Organic Light Emitting Devices for Lighting

by Joseph J. Shiang

ighting is one of the oldest
electronics industries, and has
been characterized throughout its
history by its adoption and extension of
new technologies. Most recently, solid-
state lighting (SSL) sources have become
available and have the potential to offer
better energy efficiency than any other
lighting technology. These potential
energy efficiency gains are predicated
on the assumption that solid-state
devices will have efficient electron to
photon conversion (> 0.9), operate at
low voltage (< 3.5V), exhibit high light
extraction efficiencies (> 0.7), and can
be produced at a low enough cost to
satisfy the general lighting market.!
There are two different approaches
for SSL: semiconductor light emitting
diodes (LEDs) and organic light
emitting devices (OLEDs). Both of
these approaches have their origins
in the 1960s and 1970s with the first
OLED lighting device patented in 19762
(Fig. 1). This article will focus on some of
the progress made in developing OLED
technology for lighting applications.
The performance of white light OLEDs
has greatly increased, from ~4 lumens
per watt (LPW) in 2001 to 100 LPW.3

i

Furthermore, it appears that the first two
requirements necessary to achieve high
efficiency lighting—efficient electron-
to-photon conversion* and low voltage
operation—have been largely achieved
in OLEDs. Thus, this article will not
be a review of these topics but will
discuss some technical developments
relating to the development of practical
OLED light sources that have high light
extraction and can be manufactured at
low cost.

Many of the fundamental
characteristics of OLEDs can be
understood through an examination
of the device in Fig. 1.° The substrate
is glass or plastic that has been pre-
coated with a metal oxide or in some
cases, a highly conductive organic
film. In many OLED lighting devices,
indium tin oxide (ITO) is utilized as the
transparent anode electrode. The next
set of layers is a series of organic layers
that transport charge and emit light;
they are applied via either a solution

b)

or a physical vapor deposition process.
In the solution coated device in Fig. 1,
there are three separate regions in the
organic layer: an oxidized region near
the anode, a region that is neither
oxidized nor reduced but contains
dopant molecules that emit light and
transport charge, and a region near
the cathode that is highly reduced.
The top, electron injecting electrode
is applied on top of the organic layers.
The top electrode is commonly applied
by thermal evaporation of a low work
function metal (such as an alkali or
alkaline earth) or alloy, or a combination
of an alkali-halide salt and a metal.”
Other high work function metals or
solution based cathode deposition
processes are used less often. Due to
the reactive nature of the oxidized or
reduced organic layers and the low work
function cathode, the OLED is sealed
to prevent ingress of water or oxygen.8

The operation of a typical OLED is
illustrated in Fig. 1b. When voltage is
applied between the two electrodes,
positive charge carriers are injected
into the organic layers from the
anode and negative charge carriers
are injected from the cathode. These
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Fi6. 1. (a) Schematic illustration of a solution processed OLED made using polyvinyl carbazole (PVK) as the primary electroactive component. (Figure
taken from U.S. patent 3,995,299); (b) Simplified schematic of the physical processes involved in electroluminescence from organic materials. Lower

portion shows an operating OLED made using state-of-the-art polymer materials on a flexible substrate.
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oppositely charged carriers migrate
under the applied electric field and
recombine in the organic layer. Charge
recombination either occurs in the host
or at a luminescent dopant molecule.
Following light generation, light either
travels through the structure to the
ambient or is lost through waveguiding
or absorption in the OLED structure.
Since the original development
of the OLED light source, the basic
architecture shown in Fig. la has
been extensively improved. Due
to the broad flexibility afforded by
synthetic organic chemistry there is a
myriad of possible materials and layer
structures, and improved material
sets continue to appear in both the
scientific literature’ and commercial
marketplace.!® For example, the charge
recombination events can be efficiently
directed toward luminescent emission
through the use of heavy metal organo-
metallic dopants.'''? Since different
materials have different relative charge
carrier mobilities and different energy
levels of the electron (LUMO) and hole
(HOMO), the location of the charge
recombination event can be tightly
controlled through the selection of
materials in the organic layers. Since
the binding between organic materials
is van der Waals and not covalent
(as in inorganic semiconductors)
many different material combinations
are possible. In addition, since these
organic layers are amorphous, there
are no epitaxial constraints that limit
the selection of different organic
layers. Consequently, device design
has also been improved through the
incorporation of additional layers that
each serve a specific function; some

efficient designs have between four'?
and six discrete organic layers between
a single pair of electrodes.!* In addition,
OLEDs can also be stacked vertically,
so that the cathode of one device is the
anode of the next device above it; these
devices have even more layers.!s

