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Abstract

Operational stabilities of high-efficiency green and red electrophosphorescent bottom-emission devices with various
emitting dopants have been studied. Operational lifetimes of 10,000 h or more, operated at an initial brightness of 600
and 300 cd/m? for green and red, respectively, are reported. Operational stabilities of top-emission electrophospho-
rescent devices and electrophosphorescent devices built on barrier-coated plastic substrates have also been studied and
show lifetimes >5000 and >2000 h, respectively, under display level brightness conditions.
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1. Introduction

During the past few years, phosphorescent or-
ganic light emitting diodes (PHOLED™) based on
heavy metal organometallic complexes as dopants
have shown rapid developments. The record high
efficiencies of this class of OLEDs have attracted a
tremendous amount of attention. Since the first
report by Baldo and co-workers of efficient
PHOLED:s based on platinum porphyrins [1-3], a
large number of research articles and presentations
have been reported, including both small molecule
and polymer systems [4-29]. While the majority of
these articles and presentations report outstanding
efficiencies, either with new materials (emitting,
transporting or blocking) or novel device archi-
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tectures, a very limited amount of them discuss the
topic of operational stabilities [30-33]. Studying
the stability of PHOLEDs, as in any OLED de-
vice, is crucial in fully understanding the opera-
tional principles and degradation mechanisms.
This understanding will enable improvements and
lead to commercialization of PHOLED technol-
ogy for application in flat panel display products
such as cell phones, and eventually in monitors
and televisions. Our group has recently reported
highly efficient and stable PHOLEDs [34]. The
demonstration of high-efficiency PHOLEDs with
long operational lifetimes by our group and oth-
ers [30-34] has disproved the speculation that
PHOLEDs, due to the long exciton lifetimes of the
phosphorescent emitters, are more susceptible to
degradation than singlet emitter OLEDs. It has
been shown that PHOLEDs can be at least as
stable as fluorescent devices. Furthermore, the
higher efficiency afforded by PHOLEDs, as com-
pared to fluorescent emitting OLEDs, reduces the
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drive current required to achieve a certain bright-
ness which may translate into higher operational
stabilities in PHOLEDs. In this article, we will
update the status of our continuing effort in
improving the efficiency and stability in a variety
of PHOLED products, i.e., bottom-emission
PHOLEDs on glass substrates, transparent/
top-emission PHOLEDs on glass substrates
(TOLEDs™), and bottom-emission PHOLEDs on
flexible plastic substrates.

All devices were fabricated by high vacuum
(<1077 Torr) thermal evaporation. For the
PHOLEDs described in this paper that emit from
the substrate surface (referred to as bottom-emis-
sion PHOLEDs), the anode electrode is ~1200 A
of indium tin oxide (ITO). For the top-emission
PHOLED:s, the anode is comprised of a reflective
stack of 160 A ITO on silver (Ag) with a glass
substrate. The organic stack is comprised of 100
200 A thick of copper phthalocyanine (CuPc) as
the hole injection layer (HIL), 300-500 A of 4,4'-
bis[N-(1-naphthyl)-N-phenylamino]biphenyl (o~
NPD) as the hole transporting layer (HTL), 300 A
of 4,4'-bis(N-carbazolyl)biphenyl (CBP) doped
with 4-12 wt.% of the phosphorescent emitter as
the emissive layer (EML), 100-150 A of alumi-
num(I1I)bis(2-methyl-8-quinolinato)4-phenylphen-
olate (BAlq) as the EML-ETL interface layer, and
300-500 A of tris(8-hydroxyquinolinato)alumi-
num (Alqs) as the electron transporting layer
(ETL). The cathode consisted of 10 A of LiF fol-
lowed by 1000 A of Al for bottom-emission de-
vices. The cathode for the top-emitting PHOLEDs
consisted of 200 A Ca deposited by vacuum ther-
mal evaporation, followed by 800 A ITO by
sputter deposition [35]. For the transparent
PHOLEDs, a compound cathode of 100 A of
MgAg (10:1 weight ratio of Mg to Ag) followed by
800 A of sputtered ITO was used. The active area
of all the devices was 5 mm?. All devices, unless
otherwise noted, were encapsulated with a glass lid
sealed with an epoxy resin in a nitrogen glove box
(<1 ppm of H,O and O,) immediately after fab-
rication, and a moisture getter was incorporated
inside the package.

