ to (0.38,0.45) at 10 mA cm™, and a color render-
ing index™ (CRI) =80 is obtained.

The electrophosphorescent device employs an EML con-
taining three metallorganic phosphors: 2 wt.-% iridium(1ir)
bis(2-phenyl quinolyl-N,C?) acetylacetonate (PQIr) providing
red emission, 0.5 wt.-% fac-tris(2-phenylpyridine) iridium
(Ir(ppy)s) for green emission, and 20 wt.-% bis(4",6’-difluoro-
phenylpyridinato)tetrakis(1-pyrazolyl)borate (FIr6) for blue
emission, all simultaneously co-doped into a wide energy gap
p-bis(triphenylsilyly)benzene (UGH2) host. It has previously
been shown that blue OLEDs employing FIr6 in the inert host
UGH?2 results in direct charge injection and triplet exciton
formation on FIr6. Additionally, FIr6 transports both holes
and electrons.”! The process of direct triplet exciton forma-
tion results in high luminance efficiency blue and white elec-
trophosphorescence, since the elimination of host-guest ener-
gy transfer avoids exchange energy losses common to earlier
red, green, and blue electrophosphorescent OLEDs.%]

The external quantum efficiency of a WOLED? (3.4 is
significantly affected by the thicknesses of the EML and elec-
tron transport layer (ETL).m Inefficient charge and exciton
confinement severely reduces 7.y when the EML thickness is
<5 nm,"” and additional reductions in efficiency are incurred
when the ETL thickness is <25 nm due to exciton quenching
at the metal cathode. The optimized device in Figure 1 (fabri-
cated as described in the Experimental section) effectively
balances the competing effects of lower operating voltage and
reduced quantum efficiency of thin devices. The current den-
sity versus voltage (J-V) characteristics are shown in the inset
of Figure 2. The slope of the J-V curve decreases significantly
above 4V, as observed previously for thin p-i-n OLEDs.®!
This is attributed to space charge effects at high current densi-
ties (>1 mA cm™).
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Figure 1. Top: Proposed energy level diagram of a white organic light-
emitting device (WOLED) showing the highest occupied and lowest un-
occupied molecular orbital energies relative to vacuum, the thicknesses
and the acronyms for the constituents used. Bottom: Example of a
WOLED lamp fixture.
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Figure 2. External quantum efficiency versus current density of the triple
doped white organic light-emitting device (WOLED). Inset: Current den-
sity versus voltage characteristics of the WOLED.

Measurable emission is observed at 3.3 V, which is near the
estimated 3.0 V necessary to directly generate a blue-emitting
triplet exciton on a FIr6 dopant molecule, assuming near reso-
nant injection of holes in 4,4’4”-tri(N-carbazolyl)triphenyl-
amine (TCTA)" into the highest occupied molecular orbital
(HOMO), and electrons in 1,3,5-tris(N-phenylbenzimidazol-
2-yl)benzene (TPBI)!% into the lowest unoccupied molecular
orbital (LUMO) of FIr6. The voltage required to excite green
and red emission from Ir(ppy)s; and PQIr, respectively, is
<3.0 V, so it is expected that the emission color will shift with
increasing voltage, as observed (see inset Fig. 3, where nor-
malized intensity is plotted against wavelength). The CIE
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Figure 3. Lighting (circle) and display-relevant (square) power efficien-
cies versus current (lower abscissa) and power density (upper abscissa).
The 5 mm? WOLEDs emit a maximum optical power of 2.8 Imcm™, and
have a maximum total power efficiency of 77,=42 ImW™". Inset: Normal-
ized electroluminescence spectra of WOLED emission at various current
densities. Also shown are the CIE coordinates, followed by the color ren-
dering index value at each current density (indicated as (X,Y) CRI). Note
the slight blue-shift as current density is increased.
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coordinates of (0.43,0.45) at 0.1 mAcm™ blue-shift to
(0.38,0.45) at 10 mA cm™>, with CRI=80. The luminance is
1000 cdm™ at ~5 V, which is the lowest operating voltage re-
ported for a WOLED emitting at such a high luminance,'!!
and is due to the use of thin, multiply doped layers along with
near resonant charge injection followed by direct triplet for-
mation on FIr6.