A common feature of organic
materials is their low charge carrier
mobility relative to inorganic
semiconductors. For example, the
OLEDs that were developed in the 1970s
were quite thick by today’s standards
(ranging from 0.5 pum to several um in
thickness) and required high voltage
for operation. Reducing the operating
voltage requires a considerable
reduction in the overall thickness of the
device to ~0.1 pm.!® The requirement of
very thin films for OLEDs has several
other implications that impact device
design. The proximity of the electrodes
to the location of the emission zone
makes the details of the physical optics
very important for determining the
optical loss mechanisms in the device.
An additional consequence of the thin
film nature of the device is that each
molecule or polymer chain within
the device must be able to repeat the
charge injection, charge transport, and
radiative emission cycle many times,
since the total amount of material is
limited. While OLEDs lifetimes at low
brightness (150 cd/m?2) can be quite
long (> 200,000 hours),'” the operating
lifetime of devices decreases rapidly as
the current density is increased beyond
a few mA/cm?.'® High overall currents
are required for lighting applications.
For example, at a brightness 1000 cd/m?,
~1 m? of emissive area is required to
match the total lumen output of a
standard 30W T8 linear fluorescent lamp;
for an OLED design with an efficacy of
100 cd/A, the required current density

is 1 mA/cm?. For a planar device, the
total emissive area is the product of the
total area times the fill factor. Designs
that have low fill factors require more
total material (substrate, conductors,
encapsulation) to be processed, which
increases to the overall cost. Thus fill
factors that are greater than 0.5 are
desirable. The combination of fill-factor
requirements (necessary for life) and
device thickness (necessary for low
voltage) places limits on the types of
structures that can be used to promote
high light extraction efficiencies.

As a result of these geometric
limitations, the best OLEDs still have
external quantum efficiencies (EQE)
of 0.3-0.4, limited by the extraction
efficiency of transporting light from
the organic layers into the ambient.
This present EQE would limit OLED
efficacies to slightly below that of
current mercury fluorescent lighting
technology. Solving this light
extraction problem has been the focus
of much theoretical and experimental
effort. The light extraction problem
can be partitioned into two different
terms. One is the efficiency of coupling
the light from the thin organic layers
(refractive indices ranging from 1.5-
2.0) into the optically thick substrate.
The other is efficiency of coupling the
light from the substrate that typically
has an optical index of 1.5 (glass) or
1.6-1.7 (high index polymers) into
air. Modeling the coupling of light
from the electro-active organic layers
into the substrate requires a detailed
physical model of the near-field, or
microcavity, properties of dipole
emission in the presence of dielectric
interfaces. For planar geometries, these
microcavity models are extensions
of Sommerfeld’s original theory
of radio wave propagation near the
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FiG. 2. (a) The calculated emission intensity 1(6) versus angle (in degrees) in the glass substrate. For both curves, 1(6) is normalized to be equal to 1 at O degrees.
(b) The model OLED layer structure. The glass has an optical index of 1.518, the ITO has a complex index of refraction, with n = 1.80 and k = 0.024. The organic
index is set to n = 1.7 and the metal cathode has complex index of refraction, with n = 0.62 and k = 5.25. The emission wavelength is 614 nm.
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earth’s surface.'®2° These models are
quite rich in their implications and
have interesting properties as different
device parameters are varied. These
models indicate that the details of layer
design and emission zone position
are critical for optimizing the angular
emission pattern and total amount of
light coupled from the electro-active
organic layers of the device.?!

The impact of these physical optics
phenomena on OLED efficiency has
led to many results in OLED modeling
and device design.??2® These effects
are illustrated using a simplified OLED
model consisting of a 100 nm thick ITO
film on glass, an organic layer of either
130 nm or 70 nm total thickness, and
an optically thick metal cathode. In
both cases, the emission wavelength
is 614 nm and the emission location
is fixed at 20 nm away from the ITO
interface. The assumed optical index
of each layer is given in the figure
caption. Using a microcavity analysis,
the emission intensity versus angle
in the glass substrate were calculated
(Fig. 2). These results indicate that the
70 nm OLED will have a more forward
directed emission. Based on only these
data, it could be supposed that setting
to organic layer thickness equal to 70
nm would lead to an optimal design.
However, a detailed account for all the
loss mechanisms, such as plasmons and
absorption loss in the metal, indicates
that the structure with a 130 nm
organic film has a total light coupling
into the substrate that is about 1.3
times greater than the structure with
70 nm film. In an actual design, these
optical considerations would have to
be balanced against the increase in
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operating voltage due to the increased
organic layer thickness.