The reflectivities and transmissivities of various
anodes and cathodes were measured with a Varian
Cary 100 UV-Vis spectrophotometer. The elec-

troluminescence was measured with a Photo-
research PR705 spectrophotometer, and the J—V-L
characteristics were measured with a Keithley 236
source measure unit and a calibrated Si photodi-
ode. Device operational stabilities, measured on
several identically fabricated devices, were deter-
mined to be within +5%. All lifetests were con-
ducted in continuous DC drive at room
temperature without any initial burn-in periods.
Half-life, Tj,,, is defined as the time for the lumi-
nance to decay to 50% of the initial luminance (i.e.,
0.5Ly).

2. Bottom-emission PHOLEDs on glass substrates

Green PHOLEDs based on fac-tris(2-phenyl-
pyridine)iridium [Ir(ppy);] as the phosphorescent
dopant have been reported to give a T, of 10,000
h at Ly = 500 cd/m? [34]. In our recent effort to
optimize the device, the stability of the Ir(ppy);
devices projects to 77/, ~ 10,000 h at L, = 600 cd/m?
Fig. 1). The initial luminous efficiency (LE) was 23.0
cd/A, corresponding to an external quantum effi-
ciency (1) of 6.5%. The drive current density of
this device was 2.62 mA/cm? at an initial voltage of
7.6 V. After 1000 and 5000 h of operation, the device
luminance dropped to 88.2% and 67.4% of the initial
value respectively. The CIE coordinate of the device
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Fig. 1. Lifetime of the Ir(ppy); and Green 2 PHOLEDs at
Ly = 600 cd/m?. The CIE coordinates of each device are in
parentheses.
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was (0.30, 0.63) and was essentially unchanged
during lifetest. Extrapolating the lifetime at L, = 600
cd/m?, this Ir(ppy); PHOLED has T/, ~ 10,000 h.

In the more recent work on improving the effi-
ciency and stability for green PHOLEDs, we have
developed a new material system with essentially
the same spectral characteristics of Ir(ppy)s. This
new system, Dopant Green 2, has brought further
improvement in both efficiency and lifetime in the
green PHOLED family. At 600 cd/m?, the initial
efficiency of this green PHOLED device was 29.3
cd/A (e = 7.8%). The CIE coordinate was (0.31,
0.64), indistinguishable from the Ir(ppy); device by
the human eye. At the same initial brightness as
the Ir(ppy); device, i.e. Ly = 600 cd/m?, it can be
seen that the Green 2 device is more stable (Fig. 1).
The drive current was 2.05 mA/cm? at an initial
voltage of 8.0 V. After 1000 h of operation, the
luminance dropped to 93.5% of its initial value,
compared to 88.2% of the Ir(ppy); device. Al-
though it is too early to project Tj,, at 1000 h, we
expect its Ty, to be ~15,000 h.

Due to the low photopic response of the human
eye to red, and the relatively large contribution
of the red in brightness for a balanced white color,
the red component constitutes a large portion of
the total power consumption for a full color dis-
play. It is therefore critical to develop highly effi-
cient red devices with high stabilities. A 17.6 cd/A
orange-red PHOLED based on iridium(III)bis(2-
phenylquinolyl-N,C?)acetylacetonate[PQIr(acac)]
as the phosphorescent emitter has been reported to
have a T/, ~ 5000 h at Ly = 300 cd/m?* [34]. We
report here more recent results on red PHOLEDs
using dopants Red 1, Red 2 and Red 3 [36].

The efficiencies of red PHOLEDs are very high.
The CIE coordinates, independent of current
density, are (0.61, 0.38), (0.61, 0.39) and (0.65,
0.35) respectively. Obviously, Red 1 and Red 2 are
orange-red, and Red 3 is red emitting. In Fig. 2,
the luminous efficiency is plotted against the lu-
minance for the different devices. The efficiencies
do not suffer from significant roll-off as observed
in some platinum porphyrin red devices. One ex-
planation is the shorter triplet exciton lifetime of
the new red phosphorescent dopants (typically <5
us), leading to reduced triplet-triplet exciton an-
nihilation, compared to platinum porphyrins
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Fig. 2. Luminous efficiency versus luminance of the Red 1, Red
2 and Red 3 PHOLEDs. The CIE coordinates of each device
are in parentheses.