The effectiveness of charge confinement relies on differ-
ences in LUMO and HOMO levels between the EML and the
adjacent layers. As in Figure 1, the LUMO of the TCTA is at
least 0.3 eV above that of the dopants and host, thus prevent-
ing electron leakage from the EML. In addition, the 0.2 eV
energy barrier between the HOMO of FIr6 at 6.1 eV and
TPBI at 6.3 eV acts as an efficient barrier to hole transport
across the EML/ETL interface. Exciton diffusion from the
EML towards the electron and hole transport layers is also
prevented by employing materials with energy gaps greater
than that of the blue dopant. Here, TCTA and TPBI have en-
ergy gaps of 3.4 eV and 3.5 eV, respectively, which are
>(0.3 eV higher than that of FIr6. These barriers improve the
charge balance and hence the recombination efficiency within
the 9 nm thick EML, leading to improvement in #¢y;-.

Given these considerations, an optimized WOLED has a
maximum forward viewing 77, =(26+3) Im W at low lumin-
osity, decreasing to 7,=(11%1) Im W at 1000 cdm™ with
CRI>75 (see Fig. 3, squares). The majority of excitons are
generated by trapping on FIr6, and then subsequently trans-
ferred to the green and red dopants. Hence, the quantum effi-
ciency of the blue dopant limits that of the entire device. In-
deed, we obtain a maximum #., = (12£1) % at low currents,
decreasing to (6.7+0.7) % at 10 mA cm™ (see Fig. 2), consis-
tent with previously reported FIr6-based OLEDs."!

To understand the energy transfer mechanisms between
the phosphorescent dopants, we examine the photolumines-
cence transient decay in thin films of UGH2 doped at
20 wt.-% with FIr6, and of the triple doped EML. Given an
energy gap of 4.4 eV (shown in Fig. 1), the UGH2 host does
not significantly absorb at the excitation wavelength
(337 nm), so energy transfer from the host is not expected to
occur. The optical density of FIr6 in the triple doped film is
at least ten times higher than either of the other dopants,
due to its significantly higher concentration (20 % versus
0.5 % for green and 2 % for red). Therefore, the transfer pro-
cesses originating from the excitation of FIr6 to the various
dopants that result in broad spectral emission can be sche-
matically depicted as in Figure 4, inset. Energy transfer from
FIr6 to both Ir(ppy); and PQIr is shown as dotted lines; ra-
diative energy transfer from Ir(ppy)s; to PQIr is possible
(open arrow), but the low concentration of both species
makes this process unlikely, and radiative relaxation to the
ground state is shown as solid lines.

The time rate of decay of FIr6, Ir(ppy)s, and PQIr in the tri-
ple doped film were taken from their peak emissions centered
at 1=460, 510, and 600 nm, respectively. Figure 4 shows that
the lifetime of FIr6 decreases from 7=(1.60+0.01) us in a
UGH2:FIr6 film, to 0.75 us in the triple doped system.
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Figure 4. Photoluminescent decay transients for FIr6, Ir(ppy); and PQIr
co-doped into an UGH2 inert host, and for FIr6 doped into UGH2 (stars,
circles, triangles, and inverted triangles, respectively). The lines are
monoexponential fits to the data giving the rates noted in the upper
right. Inset: Energy transfer pathways between FIr6, Ir(ppy)s, and PQIr
and the ground states. Dotted lines depict energy transfer between Flr6
and other dopants; the open arrow shows the unlikely transfer between
Ir(ppy)s and PQIr, and solid lines show the radiative relaxation from the
excited states of the dopants to the their respective ground states.

Previously measured lifetimes of Ir(ppy)3[12] and PQIr!"™ are
7=0.8 ps, and 2.0 ps. Indeed, we find that 7=(0.80£0.01) us,
and (0.93+0.01) us for peak emission at A=510 nm and
600 nm. Hence, the lifetime decrease in the triple doped film
suggests that FIr6 emission is quenched primarily by energy
transfer to the green and red dopants. The lifetime of Ir(ppy)s
remained unchanged from previous reports,'>! which suggests
that there is insignificant energy transfer from Ir(ppy)s to
PQIr. The difference in the measured lifetimes of PQIr be-
tween that reported by Lamansky and co-workers"* is due to
the use of a microsecond flash lamp to measure the lifetime of
PQIr (which can introduce errors in measuring sub-microsec-
ond transients), instead of the picosecond streak camera used
in this work.