Using inputs from a microcavity
model, the coupling of light from the
substrate to air can then be modeled in
detail via radiative transport methods
or through ray tracing simulations. In
bulk media, the efficacy of coupling
light from a high index medium into
air is limited to between 0.2 and 0.4.24
In bulk emissive systems, the fraction
of light emitted into the ambient
can be increased via appropriate
shaping or by the introduction of
light scattering materials. In OLEDs,
a similar effect is achieved through
substrate modification. For example,
one solution, most applicable to point
sources, is to use a shaped substrate,
and it has been demonstrated that
certain lens-like shapes will result in
almost complete light extraction.?® This
method has been applied to patterned
OLED devices as well, where the
active area of the OLED was placed
at the center of a large hemisphere
or at the bottom of an etched well.2¢
However, fill factor considerations
limit the applicability of this approach
to lighting applications. In addition,
light scattering within the substrate
or device may be used to increase the
OLED light extraction efficiency.?”28
Calculations and experiments indicate
that the overall extraction efficiency
can be quite high with values for
light extraction from the substrate
into ambient >75%.2” However, at the
present time, the development of a fully
satisfactory out-coupling solution from
planar OLED emitters remains a topic
of active research.
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Fic. 3. White light OLED based luminaires produced over a several year period at GE.
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The preceding example is also helpful
in understanding the importance of
system level considerations in OLED
design. At the device level, there
are multiple factors with significant
interactions that must be addressed
for the best net system performance.
These constraints and trade-off analysis
increase in complexity when taking
account the stringent color requirements
for general illumination lighting. In
addition, OLED-based lighting will also
require new luminaire system designs
(including electrical contacts and power
supply) that maximize the potential
benefits of these light sources. An
additional challenge is that these design
constraints are coupled with potential
processing concerns. For example,
electrical defects such as pinholes result
in shorting of the anode and cathode,
leading to device failure. Thus an
OLED architecture must not only meet
the design requirements, it also must
be robust to manufacture. Given all
these constraints, it would seem to be
nearly impossible to create a functional
lighting source of any significant size.
In reality, the OLED fabrication process
is relatively robust. Large area devices
have been demonstrated through
the development of defect tolerant
architectures?® and through careful
process control; some results of these
efforts at GE are shown Fig. 3. All of these
devices were prepared using solution
processing to deposit the organic layers
and have high white light color quality
(correlated color temperature between
3200K and 4100K with color rendering
indices > 85). In addition, these devices
could be operated for sustained periods
of time at brightness levels suitable for
illumination.
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To transition these demonstration
prototypes into lighting products, low
cost, large area, OLED manufacturing
systems need to be developed. The best
method to transition OLED devices to
manufacturing is also an active area
of discussion with several possible
approaches under consideration3°:
(1.) applied research into multilayer
solution coating processes; (2.) making
physical vapor deposition methods
more efficient with higher throughput;
and (3.) novel methods of OLED device
fabrication.3!

At GE, we have also demonstrated the
feasibility of large area manufacturing
through the output of our roll-to-roll
OLED manufacturing test facility.3? The
device in Fig. 4 is an example of the
potential of multilayer solution coating
processes. The OLED layers in these
devices were deposited using solution
web coating methods adapted from
high speed printing technology. While
the devices were produced using this
manufacturing process are not yet
suitable as general illumination quality
lighting sources, the ability to develop
the tooling and machinery to coat
OLEDs over large areas is a critical proof
of concept for low cost manufacturing.
An example of novel methods for device
fabrication that could significantly
reduce manufacturing costs are
devices where a multilayer OLED is
formed via the lamination of two
separate components. The feasibility
of this concept was demonstrated
in a relatively simple polymeric test
structure,® and still needs to be applied
to highly efficient device architectures.
This lamination process used to make
this device would completely remove
all vacuum processing steps from the
actual manufacture of OLED devices
and enable a considerable reduction in
OLED manufacturing complexity and
cost.

The successful transition of OLED
technology would have many benefits
with many new applications within
the lighting industry. Apart from new
form factors and design considerations,
OLED technology offers a means of
reducing the overall amount of energy
used for lighting. It will be necessary
to have a truly interdisciplinary effort
that integrates OLED technology from
molecular design all the way through
the ultimate product manufacturing
process. For example, OLED light
extraction efficiencies could be
increased substantially by developing
materials and structures that relax the
present constraints on OLED design.
Similarly, many of the limitations of
the current manufacturing process for
OLEDs are dictated by the fundamental
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properties of the materials, such as their
ability to form solution coated films,
and their air stability both during
and after OLED manufacture. These
challenges toward transitioning OLED
to the lighting marketplace are being
taken up by a variety of groups around
the world, so there is good reason to be
optimistic about the impact that OLED
technology will have on the future of
lighting.
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