(typically >30 ps)’. But more importantly, the
overall device composition such as the type and
thickness of the charge transporting materials,
electrode materials, emitter doping concentrations,
etc., critically affects the efficiency roll-off, not just
the exciton lifetime alone. This hypothesis is well
supported by the fact that certain fluorescent small
molecule and polymer OLEDs, with very short-
lived singlet exciton (typically <10 ns), show the
same degree of, or even higher, efficiency roll-off
compared to phosphorescent OLEDs [37]. The
maximum efficiencies of the Red 1, Red 2 and Red
3 device are 23.9 cd/A at 410 cd/m?, 18.1 cd/A at 66
cd/m?, and 12.8 cd/A at 175 cd/m?, respectively. At
300 cd/m?, a typical display brightness for the red
component in full color displays, the efficiencies
are 23.9, 17.0 and 12.7 cd/A, respectively. Even at
10,000 cd/m?, high efficiencies of 18.6, 9.3, and 8.0
cd/A are retained. The performance is summarized
in Table 1. The external quantum efficiencies are
greater than 10%. The relatively lower luminous
efficiency of the Red 3 device is only due to the
deeper red color compared to the orange-red color
of the Red 1 and Red 2 devices. The outstanding
performance at both low and high current drives
enables their use in both active and passive modes
in displays.

The operational stability of the red devices is
very high. The initial luminance for stability test-
ing was selected to be 300 cd/m? for all three
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Table 1
Performance summary of the Red 1, Red 2 and Red 3 PHOLED:s (efficiency and lifetime are recorded at Ly = 300 cd/m?)
PHOLED CIE Next (Y0) LE (cd/A) % Retained at 1000 h
Red 1 0.61, 0.38 13.6 239 92.5
Red 2 0.61, 0.39 10.6 16.7 94.5
Red 3 0.65, 0.35 11.3 12.7 93.5
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Fig. 3. Lifetime of the Red 1, Red 2 and Red 3 PHOLED:s at
Ly =300 cd/m?. The CIE coordinates of each device are in
parentheses.

devices. In Fig. 3, the normalized luminance is
plotted against the operational time. The drive
current was respectively 1.26, 1.80 and 2.36 mA/
cm? at initial voltages of 8.8, 8.5 and 7.9 V for the
Red 1, Red 2 and Red 3 devices. After 1000 h of
continuous operation, the luminance was retained
respectively at 92.5%, 94.5% and 93.5%. Again, the
exact projection of the half-life at this point is
difficult, however, in our experience, based on
these lifetime trends, 77/, > 15,000 h is expected.

3. Transparent/top-emitting PHOLEDs on glass
substrates

Conventional OLEDs employ a bottom-emit-
ting structure where the cathode is a reflective
metal, the anode is a transparent ITO anode, and
light is emitted through the anode and the glass
substrate (Fig. 4(a)). While this represents the
most mature OLED technology, alternative elec-
trode configurations are possible. Top-emitting

Fig. 4. (a) Conventional OLED with ITO/glass anode and re-
flective cathode; (b) transparent OLED with ITO/glass anode
and thin metal/ITO compound cathode; and (c) top-emitting
OLED with reflective anode and thin metal/ITO compound
cathode.

OLEDs, with an opaque/reflective bottom anode
and a transparent top cathode (Fig. 4(b)) have
been demonstrated by Bulovic et al. in 1997 [38].
Top-emitting OLEDs are well suited in high-res-
olution active-matrix OLED displays where they
are deposited over a planarized back-plane, thus
increasing the aperture ratio over displays em-
ploying bottom-emitting OLEDs [39]. Recently,
our group has demonstrated that top-emitting
OLEDs can be more efficient than corresponding
bottom-emitting OLEDs due to favorable micro-
cavity effects [39]. Another possibility is to use a
transparent cathode in conjunction with an ITO
anode to make a fully transparent device (Fig.
4(c)) with obvious applications in see-through
displays, etc. [40]. In this section, we will review
recent progress in top-emitting and transparent
OLEDs which are enabled by the same transparent
cathode technology.