In characterizing WOLEDs for white
light displays, it is important to account
for light waveguided in both the glass

with an integrating sphere.””! Figure 3, therefore, also shows 7,
(circles) versus electrical power. We obtain 7,=42+4 Im W' at
low luminance intensity, decreasing to 10+1ImW™" at
20 mA cm™>. To obtain optical powers of ~ 800 Im typically used
for room lighting applications,[m] an optimized device area of
approximately 600 cm? is inferred from Figure 3. Using FIr6 as
the blue dopant provides substantial gains in quantum efficien-
cy over other blue dopants used in previous work L7181 A
comparison between the performance of our structure and
those previously reported is provided in Table 1.

When indium tin oxide (ITO) losses are ignored,!'” we find
19 % of the light is directly coupled out the front of the
device, 34 % is waveguided between the glass—air and organ-
ic—air interfaces and exits from the substrate, and 48 % is
waveguided in ITO (assuming typical values for the refractive
indices of ngjass=1.5, nrro=1.8 and ngrganic=1.7, a substrate
thickness t=0.1 cm, and an average distance from the center
of the device to the substrate side, d=1.5 cm). However,
when losses due to absorbed waveguided light in ITO (with
an average absorption coefficient, a, over the visible of
2000 cm“l) are considered, a smaller fraction of the 34 %
waveguided light exits.

Quantitatively, for a particular emission angle, 6 (defined as
the angle between the direction of the light emitted in the
organic layer and the substrate surface normal), a ray has m
reflections before it exits the substrate and travels a distance,
L, through ITO after each reflection. The total distance tra-
veled through ITO is then:

d a

mxl=———x——
txtanf  cos¢

1)
where

| .
¢ = s ((norganic /nITO) sin 9)7

B =sin" (170 /Ngjass) SINP)

Table 1. Selected WOLED architectures with their corresponding performance characteristics. Where
the color rendering index (CRI) is not reported, a maximum value is estimated from spectral data.

substrate and in the device and contact

layers."*!5] This waveguided light can
exit from the sides of the substrate, or
from the metal cathode surface (back) of
the OLED, and is therefore lost for dis-
play applications. Unlike displays, effi-
cient lamp fixtures can redirect light exit-
ing from all surfaces into the space being
illuminated. For example, the fixture in
Figure 1 redirects light emitted from the
sides and back of a small area WOLED

transport layers

Architecture Next [%6] [a] 775 [IM W [b] CIE [q] CRI Refs.
Phosphorescent triple-doped emissive layer 12 26, 42 (0.43,0.45) 80  This work
Multilayer phosphorescent 12 10,17 (0.35,0.36) <60 1]
Phosphorescent excimer 6.4 12.2,21 (0.36,0.44) 67 [
Multi-emissive phosphor doped layers 5.2 6.4,11 (0.37,0.40) 83 [18]
Two doped and one neat emissive layers - 1.93,33 (0.35,0.34) <80 [23]
Doped blocking layers - 1.39,24 - - [24]
Multiple quantum wells - 1.1,1.9 (0.32,0.38) <80 [25]
Interlayer sequential energy transfer 0.5 0.35,0.6 (0.33,0.33) <70 [26]
Hybrid polymer/inorganic 1.9 0.63, 1.1 (0.34,0.29) <70 [27]
Three neat emissive layers 0.7 0.5,0.9 (0.31,0.41) <80 [28]
Triple doped polymer with vacuum deposited - 0.83,1.4 - - [29]

into the forward direction. Hence, it is
standard practice in the lighting indus-
tryl'! to state the total power efficiency
() based on the total number of

photons emitted, requiring measurement  dinates at 100 cd m™.