All devices in this section used the Ir(ppy)s
PHOLED standard structure. The emission in-
tensity of top-emitting OLEDs depends strongly
on the top ITO layer thickness due to microcavity
effects. Both experimental data and modeling in-

dicate that 800 A is the optimal ITO thickness for
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Fig. 5. J-V-L curve of a top-emitting OLED compared with
that of a bottom-emitting OLED. The luminance of the top-
emitting OLED is measured through the cover glass.

these green phosphorescent top-emitting OLEDs
[39]. The J-V-L characteristics of the top and
bottom-emitting OLEDs are plotted in Fig. 5. The
J-V curves of the top and bottom-emission
OLEDs are identical within measurement uncer-
tainties, while the top-emission OLED has a slightly
higher luminous efficiency. At 10 mA/cm? the lu-
minance efficiency is 20.3 cd/A for the bottom
emission and 23.1 cd/A for the top-emission
OLED (through the cover glass), i.e. 15% higher.
The transmissivity of glass/Ca (200 A)/ITO (800
A) is 62.8% at 1 = 515 nm [~ the peak of Ir(ppy);
emission], much less than the transmissivity of
89.9% for the ITO coated glass. The reflectivity of
the Ag/ITO anodes is 85.5% at A = 515 nm, again
less than that of the Al cathodes at 88.5%. Overall,
the electrodes of the bottom-emission OLEDs are
more reflective/transmissive than those of the top-
emission ones. Therefore, the enhanced luminance
in top-emission OLEDs can only be attributed to
the more favorable microcavity structure.

The J-V-L curve of the transparent OLED is
also shown in Fig. 5. The current density at a given
bias voltage is lower than that of the top and
bottom-emission OLED because of the slightly
thicker organic layer used and the lower electron
injection from the MgAg/ITO cathode. At 10 mA/
cm?, the luminance efficiency is 16.4 cd/A which is
based on the sum of the emission from both sides.
Approximately 75% of the light is emitted through

the ITO anode. The luminance efficiency is lower
due to the low transmission of the MgAg/ITO
cathode (55% at 515 nm).

The far-field photon radiation from these de-
vices was measured directly with a Photoresearch
PR 705 spectrophotometer. Due to the relative size
of the devices and the focal spot of the spectro-
photometer this measurement could be carried out
reliably only up to a far-field angle of 60° from
normal. Fig. 6 shows the angular dependence of
photon radiation for the top-emitting OLED
(through the cover glass), the same top-emitting
OLED corrected for the cover glass, and the cor-
responding bottom-emitting OLED. In accor-
dance with our predictions, photon radiation is
higher in these top-emitting OLEDs even uncor-
rected for the cover glass. There is only a weak
angular dependence which indicates that the
emission is approximately Lambertian in this an-
gular range. Estimating the integrated photon flux
by the formula " 7(0) sin(0) A9, where 1(0) is the
photon radiation at angle 0, the uncorrected and
corrected top-emission devices were found to emit
4.2% and 20.8% more photons than the bottom-
emission OLED in the forward 120° cone, re-
spectively.

Fig. 7 shows DC life-testing results of a typical
long-lived bottom-emitting OLED and a trans-
parent OLED with a MgAg/ITO based compound
cathode. The initial luminance is 600 cd/m? for
both devices. For the transparent OLED, it is the
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Fig. 7. Lifetime of a bottom-emitting Ir(ppy); PHOLED and a
transparent Ir(ppy); PHOLED with MgAg/ITO cathode.

sum of the emission from both sides. The current
density through the transparent OLED is slightly
higher due to the lower external efficiency because
of the absorption in the MgAg layer. The bottom-
emitting OLED has a half-life of ~10,000 h, and
the transparent OLED is projected to reach over
6000 h. The luminance degradation is observed to
be coulombic, i.e., solely dependant upon the ag-
gregate charge flowing through the device
(JoLepTh20Lep = JroLEp Ti2ToLED A constant). This
has been reported by other groups [41] and indi-
cates the absence of extrinsic decay mechanisms
such as dark-spot formation.

4. Bottom-emission PHOLEDs on flexible plastic
substrates

Glass substrates do not allow exploitation of
the flexibility of both polymeric [42] and small
molecule [43,44] OLEDs to enable new light
weight, rugged, flexible displays [45] produced by
roll to roll manufacturing. Plastic substrates,
however, do allow for such displays. Fig. 8 shows
examples of PHOLEDs grown on flexible sub-
strates. Although flexible OLED (FOLED™)
displays on a plastic substrate have been demon-
strated [45], conventional encapsulation tech-
niques are ineffective due to moisture permeation
through the substrate and long lifetimes had not
been shown until recently [46]. To enable a device

lifetime of 10,000 h, the maximum permeability of
a substrate to the ingress of water can be estimated
within an order of magnitude to be 5x 10~¢ g/m?/
day [47]. This is an estimated upper limit on the
requirement for the substrate and does not take
into account any degradation processes at the
anode/organic interface or within the organic
materials themselves that may be catalyzed by
water [48]. Typically, plastic materials have a
water vapor permeation rate of 10'-10~! g/m?/day
at 25 °C and are therefore inadequate for OLEDs.
Furthermore, a leak rate below 1072 g/m?/day is
difficult to achieve using inorganic barrier layers
deposited at or near room temperature, due to
pinholes and defects. The high surface roughness
of commercially available plastic substrates exac-
erbates these problems [49,50].

Here we present PHOLEDs with extended op-
erating lifetimes using a hybrid organic-inorganic
multilayer barrier coating [47,51] on 175-pum-thick
heat stabilized polyethylene terephthalate (PET),
demonstrating that suitably processed plastic sub-
strates can be used to fabricate long-lived OLEDs.
The composite barrier consists of alternating layers
of polyacrylate films and an inorganic oxide. By
repeating the alternating films, the polymer layers
‘decouple’ any defects in the oxide layers. This pre-
vents the propagation of defects through the mul-
tilayer structure. The optical and barrier properties
of the composite substrate can be tailored by vary-
ing the total number and thickness of the polymer
and inorganic layers in the thin-film coating, yield-
ing an engineered flexible substrate [52]. The barrier-
coated PET substrates exhibit moisture barrier
performance below the limit of MOCON [53] de-
tection instruments (5x10~% g/m?/day). More de-
tailed measurements of permeability based on the
corrosion of Ca are published elsewhere [54] and
indicate a permeation rate through the substrate and
barriers estimated to be 4x 10~° g/m?*/day.

PHOLEDs were fabricated on the barrier-
coated flexible substrates to test the viability of
using them to make long-lived flexible displays.
Onto the barrier were grown sequentially depos-
ited layers of patterned indium tin oxide (ITO)
[160 nm] as the anode contact. All materials and
fabrication steps were identical to the Ir(ppy);
based PHOLED described in the previous section.
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Fig. 8. Examples of OLEDs fabricated on flexible substrates. (a) A flexible transparent OLED pixel is shown here, wrapped around a
pen, in both its on and off states. The substrate is 0.175 mm thick heat stabilized PET, the pixel is 5 mm? in area and the radius of
curvature is 5 mm. (b) A TOLED pixel fabricated on a 0.125 mm thick metal foil. The pixels have an active area of 5 mm?.