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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[a] Maximum reported forward viewing external quantum efficiency. [b] Maximum reported forward
viewing external power efficiency is the first number. The second is the total external power efficien-
cy. Where not reported, it is the maximum forward viewing external power efficiency multiplied by
1.7 that assumes a small area contact (see text). [c] Commission Internationale de I'Eclairage coor-
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Hence, the fraction, f, of the total light exiting from the
sides of the substrate is:
)
f= [ sin 0 x exp (—aml) d6 ()
0

Here, 6, =36.0° and 6, = 61.9° are the critical angles for air—
organic and glass—organic interfaces, respectively. From Equa-
tion 2, we calculate f=0.24, so the total fraction of light out-
coupled from both the front and sides of the substrate is 0.43,
versus 0.19 outcoupled from the front surface alone. Since
power efficiency is directly proportional to outcoupling effi-
ciency, the ratio of the total power emitted from the device
versus the power emitted from the front is given by #/
7p=0.43/0.19=2.3, compared to 1.7£0.2 obtained experimen-
tally. This agreement suggests that #,/57, can be accounted for
primarily by losses in ITO absorption, although several other
factors such as interface roughness and non-ideal cathode
metal reflectivity, can also reduce #;.

For practical devices with an area > 600 cm?, the small ac-
tive area approximation used to derive Equations 1 and 2 sug-
gests that a negligibly small fraction of the light will exit from
the side of the substrate. Additionally, a large-area metal cath-
ode will cause significant absorption losses (approximately
15 %! upon each reflection at the organic-metal interface).
Therefore, efficiently outcoupling light in the forward or
backward direction, or utilizing structures with highly reflec-
tive (>95 %) metal, or thin (< 150 nm) ITO cathodes, is essen-
tial. Table 2 compares the area of five triple-doped WOLEDs
using various outcoupling schemes, operating at 12 Im W,
and emitting a total of 800 Im. Note that the most effective

Table 2. Selected outcoupling schemes for a triple doped WOLED emitting
a total of 800 Im and operating at 12 Im W™, which is comparable to an
incandescent bulb.

Outcoupling scheme Fla]  Area[cm? [b] Refs.
Conventional WOLED 1.0 7100 This work
Top emitting 1.2 3200 [30]
Nanopatterning of glass substrate 15 1400 31]
Microlens array 1.5 1400 [32]
Silica aerogels 1.8 750 [33]
Shaped substrates 1.9 650 [21]

[a] Factor of outcoupling efficiency improvement over conventional
WOLED. [b] Active area of WOLED.

outcoupling scheme employs shaped substrates that emit all
locally generated light into the forward viewing direction.?!!
In this case, 800 Im require a surface area of only 650 cm?.

In conclusion, we have demonstrated a high efficiency
WOLED with a thin electrophosphorescent triple doped
host, and efficient exciton and charge confinement. Devices
have 7,=(14+1) ImW™" at 10 mAcm™, a maximum
7=(42+4) ImW™" and CIE coordinates that vary from
(0.43,45) at 0.1 mAcm™ to (0.38,0.45) at 10 mA cm™, with
CRI =80. The device emission color is effectively controlled by
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varying dopant concentrations. As in the case of recently re-
ported deep-blue-emitting electrophosphorescent OLEDs,"!
high efficiency is obtained by direct triplet formation on the
blue dopant by near-resonant charge transfer from nearby
charge injection layers, thereby avoiding exchange energy
losses incurred by energy transfer from a singlet exciton state
in the host to a triplet state in the phosphor.

Experimental

Devices were grown on glass substrates pre-coated with an
a=150 nm thick layer of indium tin oxide (ITO) with a sheet resis-
tance of 20 €2/sq. Substrates were degreased with solvents and then
cleaned by exposure for 5 min to an ultraviolet-ozone ambient. All
organic layers were grown in succession without breaking vacuum
(~1x107 torr) and affixing a shadow mask, with either 1 mm diame-
ter dots, or 5 mm? rectangular openings to define the cathode. Growth
was completed in a nitrogen filled glove box with <1 ppm water and
oxygen. The device structure (see Fig. 1 for energy level scheme) con-
sists of a 40 nm thick 4,4’-bis[ N-(1-naphthyl)-N-phenyl-amino]biphe-
nyl (NPD) hole transport layer, followed by a 10 nm thick layer of
TCTA that confines excitons and electrons in the EML. The 9 nm
thick white EML consists of a mixture of three electrophosphorescent
dopants: 20 wt.-% FIr6, 0.5 wt.-% Ir(ppy)s, and 2 wt.-% PQIr [13]
co-doped into a UGH2 host. Finally, a 25 nm thick electron transport-
ing and hole blocking layer consisting of TPBI was deposited. Cath-
odes consist of a 0.5 nm thick layer of LiF followed by a 50 nm thick
layer of Al