The FOLED had a peak luminous efficiency of
17.5 cd/A (3., = 4.8%) at 600 cd/m?. This is
slightly lower than the same device on glass, pri-
marily because of the lower transparency and light
outcoupling efficiency due to the thicker ITO and
the multilayer barrier coating on the plastic sub-
strate. (Note: more recently, the barrier-coated
substrates have been further optimized to enable
better light outcoupling from the substrate, and
plastic substrate devices have shown efficiency
comparable to that of glass substrate devices [55].)
The lifetime was measured at an initial luminance
of 425 cd/m? at a current density of 2.5 mA/cm?.
Fig. 9 shows a typical plot of normalized lumi-
nance versus time for this device. A device fabri-
cated on glass with the same organic and metal
layers as the FOLED and encapsulated using the

same procedures (i.e., with glass lid) is also shown
for comparison. It was driven at 2.6 mA/cm?
(Lo = 600 cd/m?). After a brief initial rise in lu-
minance during the first 24 h of testing, the
FOLED decays to 50% of its initial luminance in
3800 h, as compared to 10,000 h for equivalent
devices made on glass [34]. At 3800 h the
PHOLED on glass is at 69% of its initial lumi-
nance. Assuming lifetime is inversely proportional
to drive current [34], these results correspond to a
lifetime of 16,000 h at 100 cd/m? for the encapsu-
lated plastic device. The shorter lifetime for the
devices on the barrier-coated plastic substrate may
be partly due to the superior barrier properties of
the glass substrates. However, we note that the
epoxy exhibited poorer adhesion to the barrier-
coated plastic than to the glass; indeed, after
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Fig. 9. Lifetime of an Ir(ppy); PHOLED on barrier-coated
PET driven at 2.5 mA/cm?. A PHOLED with the same archi-
tecture on ITO coated glass is shown for comparison driven at
2.6 mA/cm?.

~3000 h a high failure rate of the plastic package
due to delamination of the lid was observed.
Faster diffusion of moisture through the edge seal
of the flexible plastic versus glass substrate could
therefore contribute to the lifetime enhancement of
the glass-based pixels.

The same type of multilayer barrier structure
used on the PET substrate can also be applied over
the PHOLED as a hermetic encapsulant [55]. In
this truly flexible (substrate and encapsulation)
configuration, the PHOLED is protected on all
sides from moisture ingress. Furthermore, no edge
seal or glass/metal lid is required, reducing pack-
age volume and materials cost. Preliminary results
indicate that the lifetime of FOLEDs encapsulated
using a multilayer barrier structure approaches
that of similarly encapsulated PHOLEDs on glass
[55].

5. Summary

Efficient and stable bottom/top-emission and
flexible PHOLEDs have been demonstrated. En-
abled by new phosphorescent materials, bottom
emission, long-lived green PHOLEDs showed ef-
ficiencies of >29 cd/A. Two orange-red and one
red devices showed efficiencies of 23.9, 17.0 and
12.7 cd/A respectively. All these devices have life-
times predicted to be >15,000 h at display bright-

ness. Even at higher brightness, these devices
retain very high efficiencies, thus suiting not only
active matrix but also passive matrix display op-
erations.

We demonstrated that top-emitting OLEDs
employing identical organic layers can be more
efficient than conventional bottom-emitting de-
vices due to favorable microcavity effects. Top-
emitting OLEDs based on Ag/ITO anodes and Ca/
ITO transparent compound cathodes emit 20.8%
more photons in the forward 120° cone than cor-
responding bottom-emitting OLEDs. We also
fabricated long-lived transparent OLEDs with
MgAg/ITO cathodes which proved that the life-
time is not limited by the sputter deposition of
ITO. We expect both types of OLEDs to enable a
new generation of displays.

For devices on plastic substrates, in order to
realize the barrier properties necessary to prevent
degradation of FOLEDs, a novel non-conformal
multilayered film was used that reduces the per-
meation rate of water vapor through a flexible
substrate to less than 2x107® g/m?/day. Based on
measurements of an epoxy sealed PHOLED
package with a barrier-coated PET substrate and
glass lid, a 7; > of 3800 h from an initial luminance
of 425 c¢d/m? was observed. We also demonstrated
a 240 x 64 80 dpi passive matrix PHOLED display
fabricated on a similarly barrier-coated PET sub-
strate (Fig. 10). Combined with a conformal en-
capsulation or lamination technology, which could
be based on the same hybrid multilayer stack [55],

Fig. 10. A video rate 240x 64 80 dpi passive matrix mono-
chrome green PHOLED display fabricated on a barrier-coated
175-um-thick PET substrate.
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our results represent a critical first step in the re-
alization of plastic-based OLEDs for flexible dis-

plays.
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