The HOMO energy for each material was measured using ultravio-
let photoemission spectroscopy, except that of NPD, which is from
Ref. [22]. The corresponding LUMO energy was estimated by adding
the energy corresponding to the onset of absorption to the HOMO
energy. This generally underestimates the carrier transport gap, al-
though this underestimate is expected to be comparable for all of the
organic materials used, allowing for a relative comparison of LUMO
level positions relative to vacuum.

50 nm thick films of UGH?2 doped at 20 wt.-% with FIr6 and of the
triple doped EML were grown on quartz for optical transient measure-
ments. These measurements were performed at 300 K, using a nitrogen
laser emitting at A =337 nm with a 500 ps pulse, and a streak camera.
Lifetimes were estimated from monoexponential fits to the data.
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Nanoscale Surface Patterning
of Enzyme-Catalyzed Polymeric
Conducting Wires**

By Peng Xu and David L. Kaplan*
Dip-pen nanolithography (DPN) technology has developed

as a powerful tool for surface patterning at the nanometer
scale. In the present study, 4-aminothiophenol, which can be
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coupled to gold, was used as “ink” for DPN patterning. The
aim of the study was to combine enzymatic polymerization
with DPN patterned reactive monomers to explore ambient
surface reactions for the formation of conducting polymers.
The products of these surface polymerization reactions were
characterized by matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectrometry, X-ray
photoelectron spectroscopy (XPS), and electrostatic force mi-
croscopy (EFM). The formation of nanowires using this modi-
fication of the DPN technique provides new opportunities for
the formation of electrical contacts among structures, includ-
ing biological components. This strategy suggests new direc-
tions in the fabrication and integration of synthetic and bio-
logical systems at the nanoscale.

There has been tremendous interest in the use of conduct-
ing polymers in various technology applications because of
their electrical and optical properties, as well as their reason-
able environmental stability.l'! Polyaniline and its derivatives
are good candidates for conducting polymers, due to their
conjugated atomistic structure and conjugation length. The
common methods used to synthesize polyaniline and its deriv-
atives are either electrochemical or chemical.”* In both
instances, methodologies are not biocompatible due to the
harsh chemical or electrochemical conditions employed dur-
ing polymer synthesis. Alternatively, enzymatic HRP-cata-
lyzed (HRP: horseradish peroxidase) free-radical polymeriza-
tion has been developed for the synthesis of conducting
polymers.[s] As a biotechnological methodology, this approach
has attracted attention due to its environmental compatibility,
mild reaction conditions, high yields,[6’7] and water-soluble re-
actants.**) Many efforts have been made to develop this
method through manipulation of the reaction media or tem-
plates."""”) Mechanistic insight has also been reported./*?!]
The resultant polymers, such as polyaniline, are electrically
conductive.[! Conducting polymers are important materials in
photovoltaics, solar cells, and molecular electronics. Many
efforts are aimed at designing and manufacturing nanoscale
devices including nanowires, nanonetworks, and nanotubes.
Compared to metal, carbon, and semiconducting materials,
polyaniline and related polymers may provide alternative,
more flexible, nanodevices. They can be obtained either by in
situ polymerization!? or by self-assembly in solution.’! Most
polyaniline is synthesized and processed electrochemical-
Iy 22241

Two methods can be considered to pattern conducting poly-
mers on surfaces. Synthesis of polymers in solution followed
by direct surface patterning, or patterning monomers on sur-
faces followed by polymerization in situ. Direct DPN technol-
ogy has been developed to deliver collections of molecules in
a positive printing mode, forming well-organized patterns
of monomers and polymers at a nanometer scale. The surface
organization is driven by self-assembly through ionic or cova-
lent bonds or van der Waals® interactions.*! Efforts have fo-
cused on the ink, the pen, the substrate, and the process.[zm“]
Materials often used as the ink for DPN include alkyl thiols
and thiolated biomolecules,?>3*) which can form covalent
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